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Abstract 

Background 

Obesity is associated with endometrial cancer (EC).Metabolic surgery (MS) induces weight 

loss and reduces the risk of developing EC. The present study sought to examine whether 

high fat diet (HFD) and weight gain, as well as subsequent intentional weight loss alters EC 

tumour biology using the BD/II Han rat model of EC. There is minimal data on the natural 

history of tumour development in this model. Rat EC has never previously been imaged 

and an imaging protocol was required to assess the onset of tumour development and 

longitudinally track tumours. 

Aims 

The aims of this study were to validate an imaging protocol of rat EC and determine a 

suitable timepoint to institute a weight loss intervention; to assess whether feeding HFD 

could mimic obesity and accelerate EC burden in an animal model of spontaneous EC and 

to assess the effect of intentional weight loss on rats fed HFD. 

Methods  

A pilot study was performed to optimise visualisation of the uterine horns (UH) on computed 

tomography (CT) imaging in cadaveric female Wistar rats. Parameters assessed included 

position, energy setting, concentration/volume of intraperitoneal (IP) contrast. 7 BDII/Han 

rats were fed normal chow (NC) and 8 weight-matched rats fed HFD from 3 months of age. 

Longitudinal PET (positron emission tomography)-CT was conducted at 7, 9, 12 and 15 

months. Abdominal visceral fat was analysed from L1-L5 on CT. Subsequently, an 

intervention study compared the 8 HFD Control rats to 8 weight-matched HFD-fed rats 

treated with Liraglutide from 12-15 months. PET-CT was performed at 12 and 15 months 

to assess disease progression. Analysis of histological, immunohistochemical and 

transcriptomic parameters were used to compare cohorts. All rats were euthanased at 15 

months of age. Imaging was correlated with necropsy findings and histopathology. 

Results 

The pilot study demonstrated that the supine position, 50kV energy setting, 1:4 dilution of 

IP contrast and maximal volume were optimal. Imaging also demonstrated the importance 

of overnight fasting of animals to ensure good visualisation of the UHs. Identified 

parameters were used in CT imaging of live animals in subsequent studies.  
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HFD rats had significantly more abdominal fat on CT imaging (8.6cm3±0.7vs4.0cm3±0.6; 

p<0.0005) and had 10% higher bodyweight than NC rats (232.5g±4.9vs209.4g±2.0; 

p=0.001) at the study end. Histopathology demonstrated that 57%(n=4) of NC and 

50%(n=4) of HFD rats had EC. A standardised uptake value (SUV) cut-off of 2 was used 

for tumour hotspots and validated. A hotspot was identified at 7 months and PET-CT 

imaging demonstrated 47%(n=7) hotspots at 12 months across both diet groups. 

Correlation with histology demonstrated that PET-CT was 87.5% sensitive and 86% 

specific. Maximal mean percentage weight loss in the Liraglutide group was 16% at 35 days 

post intervention. Mean percentage weight loss prior to the cull was 11%. Liraglutide 

induced significant reduction in final body weight (208.3g±5.7vs232.5g±4.9; p=0.006) and 

reduction in visceral abdominal fat on CT compared to HFD control rats 

(4.4cm3±0.4vs8.6cm3±0.7; p=0.0001). 2 tumours were identified in the Liraglutide group 

(25%) compared to 4 in the HFD control rats (50%). GLP-1 receptor expression was not 

detected in BDII/Han UHs or EC using RT-PCR or immunohistochemistry.  

Conclusions 

This study has established a robust, safe, sensitive and specific imaging protocol for 

longitudinal assessment of EC progression in rats. This is the first study to provide data on 

the weight profile of BDII/Han rats fed NC and 60% HFD. The HFD intervention used did 

not accelerate EC burden. However, it did create an obese phenotype and gave new 

information on the pathological variations of EC in the BDII/Han rat. Liraglutide did reduce 

EC burden, which may be due to weight loss dependent actions. This novel study has 

provided a foundation for future studies assessing the effect of intentional weight loss in 

obesity related cancer 
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Chapter One:  Introduction 

1.1 Obesity 
 

World Health Organisation (WHO) statistics from 2018 revealed that 1.9 billion adults (39%) 

above 18 years of age were overweight, an estimated 650 million adults (13%) worldwide 

had obesity and 41 million children under 5 years of age were overweight or had obesity in 

2016 (1), which mirrors 2014 results (Figure 1.1). Furthermore, obesity rates have tripled 

since 1975 and currently more people live in countries where being overweight or obese is 

associated with higher mortality than being underweight (1). Health Survey for England 

(HSE) 2015 statistics (Figure 1.2), demonstrate that 63% of adults were overweight or had 

obesity in 2015, with 27% of men and women having a body mass index (BMI) of 30kg/m2 

or higher. However, the prevalence appears to have plateaued since 2010 (2). 

 

 

Figure 1.1 WHO statistics of global obesity prevalence in 2014  

Reproduced with permission from Chapter 19 Oesophagogastric Surgery: A Companion 
to Specialist Surgical Practice (3). 
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Figure 1.2 Prevalence of obesity in England over time 
Reproduced with permission from Chapter 19 Oesophagogastric Surgery: A Companion 
to Specialist Surgical Practice (3). 
 

 

The National Institute of Clinical Excellence (NICE) define obesity by Body Mass Index 

(BMI) (Table 1.1), which is recognised by many international associations (4). NICE also 

suggest that waist circumference (WC) should be used as an adjunct in assessing health 

risk (Table 1.2), as BMI does not directly measure adiposity (especially if BMI is <35kg/m2) 

and the accuracy of BMI measurement is reduced in muscular adults (4).  

The aetiology of obesity is underpinned by an energy mismatch between energy input and 

output; facilitated by the “obesogenic” environment of easily accessible highly palatable, 

energy dense foods combined with physical inactivity. However, obesity is no longer 

considered merely a lifestyle condition, but as a complex and chronic subcortical brain 

disease. Genetic, environmental, psychosocial and cultural factors have a significant impact 

on the brain and subsequent feeding behaviours and excess food intake elevates and 

maintains a higher body fat set point food intake (5).  
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Table 1.1 Nice Criteria of BMI categories for obesity (4) 

 

 

Classification 

BMI (kg/m2) 

Underweight < 18.5 

Normal 18.5 – 24.9 

Overweight 25 – 29.9 

Obese I 30 – 34.9 

Obese II 35 – 39.9 

Obese III/ morbid obesity >40 

 

 

Table 1.2 Health risks using waist circumference (4) 

BMI Waist circumference 

 Low High Very High 

Overweight No increased risk Increased risk High risk 

Obesity I Increased risk High risk Very high risk 

For men, WC if <94cm is low, 94-102cm high, >102cm is very high 
For women, WC <80cm is low, 80-88cm is high and more than 88cm is very high. 
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1.1.1 Pathophysiology of obesity 
 

Obesity is a disease of dysmetabolism, with insulin resistance, inflammation, and oxidative 

cellular injury, driving a deranged metabolic milieu (6). Obesity involves complex gut-brain-

endocrine (GBE) and adipocyte-brain-endocrine (ABE) interactions (Figure 1.3) (7). 

Defective signalling in the GBE and ABE axes converge to result in obesity and its 

complications. The enteroendocrine system forms the largest endocrine organ in the human 

body and the GBE axis has a pivotal role in energy homeostasis. Luminal factors, such as 

pre-absorptive and absorbed nutrients are sensed by several sensory transporters and G-

protein coupled receptors (GPCRs) on the apical membrane of enteroendocrine cells 

(EECs) (8). Nutrient sensing mechanisms (such as the GPCR FFAR1, which responds to 

unsaturated long and medium -chain fatty acids) gather information regarding the 

macronutrient composition of the meal and energy influx (8, 9). These processes lead to 

activation of the EECs to secrete gut hormones such as GLP-1 (8). EECs are also activated 

by interdependent changes in luminal gut microbiota (which can alter bile acid synthesis 

and function) and bile acids (which can alter  bacterial membrane integrity) (10).   

The gut hormonal signals travelling via the circulation or lymphatics, combined with 

paracrine signals in response to luminal factors (from the enteric nervous ENS, vagus and 

spinal afferents) alert hindbrain and hypothalamic metabolic satiety and hunger control 

centres in the central nervous system (CNS) that nutrients are in the gut lumen (7, 11). This 

signalling pathway controls energy homeostasis including food intake, energy expenditure, 

satiety, insulin release and glucose homeostasis, increased gastrointestinal motility, gut 

secretions and nutrient utilization (7).  

Other contributors to energy homeostasis include adipokines secreted by White adipose 

tissue (WAT), an active endocrine, immune and storage organ. WAT stores cholesterol and 

triglycerides and produces adipokines such as leptin, adiponectin (exclusively synthesized 

from adipose tissue it has both anti-inflammatory and antidiabetic properties); growth 

factors that influence adipogenesis, extracellular matrix modelling, angiogenesis, adipocyte 

size, and adipose tissue expansion; adipocytokines such as IL-6 and TNF; enzymes such 

as aromatase and 17β-hydroxysteroid dehydrogenase; as well as active immune cells such 

as macrophages, invariant natural killer T cells, and regulatory T cells, each of which 

contributes to the progression of inflammation in obesity (12). These components are 

discussed in more detail later when considered in the context of comorbidity, cancer, and 

endometrial cancer pathogenesis. 
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Figure 1.3 Peripheral and central regulators of obesity – a multiorgan disorder 
Defective signalling in the gut–brain–endocrine (blue boxes) and adipocyte–brain (yellow 
boxes) axes often results in obesity and its associated comorbidities. Enteroendocrine cells 
(EECs) sense luminal factors in the gut and secrete gut hormones, which communicate 
with the central nervous system via the endocrine system. Paracrine signalling in response 
to luminal factors also occurs via the enteric nervous system (ENS) and vagus nerve. Vagal 
afferent signals are relayed to the nucleus tractus solitarius (NTS) of the brainstem and 
then to the hypothalamus. These signals target the satiety and hunger centres of the 
hypothalamus to influence food intake and affect metabolic homeostasis. Other contributors 
to energy homeostasis include environmental, genetic, and psychosocial factors. White 
adipose tissue (WAT) is an active endocrine, immune and storage organ. Obesity- induced 
processes such as endoplasmic reticulum (ER) stress, lipotoxicity, free fatty acids (FFAs) 
and hypoxia can activate WAT to produce a number of adipokines (for example, leptin and 
adiponectin), growth factors (for example, insulin- like growth factor (IGF) and vascular 
endothelial growth factor (VEGF)) that influence adipogenesis and adipocytokines (for 
example, IL-6 and TNF). WAT also contains a variety of immune cells that contribute to the 
progression of inflammation in obesity. Metabolic surgery acts on various components of 
both axes to reduce appetite, food intake, body weight and comorbidity. Whether this is due 
to weight- dependent or weight- independent mechanisms requires further study. However, 
metabolic surgery has been shown to reduce or inhibit many of the aforementioned factors 
and alter the immune- metabolic milieu and is associated with increased brown adipose 
tissue generation, in which an energy store (WAT) is converted into a source of energy 
expenditure. CCK, cholecystokinin; CRP, C- reactive protein; GLP1, glucagon- like peptide 
1; LPS, lipopolysaccharide; PYY, peptide YY. Reproduced with permission from Sinclair P 
et al Nature Reviews Gastroenterology and Hepatology (7). 
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Adiposopathy (or sick fat) describes the adipocyte and adipose tissue dysfunction 

associated with the increased fat mass seen in obesity (13). The adipocytes become 

saturated and reach their maximum storage capacity, becoming hypertrophied and outgrow 

their vascular supply; resulting in tissue hypoxia, immune and endocrine dysfunction, 

including inflammation. It is this inflammation, which is believed to contribute to many 

obesity-related metabolic co-morbidities by worsening dyslipidaemia and insulin resistance 

(6). The expandability of adipocytes and the dynamic nature of fat storage varies between 

individuals, possibly explaining why some patients are ‘metabolically healthy but obese’. 

As well as lipotoxicity, other factors may help trigger this process of inflammation. FFAs can 

activate the innate immune receptor TLR4 (a component of the innate immune system 

usually activated by bacterial lipopolysaccharide) to induce inflammatory cytokine 

expression in macrophages, adipocytes, and liver and TLR4 signalling appears to be 

required for FFA induced insulin resistance (14). Gut microbiota can also activate TLR4 via 

their LPS and by production of FFAs via fermentation (7). Adipocyte hypoxia causes an 

increase in hypoxia-inducible factor 1α (HIF1α), which induces Lysyl oxidase (LOX) (a 

transcriptional target of HIF1α) to cross-link collagen leading to fibrosis, adipocyte 

dysfunction and local inflammation (15). Endoplasmic reticulum (ER) stress has also been 

implicated. Obesity leads to disruption of ER homeostasis, resulting in unfolded or 

misfolded proteins in the ER lumen, triggering the UPR (unfolded protein response), which 

also activates cellular stress and inflammatory pathways (16).    

It is important to differentiate White Adipose Tissue (WAT) from Brown Adipose Tissue 

(BAT). BAT is plentiful in newborns to allow non-shivering thermogenesis (its role is in 

dissipation of energy through non-shivering production of heat) (17). It decreases in amount 

after infancy and was considered of little relevance in adults until recent data demonstrated 

that BAT decreased with age and higher quantities of BAT are associated with lower body 

weight, better glucose homeostasis and insulin sensitivity (17), possibly through FGF-21. 

In addition WAT can be converted into BAT via ‘browning,’ which converts an energy store 

(WAT) into a source of energy expenditure (BAT) (18).  

There may well be a multi-hit mechanism, whereby excess fat and calorie intake activates 

all these immune mechanisms, with a synergistic cumulative effect of triggering the 

dangerous cycle of adipose tissue dysfunction leading to inflammation, which exacerbates 

the adipose dysfunction and results in the obesity related complications and metabolic 

syndrome.  
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1.1.2 Complications of obesity 
 

Increased body weight and obesity lead to significant co-morbidity (Figure 1.4)  and even 

premature death (19, 20).  This health risk increases significantly with increasing body mass 

index (BMI) (21). Metabolic syndrome describes a cluster of dysmetabolic conditions that 

are associated with obesity and are all are related to hyperinsulinaemia and insulin 

resistance (5). Is it notable that obesity paradoxically drives the complications of both 

hyperinsulinemia and hyperglycaemia; whereby insulin resistance leads to an inability to 

utilise insulin and therefore hyperglycaemia and the pancreatic response to prolonged 

hyperglycaemia being increased insulin secretion (5). It is likely that there are weight 

independent mechanisms involved in the pathophysiology of all these conditions. 

 

Classical metabolic syndrome 

• Type 2 Diabetes mellitus 

• Dyslipidaemia 

• Hypertension 

• Non-alcoholic fatty liver disease and Non-alcoholic steatohepatitis  

• Polycystic Ovarian Syndrome symptoms 

• Reduced fertility/ erectile dysfunction 

 

Other complications associated with hyperinsulinemia/ insulin resistance: 

• Obstructive sleep apnoea  

• Cardiovascular disease 

• Musculoskeletal pain and function 

• Gastroesophageal Reflux Disease (GORD)  

• Asthma 

• Urinary incontinence 

• Cancer e.g. Breast, endometrial, colon, oesophageal, hepatocellular, thyroid 

• Psychosocial functioning 

 

Figure 1.4 Complications of obesity associated with hyperinsulinemia 
Adapted from Sinclair et al. Metabolic Effects of Bariatric Surgery (5). 
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1.1.2.1 Obesity and NAFLD 

 

Obesity is the leading risk factor for development of Non-alcoholic fatty liver disease 

(NAFLD) and the global increase in obesity incidence has been associated with the 

increase in both NAFLD and non-alcoholic steatohepatitis (NASH) (22). Diagnosis can be 

challenging, as most patients are asymptomatic. NAFLD affects up to 69% of patients with 

diabetes and obesity compared to 30% of the overall population (23). Up to 95% of bariatric 

surgery patients with significant obesity have NAFLD (24, 25) and it is becoming one of the 

most common causes of chronic liver disease (26). The pathophysiology of obesity induced 

NAFLD is complex and multifactorial. NAFLD is considered to be a hepatic manifestation 

of the metabolic syndrome, associated with insulin resistance, dyslipidaemia, alterations in 

fatty acid (FA) metabolism and hepatic lipotoxicity (27). Hepatic lipid overload stimulates 

adipokines, pro-inflammatory cytokines, oxidative stress, and mitochondrial dysfunction 

(28), leading to steatohepatitis and fibrosis. Gut microbiota have also been implicated in 

NAFLD, by having a role in the regulation of metabolic homeostasis of glucose and lipids, 

as well as inflammation (29). Genetic predisposition is also involved in NAFLD 

pathogenesis evidenced by twin studies (30), as well as epigenetic changes in DNA 

methylation and histone acetylation (31) (32). Risk factors for developing NAFLD are 

demonstrated in (Figure 1.5). Other risk factors include increased uric acid, haemostatic 

factors, total homocysteine, decreased vitamin D and impaired fibrinolysis (33).  

 

Figure 1.5 Risk Factors for NAFLD 
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The definition of NAFLD includes hepatic steatosis on imaging or histology, combined with 

a lack of secondary causes of hepatic fat accumulation (such as excess alcohol 

consumption, long‐term steatogenic drugs or genetic disorders) (34). There is a histological 

spectrum of NAFLD that progresses from Non Alcoholic Fatty Liver (NAFL), defined as the 

presence of ≥5% hepatosteatosis without evidence of hepatocellular injury (e.g. hepatocyte 

ballooning) to Non Alcoholic Steatohepatitis (NASH), defined as the presence of ≥5% 

hepatosteatosis and inflammation with hepatocyte injury with or without any fibrosis (34). 

Development of fibrosis and architectural remodelling  can progress to cirrhosis (35). 

Cirrhosis due to NASH and rarely non-cirrhotic NASH can result in hepatocellular 

carcinoma (36-39). NAFLD is now considered the third most common cause of 

hepatocellular carcinoma in the USA (40) (Figure 1.6).  

 
Figure 1.6 Progression of obesity induced liver damage 
Adapted from Sinclair P et al Nature Reviews Gastroenterology and Hepatology (7). 
 

Weight loss and lifestyle interventions, including physical exercise, remain the mainstay of 

treatment of NAFLD (41, 42). Recently several  studies are assessing the beneficial effects 

of pharmacological agents targeting pathogenic factors in the treatment of NAFLD; 

including antioxidants such as Vitamins E and C; thiazolidinediones such as Rosiglitazone; 

lipid-lowering agents (43), GLP-1 analogues, SGLT-2 inhibitors, peroxisome proliferator-

activator receptors and FXR agonists and CCR2/5 antagonists (44). These drugs have 

varying effects on lipogenesis, inflammation, fibrosis, apoptosis, and other co-morbidity 

such as cardiovascular. The insulin sensitizer metformin has been shown to ameliorate liver 

damage in patients with NAFLD (45, 46) by potentially interfering with TNF-α dependent 

signalling cascades (47), inhibiting the induction of the plasminogen activator inhibitor (PAI-

1) (48) or supressing the translocation of bacterial endotoxins by maintaining intestinal 

barrier function (49). Weight loss induced by metabolic surgery may also be a treatment for 

NAFLD, but further randomised high level evidence is required before such a 

recommendation is made (50). 
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1.1.3 Obesity and cancer 
 

Obesity is a modifiable risk factor for cancer and it is estimated that 5-7% of all cancers in 

2012 were attributable to the combined effects of high BMI and diabetes (51), whilst an 

estimated 15-20% of cancer deaths in the US are attributed to obesity (19). In men, obesity 

has been associated with colon, oesophageal, pancreatic and kidney cancer; with evidence 

surrounding the association with prostate cancer being inconsistent (19). Strong evidence 

now exists demonstrating an increased risk related to excess body weight in women for 

endometrial, ovarian, colon, oesophageal, gallbladder, kidney, and pancreatic cancers (52).  

Excess body weight is a risk factor for post-menopausal breast cancer, although evidence 

also exists that it may be protective against pre-menopausal breast cancer (53, 54). Obesity 

and excess body weight  significantly increase cancer mortality, as demonstrated by large 

population-based studies (55). In addition to increasing the risk of cancer development and 

cancer-related morbidity and mortality, obesity can lead to poorer outcomes for cancer 

patients , such as early and late cancer recurrence (56), increased cardiovascular morbidity 

and mortality (57), a second obesity related cancer (58), increased cardiotoxicity from 

chemotherapeutic agents (59) and poorer outcomes from sarcopenic obesity (60). 

It is now clear that obesity may additionally affect tumour characteristics, such as the 

biological aggressiveness of a tumour (61, 62). It is difficult to determine whether this effect 

can be explained by differences with diet, lack of treatment for the cancer itself or other 

confounding biases in comparison to the non-obese population. However, it is notable that 

the tumour microenvironment in the obese population favours tumour development; with 

dysfunctional adipose tissue promoting inflammation, hyperinsulinaemia, angiogenesis, 

aromatase overexpression, adipokines and extracellular matrix remodelling (63). 

Furthermore, it has been postulated that this effect may be mediated by tumour-surrounding 

adipocytes, which change their phenotype and biologic features when infiltrated by invasive 

tumour cells, becoming ‘Cancer-Associated Adipocytes (CAAs)’ (62). These CAAs are 

believed to increase the aggressive behaviour of tumour cells, including their proliferative, 

angiogenic and invasive properties by modulating chemokines, proteases, inflammatory 

cytokines and cancer cell metabolism (61, 64).  

Factors involved in promoting tumorigenesis are demonstrated in Figure 1.7. Adipose 

tissue itself is able to modulate immune and metabolic regulatory mechanisms, as it 

produces adipokines, including adiponectin, leptin; inflammatory adipocytokines (IL-6, IL-

1β, TNF, CRP); active white cells (12);  and enzymes including aromatase and 

hydroxysteroid dehydrogenases, which increase testosterone and oestrogen levels (65). 
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Obesity alters the adipose microenvironment and therefore the metabolic programming of 

adipose immune cells to stimulate inflammation and insulin resistance (66-68). 

Adipocytokines can promote oxidative stress and stimulate adipose white blood cells, 

including altering the natural killer cell response, to stimulate carcinogenesis (69).  The 

large multiprotein complex NLRP3 inflammasome, which regulates pyroptosis 

(programmed cell death associated with inflammasomes), has also been implicated in 

obesity-related colorectal cancer (70).   

 

Figure 1.7 Obesity related factors that promote tumorigenesis 

 

Adiponectin production decreases in obesity and this reduction is associated with larger fat 

cells and a lower percentage of small adipocytes (71).  Low adiponectin levels have been 

associated with several cancers, including colorectal,  breast (72) and endometrial cancer 

(73). This is likely due to the involvement of adiponectin in anti-inflammatory pathways,  

fatty acid oxidation and improved insulin resistance (74, 75). Leptin, another adipokine, has 

been associated with breast, endometrial, prostate, colorectal and kidney cancer (76, 77). 

Leptin is angiogenic, can stimulate the proliferation of cancer cells and can alter insulin 

metabolism (78-80). 
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Obesity is known to be associated with a state of chronic hyperinsulinaemia. 

Hyperglycaemia, insulin resistance and diabetes have all been associated with increased 

cancer risk (81-86). The Metabolic Syndrome and Cancer Project (Me-Can) (n=550,000) 

demonstrated that even abnormal glucose tolerance could increase cancer risk (87). Insulin 

itself promotes carcinogenesis via various mechanisms. Insulin regulates Insulin Like 

Growth Factor (IGF) binding proteins, which bind IGF-1; which is a potent mitogen (88). 

Hyperinsulinemia reduces IGF binding proteins leaving more unbound IGF-1 and also 

induces up-regulation of IGF-1 from the liver; stimulating cellular proliferation, angiogenic 

adipocyte growth factors (such as vascular endothelial growth factor [VEGF]) and inhibiting 

apoptosis (89).  Insulin and IGF-1 also reduce serum sex-hormone-binding globulin (SHBG) 

leading to increased free oestrogen and testosterone levels in the serum (90). When these 

hormones bind to their receptors in hormone responsive tissues such as breast and 

endometrium, cellular proliferation and inhibition of apoptosis is promoted, thus stimulating 

tumorigenesis (89). Oestrogens are also able to activate the insulin-signalling pathways in 

vitro, suggesting a potential synergism between oestrogen and insulin pathways in 

carcinogenesis (91). 

Gut microbiota has been associated with obesity pathogenesis (92) and has also been 

implicated in the pathogenesis of colorectal cancer (93, 94). In the last few years, gut 

microbiota has also been associated with other obesity induced cancers, such as breast 

(95) and endometrial cancer (96). Intestinal bacteria may produce carcinogens such as 

heterocyclic amines (97) and alter colonic barrier integrity, potentially several years before 

the cancer itself develops (94); or alter other metabolic functions, such as their production 

of short chain fatty acids, which effect glycaemic control and epithelial proliferation (97). 

There is currently limited evidence regarding the role of bile acids in carcinogenesis. Insulin 

resistance and T2DM (Type 2 Diabetes Mellitus), are associated with increased levels of 

bile acids and increased bile acid synthesis (98-100). Clinical, animal, and in vitro studies 

suggest that bile acids increase the risk of colorectal, oesophageal, stomach and liver 

cancer (101-105). Colorectal cancer has been associated with a reduction in expression of 

the tumour suppressive bile acid receptor FXR (106). Stimulation of another bile acid 

receptor GPBAR1 might stimulate cellular proliferation in gastric, oesophageal, and 

endometrial cancer (107-109). However, GPBAR1 has also been shown to stimulate JNK 

activation and subsequent apoptosis in hepatocytes (110) and may also have tumour 

suppressive effects in the presence of hyperbilirubinaemia (111). Bile acids may also 

ameliorate hypoxic tumour progression in vitro in both breast and prostate cancer cells 

(112, 113). The role of bile acids in EC has not been established.  
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1.2 Endometrial cancer 
 

Endometrial adenocarcinoma (EC) is the sixth most common cancer among women and 

the 15th most common cancer overall, with over 380,000 cases occurring annually 

worldwide in 2018 (114). The incidence is increasing, with just over 280,000 cases identified 

annually worldwide in 2008 (115) and 319,000 in 2012  (116). The number of women in the 

U.S. diagnosed with EC before the age of 50 has increased significantly over the last 2 

decades (117). In 2012 it was the fourteenth most common cause of cancer death among 

women worldwide (116). Increasing rates of obesity, metabolic syndrome and insulin 

resistance are postulated to contribute to the  rise in incidence (118). Obesity, adiposity and 

BMI have all been associated with increased rates of EC (119).  

In women, obesity is strongly associated with the development of endometrial cancer, more 

so than with any other cancer (120). The endometrium is the inner functional lining of the 

uterus, which is cyclically regulated by the antagonistic effects of the hormone: oestrogen 

and progesterone during a normal menstrual cycle (121). Endometrial proliferation occurs 

in the first half of the menstrual cycle under the influence of oestrogen. Following ovulation 

progesterone causes the endometrium to differentiate into a secretory, thin lining which is 

ideal for implantation of a fertilized ovum (121). When oestrogenic drive to the endometrium 

is excessive and unopposed by progesterone, the endometrium can progress from simple 

to complex forms of hyperplasia or endometrial carcinoma (122). Simple hyperplasia 

without atypia rarely (<5% of cases) leads to invasive endometrial cancer, whilst complex 

hyperplasia with atypia is considered a precancerous condition, with up to 50% of patients 

diagnosed with atypical hyperplasia having occult malignancy (123). 

Risk factors for developing endometrial cancer are demonstrated in Table 1.3. Increases 

in the prevalence of obesity, insulin resistance and metabolic syndrome contribute to the 

rising incidence rates (118). Large population studies, such as the Metabolic Syndrome and 

Cancer Project (Me-Can), demonstrate increased cancer risk in patients with insulin 

resistance (87). Up to 90% of women with type 1 endometrial cancer may be overweight or 

have obesity (124), the latter being one of the strongest risk factors for Type 1 endometrial 

cancer. 38·4% of cases of endometrial cancer were attributed to obesity and type 2 

diabetes in 2012 (51). 

  



15 
 

Table 1.3 The risk factors for developing endometrial carcinoma 

1. Obesity 

2. Exogenous oestrogen 

• Oestrogen only Hormone Replacement Therapy after menopause 

• Tamoxifen 

• Number of menstrual cycles over a lifetime 

• Lack of pregnancy 

• Polycystic ovarian syndrome 

• Ovarian tumours secreting oestrogen 

3. Age 

4. High fat diet and lack of exercise 

5. Type 2 diabetes 

6. Family history of endometrial or hereditary nonpolyposis colorectal cancer 

(HNPCC)  

7. Previous history of breast or ovarian cancer 

8. Previous history of endometrial hyperplasia 

9. Previous history of radiotherapy to the pelvis 

 

 

Clinical stratification of EC is based on histopathological assessment to determine cell type 

and grade and traditionally, EC has been divided into two pathological types: Type 1 

endometrioid carcinomas that are slow growing, of low grade (grade 1 or 2) and driven by 

unopposed oestrogen; whilst Type 2 oestrogen-independent aggressive non-endometrioid 

carcinomas are high grade (125, 126). The features of these two tumours are outlined in 

Table 1.4.  Endometrioid endometrial carcinomas represent up to 70% of cases, are 

generally indolent and arise in a background of endometrial hyperplasia. Type 1 EC 

generally has a favourable prognosis. However, less common grade 3 endometrioid 

carcinoma have a significantly worse prognosis.  The remaining non-endometrioid subtypes 

(Type 2) consist mostly of serous, and less commonly carcinosarcoma, mixed histology, 

undifferentiated, and clear cell carcinomas. These non-endometrioid tumours are 

considered aggressive and are associated with poor outcomes.   
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Table 1.4 The features of Type 1 and Type 2 endometrial cancers. Adapted from (125, 
127) 

Characteristic Type I Type II 

Frequency 60-70% 30-40% 

Unopposed oestrogen Present Absent 

Related endometrium 

structure 

Hyperplasia Atrophy 

Menopausal status Perimenopausal Post-menopausal 

Association with T2DM, 

obesity, hyperlipidaemia 

Yes No 

Growth Slow Rapid 

Precursor Atypical hyperplasia Endometrial intra-epithelial 

neoplasia 

Histology Endometrioid Serous, clear cell 

Grade Low High 

Stage at diagnosis I-II III-IV 

Depth of invasion Usually superficial Often deep 

Behaviour Indolent Aggressive 

Molecular/genetic 

changes 

PTEN, KRAS, CTNNB1 

mutations and 

microsatellite instability 

P53 mutation,  

P16 inactivation, 

overexpression of ERBB2, 

reduced CHD1 expression 

Oestrogen/ Progesterone 

receptor expression 

Positive Usually negative 

Prognosis Good Poor 

5-year survival 86% 59% 

 

 

  



17 
 

However, the classification of Type I and II cancers was developed by Bokhman over 35 

years ago as a pathological classification. Since that time significant heterogeneity and 

overlap between the two groups has been identified (128) and the classification does not 

form part of any clinical staging or risk stratification frameworks (129). Research into EC 

has lagged behind other cancers and as its incidence increases, treatment algorithms 

aiming to be more personalised require molecular classification of ECs to guide treatment. 

Therefore, The Cancer Genome Atlas Research Network (TCGA) reclassified EC into four 

subgroups based on extensive genomic and transcriptomic analysis: POLE [polymerase 

(DNA directed), ε, catalytic subunit] -ultramutated tumours with a pattern of single 

nucleotide substitutions (mainly cytosine to adenine transversion);  MSI (microsatellite 

instability)-hypermutated tumours, most of which have MLH1 promoter methylation; copy-

number low tumours, with microsatellite stability and a relatively low mutation rate; and 

copy-number high tumours, which are serous like with extensive copy-number aberrations 

and a low mutation rate (127). Little literature currently exists confirming an association with 

any of these new subgroups with obesity. However, oestrogen receptors are evenly 

expressed across all subgroups, which may suggest that obesity can promote 

carcinogenesis in all four groups (130). The TGCA analysis for this classification did not 

include clear cell, carcinosarcoma, undifferentiated and other rare histotypes and some 

groups have proposed alternative classifications based on the TGCA classification 

including these histotypes and using less costly, simpler and more practical technologies 

for clinical practice (129). 

The grading of EC is based on how well differentiated the tumour is. A well differentiated 

tumour is considered low grade with a better prognosis, whilst a poorly differentiated tumour 

is considered high grade and is more likely to progress. The grading system is  

GX: The grade cannot be evaluated. 

G1: Well differentiated. 

G2: Moderately differentiated. 

G3: Poorly differentiated. 
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The staging of EC was revised in 2009 by the International Federation of Obstetrics and 

Gynaecology (FIGO) and is given in Table 1.5. Over 75% of women with EC have early 

stage (I or II) disease and a good prognosis, with overall survival at 75-90% (129). 

 

Table 1.5 The FIGO staging of EC (131) 

Stage Description 

I  Tumour confined to the uterus (includes grades I-III) 

A Confined to endometrium or invasion of less than half myometrium 

B Invasion equal to or greater than half the myometrium 

II  Tumour invades cervical stroma but does extend beyond the 
uterus  

III  Local and or regional spread 

A Invasion of serosa and or adnexa 

B Vaginal and/or parametrial involvement 

C1 Pelvic lymph node metastasis 

C2 Positive paraaortic lymph nodes, with or without positive pelvic nodes  

IV  Metastasis to bladder, bowel, or distant metastases 

A Tumour invades bladder and/or bowel mucosa 

B Distant metastases (e.g. bone or lung), including intra-abdominal or 
inguinal lymph nodes 
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1.2.1 Pathogenesis of obesity associated endometrial cancer 
 

Obesity, adiposity and BMI have all been associated with increased rates of EC; case 

control studies demonstrating that women with a BMI >25kg/m² had a linear increase of 

200-400% of developing EC, with little difference demonstrated between pre and post-

menopausal women (119). The risk of developing type 1 EC increases 50-60% for every 5 

unit increase in BMI (132) and it has been estimated that at least 16,000 new cases of 

uterine cancer in Europe were caused by obesity (133). Recent reports suggest that up to 

90% of women with type 1 EC are overweight or have obesity (124). Up to 40% of 

endometrial cancer may be prevented by maintaining weight below 25kg/m² (134). Absence 

of excess body fat has been shown to have the highest cancer preventative effect in EC 

compared to other obesity-related cancers (135). Weight cycling and adult weight gain is a 

stronger predictor of EC risk than a patient’s final weight prior to clinical diagnosis (136). If 

the metabolic risk score increases by a single standard deviation magnitude then there is 

an associated 56% increase in the risk of endometrial adenocarcinoma (137) and the 

lifetime risk of EC increases from 3% for an average woman to 9-10% in women with obesity 

(138). There are several mechanisms (Figure 1.3 and Figure 1.7) that could explain this 

association, including increased endogenous sex steroid hormones, hyperinsulinaemia, 

chronic inflammation, adipokines and gut microbiota.  

EC was previously more common in postmenopausal women, as peripheral tissues, 

including adipose tissue becomes the primary source of circulating oestrogens (89). In 

postmenopausal women with obesity, adipocytes express more aromatase, which  converts 

peripheral androgens into oestrogens (139), inducing endometrial proliferation. Sex 

hormone-binding globulin (SHBG), which binds oestrogen and testosterone, is seen in 

lower levels in women with obesity, and therefore the level of unbound, biologically active 

hormone is higher, thus stimulating endometrial carcinogenesis (140). Asymptomatic 

patients with morbid obesity have a high prevalence of occult endometrial hyperplasia, 

associated with high hormone receptor expression (141).  

However, the rate of EC in premenopausal women is increasing and this has been 

attributed to the increase in obesity (142). Premenopausal women derive most of their 

oestrogens from the ovaries and premenopausal women with obesity are more likely to 

have anovulatory cycles (143), thus reducing progesterone levels and creating a relative 

imbalance of progesterone and oestrogen. Furthermore, 40-80% of women with PCOS are 

overweight or obese and these women are likely to have anovulatory cycles (144). In 

humans, during the follicular phase of the menstrual cycle, oestrogen is produced by the 
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ovaries, but little progesterone, which leads to proliferation of the functional layer of the 

endometrium in preparation for potential implantation. After ovulation there is an increase 

in progesterone levels, which act as an antagonist to the proliferative effects of oestrogen. 

Therefore, during anovulatory cycles the lack of a progesterone peak during the luteal 

phase, as well as beta cell dysfunction and insulin resistance increase endometrial 

proliferation and EC risk. Androgen levels are also increased in women with PCOS, which 

has been linked to endometrial hyperplasia (145), most likely due to conversion to 

oestrogen.  

EC tumour oestrogen levels have been shown to correlate with stage and invasiveness of 

EC in patients with centripetal adiposity; being genotoxic, with a role in DNA 

unwinding  (146). When oestrogen binds to its nuclear receptors, oestrogen receptors alpha 

and beta (ERα and ERβ), it acts as a DNA binding transcription factor and activates 

transcription of several oestrogen responsive genes (147), such as the activator protein 

(AP)-1, nuclear factor-kappaB (NF-kappaB) and stimulating protein-1 (Sp-1) by stabilizing 

DNA-protein complexes and/or recruiting co-activators (148). Furthermore, oestrogen 

exerts non-genomic effects by activating several cytoplasmic kinases signal transduction 

cascades including ERK/MAPK, p38/MAPK, PI3K/AKT/MTOR and PLC/PKC, which are 

involved in cellular survival, growth and tumour progression  (148). Some of the proliferative 

actions of oestrogen are mediated by increases in local IGF-1 production, with evidence of 

increases in expression of mRNA in uterine tissue dependent on oestrogen (149, 150). High 

levels of IGF-1 receptors have been identified in Type 1 endometrial tumours, whilst low 

levels of IGF-1 receptors were seen in Type 2 (oestrogen independent) tumours (151).This 

link between oestrogen and IGF-1, may represent a synergistic mechanism of activating 

kinase cascades involved in tumourigenesis. IGF-1 activates the same downstream 

pathways, including ERK and PI3K, and these are the same as those activated by insulin; 

which promote cell proliferation, angiogenesis and reduce cancer cell apoptosis (152). 

Several studies have demonstrated a link between EC and hyperinsulinaemia independent 

of diabetes, insulin resistance, as well as T2DM (153-155). Patients with Type 1 EC have 

been shown to have higher levels of insulin and C-peptide than those with Type 2 EC (156) 

and significant correlations were only identified in well and moderately differentiated 

cancers (Type 1). In obesity oestrogen may well contribute to insulin resistance by binding 

to insulin and its receptor (157). Insulin can promote EC development, both through its 

metabolic and mitogenic activities, similar to IGF-1 (158). Increased insulin receptors have 

been identified within endometrial carcinomas (159), suggesting a direct proliferative effect 

on the endometrium. Insulin can increase oestrogens via several methods; firstly it can 

stimulate the ovaries to produce oestrogen and androgens, particularly in patients with 
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obesity and consequent susceptibility to PCOS (155), secondly it can stimulate aromatase 

activity in vitro (160) and, as previously discussed it decrease SHBG production in the liver 

and downregulates circulating levels, thus increasing free bioavailable oestrogen (161). 

There is additional evidence that insulin can alter the sensitivity of endometrium to 

oestrogen (162).  

Insulin has also been shown to reduce expression and synthesis of endometrial IGFBP, 

therefore increasing endometrial IGF-1 (163). IGF-1 mediates the effects of several proteins 

to influence cell migration (164). The lipid/protein phosphatase and tensin homolog (PTEN) 

dephosphorylates PI3K and antagonises it to act as a tumour suppressor gene; and is 

inactivated or lost in more than 40% of Type 1 EC (165). In patients with obesity, IGF-1 acts 

synergistically with loss of PTEN to stimulate the PI3K/AKT/mTOR pathway and promote 

endometrial carcinogenesis (165). MTOR signalling, is also stimulated by the MAPK 

pathway, which are activated by both insulin and IGF receptors (166). In obesity and insulin 

resistance, 5’ adenosine monophosphate-activated protein kinase (AMPK) is also 

inactivated, which acts as an inhibitor of the ERK and PI3K/AKT/mTOR pathway, thus 

further promoting endometrial proliferation (165). 

The influence of adipocyte derived factors such as adipokines are also important in EC 

pathogenesis. Adiponectin, has been demonstrated to be inversely proportional to BMI and 

insulin resistance and is involved in reducing inflammation and improving insulin sensitivity 

(167). In patients with obesity, reduced adiponectin levels are associated with less anti-

inflammatory and anti-tumour effects; and consequently, higher EC risk (168). 

Premenopausal women have been found to have lower levels of adiponectin, after 

correcting for BMI (169) and younger women demonstrate a significant inverse correlation 

between adiponectin and EC risk (170). Adiponectin reduces proliferation by binding to its 

AdipoR1/R2 receptors to activate AMPK and therefore downregulate the PI3K/AKT/mTOR 

pathway (171). Adiponectin may also inactivate MAPK kinases 1 and 3, as well as ERK 2 

and 1 to further reduce proliferation and stimulate p53 and Bax to stimulate apoptosis of 

cancer cells (172). Adiponectin is thought to reduce angiogenesis by inducing apoptosis in 

vascular endothelial cells and inhibiting cell migration; whilst its anti-inflammatory effects 

may involve downregulating vascular adhesion molecules (173). 

Leptin is another adipokine, which reduces body weight and food intake; although its levels 

are high in obesity which has been attributed to cellular leptin resistance (174). In humans, 

high levels of leptin have been demonstrated in patients with EC and increasing levels of 

BMI, suggesting a role for leptin in endometrial proliferation (175). Leptin levels are 

increased by insulin and are higher in women than men (176). There are increased levels 
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of the leptin receptor in EC cells compared to normal tissue (177). In vitro, leptin has been 

shown to increase endometrial cellular proliferation by activating STAT3/ ERK2 pathways 

and phosphorylation of ERK2/AKT was JAK/STAT dependent (79). Furthermore, leptin 

promoted EC invasiveness, likely via the JAK/STAT and PI3K pathways (79). Leptin is also 

proinflammatory, proangiogenic and antiapoptotic and increases vascular endothelial 

growth factor (VEGF) expression, which is also angiogenic (177). Leptin is also able to 

mediate insulin signalling, worsen insulin resistance and mediate further endometrial 

carcinogenesis via this route (80). 

Adipocytes also secrete numerous mediators of inflammation. Obesity is associated with a 

state of chronic inflammation and the resulting inflammatory milieu has been associated 

with endometrial carcinogenesis (178). Tumour necrosis factor alpha (TNF alpha), is one 

of these mediators and has been demonstrated in high levels in patients with EC (179). 

TNFα may worsen insulin resistance by stimulating inhibitory phosphorylation (by kinase 

cascades such as MAPK) of insulin receptor substrate (IRS) proteins, which impair insulin 

receptor signalling (117). Protein-tyrosine phosphatase (PTP)1B, which is increased in the 

peripheral tissues of diabetic humans and rodents with obesity, can also be upregulated by 

TNF-alpha and may inhibit insulin signalling also, by dephosphorylating IRS1 (117).  In a 

small study, interleukin-6 (IL-6), another inflammatory adipocytokine, was identified in 

patients with high grade (III-IV) EC, but not in lower grade EC (I-II) with  (180), suggesting 

that it may be involved in the progression of EC. The proinflammatory adipocytokine 

resistin, has also been identified in significantly higher concentrations in patients with EC 

than in control subjects (181). Other inflammatory adipocytokines, C-reactive protein 

(CRP), IL6 and IL1receptor antagonist have also been associated with EC development 

and obesity (IL1Ra is also associated with T2DM development) (178). The mechanisms 

involved in this may include inflammatory mediators promoting aromatisation of oestrogen, 

promoting insulin resistance and hyperglycaemia, a potential direct effect on endometrial 

proliferation (as these mediators are seen during growth and repair during the menstrual 

cycle), promotion of angiogenesis and increased production of free radicals leading to DNA 

damage (178). Reactive oxygen species and oxidative stress has also been implicated in 

the invasion and metastasis of EC (182). 

More recently, a tumour microenvironment has been identified within EC, consisting of 

cellular components, such as cancer associated fibroblasts (involved in extracellular matrix 

[ECM] remodelling, as well as providing oncogenic signals for tumour infiltration), 

myofibroblasts (which secrete growth factors and chemokines such as IL-6 that promote 

proliferation and angiogenesis), blood vessels, pericytes, adipocytes (which secrete 

aromatase and adipocytokines that promote leptin and insulin resistance), smooth muscle 
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cells, immune infiltrating and inflammatory cells such as tumour associated macrophages 

(which support angiogenesis and invasion), natural killer cells and lymphocytes; as well as 

non-cellular components such extracellular matrix (183). Inflammatory cytokines secreted 

by the adipocytes  infiltrate lymphocytes, macrophages, and endothelial cells, altering the 

adipose tissue microenvironment and adipocytes adjacent to cancer cells are converted to 

CAAs (62), which would promote EC adhesion, migration and invasion. Visceral 

hypertrophied adipocytes also produce VEGF, which promotes endometrial proliferation 

through mTOR signalling and increasing uterine vascularisation (184). 

Obesity is mediated by a adipocyte brain endocrine axis and a gut brain endocrine (GBE) 

axis (7). Other GBE related factors involved in EC pathogenesis may include the gut 

hormone GLP-1, bile acids and gut microbiota.  GLP-1 is an important anorexigenic and 

glucoregulatory hormone secreted by the intestinal L cells, which  slows gastric emptying, 

inhibits glucagon release and acts on the pancreas to increase insulin secretion (185). This 

is known as the incretin effect and may be the mechanism by which GLP-1 could influence 

EC carcinogenesis. However, GLP-1 may have a direct effect in carcinogenesis, as the 

GLP-1 receptor (GLP-1R) has been identified in EC cells in a mouse model (186).  

Dietary fat increases the hepatic synthesis and secretion of bile acids, which are involved 

in the emulsification and absorption of dietary fats, cholesterol metabolism and have also 

been identified to be signalling molecules with endocrine effects (109).  Bile acids act at the 

nuclear farnesoid  X  receptor  (FXR) to regulate lipid and carbohydrate metabolism (187). 

They act on the TGR5 receptor (a plasma  membrane G protein-coupled receptor), which 

is expressed in the uterus, to activate several signalling pathways including kinase 

pathways and cyclic AMP (188). In vitro the primary bile acid chenodeoxycholic acid, has 

been shown to promote EC cell proliferation by binding to TGR5 through the ERK signalling 

cascade (109). There is also a symbiotic relationship with gut derived factors, with bile acids 

able to influence gut hormones secretion (such as GLP-1) through the G-protein coupled C 

bile acid receptor; influence energy expenditure and gut microbiota (189). 

Patients with obesity have an altered endogenous composition of gut microbiota compared 

to healthy lean patients (190). In obesity, gut microbiota have been associated with changes 

in body fat mass, leptin levels, inflammation (191) and increased oestrogen levels in the 

circulation (192). Furthermore, gut microbiota obtain energy by fermenting carbohydrates 

to produce short chain fatty acids (SCFAs), which affect gluconeogenesis, lipogenesis, 

insulin sensitivity, mitochondrial function and energy expenditure in mice models (193). 

These SCFAs, may interact with EECs in the colonic epithelium to influence GLP-1 

secretion (194). Dysbiosis or disruption of the gut microbiota has been associated with 
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pathological processes including endometriosis, with additional disruption of the local 

vaginal and cervical microbiome (195).  Alterations in the microbiota of the gynaecological 

tract (96) and specifically uterine microbiota (196) have been associated with EC, 

suggesting a potential role for microbiota to alter the local tumour microenvironment and 

effect carcinogenesis. 

There may also be a genetic or epigenetic component to obesity mediated EC risk. The 

Epidemiology of Endometrial Cancer Consortium (E2C2) conducted a pooled analysis to 

confirm association of two single nucleotide polymorphisms (SNPs) in the CYP19A1 gene 

(which codes for aromatase, an enzyme that converts androgen precursors to estrone and 

oestradiol) with endometrial cancer risk and an interaction with BMI (197). Body mass index 

alleles (SNPs at BMI loci) were assessed in European women and they did not appear to 

increase endometrial cancer risk independent of BMI (158). Understanding the complex 

pathophysiology of obesity induced EC should enable us to focus therapeutic interventions 

to these physiological pathways.  
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1.2.2 Treatment of endometrial cancer 
 

Treatment of EC with curative intent is largely surgical in nature and involves a total 

hysterectomy and bilateral salpingo-oopherectomy. Patients at high risk of relapse based 

on pathological criteria (such as histological subtype, stage, grade) receive adjuvant 

radiotherapy and/or chemotherapy. Given the strong associations with obesity, metabolic 

syndrome and Type 2 diabetes, EC patients are at increased risk of developing cardiac 

comorbidity and peri-operative complications following surgery (198). Type 1 endometrial 

cancer has a good prognosis with a 5-year survival rate of 86% and most patients do not 

die from the cancer.  The most common cause of death after endometrial cancer is cardiac 

disease, and up to 35% of women diagnosed with endometrial cancer subsequently die of 

cardiovascular disease (199). This is likely due to a combination of associated risk factors 

(obesity, T2DM) and the cancer-related factors (such as hypercoagulability).    

Young pre-menopausal women sometimes request fertility sparing treatment, which is 

possible in early stage Type 1 EC by administering progesterone treatment (such as 

megestrol acetate and medroxyprogesterone), which is also sometimes used in patients 

with multiple complications who are unsuitable for surgery; although the efficacy decreases 

as tumour stage advances (200). EC is driven by unopposed oestrogen and relative 

progesterone deficiency and therefore, progesterone treatment can achieve a complete 

response in up to 76% of patients, although up to 25% may only have a temporary response 

with recurrence of EC (201, 202). Progesterone treatment allows women the opportunity to 

conceive prior to TAH and BSO, although they are monitored carefully and have checks for 

cancer at least every 6 months. If the cancer does not respond or spreads outside the 

uterus, TAH and BSO are recommended. Anti-oestrogens such as tamoxifen 

and aromatase inhibitors have also been trialled in EC, with response rates up to 30% 

(203). 

More recently targeted therapies are being trialled to treat advanced stage III and IV 

cancers, as well as recurrent cancers. These target the underlying molecular mechanisms 

of EC, including monoclonal antibodies (e.g. bevacizumab) (204), PI3K inhibitors (e.g. 

BKM120), AKT inhibitors (e.g.  AZD5363, perfosine) and mTOR inhibitors such as 

Everolimus and Metformin (205). Metformin is an established drug in the treatment of T2DM 

and has several mechanisms of action, it reduces insulin (and therefore the carcinogenic 

actions of both insulin and IGF-1); it activates AMPK and inhibits PI3K/mTOR to promote 

tumorigenesis (206) and furthermore, Metformin can induce weight loss (207).  

https://www-sciencedirect-com.ucd.idm.oclc.org/topics/medicine-and-dentistry/antiestrogen
https://www-sciencedirect-com.ucd.idm.oclc.org/topics/medicine-and-dentistry/aromatase-inhibitor
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The incidence of EC and mortality statistics are increasing and it is therefore vital to have a 

better understanding of the mechanisms by which obesity enhances tumorigenesis and find 

treatments that are tailored to the tumour biology of this cancer, whilst also improving 

subsequent quality of life. The impact of obesity on the endometrial microenvironment’s 

metabolic milieu may determine tumour development and subsequent progression. 

Absence of excess body fat has been shown to have the highest cancer preventative effect 

in EC compared to other obesity-related cancers (135). Type 1 EC has a good prognosis, 

most patients will die with their cancer and not because of it. This makes it an ideal cancer 

to study obesity related carcinogenesis and alternative therapeutic modalities, such as 

weight loss and lifestyle interventions. Despite the strong association of obesity with 

endometrial cancer, there is little data on the efficacy of weight loss as a potential treatment 

for this disease. 
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1.3 Weight loss  
 

Weight management is key to ameliorating the morbidity and mortality of obesity and its 

related complications. When patients are overweight and otherwise relatively healthy 

without significant complications of obesity, lifestyle changes including reduced intake and 

increased energy expenditure through exercise can be successful methods of weight loss 

(208). However, general practitioners have found that these self-directed conservative 

lifestyle measures are not usually efficacious in the long-term (209). Weight assessment 

and management programmes, aim to induce the necessary weight loss for optimal health 

and then maintain this using a multimodal approach (210). Such an approach would include 

dietary interventions (such as structured eating plans, meal replacements, 600kcal deficit 

diets, low-fat or low-calorie diets); physical activity programmes (such as a minimum of 30 

minutes of moderate to high intensity exercise at least 5 days a week); behavioural and 

psychosocial interventions (such as cognitive behavioural therapy techniques including 

goal setting, self-control and monitoring in response to stimuli, external social support, 

cognitive restructuring etc.) (3).  

In some countries, patients can be referred to a weight assessment and management clinic, 

which usually operates with a multidisciplinary team consisting usually of a metabolic 

physician, a nurse specialist, dietitian, a psychologist, with easy access to psychiatry, 

physiotherapy and surgical services. These clinics are able to monitor a patient’s weight 

loss, supervise and motivate their attempts to comply with their weight management 

programme, assess and monitor complications associated with obesity and screen patients 

for hormonal or genetic causes of obesity (210, 211).  

Conservative measures usually facilitate weight loss of <5% body weight (212). Even well 

conducted studies achieve less than 10% weight loss; the Look-AHEAD study (which 

included involvement from multidisciplinary professionals, as well as calorie restriction, 

meal replacement and regular follow-up) achieved 8.5% weight loss in the first year, which 

was not maintained at 8 years (213, 214).   

If the target weight loss desired is greater than 10%, the addition of pharmacological agents 

is sometimes considered, particularly if lifestyle measures and dieting have been 

unsuccessful (3). Numerous drugs have been trialled as a treatment for obesity. In the UK, 

until recently, Orlistat (Xenical®, Roche, Switzerland) was the only drug licensed for obesity 

management, with proven safety and efficacy. Sibutramine and other amphetamine-based 

drugs were withdrawn from clinical use after confirmed cardiovascular side effects (215). 

Orlistat is from the lipase inhibitor class of drugs, which reduce intestinal absorption of fat  
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resulting in fat malabsorption (216). It has reasonable short-term weight loss, but this is not 

maintained in the longer-term (217, 218). Orlistat’s side effects tend to be gastrointestinal, 

such as loose stools, oily stools/spotting, abdominal pain and faecal urgency (219). 

Liraglutide (Saxenda®, Novo Nordisk, Denmark) is a newer medication for treatment of 

obesity (originally having been developed and licensed in 2009 to treat type 2 diabetes due 

to its powerful incretin effect). It was given European marketing authorisation in 2015 and 

was launched in the UK in 2017 (220). 
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1.3.1 Liraglutide 
 

Liraglutide is licensed internationally, as an adjunct to diet restriction and increased 

exercise in patients with obesity with a BMI over 30 kg/m², or 27 kg/m² - 30 kg/m² in 

combination with complications (e.g. prediabetes, T2DM, hypertension, dyslipidaemia, 

OSA) (220), after the SCALE studies demonstrated clear evidence that Liraglutide 

treatment resulted in 6-7% weight loss (221, 222). Liraglutide is licensed as Saxenda with 

a higher effective dose for weight management compared to T2DM, for which it is licensed 

as Victoza. In obesity management a 3.0mg daily subcutaneous dose is recommended for 

maintaining weight loss only if 5% weight loss is observed after 12 weeks of treatment at 

full dose; suggesting that the patient is a responder and treatment should be continued 

(220). 

Liraglutide is a long acting acylated glucagon-like peptide-1 receptor analogue (GLP-1-RA).  

When administered subcutaneously, the hormone GLP-1 is rapidly degraded by the 

enzyme dipeptidyl peptidase-4 (DPP4) (223).  Therefore, Liraglutide has 97% amino acid 

homology with native GLP-1 and two structural modifications in the form of an amino acid 

substitution and attachment of a C16 acyl fatty acid chain to lysine 26 of the GLP-1 (7-37) 

molecule though a linker residue, which increase Liraglutide’s plasma half-life from 2 

minutes to 13 hours by increasing serum albumin binding. The reversible albumin binding, 

reduces renal excretion and stabilises it against metabolic degradation by peptidases (224-

226). GLP-1 has numerous effects (as discussed in the next section) and Liraglutide is likely 

to utilise those pertaining to satiety, reduction in hunger and reduction in food intake (227-

230).  

Liraglutide is efficacious in inducing weight loss. In the SCALE-Diabetes study, 846 diabetic 

patients with overweight or obesity were randomized to receive subcutaneous Liraglutide 

1.8mg daily, 3.0mg daily or a placebo over a 56 week period (222), with >5% weight loss 

achieved in 54.3%, 40.4% and 21.4% in the 3.0mg, 1.8mg and placebo groups respectively 

(222). The SCALE-Obesity trial randomised 3731 overweight and non-diabetic patients with 

obesity to receive either 3.0mg daily Liraglutide or a placebo over 56 weeks and 

demonstrated  >5% weight loss in 63.2% vs 27.1%;  >10% weight loss in 33.1% vs 10.6% 

and > 15% weight loss in 14.4% vs 3.5% in the treatment and placebo groups respectively 

(228). The DURATION and LEADER trials have additionally demonstrated positive effects 

of Liraglutide on hypertension, beta cell function and cholesterol levels (231); whilst the 

LEAN trial has shown that Liraglutide can reduce fibrosis and potentially treat Non Alcoholic 

Steatohepatitis (232).   

https://en.wikipedia.org/wiki/Acylated
https://en.wikipedia.org/wiki/Glucagon-like_peptide-1
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Although the SCALE-Obesity trial demonstrated an additional improvement in glycaemia, 

other cardiac and metabolic risk factors, as well as quality of life; it also demonstrated more 

severe adverse events in the Liraglutide treated group leading to 6.4% of patients 

withdrawing from the trial compared to 0.7% of placebo patients (228). The most commonly 

seen side effects were gastrointestinal, including nausea, diarrhoea, constipation, vomiting, 

dyspepsia, abdominal pain, as well as upper respiratory tract infection, headache, fatigue, 

dizziness and reduced appetite (228). More severe side effects (occurring in at least 0.2% 

of patients) included gallstone disease, cholecystitis, arthritis, pancreatitis, potential breast 

cancer; which were all higher in the Liraglutide group compared to placebo (228).  

The association of Liraglutide with cancer has been unclear. In rodents Liraglutide has been 

shown to increase thyroid C-cell tumours, in a dose-dependent and duration-dependent 

manner (233). The SCALE-Obesity trial demonstrated no cases of medullary thyroid 

carcinoma or C-cell hyperplasia in Liraglutide treated patients (221) and thus this risk may 

be limited to rodents and not humans (234). An early RCT of Liraglutide compared to 

placebo in an overweight or obese non-diabetic population demonstrated an increased level 

of breast cancer in the Liraglutide group (235) and although this association was seen in 

other studies, a potential increase in breast cancer detection rates may have been due to 

more easily palpable tumours in patients who had lost significant weight on Liraglutide 

treatment (236, 237). When Liraglutide was first brought to market, there were concerns 

that it may cause pancreatic cancer, with some studies suggesting that it stimulated 

premalignant lesions rather than inducing new tumours (238). The LEADER trial did show 

a numerical increase in pancreatic cancer with Liraglutide treatment compared to placebo 

(n=13 vs n=5), although most patients in the Liraglutide group had received advanced 

therapy with a median follow-up of 15 months (239). However, a meta-analysis assessing 

cardiovascular outcomes, demonstrated no significant increase in pancreatic cancer from 

treatment with Liraglutide (240). The exact association of Liraglutide with pancreatic cancer 

remains unclear (241). 

No clinical studies to date have shown an increased risk of endometrial cancer in patients 

treated with Liraglutide. A 2012 meta-analysis suggested insufficient evidence existed that 

GLP-1-R analogue treatment could increase the risk of cancer or acute pancreatitis (242). 

Furthermore, there is emerging evidence that Liraglutide and other GLP-1R analogues may 

reduce the risk of cancer related-mortality via its effects on insulin resistance (243). In vitro 

and in vivo studies using GLP-1R analogues have suggested that GLP-1 may have anti-

cancer properties in breast, prostate, pancreatic and endometrial cancer cell lines (186, 

244-247). This association needs to be investigated further. 
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1.3.2 Glucagon-like peptide-1 (GLP-1) 
 

GLP-1 is an anorexigenic hormone secreted by intestinal enteroendocrine L cells in the 

distal ileum, colon and rectum in response to lipid, protein and carbohydrate ingestion  (248) 

(249-251). GLP-1 is a product of the post translational processing of the proglucagon gene 

and has two biologically active forms, GLP-1 (7–36)NH2 and GLP-1 (7–37); the former 

being amidated and the latter bioactive (252). GLP-1 is released within 15 min of nutrient 

ingestion, suggesting reflex paracrine signalling via the vagus nerve (before ingested 

nutrients are able to directly stimulate distal EECs) (252). GLP-1 administration does not 

suppress food intake following pyloroplasty and truncal vagotomy in humans, suggesting 

that the vagus is important for early function of peripheral GLP-1 (253).  

GLP-1 is a glucoregulatory “incretin” hormone; acting on the beta cells of the pancreas to 

promote glucose-stimulated insulin release (5). GLP-1 also stimulates insulin synthesis, 

beta cell proliferation, insulin sensitivity, while inhibiting hepatic glucose production, beta 

cell apoptosis and acts on pancreatic alpha cells to reduce glucagon secretion (5, 185). 

GLP-1 is an important satiation signal that decreases food intake through its effects on the 

hypothalamus and brainstem. In a randomised crossover study, a GLP-1 infusion was 

demonstrated to increase fullness, despite reducing calorie intake by up to 27% compared 

to placebo (254).  It acts on the GLP-1 receptors located in the vagal afferents, the ARC of 

the hypothalamus, the striatum, the NTS of the brainstem and the substantia nigra, among 

other areas of the brain (255). However, its effect on weight loss is not simply hypothalamic 

homeostasis of food intake; as GLP-1 also has an effect on palatability, food motivation, 

hunger-driven feeding, the hedonic value of high fat and high sugar foods mediated through 

both mesolimbic and hypothalamic GLP-1 receptors (256). GLP-1 slows gastric emptying 

and therefore nutrient absorption (185). Rodent studies suggest that peripheral GLP-1 may 

activate c-fos in the NTS and area postrema to influence energy balance (257, 258). GLP-

1 is also believed to be cardioprotective and neuroprotective (it is secreted by the Nucleus 

Tractus Solitarius (NTS) of the brainstem) (259).  

Post prandial GLP-1 secretion is significantly lower in patients with obesity compared to 

those without obesity (260). Endogenous levels of GLP-1 can be increased by metabolic 

surgery and exogenous GLP-1 can be administered using analogues such as Liraglutide. 

  

https://en.wikipedia.org/wiki/Glucagon-like_peptide-1
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1.3.3 GLP-1R 
 

The GLP-1R is a cell surface receptor and a part of the G protein-coupled receptor seven 

membrane-spanning, G protein-coupled family of receptors, including glucagon, 

vasointestinal polypeptide and gastrointestinal polypeptide (261). The gene for the human 

GLP-1R localises to chromosome 6p21 (262). An extracellular domain in the N-terminal 

region of the GLP-1 receptor is vital for GLP-1 binding specificity, signal transduction, and 

receptor regulation (261). The receptor constitutes 463 amino acids with eight hydrophobic 

segments and binds both GLP-1 and glucagon in rodents (binding glucagon with a binding 

affinity 100-1000 fold less than GLP-1) (263). When GLP-1 binds to this receptor, activation 

of downstream ‘second messenger’ pathways such as cAMP/ protein kinase A (PKA) or 

phosphatidylinositol-3 kinase/PKC pathways occur (264). The adenylyl cyclase pathway 

and cAMP-dependent Ca2+-induced Ca2+ release increases insulin exocytosis, leading to 

GLP-1R becoming a target for anti-diabetes medication (261, 265). Exendin-4, originally 

isolated from venom of the lizard Heloderma suspectum (the Gila monster), is structurally 

similar to GLP-1 and also binds potently to the GLP-1-R (266). However, an amino terminal 

truncated form of exendin (exendin 9-39) and other truncated versions of exendin, can be 

used to antagonise GLP-1 binding and cAMP production (266, 267). 

GLP-1 receptors (GLP-1R) have been identified in pancreatic islets, kidney, lung, heart, 

nervous system (hypothalamus, brainstem, pituitary), thyroid C cells, stomach, intestine, 

ovaries, skin and blood vessels; suggesting pleiotropic effects other than purely glucose 

regulation (268-270). When GLP-1 receptors were demonstrated in the nervous system 

hypotheses were generated regarding its possible involvement in the central regulation of 

food intake(269).  Interestingly mice that had increased expression of GLP-1R in their brain, 

demonstrated superior learning and memory (271). However, animal studies looking at 

GLP-1 receptor action cannot always be translated to humans, as there are inter-species 

differences in both the presence or absence and density of GLP-1 receptors (238).  Existing 

tests are for the known GLP-1R and there may be other receptors that are yet to be 

discovered that bind GLP-1 to activate similar pathways, or isotypes of GLP-1R in different 

sub-species of animal (261). 

The beneficial effects of GLP-1 binding to the GLP-1R have already been discussed. 

However, several studies have questioned whether GLP-1R activation can also promote 

various cancers. An early rodent study suggested that activating the GLP-1R could 

stimulate proliferative cyclic AMP pathways in human pancreatic duct cells leading to 

pancreatic intraepithelial neoplasia (272). This study lead to further research looking at the 
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safety of GLP-1R analogues in pancreatic cancer patients and whether it caused cancer 

progression, with early studies suggesting an association with pancreatic cancer (273). 

However, other studies have since disputed this, particularly as the mean treatment 

duration of 12 months was unlikely to be sufficient to cause tumour induction and growth to 

the extent of clinical diagnosis (238). In a more recent study, GLP‐1R staining was 

demonstrated in 56.7% of human pancreatic tumours, but was lower or absent in the tumour 

tissues compared with staining in the pancreatic tissue adjacent to the tumour tissue (274). 

Furthermore, in the same study, pancreatic tumours that were GLP-1R negative were 

associated with increased size (>4cm, p=0.025) and lymphatic metastasis (p=0.025), fewer 

were TNM stage 1-2, more were stage 3-4 (p<0.001) compared to GLP-1R positive 

tumours. Thus GLP-1R positivity was associated with less advanced tumours and patients 

demonstrated better survival than GLP-1R negative tumours (274), suggesting that GLP-

1R positivity in a pancreatic tumour may be a good prognostic indicator. In this same study 

mouse xenografts with human pancreatic cancer cells were treated with either Liraglutide 

or PBS (Phosphate buffered saline). Liraglutide treatment reduced animal weight gain, 

tumour weight, tumour volume and Liraglutide treated tumours had much higher GLP-1R 

expression; with Liraglutide’s anti-cancer effect potentially mediated by inhibition of the 

PI3K/Akt pathway (274). This anti-proliferative effect of Liraglutide has also been 

demonstrated in vitro, to be potentiated by combination therapy with Metformin, with a 

synergistic potent activation of AMPK (275).  If this study is translatable to humans and 

other cancers, this suggests that GLP-1R analogues could have an anti-proliferative and 

anti-metastatic tumour effect on human cancers and potentially be a therapeutic option. 

Another important point to note, is that GLP-1R receptor analogues have been shown to 

have differing clinical effects on differing organs (276) and cell types. Therefore, whilst it is 

important to understand the effects of GLP-1R agonism, it is important to bear in mind that 

these may not be the same for different drugs. 

There were also initial concerns from the European Medicines Agency that GLP-1R 

agonism may increase breast cancer, as RCTs demonstrated higher numbers of breast 

cancers in patients treated with Liraglutide compared to placebo (277) and activation of 

fibroblast growth factor 7 was postulated as a mechanism of tumour promotion by GLP-1R 

analogues (278). However, other studies, such as the LEADER trial, demonstrated no such 

increase in breast cancer incidence with Liraglutide treatment (237); leading to the 

hypothesis that GLP-1R analogue associated weight loss led to a transient increase in the 

detection of breast cancers due their easier palpability; combined with an increase in uptake 

of mammography (279). Furthermore, there is in vitro and in vivo evidence that GLP-1R 

agonism may inhibit breast cancer cell proliferation, reduce cancer cell viability and 
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increase apoptosis, without affecting the viability of neighbouring normal tissue via effects 

of cAMP, the p38 MAPK and beta-arrestin mediated inactivation of pro-apoptotic Bad 

protein (244). Pancreatic GLP-1R could not be detected in breast cancer cells, but an 

alternative GLP-1R was identified in mammary cells (244). 

In rodents GLP-1-R stimulation of cAMP in thyroid C cells, with subsequent calcitonin 

release and C-cell proliferation during long-term exposure, has been linked to thyroid C-cell 

adenomas and medullary thyroid carcinomas (234). Based on this, it was hypothesized that 

GLP-1R analogues could cause medullary thyroid carcinoma in humans (273), particularly 

as GLP-1R  expression was detected in 18% papillary thyroid carcinomas and in thyroid C 

cells in 33% of normal thyroid lobes (272). However, human C cell lines can be exposed to 

relatively high (up to 10−6 molar) concentrations of GLP-1, exenatide or Liraglutide with no 

associated increase in calcitonin or cAMP (234). Furthermore, no causal evidence or 

evidence of increased incidence of thyroid carcinoma in humans with GLP-1R analogues 

has been identified (276). 

In vitro and in vivo studies demonstrated an anti-proliferative and pro-apoptotic effect of 

GLP-1R analogues in colorectal cancer cell lines, potentially mediated by increased 

intracellular cAMP and inhibition of glycogen synthetase kinase 3 and ERK1/2 (280). GLP-

1R analogues reduce proliferation and growth, as well as stimulate apoptosis of prostate 

cancer cells in vitro, potentially via the p38 MAPK and ERK MAPK pathways and by 

increasing the ratio of bax/Bcl-2 (247, 281). In ovarian cancer GLP-1R analogues have anti-

proliferative via inhibition of the PI3K/ AKT pathway and pro-apoptotic via activation of 

caspases (282, 283). 

Radiologists studied GLP-1-R as a potential target for in-vivo tumour targeting with 

radionuclide agents, as a diagnostic test (284, 285). Using in vitro receptor 

audioradiography, GLP-1R expression was demonstrated in various tumour tissues; 

including endocrine tumours such as phaechromocytomas, paragangliomas, insulinomas, 

gastrinomas, intestinal and bronchial carcinoids and medullary thyroid carcinoma; tumours 

of the nervous system such as meningiomas and embryonic tumours such as 

medulloblastomas (285, 286). No GLP-1R was identified in non-endocrine carcinomas or 

lymphomas (285). One group demonstrated that in rodents insulinomas had a high density 

of the peptide receptor GLP-1R (overexpressed more than 10 times greater than in normal 

pancreatic tissue) and that targeting these receptors in insulinomas could be used both for 

localisation (287) and potentially to selectively target the tumour and produce a significant 

therapeutic effect (reduction in tumour volume by up to 94%) in tumours where high uptake 

could be achieved (288). 
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GLP-1R analogues are becoming increasingly incorporated into the treatment algorithms 

of both obesity and T2DM. The exact relationship to cancer is not fully understood. 

However, even less information currently exists with respect to the effect of GLP-1R 

analogues on endometrial cancer. 
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1.3.4 Metabolic surgery 
 

Metabolic surgery is safe, with low 30 day mortality and provides 20-30% total body weight 

loss in patients with obesity that is sustained in the long-term (289) (290, 291). Roux-en-Y 

gastric bypass (RYGB) and vertical sleeve gastrectomy (VSG) are the two main procedures 

performed globally. The techniques, advantages and disadvantages of these procedures 

are described in Table 1.6. In RYGB, nutrients bypass the stomach, duodenum and early 

jejunum; whilst in VSG the greater curvature of the stomach containing enteroendocrine 

cells (EEC) is excised, decreasing gastric nutrient transit time. The physiological 

mechanisms by which these procedures work to alter behaviour (e.g. decreased pre-meal 

hunger, increased satiety (292), altered food preferences and food intake) have been 

studied comprehensively (5, 7). These operations were originally intended to be purely 

bariatric weight loss operations via mechanical restriction or malabsorption, they are now 

known to also involve complex gut–brain–endocrine (GBE) and adipose–brain–endocrine 

(ABE) signalling that regulates hunger, satiation (the point during the meal when one feels 

full), satiety (the duration after a meal that it takes to feel hungry again), body weight, 

glucose metabolism and immunometabolism (7).  The peripheral and central regulators of 

obesity and the interactions of the GBE and ABE are demonstrated in Figure 1.3. 

The GBE axis is essential for energy homeostasis.  Gut hypertrophy and adaptation is seen 

after metabolic surgery, with an increase in small bowel enteroendocrine cells (EECs) (293-

295). These EECs sense luminal factors via various cell membrane receptors (9) and are 

stimulated to secrete gut satiety hormones such as GLP-1, which carry signals from the gut 

to the metabolic control centres in the hindbrain and hypothalamus via endocrine or 

paracrine pathways to reduce food intake, increase energy expenditure, satiety, insulin 

release and glucose homeostasis, gastrointestinal motility, gut secretions and nutrient 

utilization (7).  Faster delivery of nutrients to the distal ileum after RYGB and faster gastric 

emptying in VGS also contribute to higher nutrient concentrations in distal segments and 

therefore increases in satiety hormones after metabolic surgery (296, 297) 

A summary table of the effects of metabolic surgery on well-studied gut satiety hormones 

is given in Table 1.7. There is evidence that after metabolic surgery there is positive 

correlation between postprandial levels of satiety hormones and weight loss (298).  
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Table 1.6 The two main metabolic surgery procedures 

Adapted with permission from Sinclair P et al Nature Reviews Gastroenterology and Hepatology 
(7). 

  

 Roux-en-Y Gastric Bypass (RYGB) Vertical Sleeve Gastrectomy (VSG) 

Diagram 

 

 

Technique -15-30ml gastric pouch 
-Gastrojejunostomy (GJ) 
-Jejunojejunal anastomosis (Roux en Y) 75-
150cm distal to GJ 
-Remnant in situ, disconnected 

-Excision of lateral 70-80% of 
stomach 

Mechanism 
of action 

-Food rerouted, leading to alterations in: 
*Gut hormones 
*Bile acids 
*Neural signalling 
* Gut microbiota  
-Alters gut-brain-endocrine and adipocyte 
brain axes 
- Resulting in reduced food intake, hunger, 
increased satiety, altered food preferences  

- Alterations in: 
*Gut hormones 
*Bile acids 
* Gut microbiota 
* Neural signalling 
-Alters gut-brain-endocrine and 
adipocyte brain axes 
-Resulting in reduced food intake, 
hunger, increased satiety, altered 
food preferences  
 
 

Pros - Significant long-term weight loss (up to 80 
% excess weight loss [EWL]) 
- Maintain % EWL over long term 
- Hunger reduction and satiety 
- Food preference changes  
- Increase energy expenditure 
 

- Significant long-term weight loss 
(~10% less than RYGB) 
- Maintain % EWL over long term 
-Hunger reduction and satiety 
-Food preference changes 
-No anatomical re-routing of food 
-Short LOS (done as a day case in 
some centres) 
-Technically easier than RYGB 
-Lower complication rate than RYGB 
 

Cons -Technically complex (2 anastomoses) 
compared to VSG 
-Higher complication rate than or VSG 
E.g. anastomotic leak, dumping syndrome 
-Longer length of stay (LOS) than VSG 
-Long-term vitamin/mineral deficiencies (e.g. 
B12, Fe, Ca, folate)  
-Requires life-long vitamin/mineral 
supplementation 
-Lifelong dietary changes 
-Increase alcohol addiction and suicide rates 
-Postprandial hypoglycaemia 

-Anastomotic leak post VSG can be 
difficult to manage 
-Susceptible to long-term 
vitamin/mineral deficiencies (less 
common than RYGB) 
-Precautionary life-long 
vitamin/mineral supplementation 
-Lifelong dietary changes 
-Irreversible 
-Potential risk for Barrett’s 
oesophagus 
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Table 1.7 Enteroendocrine gut hormones and their effect after metabolic surgery  

Adapted with permission from Sinclair P et al Nature Reviews Gastroenterology and Hepatology (7). 
AGRP, agouti- related protein; ARC, arcuate nucleus; CaSR , extracellular calcium- sensing receptor ; CCK , 
cholecystokinin; FFAR , free fatty acid receptor ; GIP, gastric inhibitory polypeptide; GLP, glucagon- like peptide; 
GPBAR1, G protein- coupled bile acid receptor 1; LPA , lysophosphatidic acid; LPA-5, LPA receptor 5; LPL , 
lipoprotein lipase; NPY, neuropeptide Y; PEPT1, peptide transporter 1 (also known as SLC15A1); PYY, peptide 
YY; RYGB, Roux- en-Y gastric bypass; SLC5A1, solute carrier family 5 member 1; T1R1, taste receptor type 1 
member 1 (also known as TAS1R1); T1R2, taste receptor type 1 member 2 (also known as TAS1R2); T1R3, 
taste receptor type 1 member 3 (also known as TAS1R3); T2Rs, type 2 taste receptors; VSG, vertical sleeve 
gastrectomy. 

Gut peptide 
(enteroendocrine 
cell) 

Location in gut Target receptors  Effect Effect of 
bariatric 
surgery 

Role after 
metabolic 
surgery 

Ghrelin(299) 
(300, 301) 
(P/D1-like cells) 

Fundus of 
stomach, 
possibly 
intestine and 
pancreas 

Growth-hormone 
secretagogue 
receptors(299) 
 
G-protein coupled 
receptors: 
T1R1-T1R3 (sense 
sweetness and amino-
acids), 
T2Rs (sense 
bitterness) 

↑appetite 
↑ hunger 
↑ gut motility 
↑ gastric emptying 
↓ glucose stimulated insulin 
production 
Stimulates neuropeptide Y 
(NPY)–AgRP (Agouti Related 
peptide) neurons within the 
hypothalamic arcuate nucleus 
(ARC), vagus nerve and 
brainstem to ↑ food intake.  

Controversial  
 (reviewed in 
(302)) 

Unclear 
A reduction 
after 
metabolic 
surgery may 
(303) 
↓ body weight  
↓ food intake 
Diabetes 
resolution 
Metabolic 
control 
 

Cholecystokinin 
CCK(304) 
(L cell) 

Duodenum, 
proximal small 
intestine 

αGustducin, T2Rs, 
FFA1, Calcium sensing 
receptor (CaSR), 
Lysophosphatidic acid 
receptor 5 (LPAR5 – 
binds lipid signalling 
molecule LPA), PepT1 

↑ satiation 
↓ food intake 
↑ energy expenditure 
↑ insulin and glucagon 
secretion 
 ↓ gut motility 
Gallbladder contraction: ↑ bile 

Controversial 
 After RYGB 
↔(305), ↑↑ 
(306) ↑(307)  
After VSG 
↑↑(308) 

↓ body weight  
↓ food intake 
Diabetes 
resolution 
Metabolic 
control 
 

Gastric inhibitory 
peptide 
GIP 
(K cell) 

Duodenum 
Jejunum 
Ileum 

α-Gustducin (small G 
protein receptor), 
sodium-dependent 
glucose transporter 1 
(SGLT1), long chain 
fatty acid receptors: 
FFA1 and GRP120 

↓ gastric emptying 
↑ satiety 
Incretin effect: ↑insulin 
secretion 
↓beta cell apoptosis ↑ 
lipoprotein lipase activity in 
adipose tissue (↑ glucose 
conversion into fatty acids, ↑ 
fatty acid storage) 

Postprandial 
↑after 
VSG(309)  
 
Unclear 
postprandial ↓ 
or ↑ after 
RYGB(310)  
 
 

Lesser extent 
than GLP-1, if 
at all:(311)  
 
↓ body weight  
↓ food intake 
Diabetes 
resolution 
Metabolic 
control 
 

Glucagon-like-
peptide 1 
GLP-1(185) 
(L cell) 

Early nutrient 
sensing: 
Duodenum13,14 
Proximal 
gut(248) 
More 
commonly: 
Distal ileum 
Colon (251) 

T1R1/T1R2,  
T2Rs, GRP120, 
LPAR5 
 

↓ gastric emptying 
Incretin effect: ↑insulin 
secretion 
↓beta cell apoptosis  
↓ glucagon release 

Postprandial ↑ 
after RYGB 
and VSG 

↓ body weight  
↓ food intake 
Diabetes 
resolution 
Metabolic 
control 
 

Glucagon-like-
peptide 2 
GLP-2 
(L cell) 

Ileum GPR131 (bile acid 
receptor) 

↑ segmental hypertrophy of the 
small intestine, particularly the 
muscular and mucosal layers 
of the Roux limb after RYGB 
↑ mucosal crypt depth 
↑ villi height (295) 

↑(295), (312)  

Peptide YY 
PYY (313) 
(L cell) 

Colon Long chain fatty acid 
receptors: FFA2, FFA3 

↑ satiety 
↓ food intake 
↓ delay gastric emptying and ↓ 
orocaecal transit time (314) 

Postprandial ↑ 
after RYGB 
and VSG in 
humans and 
rodents (292, 
315) 

↓ body weight  
↓ food intake 
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After metabolic surgery, the paracrine action of gut satiety hormones and mechanical 

stretch from the volume of ingested food can activate the vagus nerve, which can lead to 

reduced food intake, satiation, reduced satiety, reduction in meal size, altered food 

preferences and reduced body weight (7, 316-318). Vagal afferents synapse in the nucleus 

tractus solitarius (NTS) of the dorsal vagal complex  of the brainstem (319) and the NTS 

integrates and relays vagal signals to the ARC of the hypothalamus (11). The role of the 

vagus in the GBE is discussed in Figure 1.8. 

 

 

Figure 1.8 The role of the vagus nerve in the gut–brain axis 
The vagus nerve is an important effector of bidirectional communication between the gut 
and the brain. A variety of vagal afferent fibres in the foregut, including mucosal 
mechanoreceptors, chemoreceptors and tension receptors, take sensory information 
regarding satiety, satiation and food preferences from the gut to the brain. Chemoreceptors 
undertake paracrine signalling of gut hormones (for example, peptide YY (PYY) or 
glucagon- like-peptide 1 (GLP-1)) released in response to luminal nutrients detected by 
enteroendocrine cells (EECs). Mechanoreceptors sensitive to mechanical touch detect the 
presence of food in the lumen, while tension receptors detect the volume of ingested food 
by sensing the degree of tension in the wall of the stomach. Sensory intraganglionic laminar 
endings (IGLEs) are believed to be activated in response to the stretch of the gastric wall. 
Vagal efferents take information back from the brain to the gastrointestinal tract to influence 
oesophageal propulsion, gastric volume, gastric motility and blood glucose. This 
homeostatic neural effector is vital for weight and metabolic regulation. The exact role of 
vagal signalling in the changes seen after metabolic surgery requires further validation. 
Reproduced with permission from Sinclair P et al Nature Reviews Gastroenterology and 
Hepatology (7). 
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Metabolic surgery can also alter bile acid levels and gut microbiota. Total plasma bile acids 

are increased after RYGB (320) and VSG (321) and continue to be elevated for up to 4 

years after surgery (189).Bile acids increase gut satiety hormone secretion (including GLP-

1) and have a role in energy homeostasis, lipid and glucose homeostasis and small bowel 

hypertrophy (189).  

Metabolic surgery has also been shown to reverse gut microbiota patterns seen in patients 

with obesity; including reducing E coli levels, gammaproteobacterial and Firmicutes: 

Bacteroides ratio (322, 323). Reductions in body weight and adiposity have been 

demonstrated when gut microbiota from mice that underwent RYGB was transferred to 

germ-free mice, which was attributed to microbial fermentation of polysaccharides into 

short-chain fatty acids (SCFAs) (324). These SCFAs, along with bacterial antigens, 

stimulate EECs to secrete gut hormone production (such as GLP-1) (194). Some gut 

microbes seen after metabolic surgery have been associated with improvements in weight, 

metabolic status, energy intake and reduction in inflammation (191).  

Bile acids and gut microbiota are understood to have an interdependent relationship. Bile 

acids and gut microbiota are believed to interact in the duodenum and proximal jejunum; 

allowing bile acids to alter bacterial membrane integrity and gut microbiota to alter bile acid 

synthesis and function, including farnesoid X receptor (FXR) signalling (325-327). These 

interactions are demonstrated in Figure 1.9.  

Additionally, hedonic hunger is reduced after metabolic surgery and changes in food 

preferences are seen that reduce the fixation on energy-dense sweet and fatty foods, with 

increases in fruit and vegetable intake (317). This maybe mediated by the increases in gut 

hormones GLP-1 and PYY (328). There is some controversy regarding total energy 

expenditure after metabolic surgery and diet induced thermogenesis (317). However, diet-

induced energy expenditure has been shown to increase after RYGB and this may be 

modulated by the increase in bile acids and their effects on brown adipose tissue or skeletal 

muscle (189). 
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FGF, fibroblast growth factor ; GLP-1, glucagon- like peptide 1; PYY, peptide YY. 

Figure 1.9 Postulated role of the gut microbiota after metabolic surgery from animal 
and human models  
Symbiotic gut microbiota link several mechanisms underlying metabolic surgery. After 
metabolic surgery the microbiota profile is altered (for example, a reduced ratio of 
Firmicutes species to Bacteroides species). These alterations have been associated with 
reduced body fat mass and increased energy expenditure in animal models. Some species, 
such Faecalibacterium prausnitzii, correlate with a reduction in inflammatory markers (C- 
reactive protein (CRP) and IL-6), which might be related to the role of bacterial 
lipopolysaccharides (LPSs) in inflammation. Gut microbiota members are believed to 
ferment polysaccharides into short- chain fatty acids (SCFAs). The microbiota can extract 
calories during this process, while the resulting SCFAs act as substrates for host 
gluconeogenesis and lipogenesis, potentially improve insulin sensitivity, improve 
mitochondrial function and increase energy expenditure in mouse models. SCFAs are 
believed to interact with colonic EECs via the G protein- coupled receptors free fatty acid 
receptor 2 (FFRA2) and FFAR3, both of which have been associated with gut hormone 
secretion. The gut microbiota also affects bile acid structure and function. By increasing 
secondary bile acids, the microbiota might be able to increase farnesoid X- activated 
receptor (FXR) signalling and G protein- coupled bile acid receptor 1 (GPBAR1) signalling, 
as well as reduce hepatic VLDL secretion and triglyceride levels, with associated changes 
to weight and metabolic homeostasis. Reproduced with permission from Sinclair P et al 
Nature Reviews Gastroenterology and Hepatology (7). 
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As well as weight loss, metabolic surgery results in comorbidity resolution, which is 

summarised in Table 1.8. Metabolic surgery has both weight depended and weight 

independent mechanisms (such as the incretin effect of glucagon-like-peptide 1 (GLP-1) 

(329), alterations in the gut microbiota (330) and alterations in bile acids (189)) in 

comorbidity resolution and these are summarised in Figure 1.10.  

Weight loss dependent effects have been discussed above. Weight loss can improve lipid 

homeostasis, peripheral insulin sensitivity, reduce liver fat and improve hepatic insulin 

sensitivity (331), which have benefits for T2DM, NASH, NAFLD and metabolic syndrome. 

Weight loss can also have anti-inflammatory and anti-proliferative effects by reducing 

adipocytokine secretion, oxidative stress and increasing apoptosis (7, 332-334).  

GLP-1 and other gut satiety hormones which increase after metabolic surgery are key 

mediators of the weight loss independent mechanisms of comorbidity resolution. Incretin 

hormones, including GLP-1, improve glucose homeostasis, increase insulin secretion and 

synthesis, as well as beta cell proliferation and improved beta cell function (331). They also 

help to reduce food intake and contribute to weight loss and improvements in dyslipidaemia 

(335). Bile acids, which rise after metabolic surgery influence comorbidity resolution by 

stimulating GLP-1 release. Additionally, they can directly improve dyslipidaemia and 

increase energy expenditure in brown adipose tissue to improve insulin resistance (7, 189). 

Anatomical factors such as the length of the biliopancreatic limb (BPL) could be an 

influencing factor (336) in reducing insulin resistance and T2DM resolution and NAFLD. 
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Table 1.8 Co-morbidity resolution secondary to metabolic surgery 

Advantages 

Immediate effects 

• T2DM 
o Diabetes remission(337, 338) defined as HbA1c <6.0-7.0%, absence of 

medication and fasting glucose < 100mg/dl 
 

Short-term effects 

• Weight(339) 

o Average 16% weight loss at 10 years  

• NAFLD/ NASH(340-342) 

o 85% NASH resolution 

o Reduction in histological markers: steatosis, fibrosis, hepatocyte ballooning, 

lobular inflammation 

o Reduction in biochemical markers: aspartate transaminase, alkaline 

phosphatase, alanine transaminase and γ-glutamyltransferase. 

• Cardiovascular disease(339), (343) 

o Reduction in cardiovascular deaths 

o Reduction in myocardial infarction and stroke  

o Reduction in systolic blood pressure 

• Reversal of the dyslipidaemic profile of obesity(344) 

o Reduction in low-density lipoprotein cholesterol, very-low-density lipoprotein 

cholesterol, total cholesterol, triglycerides 

o Increase in high-density lipoprotein (HDL) cholesterol  

o Increased HDL functionality and HDL remodelling(345) 

• Obstructive sleep apnoea(346) 

o Improved respiratory disturbance index  

o Improved sleep quality (sleep efficiency, rapid eye movement latency) 

o Reduced requirement for CPAP (continuous positive airway pressure) 

Long-term effects 

• Cancer risk  

o Reduction in cancer risk in women but not men(347, 348) 

o Reduction in risk of female-specific cancers (e.g. endometrial cancer)(349) 

• Reduction in overall mortality(350) 

• Improved psychosocial functioning and social interaction(351) 

• Increased physical activity(339) 

• Reduced depression(351) 

• Improved health-related quality of life and health perception(351) 

 

Adapted with permission from Sinclair P et al Nature Reviews Gastroenterology and Hepatology 
(7). 
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Figure 1.10 The mechanistic web of metabolic surgery 
The mechanistic effects of metabolic surgery on weight loss and end- organ dysfunction 
are complex, and our understanding of the integrative physiological changes that occur 
after surgery continues to improve. There is evidence that metabolic surgery has direct 
and/or indirect effects on food intake, food preferences, visceral adiposity, satiety gut 
hormones, the gut microbiota, bile acids and adipocytokines released by adipocytes to 
improve the atherogenic lipid profile associated with obesity, as well as insulin resistance 
and inflammation. The interaction of all these physiological parameters results in weight 
loss and comorbidity resolution. CRP, C- reactive protein; GLP-1, glucagon- like peptide 1; 
PYY, peptide YY. Reproduced with permission from Sinclair P et al Nature Reviews 
Gastroenterology and Hepatology (7). 
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1.4 Weight loss and cancer 
 

Obesity increases cancer risk, whereas large population-based studies have demonstrated 

that weight loss significantly decreases cancer risk (19). In the Nurses’ Health Study, adult 

weight gain, particularly in the post-menopausal period, increased post-menopausal breast 

cancer rates, whilst 10kg weight loss was associated with a 57% reduction in the risk of 

postmenopausal breast cancer (352). Female patients with obesity who reduced their BMI 

to the normal range normalise their risk of developing endometrial cancer (353). Although 

weight loss is known to reduce all-cause mortality, in meta-analysis dietary weight loss 

interventions with or without exercise have not been shown to reduce cancer specific 

mortality or development of new cancers (354).  

The Swedish Obese Subjects (SOS) study was a large randomised controlled trial of 

patients with obesity comparing the efficacy of metabolic surgery to usual medical care and 

at 10 year follow-up this study demonstrated that women in the metabolic surgery group 

had a 42% lower overall cancer risk and a 31.9% lower weight than those of control subjects 

at 10 year follow-up (348). The SOS study also suggested that this protective effect of 

metabolic surgery predominated in female patients, which was also seen in other studies 

(347). This effect was further reiterated at 20 year follow-up of the SOS study, where 

metabolic surgery was associated with risk reduction of breast, endometrial, ovarian and 

gynaecological cancers (349). However, little research has been undertaken to understand 

the impact of weight loss on tumour biology and cancer burden after confirmation of a 

cancer diagnosis. 

Early studies suggested that both weight gain and weight loss after a breast cancer 

diagnosis could increase mortality, demonstrated by a U-shaped curve for the association 

between weight and mortality (355). Caan et al, assessed the impact of weight change and 

survival after breast cancer in the USA and China; and demonstrated that greater than 10% 

weight loss was associated with a 40% increased mortality in the USA and more than three 

times the risk of mortality in Shanghai (355). In the USA, poorer survival rates were seen in 

patients with additional comorbidity (355) and only all-cause mortality was increased, not 

breast cancer specific mortality, suggesting that not controlling for comorbidity may have 

influenced this data. 

Subsequently, comparison of two large randomized intervention studies in breast cancer 

survivors, the Women’s Interventional Nutrition Study (WINS – examining a low fat diet) 

(356) and the Women’s Healthy Eating and Living Study (WHEL – examining an isocaloric 

diet) (357), suggested that weight loss may have a role in preventing cancer recurrence. 
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Participants in the intervention arm of the WINS study lost 10kg weight on average and this 

was accompanied by a 24% reduction in cancer reduction, whilst the intervention arm in 

the WHEL study had small weight gain and no difference in cancer recurrence rates. The 

relative contribution of the dietary changes themselves and the weight loss achieved remain 

unclear. However, the WINS study and others have demonstrated that intentional weight 

loss is feasible and lifestyle interventions alone can result in 5-10% weight loss (356, 358). 

Sarcopenia and high adiposity (sarcopenic obesity) has been associated with poor survival 

in non-metastatic breast cancer (60). Exercise programmes after cancer diagnoses may 

have some benefit in improving mortality, reducing adiposity, and improving sarcopenia. 

However, the RESTORE (Rehabilitation Strategies in Oesophagogastric cancer) 

randomised controlled trial assessed a 12 week programme of exercise training, dietary 

counselling and multidisciplinary education which significantly improved cardiorespiratory 

fitness, but had no effect on body composition (359). Although newer studies are assessing 

the effect of aerobic exercise on circulating tumour cells and whether exercise can modify 

platelet function and metabolic factors in prostate cancer (360). 

The mechanism of action of weight loss in reducing cancer risk is likely multifactorial. 

Several prospective studies have shown an association between insulin resistance, 

hyperglycaemia and increased cancer risk, with diabetes being postulated as a cancer risk 

factor (81-86). In the Metabolic Syndrome and Cancer Project (Me-Can) (n=550,000) an 

association was made between abnormal glucose tolerance, insulin resistance and  

increased cancer risk (87). Hyperinsulinemia has also been demonstrated to upregulate 

IGF1, which inhibits apoptosis and promotes cellular proliferation within the liver 

(89).  Weight loss results in less adipose tissue to secrete aromatase and hydroxysteroid 

dehydrogenases enzymes, which increase testosterone and oestrogen levels (65). Levels 

of these hormones are further reduced by the improvement in hyperinsulinaemia, resulting 

in more circulating serum sex-hormone-binding globulin (SHBG) and therefore, less free 

unbound testosterone and oestrogen in the serum. Oestrogen is known to stimulate 

hormone-dependent cancers containing corresponding receptors, by promoting 

proliferation and inhibiting apoptosis (89) and the risk reduction in female-specific cancers 

may, at least in part, be attributable to the lower oestrogen levels seen after intentional 

weight loss (349).  

Adipose tissue itself is a multifunctional tissue, which secretes adipocytokines (such as 

adiponectin, leptin, inflammatory cytokines (IL-6, TNF), as well as active white cells) to 

modulate various metabolic and immune functions (12) that can promote tumorigenesis. 

Weight loss results in increased levels of adiponectin (361). Low adiponectin levels have 
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been associated with carcinogenesis (72, 73); possibly due to the loss of its protective 

features including increased fatty acid oxidation, improved insulin resistance, reduced 

triglycerides levels and involvement in  anti-inflammatory pathways (74, 75). Leptin has 

been associated with breast cancer pathogenesis (77) and cellular proliferation of cancer 

cells (362). Reduced leptin levels (seen after weight loss) have been associated with cancer 

risk reduction in several cancers, including breast, endometrial, prostate, colorectal and 

kidney cancer (76).  Inflammation, oxidative stress, endoplasmic reticulum stress and the 

unfolded protein response are associated with tumorigenesis (363, 364). Intentional weight 

loss results in a reduction in the systemic inflammation associated with obesity (365). 

Weight loss also alters the microenvironment within obese adipose tissue, including the 

metabolic reprogramming of immune cells and preadipocytes, which are known to be 

dysregulated, pro-inflammatory and promote insulin resistance in people with obesity (66-

68, 366).  

Intentional weight loss also results in transcriptomic changes and may even alter gene 

expression. Weight gain and weight loss have been demonstrated to have opposing 

transcriptomic and metabolomic changes (367). The subcutaneous adipose tissue 

transcriptome may be important in controlling weight loss, as well as cellular proliferation, 

death and function (368). Adipose tissue transcriptomic changes associated with low calorie 

dietary weight loss have been associated with changes in glycaemic improvement (369). 

Weight loss has also been associated with epigenetic reprogramming in animal studies 

(370). Overall, it is likely that with large databases assessing big data, an integrative 

approach needs to be adopted, assessing various parameters including metabolomics and 

transcriptomics to fully understand the effects of molecular mechanisms such as glycaemic 

control, mitochondrial function and immune/ inflammatory function on carcinogenesis.  

The challenge in determining whether lifestyle interventions can affect outcome is 

multifactorial, these may differ depending on the tumour type, tumours in patients with 

obesity may have different tumour biology to those without obesity, diets differ, dietary 

components have varying effects and numerous other confounders exist. From the WINS 

study (356) it is clear that lifestyle interventions can produce 5-10% weight loss and this 

could be responsible for cancer risk reduction. The effects of Liraglutide and metabolic 

surgery are discussed in more detail in the next section. However, the question of whether 

weight loss can treat obesity-related cancer once they have developed has not been 

explored nor has the magnitude of weight loss that would be required to treat obesity-

induced cancer. The magnitude of weight loss required to reverse the metabolic and 

immune alterations in cancer maybe unachievable or be associated to the aggressiveness 

of the tumour. These factors warrant further investigation.  
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1.4.1 Weight loss and endometrial cancer 
 

Weight loss has been demonstrated to significantly reduce cancer risk (19). Several 

observational studies looking at a variety of patient cohorts have associated weight gain 

and abdominal adiposity with endometrial cancer risk (371-375). Observational studies 

assessing self-reported weight loss demonstrated lower EC risk (353, 371, 372). Female 

patients with obesity, who intentionally reduce their BMI to the normal weight range and 

maintain this weight loss reduce their risk of developing endometrial cancer to the non-

obese population range (353, 376). A retrospective analysis of the data from the Women’s 

Health Initiative, an observational prospective study of ethnically diverse postmenopausal 

women, demonstrated that intentional weight loss was associated with lower EC risk, 

particularly in women with obesity at baseline (376). In this study, postmenopausal women 

who lost greater than 5% of their body weight reduced their EC risk by 29%, whilst women 

who additionally had obesity at baseline reduced their risk by 56% (376). This study does 

not rely on self-reported weight loss and assessed baseline and follow-up weight loss over 

3 years, as well as intentionality of weight loss (376). In this study unintentional weight loss 

was not associated with a lower risk of EC (376). Similar results were seen in the Iowa 

Women’s Health Study (377). 

Significant EC risk reductions are seen in women with obesity after intentional weight loss 

from metabolic surgery (348, 378, 379), confirmed by meta-analyses (380, 381); although 

additionally weight cycling and weight regain are associated with increased EC risk (380). 

In the Swedish Obese Subjects (SOS) study, metabolic surgery induced significant 

intentional weight loss and reduced endometrial cancer incidence by 40%, as well as all 

cancer mortality significantly in females only (348). This effect appears to be gender 

specific. Long-term (18 year) follow-up of the SOS study confirmed a reduction in female-

specific cancers (breast and gynaecological cancers) (349). Further sub-group analysis 

demonstrated that a statistically significant risk reduction was only seen with respect to 

endometrial cancer in patients with pre-existing insulin resistance (349), suggesting a 

number needed to treat of 56, to prevent one case of EC. This finding is concordant with 

the strong positive association of cancer risk and insulin resistance (87). A Cochrane review 

is currently underway assessing interventions to improve insulin resistance for the 

prevention of EC (382). 

Survival following EC is very good when it is diagnosed early and patients are more likely 

to die from other complications such as cardiovascular or cerebrovascular events, than the 

EC itself (383). Therefore, the ideal treatment for this cancer would be one that not only 
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improves tumour biology, but also reduces cardiovascular and cerebrovascular 

comorbidity, as well as quality of life. Furthermore, it stands to reason that a treatment that 

could reduce other complications seen in the EC patient population with obesity (such as 

hypertension, diabetes, cardiovascular disease, osteoarthritis and pulmonary disease 

(384), would also improve quality of life in these patients. If intentional weight loss can 

reverse cancer changes, it has the potential to be an ideal treatment; with additional benefits 

of reducing the risks to the patient from radical surgery (hysterectomy) and surgical 

complications, as well as preserving fertility. Additionally, women with obesity are known to 

develop less aggressive EC (385, 386); allowing time for weight loss attempts prior to 

definitive curative surgery if weight loss attempts fail or successful intentional weight loss 

fails to reverse cancer changes. However, there has been little research to date assessing 

the effect of weight loss once patients receive a diagnosis of endometrial cancer.  

A Cochrane meta-analysis reported that there was insufficient evidence to support the 

assertion that weight loss interventions can improve survival or quality of life after 

developing EC (387). However, this review only identified 3 RCTs using lifestyle and dietary 

interventions with 161 pts in total; which included unpublished data from the TREC lifestyle 

beyond cancer study in endometrial cancer survivors (ClinicalTrials.gov Identifier: 

NCT02466061), as well as published data from the SUCCEED (Self-efficacy , quality of life, 

and weight loss in overweight/ obese endometrial cancer survivors) trial (388) and the 

randomized trial of a lifestyle intervention in obese endometrial cancer survivors: quality of 

life outcomes and mediators of behaviour change (389). No RCTs were identified that 

included a surgical or pharmacological intervention; the weight loss interventions employed 

were not successful and did not produce weight loss at the intended follow up points. This 

may be at least partially explained by evidence that EC survivors are less likely to undertake 

healthy behaviours without direct intervention or supervision (388). Two of the included 

RCTs (388, 389) were carried out by the same group and recruited patients from the same 

patient pool. Furthermore, the primary outcome was survival but mortality was used as a 

surrogate, with no mortality being identified at 6-12 months and only one study 

demonstrating 2 deaths in the control group at 24 months but none in intervention group 

(10% (2/20) vs 0% (0/17)) (387). A phase II RCT (diet and exercise in uterine cancer 

survivors – DEUS pilot) is currently underway to assess whether an 8-week 1:1 supervised 

behaviour change programme could be used to improve health and quality of life in this 

cohort (390). The Cochrane review (387) suggests that high powered studies, including 

pharmacological and surgical weight loss interventions with a longer follow-up period are 

required to assess whether intentional weight loss can have a tumouristatic or tumouricidal 

effect, whether it can reduce recurrence, or increase survival and or quality of life.  
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The feMMe trial (ClinicalTrials.gov Identifier: NCT01686126) is a phase II randomised 

clinical trial led by a group in Queensland, Australia comparing the effect of Mirena® coil 

alone, in combination with Metformin or in combination with a lifestyle weight loss 

intervention (Weight Watchers) in patients with early-stage EC or endometrial hyperplasia 

with atypia. Recruited patients are either young and wish to preserve their fertility or are 

unsuitable for curative surgery due to morbid obesity or other significant complications. The 

Mirena coil provides intrauterine progesterone; studies assessing its efficacy have been 

mixed, although it is used to treat endometrial cancer in those who are unsuitable for 

surgery and evidence exists that it can be used to reverse EC pathology in patients with 

early EC (391). Metformin has been shown to have anti-neoplastic antiproliferative effects, 

particularly on the AMPK pathway (392). This study completed recruitment in November 

2019 and is likely to report results in December 2020. However, the intentional weight loss 

arm employs only lifestyle and dietary measures, which may not produce a sufficient 

magnitude of weight loss to effect meaningful results. However, the results of this trial are 

eagerly awaited. To date no other human trials assessing the impact of intentional weight 

loss on EC have been identified. 

The mechanisms of intentional weight loss potentially reversing EC pathology are 

multifactorial. Firstly, intentional weight loss of 5% of body weight or more in patients with 

breast cancer has been shown to increase adiponectin and reduce total and free oestradiol, 

oestrone, leptin, insulin, SHBG, as well as inflammatory cancer-promoting proteins and 

complications such as cardiovascular disease and hypertension, that can drive chronic 

inflammation (393-396). The role of these in the pathogenesis of EC have already been 

discussed, but similar studies need to be replicated in EC.  
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1.4.2 Potential effects of intentional weight loss with GLP-1 analogues on 

endometrial cancer 
 

There are currently no clinical trials in humans assessing the effect of Liraglutide or other 

GLP-1R agonists. However, there is clear evidence that hyperinsulinaemia, diabetes and 

obesity are associated with increased risk for endometrial cancer (397). Therefore, it would 

be reasonable to postulate that a drug that reduced all these features (222) should have a 

protective effect on EC. Liraglutide acts on the GLP-1R to increase GLP-1. The rise in GLP-

1 after metabolic surgery is known to improves insulin sensitivity and increases insulin 

secretion via the incretin effect, which may reduce the risk of cancer related-mortality 

associated with insulin resistance and the metabolic syndrome after surgery (243).  

Both in vitro and in vivo studies using Liraglutide have suggested that GLP-1 may have 

anti-cancer properties in breast, pancreatic, colorectal and prostatic cancer cell lines via 

potential actions on a variety of pathways including reducing cellular proliferation, inducing 

apoptosis, activation of cyclic AMP, p38 MAPK, beta-arrestin mediated inactivation of pro-

apoptotic Bad protein and PI3K/Akt pathways, as well as inhibition of glycogen synthetase 

kinase 3 and ERK1/2(244, 245, 247, 280). In ovarian cancer GLP-1R analogues have anti-

proliferative via inhibition of the PI3K/ AKT pathway and pro-apoptotic via activation of 

caspases (282, 283). These pathways must be investigated with respect to EC cell lines. 

A study on the effects of exenatide, a GLP-1R agonist, on EC cells in vitro and on mice in 

vivo suggested that exenatide protects from EC via deactivating mTOR pathways via 

phosphorylation of AMPK and apoptosis induction in EC cells (186).  Additionally, in this 

study the GLP-1R was identified via immunohistochemistry in both human EC cells and 

non-cancerous endometrial cells and although GLP-1 levels were increased, there were no 

changes in blood glucose, insulin or IGF-1 levels in the mice serum after treatment with 

exenatide (186); possibly suggesting a direct effect of GLP-1. Human studies in diabetic 

patients, suggest that the drug Metformin may reduce cancer burden and experimental 

studies suggested that insulin dependent activation of the AMPK/mTOR pathways were 

important in Metformin’s effects (398). Furthermore, in vitro, Liraglutide and Metformin 

combination therapy have demonstrated synergistic anti-proliferative effects and activation 

of AMPK (275). 

The effects of Liraglutide on EC have been investigated in vivo and in vitro in a single study 

(246). In vitro in Ishikawa EC cells, Liraglutide treatment resulted in dose dependent 

increase in GLP-1-R expression, suppression of Ishikawa cell growth and apoptosis, as 

well as potential activation of AMPK pathways and autophagy (246).  This study also 
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identified GLP-1R expression in human EC tissue and GLP-1R expression was associated 

with positive hormone receptor status, low histological grade and therefore, a better 

prognosis (246). GLP-1 receptor agonists have also been shown to activate invariant NK 

cells via activation of FGF-21 (399). This may represent another pathway by which 

Liraglutide can reduce endometrial carcinogenesis, especially if these NK cells can circulate 

to end organs such as the endometrium (69). The exact effect of Liraglutide on various 

immune cells populations and their effect on EC requires further study. 

In the normal uterine tissue of albino rats, Liraglutide treatment has been associated with a 

reduction in antioxidant markers (such as glutathione, catalase and superdioxide 

dismutase), as well as an increase in malondialdehyde activity (a marker of oxidative stress) 

(400). However, there was a decrease in oestrogen and progesterone levels and an 

increase in testosterone levels (400). The reduction in oestrogen would suggest a protective 

effect against EC, although the increase in testosterone, reduction in progesterone and 

antioxidant markers, would have the opposite effect. The effect of Liraglutide on sex 

hormones, antioxidant markers and markers of oxidative stress require further study. 

Liraglutide not only significantly improves metabolic health, but also reduces mortality in 

humans. Liraglutide is a GLP-1 receptor analogue with an extensive evidence base in 

rodent models. The pathophysiological role of Liraglutide and the GLP-1R in endometrial 

cancer has not been fully elucidated. The effects of the GLP-1R agonist Liraglutide in EC 

and in normal uterine tissue, as well as the association between GLP-1R expression and 

clinical characteristics of EC require further investigation. 
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1.4.3 Potential effects of intentional weight loss with metabolic surgery on 

endometrial cancer 
 

15-20% intentional weight loss has been shown to reduce cancer mortality and meta-

analyses demonstrate a reduction in cancer incidence after metabolic surgery, as well as 

the benefits of reduced cardiovascular events, myocardial infarction, stroke, and other 

comorbidities (401, 402). The Swedish Obese Subjects (SOS) study after 10 year follow-

up showed that women undergoing metabolic surgery, which lowered their weight by 31.9% 

had a 42% lower overall cancer incidence than those of control subjects and this protective 

effect of surgery was only seen in women (348). Longer-term follow-up of the SOS study 

(mean of 18.1 years) demonstrated an association of metabolic surgery with risk reduction 

of female-specific cancer, including breast, endometrial, ovarian and gynaecological 

cancers (349). Further analysis revealed that this risk reduction was higher in patients with 

hyperinsulinaemia at baseline and endometrial cancer was the only cancer that had a 

statistically significant risk reduction on sub-group analysis (349). A systematic review 

demonstrated a pooled risk reduction of 0.4 for endometrial cancer after endometrial 

surgery (381).  Other studies have shown a reduction in hazard ratio to 0.22 and 71% risk 

reduction in endometrial cancer after metabolic surgery (403, 404). 

Two underpowered studies have been identified assessing the impact of metabolic surgery 

on endometrial pathology in female patients with obesity (405, 406). In both studies, 

females with obesity, who were undergoing metabolic surgery and had no known 

endometrial pathology were recruited and underwent endometrial biopsy at baseline and 

then at 12 months (405) or 2 and 12 months (406). In the first study by Argenta et al (2008-

2009), 59 women were included with a mean (range) age, weight, and BMI of 42 years (22–

62 years), 127 kg (87–176 kg), and 46.8 kg/m2 (36–64.3 kg/m2), respectively; as well as a 

median weight loss of 41kg at 12 months (405). At baseline, 6.8% (n=4) patients 

demonstrated endometrial pathology of hyperplasia (EH) (three simple and one complex). 

Anti-oestrogen therapy appeared to have a protective effect, as the prevalence of EH was 

9.5% in those women not on anti-oestrogens. 78% (n=46) had a second biopsy at 12 

months, which demonstrated 4 cases of EH; with resolution of EH in two patients, 

persistence of EH in two patients and new EH in one patient (405). No patients in this study 

had cancer, although it is recognised that EH with atypia is a premalignant condition and 

20-40% have co-existing cancer, often undiagnosed due to sampling errors. However, this 

study did demonstrate reversal of histological changes of EH in two patients (50% of the 

patients with positive histology) (405). Patients with endometrial hyperplasia have also been 
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shown to have a different sex hormone receptor profile, which normalized after metabolic 

surgery (141).   

These studies suggest that metabolic surgery is a feasible option for patients with Type 1 

EC, which are oestrogen-dependent endometrioid carcinomas that are generally low grade 

(grade 1 or 2), slow growing and have a better prognosis (133, 407). Patients are usually 

clinical well when they are diagnosed with this slow growing cancer, which has less 

morbidity and mortality than curative cancer surgery, namely hysterectomy. 

Few studies to date have assessed how metabolic surgery leads to cancer risk reduction. 

However, postulated mechanisms are demonstrated in Figure 1.11. Weight dependent 

mechanisms include the reduction in adipose tissue mediators including adipocytokines 

(e.g. adiponectin and leptin, inflammatory cytokines (interleukins IL-1beta/ IL-6, TNF alpha, 

CRP)) and active white cells (12), such as Natural killer cells that stimulate tumourigenesis 

and oxidative stress (69, 332, 408). Low adiponectin levels have also been associated with 

endometrial cancer (73). Adiponectin is increased after metabolic surgery (409) and is 

known to increase fatty acid oxidation, reduced triglycerides levels and improve insulin 

resistance and (74, 75). Leptin, can also promote cellular proliferation and oxidative stress 

(362). Reduced leptin levels seen after metabolic surgery have been associated with a 

lower risk of breast, endometrial, prostate, colorectal and kidney cancer (76). 

Adipose tissue also releases the enzymes aromatase and hydroxysteroid dehydrogenases, 

which increase testosterone and oestrogen levels (65). Weight dependent reductions in 

serum insulin, can also reduce serum sex-hormone-binding globulin (SHBG) leading to 

increased free oestrogen and testosterone levels in serum. Testosterone can be 

aromatised to oestrogen, which when bound to its receptor can promote endometrial 

tumourigenesis by increasing cellular proliferation and inhibiting apoptosis (89). Metabolic 

surgery has been shown to reduce serum testosterone and oestradiol levels and increase 

serum SHBG and progesterone (410, 411). Reduced estrogenic drive may reduce 

endometrial dysplasia (89), whilst increased progestogens protect the endometrium further. 

The hormone GLP-1, which increases after metabolic surgery, may reduce the risk of 

cancer related-mortality via its incretin effect and improving insulin resistance (243). The 

role of bile acids in EC pathogenesis is unclear. Bile acids binding to the GPBAR1 receptor 

might promote cellular proliferation in endometrial cancer (107-109). There are also studies 

suggesting that gut microbiota influence oestrogen metabolism (104) and could therefore 

impact on endometrial cancer pathogenesis. Metabolic surgery impacts several pathways 

involved in endometrial carcinogenesis and its possible role as a treatment for EC requires 

investigation.  
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Figure 1.11 The effect of metabolic surgery on obesity- related cancer 
Metabolic surgery reduces cancer mortality and incidence specifically in female cancers, 
which might be related to reduced circulating oestrogen levels. Various effectors of surgery 
might act on the tumour microenvironment (including epithelium, immune infiltrating cells, 
endothelium and cancer- associated fibroblasts) to have independent effects on tumour 
cells (shown in yellow). Weight loss- dependent mechanisms are most likely related to 
reduced adipocyte number, resulting in decreased activity of aromatase and hydroxysteroid 
dehydrogenases. Postoperative weight- independent mechanisms can also reduce 
circulating oestrogen levels; for example, the incretin effect of glucagon- like peptide 1 
(GLP-1) results in reduced insulin levels and increases serum sex hormone- binding 
globulin (SHBG). Oestrogen- independent effects are also likely to be important. Several 
potential mitogens are reduced after metabolic surgery. Insulin can act as a mitogen owing 
to its effects on insulin- like growth factor I (IGFI) signalling. The adipokine leptin, which is 
reduced after metabolic surgery, can stimulate angiogenesis and the proliferation of cancer 
cells. Conversely, adiponectin, which increases after metabolic surgery, has anti- 
inflammatory properties, increases fatty acid oxidation, correlates with improved insulin 
resistance and appears to inhibit proliferation in multiple different cancer cell lines. White 
adipose tissue (WAT) is a rich source of pro- inflammatory cytokines and immune cells such 
as macrophages or natural killer cells, which are associated with a pro- tumour immune 
response. This tissue type is reduced after metabolic surgery. The role of bile acids remains 
poorly understood; however, limited evidence exists suggesting that bile acids suppress 
hypoxic tumour progression in prostate and breast cancer cell lines. Increased farnesoid X- 
activated receptor (FXR) signalling might induce apoptosis in cancer cells, and G protein- 
coupled bile acid receptor 1 (GPBAR1) might also be tumour suppressive in the presence 
of hyperbilirubinaemia. The effect of metabolic surgery on these receptors in end organs 
such as the breast, colon, prostate and endometrium needs further study. CRP, C- reactive 
protein; ER, endoplasmic reticulum; UPR, unfolded protein response. Reproduced with 
permission from Sinclair P et al Nature Reviews Gastroenterology and Hepatology (7). 
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1.5 Models of endometrial cancer  

 

Current non-operative treatments for endometrial cancer (such as progesterone treatment 

with the mirena coil, hormonal therapy and chemotherapy) have not been shown to be 

curative and further research into alternative treatment modalities is required (412). 

Insistence of weight loss interventions could induce social stigma of the cancer (suggesting 

that the patient is to blame in some way for their cancer) and may be met with resistance 

without underlying scientific research. Therefore, in vivo and in vitro studies are imperative 

for research in this area. 

Rodent models have been used to study numerous disease processes. However, there are 

concerns that not all results can be translated into humans (7). Yet rodent models also have 

numerous advantages and their limitations can often be overcome with rigorous study 

design, including appropriate validation of the model as discussed in Table 1.9. Numerous 

models of endometrial cancer are described in the literature and these have been 

summarised in Table 1.10 (413, 414). 
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Table 1.9 The advantages and disadvantages of using rodent models to investigate 
human metabolism 

Advantages Disadvantages 

• Combinations of metabolic 

abnormalities, such as obesity, insulin 

resistance, hyperglycaemia, 

dyslipidaemia, and hypertension can 

be obtained 

• Invasive measurements of histology 

and function can be performed, 

facilitating better understanding of 

underlying mechanistic pathways and 

aetiology 

• Post-mortem tissue can be assessed 

• No confounding from psychosocial 

factors such as social stigma 

• Can have a reproducible and reliable 

pre-clinical model  

• Enables drug testing to be conducted 

when effective in vitro models do not 

exist, which can then improve 

mechanistic understanding (e.g. 

liraglutide and GLP-1) 

• Rodents are small and breed quickly, 

making research on large numbers 

with complex diseases possible 

• Stringent animal ethics compels 

researchers to consider experimental 

design (e.g. duration, power 

calculations, consider endpoints and 

severity bandings) 

 

• Results from rodent models do 

not always predict the same 

outcomes in human studies; the 

results are not always 

translatable to humans 

• Post-operative energy 

expenditure might be 

exaggerated in the mouse 

model of RYGB compared with 

humans 

• Can be expensive 

• Models must be appropriately 

validated prior to use 

 

Adapted with permission from Sinclair P et al Nature Reviews Gastroenterology and 
Hepatology (7). 
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Table 1.10 In vitro and in vivo models of endometrial cancer 

Model category Description Examples 

Spontaneous 

endometrial 

tumorigenesis  

Strains of rat that develop spontaneous 

endometrial cancer when kept to their 

natural end of life 

Donryu rats, DA/Han 

rats, BDII/Han rats 

Inoculation 

tumours using 

-Explant of 

tumour  

-Tumour cell lines 

Explants of tumour or cultured cells are 

inoculated subcutaneously or into 

the fat pad of syngeneic animals, athymic 

nude mice or rats 

Rat EnDA-tumour, 

human EnCa 101 

tumour  

Rat RUCA-I/RUCA-II 

cells, human Ishikawa, 

and ECC-1 cells 

Carcinogen 

exposure 

Developmental exposure of estrogenic 

exposure or chemical 

carcinogen exposure e.g. N-methyl-N-

nitrosurea 

CD-1 and ICR mice 

Transgenic Such as mice heterozygous for the tumour 

suppressor gene PTEN 

 PTEN +/- TP53 

knockout mice 

Cultured cell lines Endometrial tumour cell lines cultured 

under conditions promoting in vivo-like 

morphology and functions  

Cell culture on 

reconstituted 

basement membrane 

Organoids 

 

Tissue grown under specific conditions in 

vitro as three-dimensional (3D) structures  

Adult human stem cell 

derived organoids 

Organ-on-a-chip 

models 

Physiological and functional dynamics are 

stimulated by continuously perfusing cells/ 

tissue contained in engineered biomimetic 

microfluid chambers  

EVATAR 

 

Spontaneous models of endometrial carcinogenesis have a distinct advantage in that the 

tumour develops in their anatomical location de novo (as opposed to at an ectopic site), 

they are not transgenically modified and do not require any carcinogen exposure, which 

may affect pathophysiological pathways. Furthermore, they have clinical, 

pathophysiological, histological and biochemical similarities to human malignancy (413), 

enabling study of the tumour microenvironment and systemic features. Ultimately, they are 

a clean in vivo model of EC. The BDII/Han rat is a spontaneous model of endometrial 

carcinogenesis.  
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1.5.1 BDII Han rat as a model of endometrial cancer 
 

In the 1980s Deerberg et al  conducted longevity studies, keeping virgin female rats of 

different strains to their natural death and demonstrated endometrial carcinomas in 39.1 % 

of Han: Wist outbred stock, 62.3% of the DA/Han inbred strain and 90% in the BDII/Han rat 

(415). Neither Han: Wist nor DA/Han rats have been used in experimental studies, although 

the EnDA tumour line and RUCA I cell line are derived from the DA/Han rat (413). Donyru 

rats have also been shown to develop endometrial cancer with an incidence of 35.1%, 

which may be hormone responsive (416), although no studies have been conducted in 

ovariectomised rats. Donyru rats have also been subjected to feeding studies, where 3 

groups of 30 female rats were fed either normal chow, 10% or 20% corn oil until 15 months 

of age and then euthanased (417). Both high fat groups demonstrated increased calorie 

intake, body weight and incidence of endometrial adenocarcinoma (18% in 20% HFD 

group, 7% in 10% HFD group and 0% in the NC group) (417). Oestradiol and chemical 

carcinogens have also been used to increase tumour incidence in the Donyru rat (418), 

although the effect of these on molecular carcinogenesis pathways has not been assessed. 

The BDII/Han rat model has the distinct advantage that it develops spontaneous 

endometrial carcinoma in a high percentage of rats kept to their natural death and it has 

been well characterised and validated as a model of Type 1 endometrial cancer (419). Much 

of our knowledge on the phenotype of this rat is from studies conducted by Deerberg, 

Kaspareit et al in the 1980s (415, 420). These studies demonstrated that the BDII/Han rat 

is an albino inbred strain well known to have an underlying genetic predisposition that 

results in 91% of virgin female rats developing spontaneous endometrial carcinoma by the 

time of their natural death at 22.5 ± 4.4 months of age (415, 420). The majority (80%) of 

deaths occur between 16 and 25 months of age, while mortality is zero at 12 months of age 

(415). In the 1980s, tumour development was believed to start at 13 months (415, 420), 

although observations from one group suggest that up to 25% of rats had palpable tumours 

from 11 months (unpublished data obtained from discussions with Professor Afrouz 

Behboudi). Cause of mortality in the rats was not specified, although the presence of pus 

distending the horns (415), suggests that superimposed infection on the background of 

advanced cancer may have been a contributing factor to early mortality (most laboratory 

rats having a mean lifespan of 2-3.5 years (421)). The majority of tumours (up to 97%) 

endometrial adenocarcinomas, although anaplastic carcinomas, adenosquamous 

carcinomas and squamous cell carcinomas were also identified (415). Deerberg also 

demonstrated that tumour incidence was not reduced by a germ-free environment or if 

animals were fed a purified diet. 
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However, the 1987 Deerberg study did give two pieces of evidence that endometrial 

tumours in the BDII/Han rat are hormone dependent and therefore, the BDII/Han is a 

potentially good model of hormone driven carcinogenesis. Firstly retired breeders, which 

would have had numerous pregnancies and therefore less oestrogen exposure, lived longer 

despite a similar incidence of endometrial carcinoma and secondly, rats that had had 

oophorectomy (thus minimal oestrogen exposure) completely suppressed endometrial 

tumorigenesis and rats died from other causes (415). In a later study involving BDII/Han 

rats treated from 24-28 days of age with lifelong melengestrol acetate (a progestin), 

endometrial carcinoma was prevented and lifespan extended by 30% (422). 

The BDII/Han rats have a cancer phenotype and develop several tumours other than 

endometrial carcinoma, including 26.5% adrenal phaeochromocytomas, 22.5% histiocytic 

sarcomas, 18% pituitary tumours and 14% haemangiomas of the mesenteric lymph nodes; 

although endometrial tumours are the only early onset tumour in the BDII/Han rat (420). Up 

to 12.5% of BDII/Han rats form histiocytic sarcomas predominantly in the subcutis, lungs 

and liver; although the incidence was significantly lower in female rats (423). 1.25% also 

develop thyroid neoplasms (420). They have been shown to have intermediate melatonin-

forming activity in their pineal glands compared to some other rat species (424) and have 

also been observed to have frequent microphthalmia (425).  

Hormone dependency and histological similarities to human cancer, would support the 

BDII/Han rat being a good model of obesity induced endometrial carcinoma. Molecular 

analysis show features in the BDII/Han rat of both human Type 1 and Type 2 EC (Table 

1.11).  
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Table 1.11 A comparison of the clinical and molecular characteristics of human Type 
1 and 2 EC with the BDII/Han rat 

  Type 1 EAC Type 2 EAC BDII/Han 

Predisposition  Sporadic in 95%, familial in 5%(426) Genetic 
predisposition in 
90%. Hormonally 
driven – therefore, 
good model of 
spontaneous 

Histology  Endometroid, 
adenocarcinoma, 
adenocarcinoma 
with squamous 
differentiation 

Papillary, 
serous, clear 
cell, develop in 
polyps/ pre-
cancerous 
lesions 

Mainly 
adenocarcinoma 

Grade  Low High, aggressive  

Grade at 
diagnosis(427) 

Grade 1 51% 10% Unknown 

Grade 2 36% 22% Unknown 

Grade 3-4 13% 68% Unknown 

 As BMI increases, odds ratio for 
Grade 1 or 2 Type 1 cancer > Grade 
3 Type 1 cancer > Type 2 
cancer(128) 

 

Stage at 
diagnosis(427) 

In situ/ localized 83% 53% Unknown 

Regional/ 
distant 
metastasis 

17% 47% Unknown 

Hormone 
driven 

 Yes No (questioned 
more recently) 

Yes 

Prognosis  Good Poor Unknown 

Gene 
alterations(428) 

MSI 20-45% 0-5% 0-5% 

PTEN mutations 50-80% 10% No mutation, but 
2.3-fold down-
regulation 

K-RAS 
mutations 

10-30% 0-5% No 

ERBB2 
overexpression 

10-30% 45-80% No, to the contrary 
4.5-fold down-
regulation 

TP53 mutations 10-20% 90% 67% mutations 

P16 inactivation 10% 40% 57% deletion and 
28-fold down-
regulation  

CDH1 
downregulation 

10-20% 80-90% Yes, 23-fold 

CTNNB1 
mutations 

20% 0-5% 57% deletion and 
28-fold down-
regulation 
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However, pooled analysis of Type I and Type II human endometrial cancer has suggested 

that the classical Type I risk factors of obesity, age at menarche, parity, oral contraceptive 

pill use, smoking and diabetes, are all also associated with Type II cancers (128).  Due to 

this heterogeneity and overlap between the two subtypes the Cancer Genome Atlas 

Research Network (TCGA) recently reclassified EC into four subgroups based on their 

molecular characteristics (127) and although the association with obesity has not been 

established for any of these subgroups, the even expression of  oestrogen receptors across 

all subgroups, may suggest that obesity can promote carcinogenesis in all four groups 

(130). The molecular characteristics of EC in the BDII/Han rat have not been mapped to 

the new TGCA classification and there is no information in the current literature about many 

of the genomic changes in the new classification, such as ultramutated POLE. However, 

the heterogeneity of molecular characteristics does not preclude the BDII/Han rat from 

being used as a model of EC carcinogenesis, rather it recapitulates human EC. BDII/Han 

rats may also be representative of familial endometrial cancer. However, these tumours 

have not been characterised on a molecular level in detail (428)  and there is currently no 

information on APC gene mutations in the BDII/Han rat. 

The RUCA-II cell line has been derived from the BDII/Han rat and can be inoculated into 

nude mice to produce ectopic tumours (429). Studies using the RUCA II cell line have given 

additional information regarding EC, including the possibility that tenascin may be a stromal 

marker for epithelial proliferative states such as EC (429). Although it is unclear whether 

these results translate to the BDII/Han rat endometrial tumours, they have been replicated 

in human EC (430, 431). 

The studies suggest that the BDII/Han rat is a good model for studying Type 1 EC. However, 

the paucity of data regarding timing of tumour development, tumour incidence at various 

timepoints and weight profile of the rats, make it a challenging model to currently study the 

effects of interventions intending to induce intentional weight loss. The recognition of such 

weaknesses of the BDII/Han rat, allows appropriate modifications to be made to the study 

design to overcome these.  However, the timing of tumour development in any single rat 

cannot be predicted without some form of imaging. One way of overcoming the variation in 

tumour development, could be to treat all animals with oestrogen or another tumour driver 

– although pilot studies would need to be undertaken. 

No interventional studies have been carried out on this rat model, with some minimal use 

in preclinical drug testing. Yet it is a unique model of spontaneous EC carcinogenesis, with 

molecular characteristics seen in human EC, making it an ideal pre-clinical model to 

examine the impact of weight loss on EC.   
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1.5.2 Rat uterine anatomy and physiology 
 

The rat uterus is a duplex system with two uterine horns that join together and open into 

the vagina via two separate cervices (432). The basic histological organisation of the uterus 

is similar to the human uterus, with the inner mucosa, or endometrium, consisting of surface 

columnar epithelium overlying a thick lamina propria containing numerous blood vessels 

and endometrial glands, lymphocytes, leukocytes. The middle muscular layer, or 

myometrium, is composed of an inner circular and outer longitudinal smooth muscle layer. 

The myometrium is covered by the perimetrium, a thin connective tissue layer overlain by 

a simple serosa.  

The female rat demonstrates intrinsic reproductive cyclicity, characterised by the regular 

occurrence of an oestrous cycle. During the oestrous cycle the HPO axis regulates several 

sequential alterations in reproductive tract histology, physiology and cytology (433). The 

oestrous cycle consists of four stages: prooestrus, oestrus, metoestrus (or dioestrus 1) and 

dioestrus (or dioestrus 2) and as rats  are continuously polyoestrous, dioestrus is 

immediately followed by the prooestrus phase of the next cycle (433). A rat does not have 

menstruation like a human and at the end of the oestrous cycle, the endometrium is 

completely resorbed by the uterine horns of the animal. The first oestrous cycle begins 

within approximately one week after vaginal opening and recurs regularly every 4 or 5 days 

for a variable proportion of the animal’s lifespan (for example oestrous abnormalities can 

start as early 4 months or as late as 18 months), depending on the strain of rat (433). 
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1.6 Imaging endometrial cancer  

1.6.1 Principles of computed tomography (CT) 
 

Computed tomography (CT) was developed in the 1970s by Hounsfield and was the first 

modality to enable axial slices of the body to be imaged without any overlapping (434). It 

utilises computer-processed tomographical or cross-sectional images created by a 

motorized X-ray generator transmitting X-rays in multiple angles (as it rotates around the 

patient) subsequently detected by an electronic detector (435), as demonstrated in Figure 

1.12). The electrical signals are converted to digital data, which is digitally processed to 

generate a three-dimensional volume from the two-dimensional slices (436).  The 

mathematical principles behind reformatting volume data into 3D volumetric 

representations of structures include radon transform, Fourier transform theorem, image 

reconstruction and acquisition geometrics (437). Multiplanar reformatted CT scans scan be 

viewed in multiple planes (coronal, sagittal and axial), which increases its diagnostic 

versatility, in combination with its high-contrast resolution (437). 

 

 

Figure 1.12 The basic principles of CT scanning 
The motorized table moves the patient through the CT scanner. The gantry containing the 
rotating X-ray source and detector arrays, rotate around the patient, such that the X-ray 
tube and detectors rotate synchronously. The simultaneous action of the bed and gantry 
produces a spiral or helical CT scan. The detectors convert the X-ray signals into digital 
data. 
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X-rays passing through a patient are attenuated and image contrast depends on the on the 

difference in attenuation between adjacent tissues. Attenuation of the x-ray beam depends 

on the thickness and the composition (physical density and atomic number) of the tissues 

traversed (438). Higher attenuating tissues (such as bone) are seen as bright on CT 

images, whilst low attenuation of the X ray beam is seen as dark (for example air which is 

black on CT) (435). After reconstruction, pixels in a CT image are displayed according to 

their relative radiodensity, with measured attenuation coefficients undergoing linear 

transformation onto the Hounsfield scale (+3071 to -1024) and normalized such that the 

absorption of water equals zero Hounsfield units (HU) (437). Water and air (-1000 Hu) are 

the two fixed points on the Hounsfield scale. The HU of water is a daily test performed on 

CT scanners and is carried out by using a water phantom (a water-filled cylinder). A 

phantom is a specially designed standardized piece of equipment that is used to calibrate 

a CT scanner, ensure quality assurance of the scans and produces more consistent images 

than live imaging; with newer phantoms constructed of deformable mesh able to match the 

anatomy of a specific patient (439). Table 1.12 demonstrates the Hounsfield units of various 

tissues or substances adapted from (440). 

Table 1.12 Hounsfield Units of tissues and substances seen on CT imaging 

Tissue or substance Hounsfield units  

Water 0  

Air -1000 

Subcutaneous fat -130 - -79 

Liver +10 - +77 

Spleen +34 – +60 

Kidney +14 - +43 

Psoas +22 - +67 

Lung -500 

Cancellous bone + 400 

Cranial bone 2000-3000 
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However, significant variability has been noted with respect to Hounsfield measurements, 

with several potential contributory factors including convolution kernel, reconstruction 

artifacts, beam hardening, spectral energy, scatter, the make of multi-slice CT (MSCT) 

scanners, as well as variations in patient size, shape, and position on the scanner (440-

443). However, despite this Hounsfield units are a quick and easy technique to characterize 

tissue types on CT. High spatial resolution is an advantage of CT and allows visualisation 

of small structures (437), such as blood vessels, lymph nodes, as well as the edges of 

structures and margins of tumours.  CT can detect differences between tissues that differ 

in physical density by as little as 0.1% (compared to 10% for conventional X-ray), 

particularly in the low contrast scale of CT images (444).  

There are numerous factors that affect image quality. Blurring on images can be due to 

patient movement (lack of cooperation, breathing), protocol factors (for example the z-

direction movement of patients should be controlled as the degree of blurring depends on 

the speed at which the patient is moved) and other algorithm parameters (436). Blurring 

can be reduced by using filtered back-projection reconstruction, whereby each value along 

the projection is set to the same value and added together to create the image (437). If the 

field of view selected for reconstruction is too small it may not be possible to find the 

pathology in question, and if it is too big, the image quality may be poor (436). There are 

several other artefacts that involve differences between the represented and expected HU 

numbers due to distortion or error and include beam hardening (average energy of an X-

ray beam passing through the patient increases); motion artefact; metal artefact (due to 

block parts of projection data such as dental fillings, prosthetic devices, surgical clips, 

shrapnel etc.) and software and hardware based artifacts (436). 

Image noise also affects image quality particularly on low contrast objects and is essentially 

the overall graininess of the image due to undesired information degrading the visual effect 

and may be due to a variety of mechanical, mathematical or electronic differences in the 

detected energy of X-rays, electronic outputs or computational reconstruction algorithms 

(436, 444). A noise uniformity test is done to assess noise by scanning a phantom, 

measuring a region of interest and calculating the standard deviation of the CT for water 

and air (444). The CT numbers in an image should be uniform and therefore, contrast to 

noise ratio is usually expressed as a percentage or ratio of image contrast in CT numbers 

(444). Noise and radiation dose are intimately linked and need to be balanced: a high 

radiation dose can reduce noise level, giving higher resolution images and higher noise 

level will result in a lower dose to the patient and vice versa (436, 444). Noise can be 

affected by the energy setting, the current setting, scan time, slice thickness, phantom size, 

the position of the region of interest (should be placed in the centre of the area of interest 
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and not the periphery), performance of the detector and scan range (436, 444). Therefore, 

it is vital that these parameters remain constant throughout a study.  

It is important to remember that although a higher radiation dose will increase the image 

resolution and reduce the noise, it will also increase the radiation exposure of the patient. 

Radiation doses measured in Gray (Gy) are proportional to the amount of energy (in joules) 

that the irradiated body part absorbs and the expected DNA damage; whilst radiation doses 

measured in sieverts are the effective dose of the entire body and designed to estimate 

overall harm to the patient (445). The CT dose index (CTDI) is automatically calculated by 

most human CT scanners and measures in mGy the radiation absorbed dose for tissue 

within a scan region and the calculations are then converted using a tissue-weighted factor 

to determine the effective dose in mSv (444) . However, in clinical studies organ doses are 

purported to more accurately establish biological risk (445). 

Humans are exposed to an environmental background radiation with an effective dose of 

2.4mSV (446). Table 1.13 (constructed using typical organ doses in millisieverts (mSv) from 

(445)) demonstrates that radiation exposure to the stomach of each CT abdomen scan 

performed is equivalent to 4.17 years of background radiation, which doubles to 8.33 years 

in neonatal scans. Although it is important to recognise that this is the dose to an organ and 

not the effective dose to the entire body, which would be less.  Certain pathologies, such 

as monitoring for cancer recurrence, require multiple scans, which increases these doses 

further. 

 

Table 1.13 Comparing radiation dose from chest X-ray to CT abdomen 

Diagnostic Procedure 

Typical 

Equivalent 

Dose (mSv)  

Number of chest X 

rays (PA) Equivalent 

Effective Dose 

Time Period for Equivalent 

Effective Dose from Natural 

Background Radiation  

Chest x ray (PA film) 0.01 (Lung) 1 1.5 days 

CT abdomen 10 (Stomach) 1000 4.17 years 

Neonatal abdominal CT  20 (Stomach)  2000 8.33 years 

 
This table is based on typical organ doses in millisieverts (mSv) from (445) and a natural 
background radiation of 2.4mSv (446). 
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The radiation dosage from CT scans can be highly variable (447) and the doses can often 

approach or exceed the levels known with certainty to increase the probability of cancer 

(448). Most risk estimates are derived from survivors of the Japanese atomic bomb in 1945 

(exposed to 5-150mSV) and radiation workers in the nuclear industry, where a significant 

association exists between radiation dose and cancer mortality (445, 449). Workers in the 

nuclear imaging industry are now limited to 50mSv of radiation exposure a year and lead 

shielding is used to reduce the risk of scattered X-rays. There is a demonstrated increase 

in risk for developing cancers after paediatric CT scanning (450). In the United States in 

2007, it was estimated that up to 1.5-2% of all cancers could be attributable to CT studies 

(adjusted from 0.4% in 1996 using CT usage) (445).  

 

The radiation from CT scans can be influenced by patient factors, resolution, image quality 

parameters, number of scans, anatomic region and volume scanned; and such protocol 

variations have been demonstrated to increase radiation exposure to the uterus (451). 

Radiation from CT scans can cause DNA damage, which can lead to cancer (Figure 1.13). 

 

 

Figure 1.13 How radiation from CT scans cause DNA damage 
X-rays produce enough energy to overcome the binding energy of orbiting electrons and 
can eject electrons from their orbits creating ions, which can interact with water to cause 
DNA stand breaks, base damage or direct ionization (445). Occasionally misrepair can lead 
to point mutations, chromosomal translocations etc. (445). 
 

Contrast media are also often used in CT to highlight structures that are challenging to 

differentiate from surrounding structures. In clinical medical imaging these are usually 

iodinated contrast agents. Complications of iodinated contrast agents can include sensitivity 

reactions, including anaphylaxis and contrast-nephropathy or worsening renal impairment 

in those with pre-existing renal dysfunction (452). However, despite this oral, intravenous, 

and rectal administration of contrast are valuable adjuncts to improving image contrast.  
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1.6.2 Principles of positron emission tomography (PET) 
 

Positron emission tomography (PET) was largely a research tool until 2001, when PET/CT 

hybrid imaging systems became commercially available (453). It quickly became invaluable 

as an imaging tool, particularly in oncology where it was used in numerous cancers for 

preoperative staging, detecting cancer recurrence, monitoring response to treatment, 

planning radiotherapy, differentiating scarring from residual cancer (453). PET is a 

functional imaging modality that gives four-dimensional (spatial distribution and time) 

distribution of a radiotracer within the body to facilitate measurement and quantification of 

biochemical processes such as absolute blood flow, metabolism and tissue hypoxia (454). 

It is combined with CT primarily for anatomical referencing and calculating the attenuation 

correction for PET, although when CT contrast is given additional information regarding 

blood flow and tissue perfusion can be obtained (454). PET is sensitive and has good 

quantification capabilities. 

The basic principles of PET are that a radiopharmaceutical is injected intravenously into the 

patient and emitted high energy gamma rays (radiation) are detected and processed to 

create an image that reflects the biodistribution of that radiopharmaceutical. A 

radiopharmaceutical is a specific non- radioactive molecule of interest involved in a 

particular pathway that is radio-labelled with a radioisotope; but continues to have the same 

chemical and biological features of its non-radioactive self (455). Very careful quality control 

of radiopharmaceuticals is undertaken, including impurities, additives, sterility and 

apyrogenicity to ensure that they meet certain standards prior to injection into humans 

(456). Some radiopharmaceuticals emit positrons when they decay by transforming a core 

proton into a neutron (neutrino) and a positron. The neutrino has no mass or electrical 

charge and does not interact within the tissue; whilst the positron is the antiparticle of the 

electron, with opposite charge but the same mass (455).The length of the emitted positron’s 

trajectory is dependent on its energy, with fluorine-18 (18F – the most commonly used 

radionuclide Figure 1.14), having a range of only a few millimetres (median range in tissue 

of 0.2-2.4mm) (456). 
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Figure 1.14 Structure of 18F-FDG – Fluorodeoxyglucose (18F) 
18F has a half-life of approximately two hours (109.77 minutes) and is produced in a 
cyclotron by proton bombardment of a stable oxygen-18 (18O) enriched water target by 
nuclear reaction. The glucose analogue goes through the first stages of glucose 
metabolism and is retained in the cell until the fluorine decays to an oxygen molecule and 
is subsequently metabolised as normal glucose.  
 
 
 
After travelling this short distance and losing all its kinetic energy, the positron interacts with 

an electron and both are annihilated as their mass is converted to energy; with resulting 

emission of two high energy (511keV) photons or gamma rays travelling in opposite 

directions in almost a straight line and this collinearity increases its spatial resolution and 

sensitivity compared to SPECT (single-photon emission computed tomography) (Figure 

1.15) (455). The signal of each photon from every pair coincidence event is processed 

individually for spatial, temporal and energy distribution information, which is used for image 

reconstruction. 

 

 

Figure 1.15 Diagrammatic representation of positron annihilation 
When a positron (e+) annihilates with an electron (e-), two high energy gamma rays are 
emitted and travel in opposite directions. The basis of PET utilizes detection of the signal 
from each photon, which is processed to provide spatial, energy, and arrival time 
information. 
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The gamma rays are detected by static parallel rings of detectors (Figure 1.16) and the 

patient lies inside this ring.  High energy gamma rays can pass through a material without 

interacting, so a dense material called a scintillation crystal is used to stop the high energy 

gamma rays and convert them into lower energy visible light, which can be amplified, 

detected and assessed by photomultiplier tubes (PMT) depending on their energy and 

temporal relationship to scintillations from the opposite detectors (455). Several lines of 

response (LOR) are generated by connecting points of scintillation, where pairs of impulses 

are accepted as true annihilations and used to reconstruct a tomographic image of 

metabolic activity (455). Scanners can acquire 2-dimensional or 3-dimensional images and 

the configuration, number, size and type of the crystals can determine the spatial and 

contrast resolution of the scanner, as well as its diagnostic sensitivity (456). 

 

Figure 1.16 Diagram of gamma ray detection 
The gamma rays are detected in coincidence by external scintillation detectors. 

Most PET scanners are now hybrid PET/CT scanners with multidetector spiral CT scanners 

and fusing the images from both scanners by co-registration, allows better diagnostic 

accuracy, with detailed metabolic, functional, and anatomical information. Image 

processing is usually standardised, for example using DICOM images (Digital Imaging and 

Communications in Medicine) (457). Once this process has occurred, images are stored on 

a picture archiving system. 

One challenge to PET scanning is noise, which reduces spatial and contrast resolution. 

This arises from ‘random’ photon events that are temporally related, but are not ‘true’ 

annihilation events and scattered photons and must be corrected during iterative 

reconstruction using attenuation and scatter corrections (456). However, it is impossible to 

remove noise completely and contrast to noise ratio calculations can be made to assess 

the level of noise present due to ‘randoms.’ Other challenges include cost, exposure to 

radiation and lower spatial, temporal and contrast resolution compared to other imaging 

modalities such as MRI. 
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Positron emissions are high energy and the emitters have short half-lives increasing the 

risk of dosage to staff; necessitating special shielding for transportation, storage, withdrawal 

into syringes, during activity measurement, administration, storage of waste and of the walls 

in a scanning room. Furthermore, all staff must undergo radiation safety training and 

certification and must be issued with personal dose monitors to ensure that whole body 

doses do not exceed 5mSv per year (456). This process of handling radioisotopes, 

personnel exposure monitoring and compliance of scanning units with the conditions for 

safe operation is heavily regulated and rightly so, due to the oncological risks posed by 

ionising radiation, as previously discussed. 

 

1.6.3 PET-CT as an imaging modality in endometrial cancer 
 

However, historically PET-CT has not been used as a diagnostic modality in endometrial 

cancer or to determine the depth of myometrial invasion; due to the uterus being a 

physiologically active organ and demonstrating a high background FDG uptake, 4-5mm 

spatial resolution of current PET-CT scanners and the challenges assessing precise tumour 

borders on metabolic PET imaging (458). Its role in EC has been limited to pre-operative 

staging, looking particularly at occult metastasis, lymph node and cervical invasion; 

measuring treatment response and assessing recurrence  (459). No studies have been 

identified in the literature using PET-CT imaging to image rat uterine horns or endometrial 

cancer. 
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1.7 Summary and impact  
 

Obesity is known to drive endometrial cancer. Although the underlying molecular 

mechanisms of obesity related endometrial carcinogenesis are not fully elucidated, it is 

postulated that primary drivers are insulin resistance, inflammation, and unopposed 

oestrogen. Metabolic surgery was originally developed to treat obesity and can induce 15-

20% weight loss, reverse these risk factors, and thus can reduce cancer risk by 30-40%. 

The gut satiety hormone glucagon-like-peptide 1 (GLP-1), which increases after metabolic 

surgery, has been shown in in vitro and in vivo studies to reduce tumour burden and 

progression, possibly via its effects on insulin resistance (243). Furthermore, both in vitro 

and in vivo studies using Liraglutide have suggested that GLP-1 may have anti-cancer 

properties in endometrial, breast and pancreatic cancer cell lines (186, 244-246). This study 

aimed to test the effect of weight gain and intentional weight loss (via exogenous GLP-1 

analogue Liraglutide) on EC incidence, growth, and histological grade in BD II Han rats.  

This study has great potential scientific and educational benefit, as it is the first study 

investigating the proposed factors. This study could provide data to proceed into further 

human interventional studies assessing the effects of weight loss on carcinogenesis. 

Additionally, it could allow identification of novel mechanistic insights into obesity related 

carcinogenesis which could be applicable to other obesity related cancers such as breast, 

ovarian, prostate etc. If a tumouristatic or tumouricidal effect is identified, this could 

ultimately alter the treatment paradigm of endometrial cancer. Current treatment for 

endometrial cancer is hysterectomy and so the outcome of this study has the potential to 

impact on younger female patients who may wish to preserve their fertility. Additionally, the 

study aims to improve the understanding of the mechanisms of obesity related 

carcinogenesis and provide new insights into whether intentional weight loss can have a 

role in reducing tumour burden.  
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1.8 Hypotheses and research aims 
 

Hypotheses: 

It is hypothesised that weight gain can promote EC tumour growth and that 20% intentional 

weight loss, induced by a GLP-1 receptor analogue (Liraglutide), can alter tumour biology 

sufficiently so as to reduce endometrial cancer burden. 

 

3 aims were developed to further investigate these hypotheses: 

 

Aim 1 

To establish a PET-CT protocol to assess abdominal adiposity, optimise visualisation of the 

uterine horns and assess longitudinal tumour burden in the BDII/Han rat to determine when 

to institute an intervention; as little evidence exists on when these rats start to develop 

tumours. 

Specific aims 

• To undertake a pilot study to optimize visualization of the uterine horns on CT  

• To determine the effect of visceral fat on visualization of the uterine horns 

• To determine a final PET-CT imaging protocol 

• To assess whether PET-CT can be used as a diagnostic imaging tool in determining 

endometrial tumours in this animal model 

• To use PET-CT for longitudinal imaging to determine when tumour burden is high 

enough to institute an intervention 
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Aim 2 

To assess whether feeding high fat diet (HFD) could mimic obesity and accelerate EC 

burden in an animal model of spontaneous EC.  

Specific aims 

• To assess whether feeding BDII/Han rats a high fat diet can induce obesity 

• To assess whether feeding BDII/Han rats a high fat diet can alter metabolic 

parameters, including visceral fat volume and hepatosteatosis 

• To assess whether high fat diet accelerates tumour development, progression and 

histopathological severity using PET-CT imaging and post-mortem tissue analysis  

• To assess the validity of the PET-CT protocol in determining tumour burden in 

BDII/Han rats by correlation with histological analysis 

 

Aim 3 

To assess the effect of intentional weight loss on rats fed HFD. 

Specific aims 

• To assess whether Liraglutide would induce intentional weight loss in BDII/Han rats 

fed high fat diet 

• To assess whether intentional weight loss in BDII/Han rats fed HFD can alter 

metabolic parameters, including visceral  hepatosteatosis 

• To assess the effect of intentional weight loss, via GLP-1 receptor agonism (using 

Liraglutide), on the growth, progression and histopathological grade and stage of 

endometrial cancer in BDII/Han rats fed an high fat diet using PET-CT imaging and 

post-mortem tissue analysis 

• To assess whether GLP-1 R expression is altered after weight loss in the BDII/Han 

rats  
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Chapter 2:  

Methodology 
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Chapter 2: Methodology 

2.1 Study design 
Three separate animal studies were undertaken (Figure 2.1). In the first study, imaging 

parameters were evaluated in 12 cadaveric Wistar rats to optimise visualisation of the 

uterine horns. The study compared the utility of CT with and without contrast and 

determined the most suitable position of the rat for imaging uterine horns and optimum X-

ray energy for soft tissue contrast. Imaging was correlated with necropsy findings. This is 

described further in chapter 3. In both the second observational study examining the impact 

of HFD feeding on spontaneous experimental EC in live BDII/Han rats and the third 

interventional study on the effect of intentional weight loss on tumour burden in HFD fed 

BDII/Han rats, various outcome measures were studied (Figure 2.2) 

 

Figure 2.1 Experimental Design for the study 

Wistar Cadaveric 
Pilot Study

•A pilot study to optimize visualization of rat uterine horns on CT 
imaging

•Aim: to validate and optimise visualisation of the uterine horns on 
imaging

•Experimental units: Cadaveric Wistar rats (n= 12)

•Methodology: CT scans +/- intraperitoneal contrast injections

•End points

BDII/Han 
Observational 

Study

•Study of the impact of high fat diet feeding on spontaneous 
experimental endometrial cancer in the BDII/Han rat

•Aim: to assess whether feeding rats high fat diet could accelerate 
tumour burden in a spontaneous rat model of EC

•Experimental units: Live BDII/Han rats (n=15)

•Methodology: Feeding observational study (Normal chow [n=7] versus 
high fat diet [n=8])

•Endpoints: Longitudinal measures: food intake, animal weight, PET-CT

•Necropsy at 15 months (phlebotomy and organ harvest)

BDII/Han 
Interventional 

Study

•Study of the effect of intentional weight loss on tumour burden 
in high fat diet fed BDII/Han rats

•Aim: to assess whether intentional weight loss could reduce EC burden

•Experimental units: Live BDII/Han rats (n=48)

•Methodology: All rats fed high fat diet

•4 arm interventional study (control [n=8] versus Liraglutide [n=8] versus 
sham surgery [n=10] versus vertical sleeve gastrectomy surgery [n=22])

•Further Wistar rat control/ training arm [n=12]

•Endpoints: Longitudinal measures: food intake, animal weight, PET-CT

•Necropsy at 15 months (phlebotomy and organ harvest)
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Figure 2.2 Study outcome measures 
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2.2 Animal husbandry 
 

Ethical approval was obtained from the University College Dublin (UCD) Animal Research 

Ethics Committee (AREC) and the Health Products Regulatory Authority (HPRA): project 

licenses AE18982/P119 and P125. Adult BDII/Han rats were gifted from Hannover Medical 

School Animal Research Laboratory and were received aged 12 ± 3 weeks. All animals 

were initially kept in an isolator for between 18-27 days depending on the cohort, while 

animals were tested for various pathogens and acclimatised (Appendix I). 

Following this period in the biomedical facility, the experimental protocol commenced at 3 

months of age. The animals were group-housed together in groups of two, three or four. 

Environmental enrichment was provided including bedding and nesting. All animals had ad 

libitum access to rodent chow and filtered water except where noted. Animals were fed 

either standard lab chow using a grain-based diet (18% protein/ 6% fat; Teklad irradiated 

global rodent diet; Envigo 2918) or a high fat purified pelleted diet (60% kcal fat; Research 

Diets D12492, New Brunswick, NJ). The dietary ingredients are described in Table 2.1. The 

macronutrient and micronutrient compositions of the two diets are compared in chapter 4.  

Table 2.1 Dietary ingredients of the normal chow and high fat diet  

Envigo 2918 - NC Research Diets D12492 - HFD 

Wheat 

Corn 

Wheat midds 

Soybean meal 

Corn gluten meal 

Soy oil 

Lard (245g) 

Casein, 30 mesh (200g) 

Maltodextrin 10 (125g) 

Sucrose (68.8g) 

Cellulose, BW200 (50g) 

Soybean oil (25g) 

Potassium Citrate (16.5g) 

DiCalcium Phosphate (13g) 

Mineral Mix S10026 (10g) 

Vitamin Mix V10001 (10g) 

Calcium Carbonate (5.5g)  

L-Cysteine (3g) 

Choline Bitartrate (2g) 

 

Abbreviations: NC, normal chow; HFD, high fat diet. 
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Animals were maintained under a 12-hour light/dark cycle, as well as controlled 

temperature and humidity. Weekly animal scoring was routinely performed in the mid-

morning (approximately 2-4 hours after lights on) using specially adapted scoresheets (see 

Appendix II). Any unwell rat identified via the scoresheet with signs of clinical deterioration 

had a revised intensified monitoring schedule and was discussed with the designated 

veterinarian regarding euthanasia or continuing on the protocol. Animals were euthanased 

immediately if they scored 3 in any single category; had a total score of 6 or above or if it 

was otherwise indicated. Natural death was not an endpoint.  

 

 

2.3 Micro-CT imaging in cadaveric Wistar rats 
 

Micro-CT was conducted in 12 cadaveric rats in 3 positions (prone, supine, and supine 30˚ 

Trendelenberg), as well as at the 50 and 80 kV energy settings. All other parameters were 

kept constant, including: a 1.3 magnification, giving a 9 cm field of view; 250ua current and 

470ms exposure. Contrast to noise ratio between tissue and fat was calculated for 50kV 

and 80kV energy settings in vivo and compared with contrast to noise ratio of a QRM-

MicroCT-HA phantom (QRM GmbH; Moehrendorg, Germany). All rats were imaged before 

and after an intraperitoneal injection of iodinated contrast agent (Niopam) was 

administered. 
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2.4 PET-CT imaging in live BDII/Han rats 
 

Food was withdrawn overnight prior to PET-CT (to reduce faecal loading and allow 

preferential uptake of the radioactive glucose analogue (18F-FDG) in metabolically active 

cells and tumour cells), surgery and euthanasia (to enable fasting blood tests to be 

measured). PET-CT was conducted under isoflurane anaesthesia to minimise trauma to 

the animal during intravenous injection of the radioactive tracer, reduce extravasation of the 

radioactive tracer, ensure radiation safety, reduce background uptake of 18F-FDG by the 

muscles and to allow for optimum pharmacological restraint of the animal (460). All radiation 

safety guidelines were followed for CT and PET.  

Following overnight fasting, with ad libitum access to water, BDII/Han rats were weighed 

and then anaesthetised under isoflurane using a heated induction chamber (Wessel’s 

Induction and warming Chamber, Braintree Scientific). Rats were transferred to a nose 

cone on a heated pad (32̊C) and tails warmed briefly to dilate the tail veins using a glove 

containing hot water. Lubricant was applied to the eyes to prevent drying out. Rectal 

temperature was measured using a rat specific temperature probe.   

The tail vein was cannulated using a 22G cannula. A maximum of three attempts were 

made at any one time. Syringe radioactivity was measured prior to injection in a dose 

calibrator (Capintec). 25 MBq of 18F-FDG ([18F] 2-deoxy- 2-fluro- D-glucose) diluted in 

saline to a total volume of 400µl was administered intravenously. The cannula was removed 

immediately after injection and pressure applied to the tail vein using folded tissue and a 

haemostat. Residual 18F-FDG in the cannula, needle and tissue was measured in the dose 

calibrator. Activity measurements were decay corrected and administered FDG calculated. 

Rats remained under anaesthesia for 1-hour uptake time with heating provided to maintain 

body temperature. Animal condition and respiration were observed during uptake time.  

Rats were transferred to a heated bed (~32°C) on the PET-CT scanner (LabPET4 Triumph 

scanner; Trifoil Imaging) and a CT (50 kV and 250mAs) taken immediately prior to a two-

bed position PET scan.  Rats were placed in the supine position on the bed and secured to 

the bed using surgical tape. Whilst animals were on the heated platform ears and tails were 

protected from direct contact with the heated bed. Rats were covered in a warming blanket 

made from a cotton blanket and bubble wrap. Respiration was monitored for the duration 

of each scan using a probe secured to the bed to ensure physiological stability of the animal 

on the scanner. 
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PET data were re-constructed using a maximum likelihood expectation maximization 

(MLEM) algorithm with 15 iterations (voxel size of 0.5 x 0.5 x 0.6 m3) using the LabPET 

software (version 1.14.0, Trifoil Imaging).  CT images were re-constructed with a standard 

back projection algorithm. PET and CT images were co-registered with PMOD (Version 

3.208, PMOD Technologies) software. The counting rates in the PET images were 

converted to activity by a calibration factor obtained by taking an image of a rat size 

phantom with a known amount of activity measured using an Atomlab 400 Dose Calibrator.   

Quantification was performed by drawing a volume of interest (VOI) around suspected hot 

spots, with CT images being used for anatomical referencing. SUVmax (maximum standard 

uptake value) was calculated as the average of the two maximum voxels within the VOI, 

using the following equation: 

 

 

 

 Where C(T) is the activity in the tissue per unit volume (a ratio of tissue radioactivity 

concentration) i.e. 

 

 

 

and all activities are decay correct to injection time (T).  
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2.5 Weight loss interventions 

2.5.1 Surgical intervention 

2.5.1.1 The peri-operative protocol  

Food was removed from cages 1-2 hours before lights out 2 days prior to surgery and 

animals were given 100ml of Fortisip® nutritional supplement per rat in glass bowls placed 

on the bottom of the cage. Bedding was also removed and replaced with paper lining to 

avoid ingestion and to obtain an empty stomach at surgery. Fortisip® was removed the 

night before surgery and animals moved to empty cages overnight prior to surgery. In the 

case of the BDII/Han rats, they were moved to wire bottom cages with a solid Perspex floor 

in one area to provide a resting place. This was to avoid coprophagia and reduce stomach 

content at surgery.  Animals were given ad libitum access to water. The pre-operative 

protocol was changed during pilot studies and changes are discussed in the results section 

(Appendix VI). 

Prior to surgery a sterile field and all drugs and equipment were prepared. Instruments and 

drapes were autoclaved overnight prior to a day of operations. Between operations 

instruments were sterilised using a water bath at >1000C and then placed in 100% alcohol.  

Pre-operative body weight measurements for each animal were recorded on the morning 

of surgery. Animals were pre-heated by placing their cage onto a heat pad for 20 minutes 

to reduce risk of hypothermia, prior to being anaesthetised in an induction chamber. 

Anaesthesia was induced and maintained using an inhaled mixture of isoflurane (1.5-2.5 

%) and oxygen (0.8 L/min). Once deep anaesthesia was confirmed (respiration rate slowed, 

no response to pain from the tail pinch and lack of righting reflex), the ventral abdominal 

region was shaved to cover a vertical line extending from 2cm above the xiphisternum to 

1cm proximal to the urethral meatus in the anogenital region. Animals were then returned 

to the induction chamber and once fully anaesthetised again, were transferred to a nose 

cone and placed on a sterile drape on top of an isothermic heating pad, with the tail toward 

the surgeon in dorsal recumbency. Animals were maintained on 2% isoflurane at 1.0L/min 

oxygen titrated to the animal’s response. During the practise Wistar rat cohort VSG surgery, 

a 6 French neonatal feeding tube was then passed through the mouth and advanced to the 

duodenum to standardize the size of the gastric sleeve. However, this was abandoned for 

BDII/Han surgery due to potential complications of the technique. A rectal temperature 

probe was inserted and secured to allow continuous temperature monitoring. Antimicrobial 

prophylaxis (enrofloxacin - 5 mg/kg in 1 ml/kg in sterile saline) and analgesia carprofen (5 

mg/kg), were administered subcutaneously. Lacrilube® eye gel was applied with a sterile 

swab.  
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Once fully prepared, the operative field was sterilised using sterile cotton buds and Betadine 

solution, starting centrally and wiping more peripherally to maintain sterility, covering the 

majority of the ventral surface of the animal. Care was taken not to use excessive volumes 

of solution, which could cool the animals. The animal was then covered in sterile drapes to 

expose the operative field. The depth of anaesthesia was monitored frequently, and 

isoflurane levels were altered depending on respiration rate and assessment of any 

movement. Temperature was also monitored at regular intervals and the heating pad 

settings changed accordingly. The surgical incision was a midline laparotomy, in which the 

xiphoid process was identified and a midline abdominal incision of 4 to 5 cm in length was 

made using an #11 surgical scalpel from the xiphoid process down, through the skin. The 

muscle was lifted using forceps and scissors were used to make a midline incision through 

the muscle and peritoneum, after inspecting the incision path before each cut to avoid 

damaging internal organs. Subsequently, animals either underwent vertical sleeve 

gastrectomy (VSG) or sham surgery. 

Vertical sleeve gastrectomy took approximately 60 minutes. The liver was retracted 

cranially using a cotton bud and the stomach exposed. The greater curve of the stomach 

was bluntly dissected using two moist cotton buds to remove lateral attachments and the 

stomach was fully externalised. The greater curve and lateral 70% of the stomach were 

then excised using the Echelon FlexTM Endopath 45-mm laparoscopic staple gun (Ethicon 

Endosurgery) and the white staple cartridge (closed staple height 1mm, range 0.875mm to 

1.25mm)  to produce a narrowed tubular sleeve, induce intentional weight loss and create 

an endogenous increase in GLP-1. Care was taken to preserve both the gastroesophageal 

junction and the pylorus. Initially, the orogastric tube was used to calibrate the sleeve. 

Subsequently, the calibre was estimated by eye. Once the sleeve had been created, the 

orogastric tube was clamped off and removed if it had been placed. The sham operation 

was estimated to take 45 minutes. The stomach was externalised in the same way, but 

other than mobilising the stomach, no other intervention was undertaken. 

For both operations, the stomach and intestines were then returned to the abdominal cavity 

and the operative field irrigated with warmed saline-soaked gauze. The laparotomy incision 

was sutured closed using a continuous 4-0 vicryl for the abdominal muscles and a 5-0 

interrupted prolene suture for the skin. The abdomen was irrigated with warm saline-soaked 

gauze. 5ml of warmed sterile saline (0.9% NaCl), was administered subcutaneously into 

each flank (10ml in total) to reduce dehydration. Analgesia was administered upon closure 

of the laparotomy wound. 
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2.5.1.2 Post-operative care 

Immediately following surgery, the rectal probe was removed, the isoflurane switched off 

and animals were observed under oxygen flow until awake. Animals were then placed in 

an empty cage with no bedding or enrichment, partly on top of an isothermic heat pad (to 

allow animals to move to a cooler area if required) and the cage was covered in a drape, 

so as not to disorientate the animal. Frequent checks were made to ensure that the animal 

was recovering well. 4-6 hours after surgery, once fully recovered from anaesthesia animals 

were replaced in an empty cage with no bedding and were given ad libitum access to water 

only. Animals were pair housed or housed in groups of 3 post-operatively (as per the 

request of the designated vet and animal ethics committees), but all animals in a cage had 

the same surgical operation to allow post-operative estimation of food and water intake. 

Cages were placed in series and isolation of a single cage on a rack was avoided to 

facilitate interaction between neighbouring rats. If any evidence of rats harming one another 

was observed (e.g. cannibalising another’s wound) rats would have been individually 

housed in the post-operative period. 

For the first 24 hours after surgery only a limited liquid diet was provided to minimize the 

chance of leakage and to allow healing of the incision sites.  Ad libitum water was provided 

from postoperative day (POD) 1. Water intake was carefully monitored, expecting 5-10ml 

overnight on POD1, >10ml on POD 2 and > 15ml from POD 3. Rats with inadequate water 

intake had supplementation with up to 10ml (5ml in each flank) of normal saline 

subcutaneously. 

The post-operative diet protocol was changed through the study. The first cohort of Wistar 

rats received 1 cube of jelly each placed in a bowl on the bottom of the cage to avoid any 

form of discomfort to the animal and 2 cubes of jelly each on POD 2. On POD 2 wet mash 

was added in the afternoon and was given with increasing consistency until POD 8, when 

normal diet was resumed. In BDII/Han rats, 25mls of Fortisip® nutritional supplement was 

given in a glass bowl placed on the floor of the cage per rat on POD 1. POD 2 and 3 rats 

received 50ml of Fortisip® each. Saturated wet mash was introduced on post-operative day 

(POD) 4, with increasing consistency to POD 7. POD 8-10 rats were transitioned to solids 

and normal diet was broken into smaller pieces using a mortar and pestle. Normal diet was 

resumed on POD 10. On day 10 food intake and water measurements reduced to twice 

weekly. 
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Peri-operative carprofen (5mg/kg in 1ml/kg of sterile saline) was administered once daily 

for a minimum of 72 hours post-surgery. It was administered straight after surgery, 6 hours 

post-surgery, the morning and evening on day 2 post surgery and in the morning the 

following day. Pain was then reassessed, and further doses only given if required. 

Buprenorphine (0.05 mg/kg) was used subcutaneously as a second line for any 

breakthrough pain. Opioids were avoided to reduce the risk of aberrant behaviour of the 

rodents, as had been seen in previous studies, including eating bedding and cannibalising 

wounds. In the first cohort of BDII/Han rats buprenorphine was given as first-line analgesia 

as requested by the designated veterinarian. In the BDII/Han rats antimicrobial cover 

(enrofloxacin, 5 mg/kg) was continued for the first 72 hours post-surgery to reduce the risk 

of post-operative sepsis. 

The protocol for bedding and enrichment changed during the study and is discussed in the 

results section. For Wistar Surgeries, the first cohort had paper lining and Perspex 

enrichment from day 1 (as requested by the veterinarian). The second cohort of Wistars 

had no bedding for 24 hours, paper lining for 24 hours and sawdust from day 3. For the last 

cohort of Wistar rats and also all BDII/Han rats, no bedding or enrichment was in the cage 

for the first 2 post-operative days. This was done to reduce the risk of ingestion of the 

bedding or environmental enrichment whilst diet was being reintroduced and reduce the 

risk of staple line leakage secondary to excess gastric content. Perspex enrichment was 

added on POD 2. Cages were cleaned morning and evening. Paper lining was put in the 

cage from days 3-6, with Perspex enrichment. Cages were cleaned and paper lining was 

changed every morning and evening. On day 7, paper lining was replaced by normal 

bedding with wood chip and on day 10 paper nesting and usual cardboard tunnel 

enrichment was resumed.  

Body weight and observations including scoring on the trial score sheet were made twice 

daily for the first 72 hours and then daily for at least 10 days after surgery. Animals were 

monitored daily for any sudden deterioration in behaviour, respiratory pattern or 

appearance, signs of sepsis (piloerection, anorexia, abdominal discomfort) or wasting, as 

well as subcutaneous fluid collection and damaged sutures. After this period, animals were 

scored twice weekly. Any unwell animals were returned to daily scoring. Low grade 

infection, for example a presumed sealed off collection, was discussed with the vet and 

antibiotics given. 
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2.5.2 Liraglutide protocol 
 

As a component of the third aim (see Chapter 5 for results), eight 12-month-old, weight-

matched rats maintained on HFD from 3-12 months of age were assigned to receive 

Liraglutide (n = 8) for 3 months. Rats continued to receive ad libitum HFD. Liraglutide was 

administered using the same protocol previously successfully used by our group. Animals 

received one subcutaneous injection (volume = 1 ml/kg, 0.9% NaCl vehicle) between 0900 

and 1100. To avoid adipsia-induced dehydration and aversive effects, Liraglutide was dose-

titrated daily over a twelve-day period using the schedule previously described by ourselves 

and other groups (461) and outlined below in Table 2.2. After the dose titration period, a 

Liraglutide pen (NovoNordisk) was used to administer Liraglutide using a 32-gauge needle.  

The Injection site was altered between five regional sites: the abdomen, scruff, mid flank, 

right and left flanks to reduce the risk of injection site reactions. Daily water intake was 

measured to document any hypodipsia and duration necessary for it to subside. 

Subcutaneous saline was administered if water intake was below a quarter of pre-

intervention intake. Daily chow intake and body weight was recorded. 

Table 2.2: Liraglutide titration protocol  

Day 1 0.01mg per rat  

Day 2 0.02mg per rat 

Day 3 0.03mg per rat 

Day 4 0.06mg using the liraglutide pen 

Day 5 0.06mg using the liraglutide pen  

Day 6 0.12mg using the liraglutide pen 

Day 7 0.18mg using the liraglutide pen 

Day 8 0.24mg using the liraglutide pen 

Day 9 Day 9 onwards 0.24mg using the liraglutide pen 
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2.6 Euthanasia and organ harvest 
 

Animals underwent euthanasia according to a standardised protocol. Animals were fasted 

overnight. Animals were anaesthetised using isoflurane anaesthesia in an anaesthetic 

chamber and observed until immobile. Animals were transferred to a nose cone and once 

deep anaesthesia was confirmed by unresponsiveness to pain and lack of the righting 

reflex, a vertical midline laparotomy incision was performed to open the abdomen. Clinical 

photographs of fat, uterine horns and obvious malignancy were taken. Terminal 

exsanguination was performed via intra-aortic cannulation using a butterfly needle or left 

ventricular puncture. Both EDTA and Lithium Heparin samples were taken. Bloods were 

later centrifuged at 2500 rpm for 15 minutes at 4 degrees Celsius and resulting plasma was 

stored at -80̊C. Euthanasia was undertaken using anaesthetic overdose. In cases where 

cessation of cardiac output was unclear, death was confirmed using cervical dislocation.  

Upon confirmation of death, the uterine horns were identified. Uterine horns were harvested 

from the rats at the level of the cervix and placed dorsally onto black card. The uterine 

mesentery and meso-ovarium where dissected off the specimen. Obvious lesions were 

photographed and documented. Uterine horns were palpated for any abnormalities and 

palpable lesions were also photographed with markers. Peritoneum, liver, and other organs 

were examined for metastatic lesions. Horns with no palpable lesions or unclear 

abnormalities were opened and photographed for further correlation with imaging.  

Uterine horns were divided into 5 sections using transverse incisions to obtain full cross 

sections of the uterine horns. Proximal uterine, mid, and distal uterine horn specimens were 

harvested and placed in 10% neutral buffered formalin for histological examination and for 

correlation with hotspots on PET images. The remaining uterine horn and distal body was 

immediately ‘snap-frozen’ in liquid nitrogen, before being stored at -80 degrees Celsius. 

Further details and diagrams of the sectioning protocol are described in Chapter 4. The 

proximal cervix was harvested and placed in formalin. Either one or half of both ovaries 

were taken for histological analysis to exclude local metastasis. 

Care was taken to avoid unnecessary delays from confirmation of death to organ harvest 

to preserve tissue viability for analysis. Peri-renal fat +/- omental samples were snap frozen 

and preserved in formalin. The lungs and liver were sectioned to look for macroscopic 

metastasis. The right lung and right lobe of the liver was preserved in formalin, whilst the 

left lung and left lobe of the liver were snap frozen. Duodenal, jejunal and ileal intestinal 

samples and eyes were also harvested and snap frozen. However, these were not analysed 

as part of the current study. 
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2.7 Histology  
 

Specimens (uterine horns, ovaries, omentum, visceral fat, liver, and lung) were fixed in 10% 

neutral buffered formalin for histochemical and immunohistochemical analysis for 24 hours. 

They were then processed in increasing alcohol, xylene and wax using the tissue processor 

overnight and embedded into paraffin blocks the following day. Formalin fixed and paraffin 

embedded liver samples were sectioned at 4μm using a microtome (Biocut 2030 

Microtome, Reichert Jung), placed on fresh slides and stored in the oven for an hour at 

60°C. Haematoxylin and Eosin (H&E) auto-staining was carried out using the Leica 

Autostainer XL. The slides were then cover-slipped (Leica CV5030 Cover slipper) and left-

over night to dry fully at room temperature. Slides were then scanned and digitized using 

Aperio Scanscope XT. 
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2.8 Hepatic steatosis scoring system 
 

The degree of steatosis and inflammation in the liver was intended to be assessed using 

the combination of a rodent specific scoring scheme (462) and a human liver scoring system 

from the NASH Clinical Research Network (CRN) (463). The human NAFLD activity score 

(NAS) encompasses steatosis, ballooning, lobular and portal inflammation (464, 465). The 

NAS score has not been validated for NAFLD in rodent samples. Therefore, a combination 

of the human scoring system and the scoring system from Liang et al (462), as outlined in 

Table 2.3, was intended to be used. 

Steatosis measurements are made by analysing macrovesicular and microvesicular 

steatosis separately and grading them as follows; 0(<5%), 1(5-33%), 2(33-67%) and 

3(>67%). Macrovesicular and microvesicular steatosis were defined by whether the 

vacuoles displaced the nucleus to the side (macrovesicular) or not (microvesicular). 

Inflammation is scored by the amount of inflammatory cell aggregates per foci whereby a 

focus was defined as a cluster of ≥5 inflammatory cells and the staging is as follows: normal 

(>0.5 foci), slight (0.5-1.0 foci), moderate (1.0-2.0 foci) and severe (>2.0 foci). 

 

Table 2.3 Combined hepatosteatosis scoring system for human and rodent NAFLD 

Histological feature Score 

0 1 2 3 

Macrovesicular steatosis <5% 5-33% 33-67% >67% 

Microvesicular steatosis <5% 5-33% 33-67% >67% 

Number of inflammatory 

foci/fields 

<0.5% 0.5-1.0 1.0-2.0 >2.0 
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2.9 Liver triglyceride 
 

Liver triglyceride levels were determined using Cayman’s Triglyceride Colorimetric Assay 

Kit (Cayman Chemical 10010303). Triglyceride concentration was determined by the 

hydrolysis of triglycerides to free fatty acids and glycerol. Glycerol release was measured 

at 540 nm using a coupled enzymatic reaction. The assay was carried out according to 

manufacturer’s instructions. The kit was stored at -20°C and brought to room temperature 

prior to use. Fresh frozen liver samples were thawed and washed with PBS and minced. 

350-400mg of minced tissue was homogenised in 5% NP-40/ddH20 solution. The samples 

were then centrifuged for 10 minutes at 4°C to solubilise all triglyceride and remove any 

insoluble material. 10 µl of standards and samples were assayed in duplicate. The reaction 

was initiated by adding 150 µl Enzyme Mixture to each well. The plate was incubated for 

15 minutes at room temperature and the absorbance was read at 540nm using the 

CLARIOstar plate reader (BMG labtech). Triglyceride concentration was determined by 

using the equation derived from the linear regression of the standard curve. 
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2.10  Immunohistochemistry 
 

Immunohistochemistry was performed on uterine horn sections. 

 

2.10.1 Ki-67 staining 
 

A Roche Ki-67 antibody, Ventana Medical System, Inc. (Ventana) CONFIRM anti-Ki-67 (30-

9) ab218532, for was chosen to perform the immunohistochemical (IHC) staining using the 

Ventana Autostainer. The anti-Ki-67 antibody selected is a monoclonal rabbit IgG in origin 

directed against the C-terminal portion of the Ki-67 antigen.   

The Ki-67 staining was carried out at the National Maternity Hospital (Holles Street, Dublin), 

by their immunohistochemistry laboratory according to their own standard protocols. 
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2.10.2 GLP-1R staining 
 

An Abcam GLP-1R antibody, ab218532, for was chosen to perform the 

immunohistochemical (IHC) staining using the DAKO Autostainer Link 48 system (Agilent 

Technologies). The anti-GLP-1R antibody selected is a monoclonal rabbit IgG in origin with 

species reactivity to mouse and rat.  4μm pancreas and rat uterine horns were cut on a 

microtome and placed in an oven (580C) for 60 minutes. Slides were stored in an airtight 

box in the fridge until ready to stain. 

Rat pancreas was used as a positive control and stained with serial dilutions of the antibody 

to determine the optimal dilution for antibody staining. Negative controls were also included, 

a no antibody control, which replaced the antibody with diluent and a rabbit isotype control. 

Both these negative controls ensure that the staining signal is directly attributable to the 

GLP-1R antibody as opposed to non-specific staining or endogenous enzymes. 

The protocol to determine the optimal condition for GLP-1R IHC was horseradish 

peroxidase based. Slides were de-paraffinised, re-hydrated and antigen retrieved using a 

heat-induced antigen retrieval method in citrate target retrieval buffer (pH 6.0, Agilent Dako 

K8005) at 97°C for 20 minutes in PT Link Pre-Treatment Module (Agilent Technologies). 

The slides were then blocked with 30% H2O2 for 30 minutes, followed by endogenous 

peroxidase block for 5 minutes, serum free protein block for 20 minutes (Agilent Dako 

X0909), rinsing TBS wash buffer between each blocking step. The slides were then further 

blocked with T20 Starting Solution (Thermo Scientific 37543) for 20 minutes and incubated 

directly in primary antibody for 30 minutes and then washed with wash buffer and incubated 

in labelled polymer detection reagent FLEX HRP for 20 minutes (Agilent Dako K8002, 

EnVision FLEX HRP DAB Kit). This was followed by washing with wash buffer and 

incubation in FLEX DAB+ Substrate Chromogen twice for 5 minutes each. The slides were 

then washed with wash buffer and deionised water, followed by counterstaining with 

EnVision FLEX Haematoxylin (Agilent Dako K8008) for 5 minutes (see Table 2.4). The 

slides were then washed with deionised water and dried at 58°C. Lastly, the slides were 

cover-slipped manually with DPX mounting media.  
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Table 2.4 Protocol for HRP staining on Agilent Dako Autostainer Link 48  
 

Reagents Incubation 

30% H2O2 30 

Protein Block 20 

T20 Solution 20 

Primary Antibody (GLP-1R 1:500) 30 

FLEX HRP 20 

FLEX DAB+ Substrate-Chromogen 5 

FLEX DAB+ Substrate-Chromogen 5 

FLEX Haematoxylin 5 

 

Significant brown staining in stromal cells, was deemed by the laboratory to be due to the 

oestrous cycle, suggesting that DAB was not a suitable IHC stain to use for GLP-1R in rat 

uterine horn tissue. Therefore, an alkaline phosphatase method was employed. The slides 

were blocked with serum free protein block for 20 minutes (Agilent Dako X0909), rinsing 

with TBS wash buffer between each step. The slides were then further blocked with T20 

Starting Solution (Thermo Scientific 37543) for 20 minutes and without rinsing, incubated 

directly in GLP-1R (1:500, optimal antibody dilution) for 30 minutes. Alkaline phosphatase 

was applied to the slides (30 minutes) prior to incubation with Substrate Red chromogen 

(Agilent Dako K5355, Envision G2 Sys/AP, Rb/Mo LPR Kit) for 20 minutes. The slides were 

counterstained with Haematoxylin (Agilent Dako K8008) for 5 minutes (see Table 2.5) and 

subsequently washed with deionised water and dried in an oven at 58°C. The red 

chromogen is not compatible with xylene containing mounting media; therefore, the slides 

were cover-slipped manually using an aqueous mounting media (Agilent Dako S1964). 

 

Table 2.5 Protocol for AP staining on Agilent Dako Autostainer Link 48 
 

Reagent Incubation 

Protein Block 20 

T20 Block 20 

Primary Antibody (GLP-1R 1:500) 30 

AP Enzyme 30 

Substrate Red 20 

FLEX Haematoxylin 5 
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2.11  Digital pathology 
 

The IHC-stained tissue slides were scanned and digitised using Aperio AT2 Digital Slide 

Scanner (Leica Biosystems) at 20X magnification and the images were viewed, annotated, 

and analysed with Aperio ImageScope 12.3 software (Leica Biosystems). 

 

2.11.1 Automated analysis of Ki67 expression in uterine horns 
 

The endometrial tissue and its tumour were analysed for each uterine horn. A mark-up pen 

tool was used to annotate the whole tissue and the tumour tissue, as separate layers, on 

the digital images. The Aperio Nuclear v9 Algorithm (Leica Biosystems) was trained to 

detect DAB stained Ki67 positive cells. Initially the algorithm was colour calibrated to 

recognise both the haematoxylin and DAB stains. Alterations were made to a number of 

parameters in the algorithm including, nuclear size and shape and thresholds were set for 

both the nuclear stain and the Ki67 antibody staining (see Table 2.6). Once creating and 

testing were complete the trained algorithm was saved as a macro, PS Ki67 07052019. The 

batch of Ki67 stained digital slides were then analysed with the macro and the results 

exported. The number of positively stained cells was calculated and normalised for each of 

the slides with the results expressed as number of Ki67 expressing cells per mm2 of 

endometrium or endometrial tumour.  
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Table 2.6 Parameter values used in to develop the Ki67 macro used to analyse the 
IHC stained digital slides 

 

Algorithm Parameters Input 

Counterstain Red OD 0.698 

Counterstain Green OD 0.631 

Counterstain Blue OD 0.339 

Biomarker 1 Red OD 0.34 

Biomarker 1 Green OD 0.535 

Biomarker 1 Blue OD 0.773 

Type Default 

Method Automatic 

Smoothing (µm) 1 

Smoothing (Pixels) 2 

Merging 2.5 

Trimming Medium 

Min size (µm2) 10 

Max size (µm2) 200 

Roundness 0.1 

Compactness 0 

Elongation 0.1 

Positive Threshold 190 

Dark Nuclei Removal 0 

Remove Light Objects 0 
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2.11.2 Adipocyte counting 
 

Digitised haematoxylin and eosin stained omental and visceral fat slides were opened in 

Aperio ImageScope 12.3 software (Leica Biosystems) software. A 500x500 micron square 

was annotated on the tissue sections for each slide and using the counter tool, the number 

of adipocytes was calculated. The results were expressed as number of adipocytes per 

500µm2. 
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2.12 Quantitative Real-Time Polymerase Chain Reaction 

2.12.1 RNA extraction 
 

RNA was isolated using the following protocol. The bench area was cleaned with RNA zap 

and all pipette tips were filtered and sterile. Steps were carried out in a fume hood as quickly 

as possible to avoid RNA degradation. RNA isolation was carried out using the RNEasy 

mini kit (Qiagen 74104). All steps were carried out at room temperature unless mentioned 

otherwise. On dry ice, 15-20mg of frozen uterine horn tissue was transferred to a pre-

labelled safe lock tube containing a 5 mm metal bead and left for 15 minutes to cool. The 

tissue lyser adaptor was also stored on dry ice for 15 minutes. The sample tubes were 

placed in the tissue lyser adaptor and left to incubate at room temperature for 2 minutes. 

Immediately 350μl of RLT buffer (containing beta-mercaptoethanol) was added to each 

sample and the adaptor was placed in the Tissue lyser LT (Qiagen). Samples were 

disrupted for 3 minutes at 50 Hz until no tissue debris was visible. Samples were transferred 

into new sterile Eppendorfs and centrifuged for 3 minutes at 13,500 RPM. The supernatant 

was transferred to a new Eppendorf and mixed with equal volumes of 70% ethanol. 

The samples were transferred to RNEasy spin columns placed in 2 ml collection tubes. The 

columns were centrifuged at 13,5000 RPM for 15 seconds. The flow through was discarded 

and 350μl of Buffer RW1 was added to each column. The samples were then centrifuged 

at 13,5000 RPM for 15 seconds. The columns were DNase (Qiagen 79254) treated for 15 

minutes followed by a wash with 350μl buffer RW1. The flow through was discarded and 

the column was washed with 500μl of buffer RPE followed by centrifugation at 13,5000 

RPM for 15 seconds. A subsequent 500μl wash with buffer RPE was carried out followed 

by centrifugation at 13,5000 RPM for 2 minutes. The column was placed in a sterile 1.5 ml 

tube and 40μl of RNase free water was added to the column. The column was centrifuged 

at 10,000RPM for 1 minute to elute the RNA. The RNA quality and concentration (μg/μl) 

were measured using the NanoDrop 2000 (Thermo Fischer). RNA was stored undiluted 

and diluted (0.5μg/μl) at -80°C. 
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2.12.2 cDNA synthesis 
 

The RNA quality and concentration (μg/μl) was re-confirmed using the NanoDrop 2000 

(Thermo Fischer). First strand cDNA synthesis was performed with 1 µg of RNA using 

Superscript II reverse transcriptase according to the manufacturer’s instructions. Reactions 

were carried out in RNAse free PCR reaction tubes and a tube was prepared for each 

sample including the components outlined in Table 2.7. 

Table 2.7 cDNA synthesis master mix 1 

Component Amount per reaction 

RNA 8 µl (1 µg; 0.125 µg/ µl) 

10x DNase buffer 1 µl 

Total 8 µl 

 

Samples were treated with 1 µl of DNase, centrifuged to collect the content and then 

incubated for 10 minutes at room temperature. DNase was inactivated by adding 1 µl of 

25mM EDTA, followed by centrifugation and incubation at 65°C for 10 minutes using a 

thermo cycler (T3000 Biometra). A master mix was set up as per Table 2.8 to account for 

all samples, negative controls and for pipetting error. A no template control containing 11 

µl of DEPC water and no RNA was also set up. 

Table 2.8 cDNA synthesis master mix 2 

Component Amount per reaction 

50 ng/ µl Random Primer  1 µl 

5 X First Strand Buffer 4 µl 

0.1M DTT 2 µl 

10mM dNTP 1 µl 

Total 8 µl 

  

8 µl of cDNA master mix 2 was added to each DNase treated sample and mixed gently. 

The samples were centrifuged and then incubated at 65°C for 5 minutes followed by 25°C 

for 2 minutes in the thermocycler. 1 µl of Superscript II reverse transcriptase (200U) was 

added to each sample and mixed gently. The reaction tubes were replaced in the 

thermocycler and incubated at 25°C for 10 minutes, 42°C for 50 minutes and 70°C for 10 

minutes. cDNA was stored at -20°C.  
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2.12.3 Real time polymerase chain reaction  
 

18S ribosomal RNA was used as an endogenous control house-keeping gene. The TaqMan 

GLP-1R assay was used. TaqMan Assay Reactions were carried out in duplicate for each 

sample. A PCR master mix was prepared for each gene target as outlined in Table 2.9 in 

adequate quantities to account for all samples, no template controls and pipetting error. 

The master mix was vortexed and centrifuged briefly.  

Table 2.9 PCR master mix 

Reaction component Volume per PCR reaction  

Target probe 1 µl 

PCR master mix 10 µl 

DEPC– H2O 8 µl 

Total 19 µl 

 

Eppendorfs were labelled for each sample and 19 µl of master mix was pipetted into each 

followed by 1 µl of cDNA. Samples were vortexed and centrifuged briefly and 9 µl was 

carefully pipetted in duplicate into a 384 well plate. The plate was sealed and briefly 

vortexed. Quantitative RT PCR was performed using QuantStudioTM 7 Flex System. 

Comparative quantification was used for analysis using the ΔΔCt method which compares 

results from experimental samples with both a calibrator (untreated) and a normalizer (18S 

housekeeping gene). Using this method, the CT value for the gene of interest is normalized 

by the CT value for the housekeeping gene.  

The ΔCT for the sample is calculated by subtracting the CT of the endogenous control from 

the CT of the target gene. The ΔΔCT is calculated by subtracting the ΔCT calibrator from 

the ΔCT sample. The calibrator is the sample (or group of samples) that all other samples 

are compared to. The relative quantification is then calculated by 2-ΔΔCt. For the calibrator, 

this value is 1, and all other samples are expressed as n-fold increases or decreases 

relative to the calibrator sample.  

ΔCT sample = CT of the target gene – CT of the endogenous control  

ΔΔCT= ΔCT of sample – ΔCT of calibrator  

Relative quantification (RQ) = 2-ΔΔCt 
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2.13  Statistical analysis 
 

Statistical analysis was performed using GraphPad Prism®, a scientific graphing and 

statistical software package. For continuous data results are expressed as mean values ± 

standard error of the mean (SEM). A two-way ANOVA was performed to compare weight 

trajectory changes between groups over time. A t-test was applied for two-group 

comparisons of parametric data. Repeated parametric data was analysed using multiple t 

tests and is presented as mean ± standard error of the difference. A one-way analysis of 

variance (ANOVA) was applied for multiple comparisons testing of normally distributed 

parametric data. Shapiro Wilk test for normality was used to confirm data was parametric. 

Linear regression was used to assess association between two continuous variables. A p-

value of p≤0.05 was considered statistically significant (*= <0.05, **=<0.01, ***=<0.001, 

****=<0.0001).  
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Chapter 3: Establishment of an integrated PET-CT protocol for 
assessment of abdominal adiposity and tumour burden in the 
BDII/Han rat 

 

3.1 Introduction  
 

BD/II Han rats are well known to have an underlying genetic predisposition that results in 

90% of the animals developing palpable endometrial adenocarcinoma (EC) by 24 months 

of age (415). However, there is no data at present on whether obesity affects the rate and 

timing of tumour development. Human EC tumours usually demonstrate increased uptake 

of 18F-FDG and can therefore, be identified on PET-CT (466). Primary tumour burden is 

palpable in the BDII/Han rats by 11 months of age. PET-CT imaging may be able to detect 

onset of primary tumour in the uterine horn some months earlier. It would be a non-invasive 

method of identifying metastasis, enabling quantitative evaluation of tumour burden. The 

utility of CT to detect tumours and metastasis has not previously been assessed. 

BDII/Han rats have not previously been imaged using PET-CT. No previous studies were 

identified that had imaged rat uterine horns or EC using PET-CT and rats have not 

previously been imaged at the UCD Biomedical Facility. No PET-CT diagnostic parameters, 

such as SUVmax value to denote an EC tumour hotspot, have been determined for rats in 

the literature. However, a study was identified where abdominal PET-CT imaging was 

carried to image intraperitoneal tumours in a mouse model, which was adapted for this 

study (467). Parameters which optimise visualisation of the uterine horns on imaging are 

currently unknown. Due to lack of differential X-ray attenuation within the abdominal cavity 

contrast agent is often required to distinguish between organs and surrounding tissue on 

CT.  Studies (468-470) demonstrating the utility of intraperitoneal injection of contrast agent 

on visualisation and quantification of intraperitoneal tumours on in vivo CT imaging. 

However, these have been carried out exclusively in mice. Therefore, concentrations and 

volumes of contrast agent needed for imaging in the rat needed to be determined.   

As a precursor to investigating the effect of HFD feeding on tumour burden, this study aimed 

to establish a longitudinal assessment of tumour burden and development of PET-CT 

protocols that permitted this. This study further aimed to evaluate the utility of CT imaging 

to quantify abdominal adiposity, visualise the uterine horns and potential tumour burden; as 

well as assess whether PET-CT can be used as a diagnostic imaging tool for endometrial 

tumours in this animal model and to use longitudinal PET-CT imaging to determine when 

tumour burden is high enough to institute an intervention in this rat model. 
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3.2 Aims 
 

The objective of this study was to establish a PET-CT protocol to assess abdominal 

adiposity and optimise visualisation of the uterine horns on CT imaging, as well as to assess 

longitudinal tumour burden in the BDII/Han rat to determine at what timepoint to institute an 

intervention. With this in mind the study had five specific aims 

• To undertake a pilot study to optimize visualization of the uterine horns on CT  

• To determine the effect of visceral fat on visualisation of the uterine horns 

• To determine a final PET-CT imaging protocol 

• To assess whether PET-CT can be used as a diagnostic imaging tool in determining 

endometrial tumours in this animal model 

• To use PET-CT for longitudinal imaging to determine when tumour burden is high 

enough to institute an intervention 
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3.3 Methods 
 

3.3.1 Pilot study to optimize visualization of rat uterine horns on CT imaging 
 

A literature search revealed no imaging studies imaging rat uterus or rat endometrial 

tumours using CT. Therefore, a pilot study was designed on cadaveric female Wistar rats 

to assess various imaging parameters including rat position, X-ray energy, the utility of 

intraperitoneal (IP) contrast, contrast volume & concentration to optimise visualisation of 

the uterine horns. Finally, to validate uterine horn imaging a comparison was made between 

CT images and anatomical position and size of the horns determined on dissection directly 

after imaging. AREC ethical approval was obtained to conduct the cadaveric pilot study. 

15 female adult Wistar rats were obtained from (Charles Rivers UK) weighing 200-250g. 

Animals were fasted overnight with ad libitum access to water. They were euthanased using 

CO2 immediately prior to imaging. Animals were transferred to the CT bed and secured to 

the bed using tape to prevent movement during the scan.  

 

3.3.1.1 Rat position 

 

Micro-CT was conducted with the rat in 3 positions as per Box 1 (prone, supine, and then 

supine 30˚ Trendelenberg using a soft foam wedge, as well as at the 50 and 80 kV energy 

settings. It is not possible to alter the position of the PET-CT bed and therefore, to obtain a 

Trendelenberg position a soft foam wedge was used. In the Trendelenberg position the 

body is laid flat on the back with the feet higher than the head.  During human surgery this 

aids visualisation of the human uterus, by reflecting the abdominal viscera superiorly 

towards the diaphragm.   The study aimed to assess whether this position aided 

visualization of the uterine horns during imaging.  

 

Box 1: Positions on the bed 

• Supine (rat was placed on its back on the CT bed) 

• Prone (rat was placed on its front on the CT bed) 

• Supine Trendelenberg position (supine, with head down and feet up by 30˚ 

using a foam wedge) 
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3.3.1.2 Effect of X-ray Energy on Tissue contrast 

 

All rats were imaged at 50 and 80 kV settings. All other parameters were kept constant, 

including: a 1.3 magnification, which gave a 9 cm field of view; 250ua current and 470 ms 

exposure. Contrast to noise ratio (CNR) between tissue and fat was calculated for 50 and 

80kV energy settings in vivo and compared with contrast to noise ratio of a QRM-Micro CT-

HA phantom (QRM GmbH; Moehrendorg, Germany). A phantom is a specially designed 

standardized piece of equipment that is used to calibrate the CT scanner, ensure quality 

assurance of the scans, and produces more consistent images than live in vivo imaging.  

The QRM-MicroCT-HA phantom is 32 mm in diameter and includes 5 cylindrical inserts 

containing 0, 50, 200, 800, and 1000 mg HA/cm3 with the bone equivalent densities 1.13, 

1.16, 1.26, 1.64, and 1.90 g/cm3 respectively. The phantom can be positioned and imaged 

in the rat bed. CNR was calculated for the phantom using the lowest bone equivalent 

density and background polymer material. 

To assess CNR in vivo, a 4.6 x 4.6 x 4.6mm volume was used to obtain grey scale units for 

adjoining tissue and fat areas on the CT images of 5 Wistar rats taken at 50 and 80kV 

settings. The mean grayscale value and standard deviation of the tissue and fat were used 

in the following equation to determine CNR: 

Mean tissue signal density – Mean fat signal density 

Average (Tissue standard deviation + Fat standard deviation) 

The lowest density insert 1.13 of the phantoms was used for CNR assessment, as this had 

a density range closest to the fat and tissue, enabling the fairest comparison. 
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3.3.1.3 Effect of intraperitoneal administration of contrast agent on uterine 

horn visualisation 

 

All rats were imaged before and after an IP injection of iodinated contrast agent (Niopam) 

was administered. The IP injection of clinical iodinated contrast (Niopam 300) was injected 

directly into the right or left lower quadrant of the abdominal cavity of the rat using a 22 

gauge (blue) needle to avoid the liver anteriorly and the bladder in the lower midline. Care 

was taken that the needle was bevel-side up and slightly angled (30-40˚) along the line of 

the right leg to puncture the peritoneum, but to minimise likelihood of penetration of 

abdominal organs. The investigator aimed for the tip of the needle to penetrate just through 

the abdominal wall (about 3-4 mm). Two different volumes and three different 

concentrations of Niopam 300 iodinated clinical contrast (as per Table 1) were assessed to 

inform optimisation of the protocol. Micro-CT was conducted immediately after IP contrast 

administration in the same 3 positions (prone, supine, and then supine Trendelenburg). 

Additionally, the effect of intra-vaginal administration of Niopam 300 was assessed in a 

single animal. 

 

Table 3.1 Varying concentrations and volumes of intraperitoneal contrast studied 

  Group Concentration of clinical 

contrast agent 

Volume 

A (n=3)  1:1 dilution 

300 mg I/ml  

10 ml/kg (2ml in a 200g rat) 

B (n=3) 1:4 dilution 

75 mg I/ml 

10 ml/kg  

C (n=3) 1:8 dilution 

37.5 mg I/ml 

10 ml/kg 

D (n=3) 75 mg I/ml 5ml/kg (1ml in a 200g rat) 
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3.3.1.4 Uterine horn anatomy 

 

To confirm identification of the uterine horns (versus intestines for example), imaging 

findings were correlated with necropsy findings on the cadaveric rats. In one rat, at necropsy 

intrauterine iodinated contrast (Niopam) was injected directly into the uterine horns of the 

cadaveric rat under vision and then the animal reimaged to confirm position of the horns on 

imaging. In another rat, the intestines were excised at necropsy and the rat reimaged. The 

grayscale units of the gut and uterine horn were compared. Anatomy, length, and diameter 

of the uterine horns were assessed.  

 

3.3.2 Determining age related changes in visualisation of the uterine horns  
 

Non-contrast enhanced CT images were taken as part of the PET-CT protocol.  An 

assessment was made of utility of CT to visualise uterine horns and aid co-localisation of 

PET tracer. To assess this more comprehensively, visualisation of the uterine horns, uterine 

bifurcation and ovaries were graded from 0-4 as per Table 3.2. 

 

Table 3.2 Grades of visualisation of the uterine horns, bifurcation and ovaries 

Grade  Uterine horns Uterine bifurcation Ovaries 

0 0% Not seen Not seen 

1 1-25% Poor Poor 

2 26-50% Fair Fair 

3 51-75% Good Good 

4 76-100% Excellent Excellent 
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3.3.3 Determining visceral abdominal fat volume in live BDII/Han rats 
 

To quantify the volume of fat, various techniques were tested to determine abdominal 

visceral fat measurements on CT images using PMOD software. The region of interest 

(ROI) used for fat volume analysis was from the top of the L1 vertebra to the bottom of the 

L5 vertebra on CT images (Figure 3.1).  

 

  

 

 

 

 

 

 

Figure 3.1 Cubed volume of interest on CT images from L1 to L5 

 

To calculate the volume of visceral fat, an appropriate segmentation algorithm needed to 

be identified. Segmentation is a method of creating a simple 3D mask, in this case of the 

abdominal fat.   

A variety of fat segmentation methods to differentiate fat from tissue were tested. The first 

method employed a simple histogram technique in Microview, the CT software. Here the 

fat/ tissue histogram value was altered to segment out all voxels within a certain range. 

However, this overestimated fat volume by including faeces and some areas of tissue. The 

PMOD software used for PET-CT alignment has several region growing segmentation 

techniques. Region growing segmentation is based on the user defining a starting ‘seed’ 

point within the area of interest (in this case the visceral fat or subcutaneous fat), and the 

algorithm attempts to identify all connected pixels which fall within specified criterion. It 

triangulates the seed point with the orthogonal plane layout. Different methods of criterion, 

gives different segmentation masks and three region growing techniques tested included: 

 

L1 

L5 



110 
 

1. ‘In range’ 

• All pixels with values between a lower and upper threshold are included 

in the segment, depending on the condition settings.  

• The boundary values are included or excluded, depending on the radio 

button settings.  

2. Neighbourhood connected  

• This technique employs two group criteria: 

i. An included pixel must have a value in the range between the 

lower and upper threshold 

ii. All pixels in its neighbourhood within a specified pixel radius must 

also be within the value range 

• Using this technique, smaller structures outside the range are less likely 

to be included 

• A single seed is provided by the triangulation point of the orthogonal 

planes.  

• Multiple seed points can be specified by the use of markers 

3. Connected threshold 

• This technique employs criterion similar to the ‘in range’ method, 

whereby included pixels are within a given range of pixel values 

• The user specifies seed points and multiple seed points can specified 

using markers 

• When the segmentation is started, the region growing algorithm with the 

specified value range is performed for each marker. 

 

All of these techniques require an upper and lower threshold of grayscale or pixel values. 

In human scanning there are accepted Hounsfield value ranges for fat. However, the UCD 

scanner was not calibrated to Hounsfield units and rodent studies assessing fat using CT 

used varying ranges (471). Therefore, a variety of techniques were employed to try and 

identify a suitable upper and lower threshold for fat in our specific rodent model, the 

BDII/Han rat, to give a range to segment out the fat. 

Firstly, 3 regions of interest were drawn in the subcutaneous fat and visceral abdominal fat 

on the CT images using the PMOD software in 3 rats to determine the grayscale unit 

ranges. However, significant variation was identified in their means. The second method 

involved scanning a phantom of air and water to convert XO CT grayscale unit into the 

standard Hounsfield unit facilitating comparison with published Hounsfield values. A falcon 
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tube with water was imaged and the grayscale units of water and air within the falcon tube 

were obtained.  Grayscale values were plotted against the Hounsfield units for air and 

water. The graph can be seen in Figure 3.2.   As there is inherently a linear relationship 

between, grayscale values and Hounsfield units, grayscale values near air and water can 

be converted to Hounsfield units using the following equation  Y= 1.146x + 1290 

(Y=grayscale value, X=Hounsfield Unit)  and compared with the literature. Small differences 

are expected due to non-linearity of scanners, x-ray spectrum, geometry, and 

reconstruction methods. 

 

 

Figure 3.2 Graph demonstrating the relationship between the imaging software 
grayscale and Hounsfield Units 

 

Various Hounsfield scales for visceral abdominal fat from human studies (472) were 

converted to grayscale units using the above equation. However, when inputting the values 

into a simple ‘in range’ segmentation algorithm, the volume of visceral fat was 

overestimated due to inclusion of subcutaneous fat, faeces, and tissue. One study using 

mouse models, determined the average values for white adipose tissue as -500 to -120 Hu 

in a pilot study (471). Using this range, the Hounsfield units were converted using the 

equation to a grayscale range of 717-1152. This range was inserted into various region 

growing algorithms in PMOD to segment out the fat, but all seemed to overestimate the fat 

by including subcutaneous fat, faeces and in some cases tissue. 
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An established thresholding technique for white adipose tissue involved fitting a gaussian 

curve to tissue and fat histograms generated from a volume containing an equal amount of 

fat and tissue (Figure 3.3): 

 

In this technique, the range for fat is identified as the lower value of the fat curve and the 

‘threshold value’ (marked in Figure 3.4), where the fat and tissue curves cross. The 

thresholding technique was assessed in 6 rats (3 fed normal chow and 3 fed high fat diet). 

All 6 rats had a lower value of 700, 5/6 had an upper value of 1040 and 1/6 had an upper 

value of 1020.  

 

 

Figure 3.3 Region of interest  
A square region of interest has been drawn containing a similar amount of fat and tissue to 
allow a gaussian curve to be fitted to the fat and tissue peaks (as per Figure 3.4). 
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Figure 3.4 Fat (grey) and tissue (orange) curves mapped using a gaussian equation 
The blue curve denotes the voxel values; whilst the grey and orange curves are fitted using 
the gaussian equation to fat and tissue peaks respectively. The lower grayscale value of 
the fat curve is 700. The higher threshold value of fat of 1040 is marked by a red circle (this 
is the threshold at which an attenuation value is more likely to be from fat than tissue). 
Giving a fat range on CT of 700 to 1040 grayscale units. 
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When this range was inserted into an ‘in range’ segmenting algorithm, faeces and 
subcutaneous tissue was included in the segmentation mask (Figure 3.5).  
 

 

 

 

 

 

 

 

 
 
 
Figure 3.5 Segmentation mask using the thresholding technique 
In this segmentation mask the tissue is shown in yellow, while the fat segmentation is 
demonstrated in green. The black circle denotes faeces that have been included in the fat 
segmentation mask and the red circle denotes subcutaneous tissue that has been included 
in the mask. 
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In order to exclude these, volumes of interest were drawn manually around the 

subcutaneous fat and included faeces manually on every slice and the values subtracted 

from the total fat volume. However, this was labour intensive and was not a practical 

solution if all scans were to be analysed. Therefore, other segmentation algorithms were 

trialled. The best result came from the connected threshold region growing method, which 

overestimated fat by including faeces and subcutaneous tissue less than the 

neighbourhood connected method. The grayscale fat range was obtained by estimating the 

lowest and highest fat values from the histogram of the entire L1-L5 volume of interest for 

each rat (Figure 3.6). The mean of the lower and upper range values for all 15 rats was 

calculated, giving a range of 742 and 1051. 

 

 

Figure 3.6 Histogram showing fat and tissue peaks for a L1-L5 volume of interest. 
The first peak seen on the histogram is that of fat, whilst the second peak is that of tissue. 
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These range values were put into a connected threshold region growing algorithm, after 

inserting a single seed point in the left perinephric region (Figure 3.7 and Figure 3.8). Using 

more seed points was trialled but did not give a significantly different result using this 

algorithm. 

 

Figure 3.7 A single seed point in the left perinephric fat on CT imaging 
This CT image of the L1-L5 region demonstrates a single seed point in the left perinephric 
region. 
 

 

Figure 3.8 Connected threshold region growing algorithm 
PMOD software CT segmentation mask of visceral fat using the connected threshold 
algorithm. The visceral fat mask is shown in red. The grayscale value range of 742 (lower) 
and 1051 (upper) were inserted into the automated connected threshold algorithm using 
PMOD software. The upper value was altered until faeces and subcutaneous tissue were 
excluded. 
 

CT fat range  
742 - 1051 
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However, these lower and upper values did not work for every rat. In some rats these values 

included subcutaneous fat or faeces or in some cases tissue. Therefore, 742 was used as 

the lower range in all animals but altered the upper range value from 1051 downwards until 

any faeces or s/c fat was removed. This inevitably meant underestimating fat volumes.  

The connected threshold technique was compared to the thresholding technique using the 

in-range region growing algorithm as described above. The connected threshold region 

growing method was used in the final analysis as a crude method for estimating visceral 

abdominal fat. Although this technique underestimates the volume of abdominal visceral 

fat, it is quick, simple, and reproducible.  
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3.3.4 Determining a final PET-CT imaging protocol 
 

As there was no existing literature on imaging rat endometrial tumours using PET-CT, an 

existing intraperitoneal tumour imaging protocol (473) was adapted for this study. Optimised 

CT parameters from the pilot study were used, including the supine position and 50KV 

energy setting.  The final workflows are demonstrated in Figure 3.9.  

 

Figure 3.9 PET-CT imaging and image analysis workflows 
These diagrams demonstrated the animal handling, imaging and analysis workflows used 
for PET-CT imaging. All stages of the analysis workflow were undertaken manually. 
Abbreviations: 22G, 22 gauge; MBq, megabecquerel; FDG, (18)F-fluoro-2-deoxy-D-
glucose; CT, computed tomography; PET, positron emission tomography; SUV, 
standardized uptake value; VOI, volume of interest. 
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18F-FDG was injected under anaesthesia to allow tail vein catheterisation and to reduce 

background uptake of 18F-FDG tracer by the muscles. Tail veins were cannulated with a 

22-gauge (22G) cannula in order to ensure radiation safety by reducing extravasation of 

radioactive tracer and minimising radiation dose to the operator.  Saline was injected to 

ensure patency of the cannula prior to injecting 25MBq of 18F-FDG. Rats were placed on 

a heat pad to assist in dilating tail veins and maintain their core temperature. A glove 

containing warm water was used to dilate the veins further prior to cannulation. Dead 

volume was accounted for by injecting 150 ul more of FDG (further details are given in 

Appendix III). PET-CT was performed in 2 static bed positions and was 25 minutes in 

duration.   

Rats were under anaesthesia for a total duration of 90 minutes. Body temperature was 

monitored prior to cannulation, when the rat was put on the CT bed and when the rat was 

taken off the CT bed. Body temperature was maintained above 36-37.5°C, as per guidelines 

(474). The typical respiratory rate for an anaesthetised rat can range from 50-100 breaths 

per minute and anything below 25-50 breaths/min should cause concern (421).  2.0% 

isoflurane was use as the maintenance anaesthetic dose.  

The PET and CT software are not integrated, so stages of the analysis workflow were 

carried out manually. Images were converted to SUV using a calibration factor to convert 

counts per second into kBq/cc, based on the weight of the animal and injected activity as 

discussed in Chapter 2. Volumes of interest were drawn around the uterine horns and 

ovaries and the SUVmax (maximum SUV) of the uterine horns was calculated as the 

average of the two maximum voxels within the VOI as previously described in Chapter 2. 

SUVmax was calculated to aid analysis and identify a SUV cut off to differentiate between 

malignant and benign disease. Validation of the sensitivity and specificity of the protocol is 

demonstrated in Chapter 4 by comparison with histology.  
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3.3.5 PET-CT as a diagnostic imaging tool in determining endometrial 

tumours  
 

Advantages and disadvantages of using PET-CT as a diagnostic imaging tool were 

assessed. 15 BDII/Han rats were imaged at 6-7, 9, 12 and 15 months. Volumes of interest 

were drawn around the entire visualized uterine horns and ovaries on each CT slice and 

used to calculate SUVmax of each horn on the PET image. An SUV cut-off for endometrial 

malignancy was determined by assessing physiological uptake of the uterine horn and the 

SUVmax of potential hotspots at the 7-month imaging point. Longitudinal tumour burden 

was assessed. SUVmax at each imaging time point was assessed in rats with and without 

tumour. Each horn was assessed as a separate entity for all analyses unless otherwise 

stated.  
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3.4 Results 
 

3.4.1 Pilot study in cadaveric Wistar rats to optimize visualization of rat 

uterine horns on CT imaging 

 

15 rats were imaged and at imaging they weighed 256.5 ± 20.3g (range 220-291g). Data 

from 3 rats could not be used, as the contrast was injected either into the subcutaneous 

space (n=2) or retroperitoneal space (n=1). In one rat the injection quality was graded as 

poor, with some pooling in the subcutaneous tissue. In the other 11 rats, injection quality 

was deemed good with good distribution around the peritoneal cavity. Optimisation of rat 

position on the PET-CT bed and CT X-ray tube energy setting were carried out. CT imaging 

was correlated with uterine anatomy at necropsy.   

 

3.4.1.1 Understanding the anatomy of the uterine horns 

 

All animals underwent necropsy after scanning them to understand the anatomy of the rat 

uterine horn and correlate it with imaging findings. The rat uterus consists of two uterine 

horns extending all the way to the ovaries, which lie inferolateral to the kidneys (Figure 

3.10).  

B 

 

 

 

 

 

 

Figure 3.10 A panel of photos at necropsy demonstrating anatomical findings 
Photograph A demonstrates the uterine bifurcation, whilst the uterine horns are covered by 
the small bowl and stomach. Photograph B demonstrates the position of the uterine horns 
once the small intestines are displaced. Photograph C demonstrates the ovaries situated 
at the proximal end of the uterine horns and which usually lie inferolateral to the kidneys.  

Uterine Bifurcation Uterine 
Horns 

Rectum 

Small 
intestines 

Ovaries 

A B C 
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3.4.2 Visualising uterine horns on imaging in cadaveric Wistar rats 
 

When CT images are generated, they can be viewed in the axial, sagittal or coronal planes 

(Figure 3.11).  All images were reviewed in all planes. The coronal plane allowed 

visualization of the largest portion of uterine horn at once and therefore, most images in this 

study are demonstrated in the coronal plane. The coronal view afforded better views to 

distinguish the uterine horns from the intestines (Figure 3.12). It is important to note that 

CT images are orientated such that the axial views are infero-superior (viewing from the 

rat’s hind-paws)  and therefore, as in human CT, anatomical right and left are switched to 

the observer with the right uterine horn on imaging being on the left-hand side of the image 

and vice versa.  

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
Figure 3.11 Panel of axial, sagittal and coronal reconstructed CT images of a rat 
abdomen and pelvis 
This figure demonstrates axial (A), sagittal (B) and coronal (C) views. The cross is over the 
proximal left uterine horn at the same position in each slice. Image D shows a volume of 
interest drawn around the left uterine horn (light blue) and ovary (dark blue). 
  

A B 

C D 



123 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

  

 

 

Figure 3.12 Distinguishing uterine horn from intestines 
This figure demonstrates that the uterine horn can be challenging to visualize due to 
adjacent intestine on the left-hand side. The cross is over the proximal left uterine horn at 
the same position in each view in top two and bottom left images. In image D volumes of 
interest are drawn around the left uterine horn (light blue), right uterine (pink) and ovary 
(green). 2 adjacent loops of small intestine are outlined in yellow. 
  

A B 

C D 
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3.4.2.1 Determining the optimal position of the animal during imaging 
 

Micro-CT conducted in the prone, supine, and then supine 30˚ Trendelenberg positions 

using a soft foam wedge. The Trendelenberg position compressed the contents of the 

abdominal cavity making the uterine horns more challenging to distinguish on the CT image 

(Figure 3.13). Both supine and prone positions allowed visualization of the uterine horns. 

However, human CT and PET-CT is undertaken in the supine position and therefore 

anatomical landmarks and orientation was more familiar in the supine position, which was 

used for all live animal imaging studies.  

 

Figure 3.13 Panel of CT figures in the supine, prone and Trendelenberg positions 
This panel demonstrates CT images in the 3 positions that were imaged from the same rat. 
Supine (A) and Prone (B) images were relatively equivocal, whilst the Trendelenberg (C) 
position clearly distorted image acquisition in the same plane and equivocal slice without 
rotation.  
 

  

Supine Position Prone Position Trendelenberg Position 
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3.4.2.2 Determining optimal energy setting to improve contrast to noise ratio 

 

Two energy settings were tested to determine which provided the best contrast between 

soft tissue and the surrounding fat when imaging BDII/Han.  The contrast to noise ratio of 

a phantom (scanned 5 times) and 5 animals were measured at 50 and 80kV energy 

settings. In vivo, images acquired at the 50kV setting had a significantly better contrast to 

noise ratio than those at the 80kv (4.2 ± 0.3 vs 2.5 ± 0.2, p<0.005) (Figure 3.14). 
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Figure 3.14 Contrast to noise ratio at two energy settings in a phantom and in vivo 
Graph A compares the contrast to noise ratio at both 50kVp and 80kVp settings in both a 
phantom and in vivo in Wistar rats. The 50kVp setting demonstrated better contrast to noise 
ratio both in the phantom and in vivo. CT images are demonstrated at the 50kVp (B) and  
80kVp (C) energy settings. 50kVp images were crisper with better contrast to noise ratio. 
Data are presented as mean ± standard error of the mean. ***p<0.001; **p<0.01; &p<0.05. 
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3.4.3 Registration between necropsy and CT imaging findings in cadaveric 

Wistar rats 
 

In initial CT scans it was challenging to visualize the uterine horns, as they are luminal 

structures with a similar diameter, thickness and appearance to small bowel and they reside 

in the same area (Figure 3.12). Furthermore, assessment of grayscale units of the tissues 

in 3 animals demonstrated that the uterine horns had a similar density (1145 ± 34) 

compared to the guts (1154 ± 45). Therefore, necropsy findings were correlated with CT 

imaging. Diameter and length of uterine horns were measured in 6 cadaveric Wistar rats 

and demonstrated a variation from 1.5-5mm in thickness and 35-65mm in length (Figure 

3.15).  

 
 

 

 

 

 

 

 

 

 
 
 

 

 

 

 

 

Figure 3.15 Photographs of uterine horns correlated with necropsy findings 
Photograph A correlates with contrast-enhanced CT image B and demonstrates short, thick 
uterine horns. Whilst photograph C correlates with contrast-enhanced CT image D and 
demonstrates long, thin uterine horns. There was considerable variation in the appearance, 
length and diameter of uterine horns between animals. 

A C 

B D 
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To further understand the uterine horn anatomy, imaging was performed after iodinated 

(Niopam) contrast was injected under vision at necropsy directly into the uterine horn of 

selected rats. In one rat, the right uterine horn was not visualised on the CT scan images 

prior to necropsy. Re-imaging after injecting contrast into the uterine horn demonstrated 

that the horn was not visualised because the luminal structure was compressed against the 

lateral abdominal wall by faeces within the colon (Figure 3.16). This led us to seek approval 

to starve animals for more than 12 hours prior to imaging (as opposed to the recommended 

5 hours) to reduce colonic content and improve image acquisition. 

 

 

Figure 3.16 CT image post injection of iodinated contrast into the uterine horn 
This figure demonstrates a CT image taken after neat Niopam 300 iodinated contrast is 
injected under vision at necropsy directly into the right uterine horn. The arrows delineate 
contrast visible within the lumen of the right uterine horn, which is compressed against the 
lateral abdominal wall by faeces in the colon. 
 
 
  

Contrast within right 
uterine horn (50kV) 
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In addition, contrast was administered directly into the vagina in one cadaveric Wistar rat – 

to assess whether any contrast travelled up into the uterine horns. However, on imaging no 

contrast was seen in the uterine body or uterine horns.  

The final validation experiment was to image a rat with small bowel in situ and then to re-

image after excising the small bowel during necropsy. Images are demonstrated in Figure 

3.17. The uterine horns appear the same in both images. However, only the rectum is seen 

in the second image. The right horn can be seen to be compressed by faeces in the rectum 

distally.  

 

 

Figure 3.17 CT images before and after excision of the intestines 
CT images of a rat with the intestines in situ (A) and then with the small bowel excised post 
necropsy (B). In image B the right horn in its distal portion can be seen to be compressed 
by faeces in the rectum.  
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3.4.3.1 Visualisation of Uterine Horns with and without CT Contrast 

 

In order to assess whether intraperitoneal (IP) contrast could improve uterine horn 

visualization, images were taken prior to and after administration of 3 different 

concentrations of Niopam 300 iodinated contrast (Figure 3.18). IP injection with undiluted 

300mg/ml of Niopam contrast led to noisy bright images, whilst 37.5mg/ml (1:8 dilution) 

gave low contrast enhancement. Our preference was 75mg/ml (1:4 dilution). 

 

 

Figure 3.18 CT images post IP injection of 3 different concentrations of contrast  
Neat 300mg/ml of contrast led to noisy bright images, evidenced by increased artefact 
demonstrated by arrows (A), whilst 37.5mg/ml (1:8 dilution) gave low contrast enhancement 
(C).  
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Images after IP injections with 5ml/kg and 10ml/kg volumes are demonstrated in Figure 

3.19. The lowest injectable volume is usually preferred and therefore, 5ml/kg would be  

adequate for visualising the uterine horns, giving adequate enhancement. However, as 

some contrast occasionally was administered into either the subcutaneous or 

retroperitoneal spaces, 10ml/kg was deemed to be the most appropriate volume to use. 

 

 
 

 

 

 

 

 
Figure 3.19 CT images post IP injection of 2 different volumes of contrast 
IP injection of contrast at a concentration of 75mg/ml (1:4 dilution) at 10ml/kg (A) and 5ml/kg 
(B) both led to good contrast enhancement, with minimal artefact. The black arrow in 
photograph A points to contrast (bright white) surrounding the uterine horn and improving 
its visualisation. 
 

Qualitative subjective analysis of the uterine horns demonstrated that IP contrast improved 

visualisation of the horns in 7 out of the 12 rats analysed. Contrast helped to differentiate 

the uterine horns from adjacent intestines and separated the uterine horns from adjacent 

lateral abdominal wall or caecum.  
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3.4.3.2 Understanding potential complications of IP contrast injection 

 

Injection of IP contrast into the right or left lower quadrants did not appear to make any 

difference to the distribution of the contrast. The investigator aimed for the tip of the needle 

to penetrate just through the abdominal wall (about 3-4 mm). However, Figure 3.20-3.23 

demonstrate that this was not the case in 33% of animals (n=4). Slight increased 

penetration of the needle on the left side led to retroperitoneal administration of the contrast 

and inadequate penetration resulted in subcutaneous administration of contrast. 

 

Figure 3.20 CT image of accidental subcutaneous injection of contrast 
There is pooling of contrast at the injection site in the subcutaneous space (yellow arrow), 
with little contrast seen within the intraabdominal cavity.  

 

 

 

 

 

 

 

 

Figure 3.21 Second CT image of accidental subcutaneous injection of contrast  
Pooling of contrast at the injection site in the subcutaneous and intramuscular space (CT 
image A, yellow arrow), with little contrast seen within the intraabdominal cavity (B).  

A B 
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Figure 3.22 Third CT image of accidental subcutaneous injection of contrast 
Minimal pooling of contrast at the injection site (yellow arrow), but intra-abdominal contrast 
is seen with adequate distribution across the abdominal cavity. This injection was not one 
of the 3 failed injections 

 

  

Figure 3.23 CT image of accidental retroperitoneal injection of contrast 
Pooling of contrast in the right retroperitoneal area (yellow arrow).  
 

A combination of factors led us to not use IP contrast injections as part of our live animal 

PET-CT protocol, including the risk of IP contrast being injected into the subcutaneous 

space, retroperitoneal space, viscera including the intestines, liver, spleen or kidneys and 

the additional finding that visceral abdominal fat appeared to act like a negative contrast 

agent.  
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3.4.4 Age dependent differences in visualization of the uterine horns in live 

BDII/Han rats 
 

Excluding injection with IP contrast, all other optimal parameters identified during the pilot 

study were implemented in the CT protocol for the live BDII/Han imaging studies. CT scans 

were carried out prior to PET scans for co-registration and anatomical referencing of uterine 

horn position on PET images. On reviewing the CT images, it appeared that with increasing 

age of the rats there was better visualization of the uterine horns (Figure 3.24).   

 

 

Figure 3.24 Panel of CT images over time demonstrating improved visualisation of 
uterine horns in a rat fed NC 
The uterine horns are outlined in green (right) and light blue (left). At 7 months (A) it was 
not possible to see either horn in this rat on any of the slices. At 9 months (B) up to 25% 
of both horns could be visualised and at 12 months (C) up to 50%. By 15 months (D) 75-
100% of both horns could be seen. 

A - 7 months B - 9 months 

C - 12 months D - 15 months 
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Uterine horns, uterine bifurcation and ovaries were graded from 0-4 on both PET and CT 

as per Table 3.2 above. In a cohort of 7 rats fed NC, at 7 months 4 out of 14 horns could 

not be identified on CT and 6 out of 14 on PET, whereas at 15 months all horns were either 

partially or fully visible on both imaging modalities Figure 3.25.  
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Figure 3.25 Graphs demonstrating the visibility of uterine horns on CT and PET  

Comparison is made between the number of horns in which specific percentages of the 
horn is visualised on CT (A) and PET (B) imaging at each of the 4 imaging time points in 7 
rats fed NC. 
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3.4.5 Determining visceral abdominal fat volumes in live BDII/Han rats 
 

It appeared from observation of the CT images that with increasing age there was also 

more intra-abdominal visceral fat and intra-abdominal fat. To assess this observation, the 

mean volume of intraabdominal visceral fat was estimated between the top of the L1 

vertebrae to the bottom of the L5 vertebrae on CT images (Figure 3.1). Various 

segmentation methods were trialled as described in the methods section. The connected 

threshold technique seemed to consistently underestimate the fat predominantly in the 

ventral  compartment of the rat in both rats with low (Figure 3.26) and high intra-abdominal 

fat (Figure 3.27). Although in some rats the underestimation was less prominent (Figure 

3.28). 
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Figure 3.26 Underestimation of fat in the ventral fat compartment of a rat with low 
intra-abdominal fat 
Axial, sagittal and coronal CT images of the abdominal cavity in the dorsal and ventral 
aspects of the rat, with a superimposed fat segmentation mask using the modified 
connected threshold technique. In the dorsal aspect of the rat (A), the segmentation mask 
covered most of the fat. In the ventral aspect of the rat (B), the segmentation mask did not 
include all the fat (e.g. in the area denoted by the cross). 
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Ventral fat 
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B 



137 
 

 

 

Figure 3.27 Underestimation of fat in the ventral fat compartment of a rat with high 
intra-abdominal fat 
Axial, sagittal and coronal CT images of the abdominal cavity in the dorsal and ventral 
aspects of the rat, with a superimposed fat segmentation mask using the altered connected 
threshold technique. In the dorsal aspect of the rat (A), the segmentation mask covered 
most of the fat. In the ventral aspect of the rat (B), the segmentation mask did not include 
all the fat (e.g. in the area denoted by the cross). 
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Figure 3.28 Segmentation images demonstrating that underestimation of ventral fat 
was not always as prominent 
In some rats regardless of whether they had low (CT images A and B) or high (CT images 
C and D) levels of intra-abdominal fat, the segmentation mask in the ventral region of the 
rat included more fat than in other rats (such as those in Fig 3.25 and 3.26). 
 

This suggested that fat in the ventral compartment of the rat, including the omentum, had 

a higher attenuation and therefore, a higher tissue density. This finding was confirmed 

during histopathological analysis of the fat tissue. Corresponding histology of perinephric 

fat from the dorsal compartment of the rat and omental fat from the ventral compartment of 

the rat after necropsy, demonstrated smaller and more densely packed fat cells in the 

omental tissue from the ventral compartment and larger, less densely populated fat cells in 

the peri-nephric fat (Figure 3.29). This correlated with the higher attenuation value. 

Whether the fat in the ventral compartment was truly denser was assessed quantitatively 

in 3 rats, by counting the number of cells in five 500µm2 square boxes. There were 

significantly more fat cells in the ventral omental fat than in the dorsal perinephric fat (158.2 

cells ± 2.8, n=3 vs 98.9 cells ± 3.6, n=3; p=0.0002) (Figure 3.30).  
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Figure 3.29 Dorsal and ventral fat histology 
Figure demonstrating histology of peri-renal fat from the posterior abdominal wall 
retroperitoneal space adipose depot (A) and omental fat from the ventral intra-peritoneal 
abdominal adipose depot (B) of the rat. Omental fat appeared to be more densely packed, 
with smaller diameter cells and thus more per field of view. Images at x20 magnification; 
scale bar represents 200µm. 
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Figure 3.30 Graph demonstrating the mean number of adipocytes in 500µm2 in 
perinephric and omental fat 
The mean number of adipocytes in a 500µm2 area was compared in the ventral omental fat 
and in the dorsal perinephric fat (158.2 cells ± 2.8, n=3 vs 98.9 cells ± 3.6, n=3; p=0.0002). 
Data are presented as mean ± standard error of the mean. ***p<0.001; **p<0.01; &p<0.05. 

  

B - Ventral omental fat A - Posterior abdominal wall 
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3.4.6 Testing the fat segmentation techniques 
 

The visceral abdominal fat in 3 rats fed NC and 3 rats fed HFD were compared using both 

the modified connected threshold and in-range thresholding techniques (Figure 3.31). A 

higher mean volume of abdominal visceral fat was seen in the HFD group compared to the 

NC group using both the connected threshold region growing technique (8.3 cm3 ± 0.7, n=3, 

2.8 cm3 ± 0.7, n=3; p=0.006) and the in-range thresholding technique (11.2 cm3 ± 1.9, n=3 

vs 3.7 cm3 ± 0.7, n=3; p=0.02).  
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Figure 3.31 Graphs comparing mean volume of abdominal visceral fat using 
connected threshold region growing (A) and in-range thresholding (B) techniques. 
Graph (A) compares mean visceral abdominal fat in NC and HFD fed rats using the 
connected threshold region growing technique after removing faeces and subcutaneous 
fat. Graph (B) compares mean visceral abdominal fat in NC and HFD fed rats using the in-
range thresholding technique. Data are presented as mean ± standard error of the mean. 
***p<0.001; **p<0.01; &p<0.05.  
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The mean volume of visceral fat generated by the faster modified connected threshold 

region growing technique was 24-25% lower than the in-range thresholding technique in 

both the NC and HFD rats (Figure 3.32).  

 

 
Figure 3.32 Graph comparing visceral fat volume using the connected threshold 
region-growing technique and in-range thresholding techniques. 
The connected threshold region growing technique consistently underestimated mean 
visceral fat volume in both HFD and NC fed rats compared to the in-range thresholding 
technique. Abbreviations: NC, normal chow; HFD, high fat diet. 

 
 
Using the connected threshold region growing method, the volume of abdominal visceral 

fat correlated with body weight (R2 0.68; p<0.05)  (Figure 3.33). 

 

Figure 3.33 Graph demonstrating correlation of volume of abdominal visceral fat with 
body weight.  
Using the connected threshold region growing method, the volume of abdominal visceral 
fat on CT imaging correlated with body weight.  
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Using the in-range thresholding technique, there was a 6-fold difference between the 

subcutaneous fat volume of the HFD and NC groups (0.4 cm3 ± 0.1, n=3 vs 2.4 cm3 ± 0.9, 

n=3) respectively. However, there was no statistical difference. The NC and HFD groups 

have 10.2% ± 2.3, n=3 vs 16.3% ± 3.4, n=3 percentage of subcutaneous fat expressed as 

a percentage of total abdominal fat (visceral + subcutaneous fat) (Figure 3.34). It is 

important to note that a large amount of subcutaneous fat was below the L1-L5 volume of 

interest assessed (Figure 3.35).  
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Figure 3.34 Graphs comparing subcutaneous fat volume (A) and percentage (B) in 3 
rats fed NC and HFD 
Graph A demonstrates mean volume of subcutaneous fat in HFD and NC fed rats. Graph 
B demonstrates the percentage of subcutaneous fat compared to the total volume of 
abdominal fat in HFD and NC fed rats between L1-L5. Data are presented as mean ± 
standard error of the mean. ***p<0.001; **p<0.01; &p<0.05. Abbreviations: NC, normal 
chow; HFD, high fat diet. 
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Figure 3.35 CT images demonstrating a large volume of subcutaneous fat below the 
L1-L5 volume of interest 
In rats with high and low intra-abdominal fat, large amounts of subcutaneous fat were below 
the L1-L5 region of interest contained within the blue rectangle. 
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3.4.7 Determining a final PET-CT imaging protocol 
 

The final workflows are demonstrated in Figure 3.36.  

 

Figure 3.36 Final PET-CT animal handling workflow 
The text in red denotes areas that were altered form the original mouse protocol (467) and 
include starving all animals overnight, a larger bore cannula (22G), increasing the PET-CT 
duration and the injection volume under the guidance of an Applications Specialist from 
Trifoil Imaging (PET CT system manufacturer). 
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Animals were starved overnight to reduce faecal loading. On the first day of live BDII/Han 

rat micro-PET imaging, rats were placed in a warming chamber for 20 minutes prior to start 

of procedure.  The base of the warming chamber is heated to 32°C giving an ambient 

temperature of approximately 25 °C. However, a glove with warm water was sufficient to 

dilate the tail veins for cannulation and was used in preference for all subsequent scans. 

The uterine horns bifurcate behind or next to the bladder. 18F-FDG is concentrated in the 

bladder, creating a large hotspot on PET-CT imaging. Therefore, non-invasive methods 

were attempted to empty the bladder prior to imaging to try and improve visualization of the 

lower horns and bifurcation (discussed in Appendix III). Additionally, the PET scan was 25 

minutes long using an injection activity of 25MBq. The duration and injection volume 

suitable for rats was determined in discussion with an Applications Specialist from Trifoil 

Imaging (PET CT system manufacturer). 

During the first imaging timepoint, it was observed that a maintenance dose below 1.5% 

was inadequate in some animals to ensure animals did not increase their respiratory rate, 

move or wake up. A dose of 2.0% maintained an appropriate respiratory rate between 25-

50 breaths/min, the animals woke up quickly and recovered without complication. 

Therefore, 2.0% was used as the maintenance dose. The final PET-CT protocol is shown 

in Table 3.3. 
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Table 3.3 Final protocol for PET-CT imaging 

 

1. Rats were fasted overnight (14 to 22 hours) with ad libitum access to water 

2. Rats were weighed and then placed under isoflurane anaesthesia, using a heated 

induction chamber (Wessel’s Induction and warming Chamber, Braintree 

Scientific) 

3. Rats were transferred to a nose cone on a heated pad (~32̊C)   

4. Tails were warmed briefly to dilate tail veins 

5. Lubricant was applied to the eyes to prevent drying out 

6. A lubricant coated rectal temperature probe was inserted to check temperature  

7. The tail vein was cannulated using a 22G cannula. First attempt occurred towards 

the tip of the tail with proceeding attempts going up the tail. A maximum of three 

attempts were made at any one time 

8. 25 MBq of 18F-FDG in 400µl saline was administered. The cannula was 

subsequently removed. Administration volume did not exceed recommended 

values of 10 ml/kg 

9. The cannula was removed and pressure applied to the tail vein 

10. Rats were then transferred back to the heated induction chamber (Wessel’s 

Induction and warming Chamber, Braintree Scientific, purpose bought). 

11. During the 60 minutes uptake time respiration was monitored  

12. After 60 minutes rats were transferred to heated bed on PET CT scanner (~32°C) 

and secured using surgical tape 

13. Whilst animals were on the heated platform ears and tails were protected from 

direct contact with the heat source 

14. Animals were wrapped in a warming blanket made from a cotton blanket and 

bubble wrap 

15. Respiration and ECG were monitored for duration of scan using a probe secured 

to the PET-CT bed to ensure physiological stability of the animal on scanner. 

16. Rats underwent microcomputed tomography to facilitate accurate localisation of 

radiotracer before 25-minute PET image. 

In total each rat was under anaesthesia for 90 minutes.  
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3.4.8 PET-CT as a diagnostic imaging tool for endometrial cancer in the 

BDII/Han rat 
 

A hotspot is an area of increased metabolic activity, which can correlate to a tumour. In 

Figure 3.37 moderate and high uniform uptake of 18F-FDG throughout the uterine horns 

can be seen. Such physiological uptake only went up to an SUVmax of 1.92 at the first 

imaging point of 7 months. At this time only one rat seemed to have a hotspot located within 

the uterine horn with an SUVmax of 2.0 (Figure 3.38). Therefore, an SUVmax of 2 was 

used as the cut off for suspected presence of a tumour. 

 

 

 

 

 

 
Figure 3.37 PET images demonstrating physiological metabolic activity 
On the left-hand PET image (A) there is moderate (yellow) metabolic uptake in both uterine 
horns (outlined), with a SUVmax of 1.51. On the right-hand PET image (B) there is high 
(red) metabolic activity throughout the left uterine horn (outlined), with an SUV max of 1.92. 
The uniform high uptake is consistent with physiological uptake. 
 

 

Figure 3.38 PET image of the only clear hotspot at the 7-month imaging point 
The PET image demonstrates a hotspot (SUVmax ≥2.0) in the right mid uterine horn (MUH), 
with a SUVmax of 2.0. This rat had a hotspot in the right uterine horn at every imaging point 
(Figure 3.41), which correlated with a malignant tumour on histology. 
 

A B 
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During the first imaging round at 6-7 months, several challenges to using PET-CT as a 

diagnostic imaging modality were experienced, including uptake of radio-isotope by the 

metabolically active gut obscured the uterine horns when in close proximity (Figure 3.39); 

the uterine horns were compressed by gut (similar to Figure 3.16); variance in background 

metabolic activity of the uterine horns;  variation in the diameter and length of the uterine 

horns with the oestrous cycle of the rat; the distal uterine horns were often obscured by 

FDG uptake from the bladder (Figure 3.40), which would obscure any hotspots due to 

tumour uptake in this region.  

 

Figure 3.39 PET-CT images demonstrating a hotspot overlying the uterine horn 
In the PET-CT image (A) a potential tumour hotspot (SUVmax≥2.0) is demonstrated in the 
region of the right uterine horn. When co-registering this hotspot with the CT image (B) this 
hotspot is adjacent to the metabolically active rectum lying adjacent to the right uterine horn. 
High metabolic activity is also visible in the bladder.  
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Figure 3.40 CT and PET images demonstrating distal right uterine horn overlapping 
uptake from bladder 
CT image (A) demonstrates left (volume of interest (VOI) in orange) and right (VOI in blue) 
uterine horns. The VOIs on the PET image (B) are drawn manually using the CT image. 
However, there is often overlap of the VOI with bladder uptake (denoted by the black arrow 
on image B) or intestinal uptake. Therefore, the VOIs are revised using the PET image to 
avoid uptake from the bladder (C) or bowel to enable accurate calculation of the SUVmax.  
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3.4.9 Using PET-CT for longitudinal imaging to determine when tumour 

burden is high enough to institute an intervention 
 

The PET-CT protocol enabled detection of areas of high glucose metabolism termed 

hotspots. The PET-CT protocol is validated formally in Chapter 4. It was possible to track 

tumours over time. One rat had a confirmed histological tumour and a concomitant hotspot 

at the 7-month imaging point; in this rat it was possible to longitudinally track tumour from 

7 months (Figure 3.41). The SUVmax increased from 7 months to 12 months, suggesting 

an increase in metabolic activity of the tumour. At 15 months the left horn was dilated and 

fluid filled, this may have affected the SUVmax.  

Figure 3.41 PET images demonstrating longitudinal tracking of a tumour in a rat fed 
normal chow 
An hotspot (SUVmax ≥2.0, red on PET images) is seen at every imaging timepoint in the 
right uterine horn (outlined in dark blue). The SUVmax increased from 2.0 at 7 months (A) 
to 3.03 at 9 months (B) and again to 3.89 at 12-month imaging (C). However, the SUVmax 
decreased to 2.04 at 15 months (D). It is unclear whether dilation of the left uterine horn 
(outlined in orange on PET image D) at 15 months affected FDG uptake and therefore, 
SUVmax.  
 

  

A - 7 months 

SUV max: 2 

B - 9 months 

SUV max: 3.03 

C - 12 months 

SUV max: 3.89 

D - 15 months 

SUV max: 2.04 
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Hotspots that were histologically confirmed to be tumours, were identified as early as 7 

months. Longitudinal imaging of the uterine horns demonstrated an SUVmax of ≥2.0, and 

therefore a potential tumour, in 7 out of 15 rats (47%) at 12 months (Table 3.4). Twelve 

months was chosen as the timepoint to institute an intervention in the interventional study.  

 

Table 3.4 Longitudinal potential tumour hotspots in all 15 rats based on SUVmax  

Imaging timepoint Number of hotspots with SUVmax ≥2.0 

6-7 months 1 

9 months 4 

12 months 7 

15 months 8 

 

It is important to note that CT alone did not pick up any uterine horn tumours. Even when 

images were reviewed retrospectively, no tumours were visualised on CT images. 
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3.4.10 Additional PET-CT findings 
 

PET-CT also allowed identification of other interesting pathology. In one rat (later proven to 

have a malignant tumour on histology) a hotspot was also seen at the aortic bifurcation 

(Figure 3.42). This hotspot was small and consistent with a potential lymph node 

metastasis at the aortic bifurcation. The lymph node was searched for and identified at 

necropsy and found to be reactive on histology. 

  

 
Figure 3.42 Panel of images demonstrating a lymph node on imaging and histology 
CT image A and PET image B are co-registered PET-CT images. PET image B 
demonstrates a potential hotspot with an SUVmax of 4.0 (light blue circle) at the aortic 
bifurcation. No abnormality is seen on the CT image A within the volume of interest, which 
was drawn using the PET image. The hotspot was presumed to be a lymph node, which 
was identified at necropsy and demonstrated to be a reactive lymph node on histology 
(images C and D).   
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In Figure 3.43 both uterine horns are dilated on 15-month CT imaging in one BDII/Han rat. 

However, at necropsy 2 weeks later only the left uterine horn was dilated and the right horn 

was no longer dilated.  

 

 

 

 

 

 

 

 

 
Figure 3.43 Images demonstrating that horn dilatation does not always persist 
CT image (A) demonstrates bilateral dilatation of the uterine horns at 15 months imaging. 
Photograph (B) demonstrates that the right uterine horn was not dilated at necropsy 2 
weeks later. 
 

 

3.4.11 Complications of micro PET-CT imaging 
 

Animals continued to handle normally throughout the study, with no obvious evidence of 

conditioned aversion due to repeated anaesthetic. One rat in our third study (chapter 5) did 

not recover from isoflurane anaesthesia after their second 15-month PET-CT scan. This is 

a recognised complication and the known incidence of death under anaesthesia is 2 in 100 

rats (2%), which is higher than other small animals such as dogs and cats (475). These rats 

do not suffer any pain. In our study, the incidence of death under anaesthesia was 1 in 76 

scans (1.3%). No injection site reactions or evidence of injection site infection were noted. 

One rat had extravasation of blood after cannulation into the tail vein. However, this fully 

resolved with no incidence of tail necrosis in our study.  
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3.5 Discussion  
 

The aim of this chapter was to establish a PET-CT protocol to assess abdominal adiposity 

and optimise visualisation of the uterine horns, as well as to assess longitudinal tumour 

burden in the BDII/Han rat to determine when to institute an intervention. We have 

described a PET-CT imaging protocol that facilitates visualisation of the uterine horns and 

ovaries, measurement of abdominal adiposity, demonstrates potential endometrial tumours 

and was used to identify a timepoint where tumour burden was high enough to institute an 

intervention. In order to use PET-CT as a diagnostic imaging tool in determining endometrial 

tumours in the BDII/Han rat, an SUVmax cut off for hotspots was identified as 2.0. The PET-

CT protocol was safe and identified additional pathology. The information gained in this 

study was used in the final imaging protocol and validated in the next study (Chapter 4). 

3.5.1 Optimization of visualization of the uterine horns on CT imaging  
 

The pilot study in cadaveric Wistar rats enabled familiarisation with imaging rats, the 

imaging facility, the equipment, executing the protocol and using analysis software. The 

pilot also enabled assessment and discounting of additional imaging adjuncts that might 

aid visualization of the uterine horns, including altering the position of the animal on the 

bed. During human surgery, the Trendelenberg position aids visualisation of the human 

uterus, by moving the intestines towards the diaphragm. However, it did not aid visualization 

of the BDII/Han rat uterine horns during imaging. The supine position was chosen for 

imaging, which is the same position used in humans, giving relatable anatomical reference 

points. Furthermore, earlier studies of the BDII/Han rat demonstrated that as tumour 

progression transpires tumours extend through the uterine wall, causing widespread 

transcoelomic metastases in the peritoneal cavity (415) and these are best detected with 

the rat in the flat supine position (although no rats demonstrated transcoelomic metastases 

up to 15 months of age in this study). 

Previous mouse studies used an energy setting of 80Kv. However, the energy setting that 

would provide optical contrast between soft tissue and the surrounding fat when imaging 

BDII/Han rats needed to be identified. This study demonstrated that the 50kV energy setting 

gave better contrast to noise ratio and was therefore used for the CT protocol in all live 

animal studies. The pilot study also enabled deeper understanding of rat anatomy and 

correlation of imaging findings with necropsy findings prior to the live animal studies. The 

anatomy of rat uterine horns is different to human uterine anatomy. Firstly, there are two 

uterine horns compared to a bicornuate uterus, secondly the uterine horns extend all the 
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way to the ovaries, which lie inferolateral to the kidneys, as opposed to in the pelvis in 

humans. This reflects their development from the embryological paramesonephric or 

Mullerian duct and the evolutionary need to be able to carry multiple pregnancies. It was 

also possible to make observations, such as the ovaries being covered in fatty meso-

ovarium, which facilitated better visualization on CT imaging. 

The diameter and length of uterine horns in the cadaveric Wistar rats varied considerably 

from 1.5-5mm in thickness and 35-65mm in length. Plausible reasons for this include normal 

anatomical variation between animals, as well as variations in the length and diameter of 

the uterine horns due to alterations in the oestrous cycle of rodents (476, 477). Both 

anatomic and metabolic changes during the oestrous cycle have the potential to complicate 

interpretation of PET CT images. As uterine horns are metabolically active during the 

oestrous cycle, this can lead to the horns taking up FDG contrast, demonstrated as 

physiological background uptake within the horns. Previous studies (415) suggest most 

tumours in this model develop as nodular growths and not as uniform thickening along a 

horn. Therefore, it was postulated that tumour uptake would be distinct from any potential 

physiological uptake during PET-CT scanning. 

One of the biggest challenges to interpreting the images identified was that the intestines 

are often hard to distinguish from the horns, as they have a similar diameter, are luminal 

structures, have poor soft tissue contrast and are of a similar density. The pilot study 

allowed review of the different views and evidence that coronal images gave the greatest 

clarity between uterine horns and intestines. Pilot imaging also demonstrated that the 

uterine horns are often compressed by the caecum or faeces within the colon. To reduce 

faecal loading compressing and obscuring the luminal uterine horns,  approval was sought 

to starve all live BDII/Han rats overnight for over 12 hours. However, quantitative and 

qualitative assessment of the utility of this was not possible, as all live BDII/Han rats were 

fasted overnight for greater than 12 hours.  For an oncologic PET-CT, humans are required 

to be starved for 6 hours prior to PET-CT (456). Animals are required to be starved for 5 

hours prior to scan and in studies are usually starved up to 12 hours (473) to allow animals 

to lower their blood sugar level due to lack of intestinal glucose absorption and allow 

preferential uptake of 18F-FDG by glucose transporters into metabolically active cells.  

It was not always possible to visualize the entire uterine horn on imaging due to problems 

previously described, including similarities to small bowel and compression by other 

structures such as faeces/ bowel content. Previous studies examining intra-abdominal 

tumours improved image acquisition by using intra-peritoneal contrast (468-470). In our 

study, IP contrast did appear to improve visualisation of the uterine horns in 58% (7 out of 
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12) of animals, by helping to differentiate the uterine horns from adjacent intestines and 

separating the uterine horns from adjacent lateral abdominal wall or caecum. A 1:4 dilution 

(75mg/ml) of intraperitoneal contrast and maximal 10mg/kg volume appeared optimal.  

Although qualitative analysis suggested that intraperitoneal contrast improved visualisation 

of the uterine horns, due to a combination of factors IP contrast injections were not used in 

the live animal PET-CT protocol. Firstly, there was a risk of IP contrast injection into the 

subcutaneous space, retroperitoneal space, viscera including the intestines, liver, spleen, 

or kidneys. Three out of fifteen injections (20%) failed, with no intraabdominal contrast and 

a fourth injection was poor quality, with some pooling in the subcutaneous space. 20% IP 

injection failure is in keeping with existing literature. A regulatory update from the HPRA 

(Health Products Regulatory Agency) in May 2018 also reiterated that IP injection of 

anaesthetics was associated with a 20% failure rate, with some injectate possibly injected 

into the gut, abdominal fat, subcutaneous tissue and that this flaw applied to all drugs even 

in the hands of experienced personnel, which reinforced previous knowledge that it is an 

inherently unreliable technique with inadvertent injection outside the IP space being a 

relatively frequent occurrence (478).  

Evidence exists that CT iodinated contrast could have unintended pharmacological effects 

on small animals, including renal toxicity and hypersensitivity (479). Due to its inherent 

unreliability as a drug delivery method, the UCD Animal Research Ethics Committee 

requested researchers to use alternative routes of administration of all drugs, or perform an 

initial experiment comparing the pharmacokinetics of the route compared with an alternative 

route. There is evidence that IP contrast can rarely lead to chemical peritonitis, formation 

of fibrous tissue and adhesions within the abdominal cavity, perforation of an abdominal 

organ, haemorrhage, and respiratory distress or discomfort from administration of too large 

a volume. Chemical peritonitis, fibrous tissue formation and haemorrhage, could affect our 

primary study outcome of studying tumour burden.  

The need for IP contrast was also reduced because visceral abdominal fat appeared to act 

like contrast, reducing the need for additional contrast enhancement. Negative contrast, 

such as injection of air into the peritoneal cavity was not considered due to the same risk 

of inadvertent injection into the gut, subcutaneous space, retroperitoneal space, or other 

tissues, affecting image interpretation. It is unclear whether IP contrast can affect FDG 

uptake and therefore, whether an inconsistency of the presence or absence intraperitoneal 

contrast injection could influence 18F-FDG uptake and visualisation of the uterine horns. 

Excluding injection with IP contrast, all other optimal parameters identified during the pilot 

study were implemented in the CT protocol for the live BDII/Han imaging studies.  
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3.5.2 The effect of visceral fat on visualization of the uterine horns on live 

BDII/Han rats 
 

CT scans were carried out prior to PET scans for co-registration and anatomical 

referencing. With increasing age of the rats there appeared to be better visualization of the 

uterine horns on live CT imaging of BDII/Han rats. This could be due to increasing size of 

the abdominal cavity and uterine horns themselves with increasing age, as well as 

variations in the size of the uterine horns with the oestrous cycle. However, it appeared 

from observation of the CT images that with increasing age there was also more intra-

abdominal visceral fat and intra-abdominal fat.  

The differential attenuation of Xray by the visceral fat and increased separation between 

loops of intestine appeared to improve visualisation of the uterine horns.  To confirm this 

observation various methods were tested to estimate the mean volume of intraabdominal 

visceral fat. Although some visceral abdominal fat was clearly seen between T12 and L1 in 

rats in this study, the abdominal space between L1 and L5 was chosen to calculate visceral 

fat volumes as it had been used in previous studies (480). The quantification of visceral fat 

in this study was not absolute; it was relative and adequate for comparative purposes 

between groups. The utility and relevance of abdominal visceral fat estimation for studies 

assessing dietary and metabolic interventions is considered and discussed in detail in 

Chapter 4. 

The first step in quantification of visceral abdominal fat on imaging modalities is 

segmentation of fat from the surrounding tissues. Challenges identified to this during this 

study included lack of homogeneity of fat depots with respect to grayscale values, 

complexities such as faeces, poor definition of edges, motion artefact, as well as signal to 

noise ratio.   The thresholding technique involved removing the bed from the CT images, 

drawing regions of interest manually around faeces and subcutaneous tissue and 

subtracting the volumes of these from an overall volume obtained from the algorithm. This 

was a labour-intensive process, taking approximately 2 hours for each CT image. 

Therefore, a faster, less laborious technique was sought using a modified connected 

threshold region growing algorithm. The connected threshold algorithm underestimated the 

fat in the ventral compartment consistently in rats with high and low intraabdominal fat. 

Ventral fat was identified to have a higher attenuation value on CT imaging, which 

corresponded to smaller and more densely packed adipocytes in the omental tissue from 

the ventral compartment, compared to less densely populated fat cells in the dorsal peri-

nephric fat. Many studies assessing visceral abdominal fat using CT imaging discount this 
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finding and use region growing algorithms that assume uniform attenuation of 

intraabdominal fat. Future studies desiring an accurate measure of intrabdominal fat and 

assessment of differing intraabdominal fat depots should develop protocols taking this 

finding into account. 

When the thresholding and region growing techniques were compared, both demonstrated 

a higher mean volume of abdominal visceral fat in the HFD group compared to the NC 

group. Although the region growing technique underestimated the mean volume of visceral 

fat, it did so equally in both groups. The region growing technique is crude, but fast and 

adequate to demonstrate a difference between two groups. Excising and measuring the 

weight of visceral fat was considered but was deemed to be inaccurate and therefore 

excluded. Had the weight of visceral fat been measured, a conversion using the density of 

rodent fat tissue could have been used to convert fat weight to volume. Had this been done, 

the thresholding technique would have been the better, more accurate technique to use. 

There was a higher mean volume of abdominal visceral fat in the HFD group compared to 

the NC group and the volume of visceral fat correlated with body weight. This is similar to 

previous literature where visceral fat depots were increased by HFD feeding (480). Despite 

a numerical difference, there was no statistical difference in the volume or percentage of 

subcutaneous fat between the two groups. It was noted that a large amount of 

subcutaneous fat was below the L1-L5 volume of interest assessed, although this should 

have influenced both groups in a proportional way. The relevance of subcutaneous fat 

depot estimation is considered and discussed in Chapter 4. The techniques used in this 

study were focussed on assessing intra-abdominal visceral fat volume and were not optimal 

for estimating abdominal subcutaneous fat volumes.  

Intra-abdominal visceral fat estimation protocols from this study were implemented in the in 

the live BDII/Han imaging studies.  
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3.5.3 The PET-CT imaging protocol 
 

The final PET-CT protocol included the CT parameters identified in the pilot study and some 

minor changes including a 22G cannula to administer intravenous FDG, as opposed to 

intraperitoneal injection of FDG contrast which was used in the mouse protocol that was 

tailored to this study. Intravenous injection of contrast was deemed to be more reliable and 

the cannula reduced radiation exposure for the administrator. Additionally, the PET scan 

was 25 minutes long and an injection activity of 25MBq was used, the image duration and 

injection activity suitable for rats was determined in discussion with an Applications 

Specialist from Trifoil Imaging (PET CT system manufacturer). 

PET-CT did have some challenges. Uptake of radioisotope by metabolically active 

intestines overlying the uterine horns clouded interpretation. This could sometimes be 

overcome by assessing axial and sagittal views. Potential hotspots that could not be 

differentiated from an area of high metabolic activity arising from the intestines were 

discounted. Compression and obscuration of the uterine horns by adjacent intestines, 

particularly if faecal loading was present was another challenge. This appeared to decrease 

during latter imaging timepoints. Potential explanations include an increase in the 

size/thickness of the horns, as well as increases in the intra-abdominal fat affording greater 

separation of the horns from adjacent structures. There was variation in the diameter and 

length of the uterine horns with the oestrous cycle of the rat, which was overcome as far as 

possible by considering the uterine horns in thirds on the imaging and correlating this with 

three horn sections taken for histology at necropsy.  

18F-FDG is excreted renally into the bladder and the activity in the bladder creates a 

hotspot that can obscure hotpots in surrounding structures. The distal uterine horns were 

sometimes obscured by bladder FDG uptake (Figure 3.40) and care was taken not to 

include bladder uptake when drawing VOIs and assessing SUVmax. Non-invasive attempts 

were made to empty the bladder of urine prior to image to reduce bladder uptake, including 

putting manual pressure over the bladder, using pressure from the mid-abdomen 

downwards towards the bladder and applying pressure over the bladder while holding the 

animal upright. However, none of these techniques were successful in 3 animals assessed 

under anaesthesia. Bladder catherization could be a useful adjunct to add to ethical 

applications for future imaging studies. The PET and CT software used is this study were 

not integrated and therefore, all image processing, co-registration and data analysis steps 

required significant input from the operator. This is a time consuming and labour-intensive 

process, which also allows for a greater risk of error in any of the steps.   
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3.5.4 PET-CT as a diagnostic imaging tool in determining endometrial 

tumours in this animal model 
 

As there was no literature on rat endometrial tumours and SUV uptake, a SUVmax value 

had to be determined to denote a hotspot or possible EC tumour in BDII/Han rats. The 

horns have physiological metabolic activity due to the oestrous cycle. Such physiological 

uptake only went up to an SUVmax of 1.92 at the first imaging point of 7 months. This 

combined with the fact that at the 7-month imaging point only one rat seemed to have a 

clear area of uptake with an SUVmax of 2.0, led 2.0 to be designated as the cut off for 

suspected presence of a tumour. The PET-CT protocol and SUV cut-off used in this study 

are validated formally in Chapter 4. Although an SUVmax of 2.0 appeared to be appropriate, 

future studies should assess whether 2.0 is indeed the ideal cut off to diagnose endometrial 

cancer in the BDII/Han rat.  

No studies were identified using PET-CT to image rat EC. In humans, PET-CT has not been 

used as a diagnostic modality in EC for the reasons previously discussed (background FDG 

uptake by physiologically active uterine horns, poor spatial resolution of PET-CT scanner 

and difficulties assessing tumour borders on PET imaging (458).  However, humans studies 

demonstrated some prognostic value of PET-CT, with correlation with histological grade 

(481) and estimated cut-off values for SUVmax for predicting deep myometrial invasion 

being 6.45, lymph node positivity 7.49 and lymphovascular space involvement 6.45 (482). 

These cuts off are not appropriate for rat endometrial cancer in the BDII/Han rat, as only 

one of the rats that demonstrated myometrial invasion had an SUVmax greater than 6.45 

(6.51 in one rat designated R12). Whether a high SUVmax correlates with a poorer 

prognosis in BDII/Han EC needs further investigation. 

PET-CT detects abnormal chemical processes, before they translate into morphological 

changes and the PET-CT protocol used was able to detect hotspots suggestive of EC. It 

was possible to track tumours over time. In one rat tumour was tracked longitudinally from 

7 months to 15 months, accompanied by increasing SUVmax until month 15, when 

SUVmax decreased. The left horn was dilated, and fluid filled, this may have affected the 

SUVmax. Further studies to assess this are warranted. Another possibility, is that if the 

oestrous cycle of the BDII/Han rat stops at 12 months like some other rat species, this 

would reduce physiological uptake of the uterine horn and potentially explain a reduction in 

uptake of 18F-FDG by a tumour at the 15-month imaging timepoint. Further studies are 

warranted to understand the physiological changes during the BDII/Han rat oestrous cycle. 
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Several factors are known to affect SUV measurements. Firstly, there are biological factors 

including weight, with heavier patients often having a higher SUV value secondary to higher 

percentage of body fat; body weight may change during a study, whilst lean body mass or 

body surface area may be a more accurate parameter for calculation of SUV; high blood 

glucose levels can competitively inhibit FDG uptake and decrease SUV; in cases of 

malignancy FDG is cleared slower than in normal tissue and so a longer scan can result in 

a higher SUV; respiratory motion can alter the attenuation correction and therefore, the 

SUV (483). Technical factors that can affect SUV include interscanner variability; variability 

in image reconstruction parameters, such as field of view (FOV) and matrix size; calibration 

error between the scanner and dose calibrator; interobserver variability from drawing 

different ROIs and therefore, selecting different voxels for measurement of SUV (483). 5.9% 

difference in SUV has also been noted in human scans that are contrast enhanced (484). 

In this study biological variation cannot be excluded, particularly as the body fat did increase 

over the course of the study in all animals as they grew, and the percentage body fat was 

different between treatment groups. Blood glucose was not measured and therefore, the 

influence of this cannot be estimated. All scans were carried out one-hour post injection 

and were of the same duration, therefore, post-injection uptake variation was minimised. 

Respiratory rate was monitored, but not documented. Furthermore, respiratory rate varied 

significantly during each 25-minute PET scan. Consequently, the effect of respiratory 

motion cannot be estimated. Technical variation in SUV was minimised by scanning all 

animals on the same scanner, using the same image acquisition and reconstruction 

protocols, including a standard FOV and matrix size. Daily calibration was undertaken, and 

no contrast was used in this study. Furthermore, to minimise interobserver variation, a 

single volume of interest was drawn around the uterine horns and ovaries, which was 

agreed by two researchers and used for measurements of SUV. In our study, as with 

previous studies (473), due to the small calibre of rodent tail veins, tail vein injections results 

in some partial para-venous loss of FDG contrast, which may have affected the SUVmax 

in this study, but equally is difficult to quantify. 

PET-CT was also able to detect increased metabolic activity in a lymph node at the aortic 

bifurcation, which was identified and excised at necropsy. The subsequent histology of this 

lymph node was inflammatory, and the lymph node was not a metastasis. However, it was 

almost certainly reactive to the malignancy identified in the adjacent uterine horn. Meta-

analysis in human EC, has confirmed the reliability of PET-CT in identifying pelvic and 

paraaortic lymph nodes (485). Micro-PET CT may have equivalent diagnostic reliability, 

although further studies would need to be conducted to investigate this. Additionally, if 
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weight loss is shown to alter tumour biology, it would be important to understand the effect 

of lymph node metastases in further studies.  

PET-CT was able to identify dilatation of uterine horns, one of which was not dilated at 

necropsy. Initially, it was believed that a dilated horn was secondary to distal malignancy/ 

narrowing or backpressure from a tumour from the other horn and therefore pathological. 

However, this observation suggests that dilated horns may not necessarily be pathological. 

Alternative explanations include dilatation being part of the oestrous cycle (pro-oestrous 

and oestrous); secondary to stromal polyps, hormonal imbalances, prolongued oestrous in 

an aged rat that has ceased oestrous cycles or secondary to infection (486, 487). This 

phenomenon requires further investigation in large numbers of these animals. It may be 

possible to synchronise the BDII/Han rat’s oestrous cycle using oestrogen and this may be 

beneficial prior to a cull, to ensure that no differences in end points are due to variations 

due to the oestrous cycle. 

PET-CT was safe with only one rat not recovering after a scan out of 76 scans and no other 

identified complications. Non-recovery after anaesthetic is a recognised complication in 

rodents and the known incidence of death under anaesthesia is 2 in 100 rats (2%), which 

is higher than other small animals such as dogs and cats (475);  and these rats suffer no 

pain. In our study, the incidence of death under anaesthesia was 1 in 76 scans (1.3%). No 

other significant morbidity was noted. 

CT images were retrospectively reviewed after histology was available; no tumours were 

reliably visible on CT images and therefore, tumour size could not be measured. However, 

CT was important to register PET images anatomically and additionally visceral fat is visible 

and quantifiable on CT. Different fat compartments and longitudinal assessment of fat 

depots can be assessed if required. Repeated imaging in the same animal, allows each 

animal to act as its own control over time. Furthermore, rodents are not subject to social 

pressures that patients with obesity face and hence behaviour and reflect physiological 

changes and not many of the other factors or pressures that may influence human 

behaviour.  

The PET-CT protocol in this study is formally validated, including sensitivity and specificity 

analysis and validation of the SUVmax cut-off, in Chapter 4. 
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3.5.5 PET-CT can be used for longitudinal imaging to determine when tumour 

burden is high enough to institute an intervention 
 

It was hoped that the tumour burden would be high enough in the HFD group to institute an 

intervention by 6-9 months. However, the imaging demonstrated that this was not the case. 

The imaging enabled us to track tumour burden and choose a suitable timepoint, where 

tumour burden was high enough to institute an intervention. 47% of rats across HFD and 

NC groups had hotspots at 12 months. 12 months was chosen as the timepoint to institute 

an intervention in the interventional study. A higher number of hotspots or potential tumour 

burden would have been preferable, to reduce the number of animals required in future 

interventional studies. However, the decision to institute the intervention was based on the 

fact that the tumour burden using imaging at that point was almost 50%; only 90% of the 

BDII/Han rat developed tumours before death (415); the sensitivity or specificity of the 

imaging protocol was yet to be validated and so more rats may have been found to have 

tumours at necropsy; and in other studies natural animal mortality occurred from 15 months, 

which was undesirable. Future studies should assess tumour burden in these rats at 

different timepoints from 15 months to natural death to understand the burden of disease. 

 

3.5.6 Limitations and future work 
 

Starvation is known to reduce variability of basal plasma glucose levels in rodents, with the 

most rapid decrease in glucose being during the first 6 hours of fasting (488, 489). However, 

significant variability has been demonstrated in plasma glucose levels in different strains of 

mice fasted for 4-6 hours (490) and the exact effect of prolonged starvation on glucose 

levels in the BDII/Han rat is unknown and therefore, the potential effect on FDG uptake is 

unknown. Ethical approval to undertake blood sampling during cannulation at every imaging 

timepoint, including glucose levels, was obtained. However, this was not undertaken due 

to concerns surrounding affecting blood volume from repeated blood sampling. Assessment 

of glucose levels during prolonged starvation would be important in future studies to 

ascertain whether this could have effects on FDG uptake. Mode of anaesthesia (isoflurane 

alters FDG uptake differentially in various organs), ambient room temperature and body 

temperature are also known to affect FDG uptake (473). In this study, ambient room 

temperature was constant, body temperature was maintained using heating pads and the 

same levels of isoflurane anaesthesia was used for all scans in an attempt to minimise 

alterations in FDG uptake. 
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We need to understand the oestrous cycle of the BDII/Han rat further, understanding its 

length and the age to which the BDII/Han continues cycling. Female Sprague Dawley rats 

are known to have cyclical abnormalities from 4-6 months, whilst female Fischer 344 rats 

continue to have normal oestrous cycles until 15 to 18 months of age. If the BDII/Han rat 

stops cycling at 12 months, this could reduce physiological uptake of the uterine horn and 

therefore, the SUVmax of a tumour. Performing an imaging pilot with some BDII/Han rats 

with uterine tumours would have been beneficial. Other limitations include the small calibre 

of the murine tail veins leading to partial paravenous injection of FDG in some animals after 

the tail vein injection. It was not possible to quantify this, but it is important to note that this 

could have affected the biodistribution of 18F-FDG, as in other studies (473). Furthermore, 

imaging on live BDII/Han rats demonstrated that intravenous administration of iodinated 

contrast did not improve image acquisition of uterine horns. One limitation of this study was 

use only of a clinical iodinated contrast agent. Further studies using a blood-pooling 

intravenous contrast agent would be desirable with respect to intravenous enhancement of 

images, although such studies would also need to consider the effect of such contrast 

agents on FDG uptake. 

Alternative imaging modalities should also be considered. CT gives good contrast 

resolution, is fast to carry out and gives accurate anatomical representation, but poor spatial 

resolution and has some artefact from the bone (456). MRI (magnetic resonance imaging) 

may be an alternative for future studies. It has higher contrast resolution than CT and no 

bone artefact, but still may not pick the small lesions up in the uterine horns. An MRI scanner 

was not accessible during this study and therefore the utility of MRI compared to CT or 

PET-CT could not be assessed. Ultrasound (US) is another imaging modality that may have 

been useful. It is cheap, portable, convenient, can distinguish thin structures and like MRI 

does not have any ionizing radiation. However, image interpretation is operator dependent 

(456). Future studies should evaluate the efficacy of US and MRI as a diagnostic modality 

in endometrial cancer in the BDII/Han rat. PET-CT was used in this study due to its 

sensitivity in picking up small lesions and is likely to be the most efficacious modality to 

detect early EC in rodents. 
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3.5.7 Summary 
 

This is a novel study, which has added a significant body of knowledge to the imaging of 

rat EC. This is the first study that we are aware of that has imaged the uterine horns 

specifically in rodents using PET-CT imaging; that has demonstrated de novo endometrial 

tumours using an SUVmax cut off on PET-CT imaging in rodents; and has longitudinally 

imaged BDII/Han rats to track tumour development. The protocol and information gained 

from this study, including a visceral fat analysis, has been used in the two subsequent 

studies outlined in chapters 4 and 5. 
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Chapter 4:  

Study of the impact of high fat diet 
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Chapter 4: Study of the impact of high fat diet on spontaneous 
experimental endometrial cancer in the BDII/Han rat 

4.1 Introduction  
 

Endometrial cancer (EC) arises from the lining of the uterus.  EC is closely associated with 

obesity (118). A rise in EC incidence has mirrored a rise in obesity and has been 

accompanied by an associated increase in EC mortality (2-4 per 100,000 across Europe) 

(491). The overall aim of this project is to investigate the effect of intentional weight loss 

induced by either weight loss surgery or a weight loss drug (such as Liraglutide) on EC 

growth and development in rats predisposed to developing EC.  

The aim of the present observational time-course study was to assess if a high fat diet  

compared to normal laboratory chow could accelerate EC development in female BD/II Han 

rats already known to spontaneously develop endometrial tumours (413).  BD/II Han rats 

have an underlying genetic predisposition that results in 90% of the animals developing EC 

by 24 months of age (415). Mutation analysis has shown that the BDII/Han rat is a good 

model of human Type 1 EC (419). The BDII/ Han rat model is unique in that de novo tumour 

progression in a natural microenvironment recapitulates human EC more closely. This 

model is not well characterised; no data exists as to tumour growth profile over time or 

weight of the animal over time. No feeding studies have been conducted using this model. 

There is no data at present on whether obesity affects the rate and timing of EC tumour 

development in rats. Studies in mouse models of breast cancer have demonstrated that 

HFD can increase tumour growth, metastases and mortality without increasing body weight 

in obesity resistant mice (492). Additionally, in a mouse model of spontaneous breast 

cancer, HFD was associated with higher body weight gain, visceral fat weight, primary 

tumour growth rate, as well as adipose tissue inflammation, recruitment of macrophages 

and higher tumour-associated microvascularity (493). However, similar studies have not 

been conducted in mouse or rat models of EC. This study aimed to assess whether HFD 

could accelerate tumour development in the BDII/Han rat and serve as a model of obesity 

induced endometrial carcinogenesis.  

There have been no studies using PET-CT to assess the growth characteristics of EC in 

these animals. All previous studies have to our knowledge, assessed palpable tumours.  

Given that tumour is palpable in these rats by 11 months of age, it was hoped that tumour 

could be identified on PET-CT imaging some months earlier. It was anticipated that in 

association with metabolic dysregulation and inflammation, tumour may arise earlier and 

grow faster in the group exposed to HFD.  
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There is a relative paucity of preclinical models of EC. If feeding the BDII/Han rats HFD 

induces obesity and accelerates tumour growth, this could be a novel animal model of 

obesity induced endometrial carcinogenesis and will improve our understanding of the 

mechanisms of obesity related carcinogenesis. The intention of developing this model, is 

to use it in subsequent studies assessing whether intentional weight loss brought about 

either surgically or medically could have a role in reducing EC tumour burden.  
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4.2 Aims 
 

The objective of this study was to assess whether feeding high fat diet (HFD) could mimic 

obesity and accelerate EC burden in an animal model of spontaneous EC.  

This study has four specific aims: 

• To assess whether feeding BDII/Han rats a high fat diet can induce obesity 

• To assess whether feeding BDII/Han rats a high fat diet can alter metabolic 

parameters, including visceral fat volume and hepatosteatosis 

• To assess whether high fat diet accelerates tumour development, progression and 

histopathological severity using PET-CT imaging and post-mortem tissue analysis  

• To assess the validity of the PET-CT protocol in determining tumour burden in 

BDII/Han rats by correlation with histological analysis 
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4.3 Methods 
 

4.3.1 Experimental design and outcome measures 
 

Fifteen female BDII/Han rats aged 3 months were weight matched and allocated to two 

groups: Group A received HFD (60% calories from fat) from 3 months of age (n=8) and 

Group B received standard laboratory normal chow (NC) lower fat diet (18% calories from 

fat) (n=7). Dietary comparison calculations were made using data sheets obtained either 

from the company website or via direct communication. 

Longitudinal measures assessed included weekly weight, weekly cage food intake and 

micro-PET-CT imaging conducted at 7, 9, 12 and 15 months of age, as per the protocol 

previously described (Figure 4.1) to establish whether diet influences the incidence rate 

and tumour growth kinetics of endometrial cancer. Animals were euthanased at 15 months 

of age (1-2 weeks after final PET-CT imaging), at which time tumour samples and terminal 

blood samples were harvested. Images were correlated with macroscopic and microscopic 

necropsy findings. 

  

 

Figure 4.1 Experimental design of the observational time course study 

Normal chow (n=7)

High fat diet (n=8)

Weekly weight 
and food intake

PET-CT at 7, 9, 
12 and 15 

months

Euthanasia 15 
months + 
necropsy 
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Food intake was recorded from the start of the study in the HFD group and from 38 weeks 

of age in the NC group. As animals were in cages of either 2, 3 or 4 rats, weekly cage 

values were recorded, and average daily food intake values calculated. The mean daily 

calorie consumption per animal was calculated using the energy density of the HFD 

(5.21kcal/g) and NC (3.1kcal/g) over the study period and calorie efficiency was calculated 

using the feed efficiency ratio: 

Calorie intake (kcal/g/day) = Daily food intake (g) x Total energy of food (kcal/g) 

Feed efficiency ratio = Mean body weight gain/ Calorie intake 

 

No previous studies were identified wherein rats were fed HFD for 12 months. Therefore, 

the morbidity and mortality of the rats was monitored closely. Various longitudinal measures 

and cross-sectional parameters were assessed (Figure 4.2): 

 

 

Figure 4.2 Longitudinal and cross-sectional measured study outcomes and samples 
collected at harvest 
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4.3.2 Power calculation 
 

Power calculations were carried out for the BDII/Han live animal studies to identify optimal 

number of animals required for the primary outcome. The power calculation was informed 

by a study in a mouse model of spontaneous breast cancer, where HFD was associated 

with significantly higher primary tumour growth rate (493). In this study 57% increases in 

tumour volume (detected on ultrasound) from 175mm3 to 275mm3 (100mm3 increase) in 

the context of a standard deviation of 50mm3.  A difference in tumour volume at necropsy 

of 50% at 15 months of age in rats in the context of a standard deviation of 40% was 

predicted.  

The sample size was calculated to compare 2 groups on a continuous outcome variable: 

N=2σ2 (zα/2 + zβ)2 / (μ1 – μ2)2 

Two groups are to be compared using a two-tailed test at the 5% significance level (α=.05) 

and a power of 80% (1-β=.8). 

(μ1 – μ2)/σ = (245-175)/40 = 1.75 

From Normal Tables zα/2 = z0.025 = 1.96 and zβ =z0.20 =.842  

CV = 40/245 x100/1 = 16 

d = 60/245 x 100/1 = 24 

(CV/d)2 = (16/24)2= 0.44 

N= 2 (CV/d)2 (1.96+0.842)2 

N= 2 (0.44) (7.85) = 6.9 

This yields a number of 7 per group for alpha 0.05 and beta 0.2.  
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4.3.3 Dietary comparison 
 

The ingredients of both the grain-based NC diet and the HFD diets were outlined in Error! 

Reference source not found.. The HFD has high fat (60%) content, whilst the NC diet has 

a low-fat content (18%). The macronutrient, micronutrient and energy variations are 

outlined in Table 4.1. 

 

Table 4.1 The energy, macronutrient and micronutrient composition of diets 

 

 Envigo 2918 –  

NC 

Research Diets D12492-

HFD 

Energy composition 

Energy Density 3.1kcal/g (13.0kJ/g) 5.24 kcal/g 

Calories from protein 24% 20% 

Calories from fat 18% 60% 

Calories from carbohydrate 58% 20% 

Macronutrient composition 

Crude protein 18.6% 26% L-cystine and casein 

Fat (ether extract) 6.2% 35% 

Carbohydrate  44.2% 26% 

Crude fibre 3.5% 6.5% (From cellulose) 

Neutral Detergent fibre 14.7%  

Ash 5.3% 5-6% 

Fat composition 

Total saturated 16.1% 32.2% 

Total monounsaturated 23.2% 35.9% 

Total polyunsaturated 60.7% 31.9% 

Cholesterol -- 0.03% (279.6mg/kg) 

Minerals 

Calcium  1%  

Phosphorous 

(Non-phytate phosphorous) 

0.7% (0.4%)  

Sodium 0.2% 0.1% 

Potassium 0.6%  

Chloride 0.4% 0.2% 
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Magnesium 0.2% 0.06% 

Zinc 70mg/kg 37mg/kg 

Manganese 100mg/kg 76mg/kg 

Copper 15mg/kg 8mg/kg 

Iodine 6mg/kg 0.26 mg/kg 

Iron 200 mg/kg 48 mg/kg 

Selenium 0.23 mg/kg 0.21 mg/kg 

Sulphur  0.04% 

Molybdenum  2 mg/kg 

Chromium  3 mg/kg 

Fluoride  1 mg/kg 

Amino acids 

Essential 

Histidine 0.4% 0.6% 

Isoleucine 0.8% 1.0% 

Leucine 1.8% 2.0% 

Lysine 0.9% 1.7% 

Methionine 0.4% 0.6% 

Phenylalanine 1.0% 1.1% 

Threonine 0.7% 0.9% 

Tryptophan 0.2% 0.3% 

Valine 0.9% 1.2% 

Non-essential 

Alanine 1.1% 0.6% 

Arginine 1.0% 0.8% 

Asparagine  0.9% 

Aspartic acid 1.4% 0.6% 

Cystine 0.3% 0.2% 

Glutamine  2.2% 

Glutamic Acid 3.4% 2.7% 

Glycine 0.8% 0.4% 

Proline 1.6% 2.3% 

Serine 1.1% 1.3% 

Tyrosine 0.6% 1.2% 
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Vitamins 

Vitamin A 15 IU/g 5.17 IU/g 

Vitamin D3 1.5 IU/g 1.29 IU/g 

Vitamin E 110 IU/kg 0.06 IU/g 

Vitamin K3 (menadione) 50 mg/kg 0.65 mg/kg 

Vitamin B1 (thiamine) 17 mg/kg 8 mg/kg 

Vitamin B2 (riboflavin) 15 mg/kg 8 mg/kg 

Niacin (nicotinic acid) 70 mg/kg 39 mg/kg 

Vitamin B6 (pyridoxine) 18 mg/kg 9 mg/kg 

Pantothenic Acid 33 mg/kg 21 mg/kg 

Vitamin B12 

(cyanocobalamin) 

0.08 mg/kg 0.01 mg/kg 

Biotin 0.40 mg/kg 0.26 mg/kg 

Folate 4 mg/kg 3 mg/kg 

Choline 1200 mg/kg  

Fatty Acids 

C10 Capric  0.01% 

C12 Lauric  0.03% 

C14 Myristic  0.4% 

C15  0.03% 

C16:0 Palmitic 0.7% 6.4% 

C16:1 Palmitoleic, n9  0.4% 

C17  0.1% 

C18:0 Stearic 0.2% 3.5% 

C18: 1 omega 9 oleic 1.2% 11.2% 

C18: 2 omega 6 linoleic 3.1% 9.4% 

C18: 3 omega 3 linoleic 0.3% 0.7% 

C20 Arachidic  0.06% 

C20:1  0.2% 

C20:2  0.3% 

C20:3, n-6  0.04% 

C20:4 Arachidonic, n-6  0.09% 

C22 Behenic  0.01% 

C22:5 Docosapentaenoic, 

n-3 

 0.03% 
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In D12492 the omega 6 content was 9.5% of overall diet and 0.7% omega 3 and the n6: n3 

ratio was 13.9 or 1.8%. There was no trans-fat in the HFD diet. The calcium, phosphate, 

potassium, and choline in the D12492 diet were expressed as DiCalcium Phosphate (1.7% 

of total diet), Calcium carbonate (0.7%), Potassium Citrate (2.1%) and Choline Bitartrate 

(0.3%).  It was not possible to calculate exact dietary content of all minerals in both diets 

from the diet sheets provided.  

Envigo Teklad 2918 contains moderate isoflavone concentrations (daidzein + genistein 

aglycone equivalents) ranging from 150 to 250 mg/kg. D12492 is a purified diet and has 

less variation in its composition compared to the grain-based chow 2918. It also contains 

no isoflavones. Both diets exclude alfalfa and fish meal, which reduces the potential 

carcinogen nitrosamine. 

 

4.3.4 Metabolic effects of HFD 
 

Intraabdominal visceral fat volumes were quantified using the previously described modified 

connected threshold region growing CT protocol. Liver histology was examined to assess 

the effect of HFD compared to NC and whether it led to development of NAFLD. Liver 

histology was scored using the scoring system previously described. Liver triglycerides 

were assessed in frozen specimens of the liver, as previously described.  
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4.3.5 Uterine horn dissection and sectioning protocol 
 

A standardised dissection protocol for harvesting uterine tissue was developed by adapting 

established protocols (494, 495) to enable us to correlate histology findings with imaging 

findings. The rat has two uterine horns, connected to two ovaries bilaterally via an oviduct 

proximally; distally they come together at the uterine bifurcation or uterine body, which 

becomes the cervix (Figure 4.3). The anatomical notation is based on the horn’s position 

when the rat is supine. Therefore, the right uterine horn on imaging and photographs will 

be on the left-hand side of the image.  

 
Figure 4.3 Uterine horn anatomy 

 

The ovaries, uterine horns and cervix were excised en-bloc and any residual mesentery 

was excised with careful sharp dissection. Due to time restraints of dissection and putting 

uterine horn tissue into liquid nitrogen for RNA extraction, the decision was taken not to 

measure the length or diameter of uterine horns. Initially the weight of the uterine horns was 

measured, but due to time constraints the meso-ovarium and uterine mesentery were not 

excised meticulously enough for these weights to be considered accurate.  

As the uterine horn is a luminal organ, transverse incisions were used to ensure that full-

cross sections of the uterine horn could be examined. Horns were only opened using 

longitudinal incisions if there was an unclear palpable abnormality or in one case to view 

the macroscopic features of a nodule. Only 3 horns were opened with longitudinal incisions.  
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The uterine horns were sectioned into 5 sections of at least 5mm as follows (Figure 4.4): 

 

                          

Figure 4.4 Uterine horn sectioning 
Photograph A demonstrates the divisions of the right uterine horn into PUH (proximal 
uterine horn), MUH (mid uterine horn), DUH (distal uterine horn), UB (uterine body). 
Photograph B demonstrates how the horn was cut into 5 separate sections. The white lines 
denote the PUH, MUH, DUH, UB divisions as per photograph A. The orange lines 
demonstrate where the horn was sectioned (the most proximal and distal divisions are in 
white for clarity). Sections 1, 3 and 5 were placed separately in formalin and labelled as 
right PUH, MUH and DUH respectively. Sections 2 and 4 were snap frozen together for 
subsequent RNA extraction (unless a tumour was suspected, in which case the tumour 
specimen was snap frozen separately). 
 
 
 
If palpable abnormalities were present, these were either included at the edge of one of the 

sections  or if there were multiple abnormalities in a horn, a separate tumour specimen was 

added to formalin labelled with location and ‘T’ to denote tumour (Figure 4.5). The cervix 

and ovaries were excised and processed separately. The PUH specimen was always taken 

with the oviduct proximally and the DUH specimen with the cervix distally to allow 

orientation. The MUH specimen could not be orientated proximally or distally unless a solid 

lesion was present. Clinical photographs were taken as described in Chapter 2 (section 

2.6). Diagrams were drawn after euthanasia of each rat, confirming all findings including 

location, number and size of visible or palpable abnormalities; any other findings such as 

dilated horns, areas of thickening and confirmation of where palpable abnormalities were 

sectioned; as well as which sections were snap frozen and which ones were preserved in 

formalin.  
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All histological specimens were processed as per chapter 2 (section 2.7). All uterine horn 

slides were examined independently by a histopathologist with a specialist interest in 

Gynaecological Oncology, who was blinded to the treatment group and study outcomes. 

As the length and the diameter of the uterine horns alter depending on the oestrous cycle, 

when correlation was made back with the PET-CT, the uterine horns were considered in 

the three sections as per the histology (i.e. PUH, MUH, DUH). Palpable tumours were 

always divided between histology specimens and frozen samples.  

 

Figure 4.5 Uterine horn dissection when tumour is present 
In this photograph, there are two separate tumours in the right distal uterine horn. In the 
presence of two distal tumours an addition specimen was taken for histology. The right DUH 
was divided into a Rt DUH proximal tumour (PT) specimen and Rt DUH distal tumour (DT) 
specimen. Sections A and B were snap frozen together as non-tumour specimen and 
section C was snap frozen separately, as potential tumour specimen. 
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4.3.6 Other histological analysis 
 

Lungs, livers, ovaries, and any visible lymph nodes were examined macroscopically for 

metastasis, as well as microscopically. An independent histopathologist was asked to 

review the primary endpoint of histological scoring of the tumour and a second independent 

histopathologist was asked to review and confirm findings of liver histopathology. Both were 

blinded to whether the animal had an intervention or not and which intervention the animal 

underwent.  

Visceral fat samples were harvested from all samples. The number of adipocytes in a 

500µm2 area was calculated by counting the number of cells in five 500µm2 squares at x20 

power using Aperio ImageScope 12.3 software (Leica Biosystems). Adipocytes at the edge 

of the square were only included if more than 50% of the cell was included within the square.  

 

4.3.7 Correlation of PET-CT findings with histological analysis  
 

Potential tumour hotspots with an SUVmax greater than 2.0 were identified prospectively 

and were correlated with proximal, mid, or distal uterine horn specimen histology. Each 

horn was considered separately to calculate sensitivity and specificity. Longitudinal images 

at 7, 9, 12 and 15 months were reviewed and the SUVmax of hotspots in the uterine horn 

was reported. Care was taken to exclude background uptake of the bladder and uptake 

from the intestine when drawing uterine horn volumes of interest.  

 

4.3.8 Other cross-sectional outcome measures 
 

Immunohistochemistry for Ki 67 was carried out using the previously described protocol in 

chapter 2 (section 2.10.1).   

Immunohistochemistry for GLP-1R and PCR for GLP-1R were carried out using the 

previously described protocol in chapter 2 (section 2.10.2).  
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4.4 Results  
 

4.4.1 Body weight 
 

Changes in body weight were recorded weekly for the study duration. Figure 4.6 

demonstrates the mean weights with standard error of the mean (SEM) of rats fed normal 

(NC) and high fat diet (HFD) during the study. Shapiro-Wilk test for normality confirmed a 

normal distribution for both datasets. A significant difference between the mean weights in 

the NC and HFD groups was seen at weeks 30, 31, 40, 41, 43, 45, 47, 48, 50, 51, 52, 60, 

61, 62. Rats were starved prior to PET-CT scanning and had a compensatory increase in 

food intake post starvation. This was reflected by an increase in their weights around each 

scanning cycle at weeks 30, 40, 52 and 63 weeks.  
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Figure 4.6 Graph demonstrating the change in body weight during the study in both 
diet groups 
Body weight was higher in the high fat diet fed group at various time points from 30 weeks 
of age. At the end of the study, mean body weight was higher in the HFD group compared 
to the NC group (232.5g ±4.88 vs 209.4g ±2.00, p=0.001).  Data are presented as mean ± 
standard error of the mean. ***p<0.001; **p<0.01; &p<0.05. Abbreviations: NC, normal 
chow; HFD, high fat diet. 

  

*** 
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The rats were weight-matched at the start of the study, with no difference between the HFD 

and NC groups in body weight at 4 months (196.1g ± 2.482, n=8  vs 192.3g ± 2.504, n=7)   

(Figure 4.7). At 12 months mean body weight was higher in the HFD group compared to 

the NC group (230.5g ±3.86 vs 210.7g ±3.89, p=0.003) At the end of the study, mean body 

weight was higher in the HFD group compared to the NC group (232.5g ±4.88 vs 209.4g 

±2.00, p=0.001). However, mean weights at the end of the study were not increased from 

12-month values. Furthermore, at the end of the study the mean increase in body weight 

from the starting weight in the NC group was only 17g or a 9% increase in body weight. In 

the HFD group there was an increase of 36g or 19% increase in body weight.  
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Figure 4.7 Bar graph demonstrating the mean weight of rats fed NC and HFD at the 
start, 12 months and end of the study 
Rats were weight-matched at the start of the study, with no difference between the HFD 
and NC groups in body weight. At 12 months and 15 months, mean body weight was 
significantly higher in the HFD group compared to the NC group. Data are presented as 
mean ± standard error of the mean. ***p<0.001; **p<0.01; &p<0.05. Abbreviations: NC, 
normal chow; HFD, high fat diet. 
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4.4.2 Food Intake 
 

Rats were starved prior to PET-CT scanning with ad libitum access to water and had a 

compensatory increase in food intake post starvation at 30, 40, 52 and 63 weeks. When 

food intake values post scanning were removed, the food intake remained relatively 

constant throughout the study (Figure 4.8). 
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Figure 4.8 Graph demonstrating daily mean food intake in NC and HFD groups 
Average daily food intake per animal was compared over the course of the study in both 
diet groups. Data are presented as mean ± standard error of the mean. ****p<0.0001; 
***p<0.001; **p<0.01; &p<0.05. Abbreviations: NC, normal chow; HFD, high fat diet. 
 

Mean daily food intake per gram per animal was higher in the NC group compared to the 

HFD group from 38 weeks (10.29g ±0.13 vs 6.60g ±0.06, p<0.0001). This was true at all 

timepoints measured for the duration of the study (multiple t tests).  Subsequent calorie 

consumption and calorie efficiency analysis was done using food intake values that 

excluded values around the time of scanning. 

  

**** 
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4.4.3 Calorie Consumption 
 

Average daily calorie consumption from 38 weeks until study end was higher in the HFD 

group compared to the NC group (35.2±0.33 vs 31.9±0.42 kcal, p<0.0001) (Figure 4.9). 

There was no difference between in calorie efficiency between the NC and HFD fed rats 

(0.01 g/kcal vs 0.02 g/kcal, p<0.05) (Figure 4.10).  
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Figure 4.9 Graph demonstrating the daily mean calorie intake per animal during the 
study.  
Average daily mean calorie intake per animal was higher in the HFD group compared to 
the NC group from 38 weeks. Data are presented as mean ± standard error of the mean. 
****p<0.0001; ***p<0.001; **p<0.01; &p<0.05. Abbreviations: NC, normal chow; HFD, high 
fat diet. 
 

  

**** 
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Figure 4.10 Graph demonstrating the daily mean calorie efficiency during the study 
There was no difference in the mean calorie efficiency per animal between NC and HFD 
groups from 38 weeks. Data are presented as mean ± standard error of the mean. 
***p<0.001; **p<0.01; &p<0.05. Abbreviations: NC, normal chow; HFD, high fat diet. 
 

 

4.4.4 Morbidity and mortality of long-term HFD 
 

There appeared to be no negative effects of feeding the BDII/Han rats HFD over a 

prolonged period. Eye complications have previously been described in these rats. In our 

cohort, one rat in the NC group developed micro-ophthalmia with opacity of the lens and 

one in the HFD group. 2 further rats in the HFD group developed erythema around the eye, 

which may have been traumatic. No rats demonstrated signs of infection, purulent vaginal 

discharge suggesting a high tumour burden or any signs of distress. There was no mortality 

during this study. 
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4.4.5 Metabolic effects of HFD 
 

4.4.5.1 Determining visceral abdominal fat volumes and the effect of visceral 

abdominal fat on visualization of the uterine horns 

 

The CT images demonstrated that the rats fed HFD had more visceral abdominal fat than 

those fed NC and that this afforded better visualization of the uterine horns (Figure 4.11). 

At 15 months 75-100% of all uterine horns could be visualised in the HFD group on CT, 

which was only the case in 8 (57%) out of 16 uterine horns in the NC group (Figure 4.12).  

 

 

Figure 4.11 Coronal CT images demonstrating uterine horns in both diet groups 
In the CT image of a NC rat (A) the intestines are obscuring the right uterine horn and 
proximal left uterine horn. Only the bifurcation and left distal uterine horn can be visualised 
(outlined). In the CT image of a rat fed HFD (B), the uterine bifurcation and both right and 
left horns (outlined) can be clearly visualized. There is visibly more visceral fat in the rat fed 
HFD compared to rat fed NC. Abbreviations: NC, normal chow; HFD, high fat diet. 
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A 

A 
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Figure 4.12 Graph demonstrating the percentage of uterine horn visible on CT both 
diet groups at 15 months 
The percentage of uterine horn visibility was compared in both diet groups. At the 15-month 

imaging point 76-100% of all uterine horns could be visualised in the HFD group on CT. In 

the NC fed group, 76-100% of the horn was visualised in only 8 (57%) out of 14 uterine 

horns and in one rat, less than 25% of one uterine horn was visualised. Abbreviations: NC, 

normal chow; HFD, high fat diet.  
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At necropsy, it was also evident that rats fed HFD had more visceral fat and more omental 

fat (Figure 4.13). 

 

 

 

 

 

 

 

 

 

Figure 4.13 Photographs demonstrating omental and visceral fat in a NC and HFD rat 
Photographs demonstrates that rats fed NC (A) had less omental and visceral fat than rats 
fed HFD (B). 
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To confirm this observation, the mean volume of intraabdominal visceral fat was compared 

between the NC and HFD groups using a modified connected threshold region growing 

method on the CT image. At the 15-month imaging point, the mean volume of 

intraabdominal visceral fat was significantly higher in the HFD group compared to the NC 

group (8.57 cm3 ± 0.72 vs 3.96 cm3 ± 0.59, p<000.5) (Figure 4.14).   
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Figure 4.14 A graph demonstrating the mean volume of abdominal visceral fat in 
both diet groups 
Measurements were made in a volume of interest from the top of the L1 vertebrae to the 
bottom of the L5 vertebrae. Mean volume of abdominal visceral fat is compared in both diet 
groups. Rats fed HFD had a higher mean volume of abdominal visceral fat compared to 
those fed NC at the 15-month imaging point.  Data are presented as mean ± standard error 
of the mean. ***p<0.001; **p<0.01; &p<0.05. Abbreviations: NC, normal chow; HFD, high 
fat diet. 
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4.4.5.2 Fat histology 

 
The visceral fat was challenging to cut with the microtome and additionally a significant 

portion of some of the fat specimens consisted of pancreas. Therefore, it was only possible 

to assess the fat histology from 4 NC rats and 3 HFD rats. The fat cells in the perinephric 

fat in the HFD rats were visibly larger, hypertrophic cells compared to NC rats (Figure 4.15), 

with more cells in a 500µm2 area trending towards significance (96.60 cells ± 20.05, n=3; 

49.80 cells ± 4.660, n=3; p= 0.085) (Figure 4.16). 

 

 

 

 

 

 

 

 

 

 

Figure 4.15 Histology images of visceral fat from a NC and HFD rat 
Figure demonstrating histology of peri-renal fat from the posterior abdominal wall 
retroperitoneal space adipose depot in a rat fed NC (A) and a rat fed HFD (B). Fat cells 
were visibly more densely packed, with smaller diameter cells and thus more per field of 
view in rats fed NC compared to rats fed HFD. Both images are at x 20 magnification; scale 
bar represents 200µm. Abbreviations: NC, normal chow; HFD, high fat diet. 

A - Normal chow B - High fat diet 
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Figure 4.16 Graph demonstrating the mean number of fat cells in a 500µm2 area in 
rats fed NC and HFD  
The mean number of adipocytes in a 500µm2 area in perinephric visceral fat was calculated 
for rats fed NC and HFD. Rats fed NC had more adipocytes in a 500µm2 area compared to 
HFD rats, although this was not statistically significant. Data are presented as mean ± 
standard error of the mean. ***p<0.001; **p<0.01; &p<0.05. Abbreviations: NC, normal 
chow; HFD, high fat diet. 
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4.4.5.3 Liver  

 

1 NC fed rat demonstrated <5% mild patchy hepatosteatosis with only microsteatosis visible 

(Figure 4.17); whilst 3 HFD fed rats demonstrated <5%, 20% and 30% respectively with 

both micro and macrosteatosis on histological analysis (Figure 4.18). There was no 

evidence of hepatocellular injury in the form of ballooning. As the hepatosteatosis was 

patchy formal scoring using the hepatosteatosis scoring system was not possible and 

stated percentages were derived from observation with a Professor of pathology with a 

specialist interest in liver pathology, who was blinded to the study outcome.   

 

 

 

 

 

 

 

 
Figure 4.17 Microsteatosis and hepatitis in a rat fed NC 
Figure demonstrating histology of liver tissue from the only rat fed NC that demonstrated 
signs of liver damage. Image A demonstrates microsteatosis (within black circle) and image 
B demonstrates an area of hepatitis with numerous inflammatory cells aggregated together 
(within black circle). Both images at x 20 magnification. Abbreviations: NC, normal chow. 
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Figure 4.18 Microsteatosis and macrosteatosis in a rat fed HFD 
Figure demonstrating histology of liver tissue from a rat fed HFD that demonstrated signs 
of liver damage. Both signs of microsteatosis (within black circle) and macrosteatosis 
(within red circle) are demonstrated. Images at x 20 magnification; scale bar represents 
200µm. Abbreviations: HFD, high fat diet. 
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There was no statistical difference in liver triglyceride concentrations between the HFD and 

NC groups (62.72 mg/dl ± 4.7mg/dl vs 66.21 mg/dl ± 5.9) (Figure 4.19). 
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Figure 4.19 Graph demonstrating the mean triglyceride concentration in both groups 
Mean triglyceride concentration was compared in both diet groups. There was no difference 
in liver triglyceride concentration between rats fed NC and HFD. Data are presented as 
mean ± standard error of the mean. ***p<0.001; **p<0.01; & *p<0.05. Abbreviations: NC, 
normal chow; HFD, high fat diet. 
 

 

However, there was an apparent correlation between triglyceride level and percentage of 

hepatosteatosis (Table 4.2).  

Table 4.2 Demonstrating the liver triglyceride level and hepatosteatosis score in rats 
with hepatosteatosis on histology 

Diet (Rat number) Triglyceride level Hepatosteatosis  

NC (3) 43.72 ˂5% 

HFD (8) 72.96 20% 

HFD (9) 56.83 ˂5% 

HFD (10) 90.88 30% 

Abbreviations: NC, normal chow; HFD, high fat diet. 
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There was little correlation of liver triglyceride concentration with body weight (R2 0.06). 

However, the heaviest rat (R10) was fed HFD (circled in red in Figure 4.20), had the most 

steatosis (30%), as well as the highest liver triglyceride concentration.  

 

 

Figure 4.20 Graph demonstrating the association between liver triglyceride 
concentration and body weight 
Triglyceride concentrations (mg/dl) were correlated with body weight (g) in individual rats. 
There was no association between liver triglyceride concentration and body weight of the 
rats at euthanasia. This graph includes rats fed both NC and HFD. The rat circled in red 
(R10), was the heaviest rat, it was fed HFD, had the most steatosis (30%) and the highest 
liver triglyceride concentration. ***p<0.001; **p<0.01; &p<0.05.  
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This rat (R10) also had little subcutaneous fat (0.96cm3) compared to the other two HFD 

rats that had subcutaneous fat assessed at 2.09cm3 and 4.01cm3 (Figure 4.21). Although 

this was still more subcutaneous fat than any of the NC rats (0.18, 0.45, 0.68cm3). 

Additionally, R10 had the lowest visceral fat measurement of the 3 rats assessed (7.24cm3 

vs a group mean of 8.57cm3). 

 

 

Figure 4.21 Subcutaneous fat in Rat 10 
Coronal CT images demonstrating the subcutaneous fat in an average HFD fed rat (A) and 
in Rat 10 (B). The blue rectangle represents a region of interest from lumbar vertebrae L1 
to L5. Abbreviations: HFD, high fat diet. 

  

Subcutaneous fat 

A B 



197 
 

4.4.6 Tumour burden 
 

Four rats had confirmed tumours on histological analysis in both the NC and HFD groups, 

which equated to a confirmed presence of tumour in 57% (4/7) of rats in NC group versus 

50% (4/8) in HFD group (Figure 4.22).  

 

 

 

 
 
 
 
Figure 4.22 Graphs demonstrating tumour burden in NC and HFD fed rats 
Graph A demonstrates the number of rats with histologically confirmed EC and Graph B 
demonstrates the percentage of rats with and without histologically confirmed tumours in 
both NC and HFD groups. Abbreviations: NC, normal chow; HFD, high fat diet. 
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4.4.6.1 Macroscopic and microscopic feature of the uterine horns 

 

The normal macroscopic findings of the uterine horns and ovaries are demonstrated in 

Figure 4.3. The tumours varied in their macroscopic appearance with some tumours being 

nodular, whilst others demonstrated diffuse thickening (Figure 4.23). It was not possible to 

accurately weigh each tumour without compromising histological analysis, as each tumour 

was only around 2-5mm (not all were measured). It was also not possible to weigh the 

uterine horns accurately, without meticulous dissection of the surrounding mesentery and 

mesovarium, which could have compromised the time to inserting the specimens destined 

for RNA extraction in the liquid nitrogen. For the same reason, uterine horns and tumour 

dimensions were not measured. 

  



199 
 

 

 

 

 

 

 

 

 

 

 
Figure 4.23 Photographs demonstrating variation in tumour appearance  
Photograph A demonstrates a rat with two nodular tumours in its left horn situated at either 
prong of the forceps. This horn is opened to demonstrate the distal tumour denoted by an 
arrow in photograph B. Photograph C demonstrates a palpable abnormality in the right mid 
uterine horn at the site of the tip of the forceps, which demonstrated a diffuse thickening 
when the horn was opened (D). In photograph A the right uterine horn and in C and D, the 
left uterine horn demonstrates uniform dilatation, which contained fluid. 
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The microscopic features (Figure 4.24) demonstrate a trilaminar arrangement with an inner 

endometrium, an outer perimetrium and the myometrium, consisting of an inner circular and 

outer longitudinal muscles, in between the two. The perimetrium is a thin connective tissue 

layer. The endometrium consists of surface columnar epithelium and a lamina propria 

containing stroma, endometrial glands, and numerous blood vessels.  

Normal endometrium will have normal polarity of the surface columnar epithelial cells. The 

nuclei of these cells and the endometrial glandular cells demonstrate normal size and 

shape. There is no evidence of mitosis or abnormal apoptosis. Apoptosis can be a normal 

part of the oestrous cycle. Additionally, there is no evidence of invasion of the myometrium. 

 
Figure 4.24 Microscopic features of normal endometrium in BDII/Han rats 
Image A (x2 magnification; scale bar represents 900nm) demonstrates the trilaminar 
arrangement of the uterine horn, with the inner endometrial epithelium (E), the lamina 
propria of the endometrium (L), the myometrium (MM) and the outer perimetrium (P). Image 
B (x10 mag) and C (x20 magnification; scale bar represents 200µm) demonstrate the 
features of normal endometrium including normal polarity of the columnar epithelium and 
normal nuclei of both the epithelium and glands. 
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In Figure 4.25 abnormal endometrium is demonstrated. The surface epithelial cells have 

lost their polarity, the nuclei are pleiomorphic varying in size and shape, demonstrable 

abnormal mitoses, and apoptosis. Invasion of the myometrium by malignant glands is also 

seen in adenocarcinoma.  

 
Figure 4.25 Microscopic features of malignant and atypical endometrium in BDII/Han 
rats 
Image A (x40 magnification; scale bar represents 100pm) compares normal glands within 
the stroma to the abnormal glands in adenocarcinoma. Image B (x20 magnification) 
demonstrates the loss of epithelial polarity and nuclear pleiomorphism of the columnar 
surface epithelium associated with atypia and carcinoma. Image C (x40 magnification) 
demonstrates nuclear pleiomorphism of the endometrial glands and apoptosis. The black 
arrow denote abnormal mitoses. 
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4.4.6.2 Correlating macroscopic and microscopic features of tumours 

All tumours in both NC and HFD groups were graded as Grade 2 adenocarcinoma by an 

independent blinded histopathologist with a specialist interest in gynaecology-oncology 

(Figure 4.26). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.26 Left distal uterine horn tumour 
A visible and palpable abnormality was identified in the left DUH (inside black circle, 
photograph A). The horns were opened to demonstrate a diffuse thickening (inside black 
circle, photograph B). Microscopy (C) confirmed increased malignant glands (black arrow) 
invading the myometrium, consistent with adenocarcinoma (x10 magnification, scale bar 
represents 200µm). 
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Figure 4.27 demonstrates uterine horns from a rat from the NC group, where there is a 

nodular tumour that appears fluid filled and on histology is shown to be cystic, with markedly 

atypical poorly differentiated cells, similar to the histology from another NC rat (Figure 

4.28). Although all the tumours were graded as Grade 2, these two NC rats had more 

atypical cells.  

 
Figure 4.27 Macroscopic and microscopic features of NC rat 
Photograph A demonstrates macroscopic features of two nodules (denoted by arrows) that 
appear fluid filled in the right uterine horn. The left horn was dilated but was punctured 
during necropsy and therefore appears collapsed. Histology image B (x2 magnification; 
scale bar represents 2mm) confirmed a cystic adenocarcinoma, with markedly atypical cells 
(C- x20 magnification; scale bar represents 300µm).  
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Figure 4.28 Histology demonstrating poorly differentiated tumour in a NC rat 
Microscopic features (x20 magnification; scale bar 200µm) of a NC rat tumour 
demonstrating loss of polarity in the surface epithelium, abnormal mitoses, apoptosis and 
markedly pleiomorphic cells. 
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There were no examples of such extreme atypia in the tumours of the rats in the HFD fed 

group. Two of the HFD rat tumours demonstrated squamous metaplasia and one rat also 

demonstrated intestinal metaplasia, with visible goblet cells within the adenocarcinoma 

tumour (Figure 4.29). 

 
Figure 4.29 Intestinal metaplasia and squamous metaplasia in a rat fed HFD 
Microscopic features of a HFD rat tumour demonstrating intestinal metaplasia with goblet 
cells (A – x40 magnification; scale bar 10µm) and squamous metaplasia (B – x40 
magnification; scale bar 100µm). This is markedly different from the usual columnar 
epithelium of the endometrium. 
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There were several cases where palpable or visible abnormalities did not equate to a 

malignant tumour. Figure 4.30 demonstrates photographs from a rat in the NC group, which 

appeared to have thickening in both horns. However, this appeared to be uniform thickening 

when the horn was opened and there was no malignancy identified on histological 

examination. Another HFD rat also had a palpable abnormality that was confirmed not to 

be malignant on histology. A further NC rat had a palpable nodule that was histologically 

confirmed to be a connective tissue nodule. 

 

 

Figure 4.30 Image panel demonstrating incidences when palpable or visible 
abnormalities did not equate to a malignant tumour 
Photographs A, B and C demonstrate an NC rat where palpable abnormalities were 
demonstrated in both horns, but on opening the horns the abnormalities appeared to be 
diffuse uniform thickening. Photograph D is from an HFD rat with a visible and palpable 
nodule, but no evidence of malignancy on histology. Image E demonstrates histology (scale 
bar 700µm) from a palpable nodule, which is demonstrated to be connective tissue on 
histology. 
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4.4.6.3 Sensitivity and specificity of tumour visibility and palpability   

 

Table 4.3 and Table 4.4. demonstrate contingency tables for tumour visibility and 

palpability, with calculations for sensitivity, specificity, positive predictive value (PPV) and 

Negative predictive value (NPV). 100% of tumours were palpable and 89% visible. 

However, only 62% of visible and 67% of palpable abnormalities were confirmed to be 

tumours. 3 uterine horns were dilated to the bifurcation (as demonstrated in Figure 4.23). 

Initially these were included in the sensitivity and specificity analyses, as visible 

abnormalities potentially suggesting a tumour in the DUH or at the bifurcation in the 

contingency tables, giving a specificity for visible abnormalities of 62%. However, after 

correlating the CT findings and necropsy findings demonstrated in Figure 3.43 (where 

bilateral uterine horn dilatation was seen on the CT images at 15 months, but only unilateral 

right sided uterine horn dilatation was seen at necropsy 2 weeks later), it was unclear 

whether horns dilated to the bifurcation were pathological or physiological and therefore, 

horns dilated throughout their length were excluded from this analysis. 

 

Table 4.3 Contingency table demonstrating positive and negative tumour visibility in 
those animals with and without cancer 

 Cancer No cancer  

Positive tumour 
visibility 

8 5 Positive predictive value = 8/16= 
50% 

Negative tumour 
visibility 

1 16 Negative predictive value = 16/17= 
94% 

  Sensitivity = 
8/9= 89% 

Specificity = 
13/21= 76%  

  

 

Table 4.4 Contingency table demonstrating positive and negative tumour palpability 
in those animals with and without cancer 

 Cancer No cancer  

Tumour palpable 9 7 Positive predictive value = 9/16= 
56% 

Tumour not 
palpable 

0 14 Negative predictive value = 14/14= 
100% 

  Sensitivity = 
9/9= 100% 

Specificity = 
14/21 = 67%  
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4.4.6.4 Examination for metastasis 

 

There was no evidence of macroscopic or microscopic metastases in any of the organs 

examined in either the NC or HFD groups (Figure 4.31). This included assessment of the 

lung, liver, ovaries, and cervix in all animals, as well as a single lymph node identified in an 

HFD rat. This lymph node was initially picked up on PET-CT imaging at 15 months as 

demonstrated in Figure 3.42 and was actively searched for during necropsy. The histology 

of this lymph node demonstrated only reactive inflammatory changes, likely to the 

adenocarcinoma identified in the animal. 

Figure 4.31 Histology image panel demonstrating no extra uterine metastases 
Histology image A (scale bar represents 300µm) demonstrates normal lung tissue from the 
BDII/Han rat. Histology image B (scale bar represents 500µm) demonstrates normal 
ovarian tissue from the BDII/Han rat. Histology image C (scale bar represents 400µm) 
demonstrates reactive lymph node tissue from one BDII/Han rat fed HFD. Histology image 
D (scale bar represents 200µm) demonstrates normal liver tissue from the BDII/Han rat. 
Histology image E (scale bar represents 200µm) demonstrates normal cervical tissue from 
the BDII/Han rat. There was no evidence in any of the BDII/Han rats studied of metastases 
into any of these organs, which are the usual sites of endometrial carcinoma metastasis in 
this rat model. 

A - Lung B - Ovary C - Lymph node 

D - Liver E - Cervix 
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4.4.6.5 Endometrial atypia 

 

In the NC group, 3 rats showed evidence of mild atypia in the endometrium generally 

confined to the surface epithelium in uterine horns where no malignant tumour was 

identified (Figure 4.32). In the HFD group, in 3 rats atypia extended into the lamina propria 

and appeared more extensive in the non-tumour rats, but also very well differentiated 

(Figure 4.33). It is possible that if all these rats were left to 18 months that they all would 

have developed tumours. 

 
Figure 4.32 Histology image panel demonstrating atypia in rats where no malignant 
tumour was identified in NC rats 
Histology images A (scale bar represents 200µm), B (scale bar represents 200µm) and C 
(x20 mag; scale bar represents 200µm) demonstrate atypia in the form of loss of polarity of 
surface epithelial cells, apoptosis or abnormal mitoses, but no evidence of myometrial 
invasion in three NC fed BDII/Han rats, in which no tumour was identified in that uterine 
horn. Abbreviations: R2, rat 2; R3, rat 3; R4, rat 4. 

A - R2 B - R5 

C - R4 
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Figure 4.33 Histology image panel demonstrating atypia in rats where no malignant 
tumour was identified in HFD rats 
Histology images A (scale bar represents 2mm), B (x10 magnification; scale bar represents 
200µm) and C (x20 magnification; scale bar represents 300µm), D (x10 magnification; scale 
bar represents 200µm) and E (x20 magnification; scale bar represents 200µm) demonstrate 
atypia in the form of loss of polarity of surface epithelial cells, apoptosis or abnormal 
mitoses, but no evidence of myometrial invasion in three HFD fed BDII/Han rats, in which 
a uterine horn tumour was not identified. Abbreviations: R8, rat 8; R10, rat 10; R13, rat 13. 

  

B - R8 

D - R10 E - R13 

C - R8 

A - R8 
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4.4.7 Additional histology findings 
 

The lung histology could not be analysed for features of obesity because a standardised 

inflation protocol was not used. Therefore, different parts of the lung were inflated 

differentially (Figure 4.34).   

 

 

Figure 4.34 Histology demonstrating variation in lung inflation 
Histology image A (scale bar represents 2mm) demonstrates normal lung tissue from a 
BDII/Han rat. Histology image B (x20 magnification, scale bar represents 200µm) 
demonstrates that part of this tissue is inflated, whilst image C (x20 magnification, scale bar 
represents 200µm) demonstrates that part of this tissue is uninflated.   

Inflated lung Uninflated lung 

A 

B C 
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Initially at necropsy, thickening of the cervical and vaginal region in 13 out of 15 rats was 

suspected to be EC, possibly arising from the uterine bifurcation. However, histology 

confirmed normal squamous epithelium, suggesting that this tissue was not tumour, but 

hyperplastic cervix and vagina as demonstrated in Figure 4.35. 

 
Figure 4.35 Images demonstrating the variation in the cervix over time 
Histology image A (scale bar represents 2mm) and B (magnification x20, scale bar 
represents 200µm) demonstrate normal cervical tissue from a 6-month-old BDII/Han rat. 
Photograph C demonstrates a hyperplastic cervix, which is confirmed on histology image 
D (magnification x10, scale bar represents 200µm), which demonstrates hyperplastic 
cervical tissue in a 15-month BDII/Han rat.  

Cervix in 6 month old rat 

A B 

Hyperplastic in 15-month old rat 

D C 



213 
 

However, not all rats had a hyperplastic cervix/ vagina at necropsy at 15 months (Figure 

4.36). 

 

Figure 4.36 Photograph from a rat demonstrating no hyperplasia at the uterine 
bifurcation or cervix  
This photograph at necropsy demonstrated that some rats had no cervical hyperplasia at 
15 months. 
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4.4.8 Validating the PET-CT protocol in determining malignant tumours 

using histological analysis 
 

The PET-CT protocol described in Chapter 3, enabled us to accurately identify tumour 

burden. Figure 4.37 demonstrates a panel of co-registered PET-CT images with a clear 

hotspot in the right uterine horn, which correlated with a palpable abnormality in the right 

uterine horn, which was confirmed to be malignant on histology. PET-CT also demonstrated 

two separate hotspots in instances of two separate tumours being identified. The PET-CT 

image in Figure 4.38 demonstrates high uptake (with a standardised uptake value of 3.5) 

in the left mid uterine horn, which correlated to 2 palpable nodules in the left uterine horn 

confirmed to be malignant on histology. Furthermore, a dilated right uterine horn is visible 

on the left-hand side of the PET-CT image. In one rat fed HFD, PET-CT also enabled us to 

identify a reactive lymph node, as previously descried in chapter 3 (Figure 3.42). Uterine 

horns where the SUVmax did not reach the 2.0 threshold showed no macroscopic 

abnormality or microscopic evidence of malignancy (Figure 4.39), except in one rat. This 

rat had no hotspot on imaging but was confirmed to have a malignant tumour. Tumours 

were only seen on PET-CT and no tumours were visualised on the CT images alone, even 

when retrospectively reviewed once tumour burden was known. 
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Figure 4.37 PET-CT image correlated with macroscopic findings 

PET-CT image panel (A) demonstrates volumes of interest drawn on the left uterine horn 
(blue), left ovary (green), right uterine horn (pink) on several slices of the co-registered PET-
CT images. A clear hotspot is seen in the right mid to distal uterine horn (arrows). This 
correlated to a palpable abnormality in the right uterine horn (B), which looked like non-
specific thickening of the endometrium when the horn was opened (C). However, a 
malignant tumour was confirmed on histology. 
  

A 

B C 
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Figure 4.38 Correlation of PET-CT findings with necropsy findings – SUVmax ≥ 2.0 
This rat had two hotspots on PET-CT imaging (A) in the left uterine horn. The proximal hotspot (black 
arrow) had an SUVmax of 5.0, whilst the distal hotspot (orange arrow) had an SUVmax of 3.8. A 
dilated right uterine horn is outlined in red on the PET-CT image and is seen on the left-hand side of 
the abdomen. The two hotspots correlated to two nodular abnormalities in the left uterine horn at 
necropsy (each tumour is indicated by a blade of the forceps in photograph B). The dilated right 
uterine horn can also be seen in photograph B. Both tumours were identified as malignant 
adenocarcinomas on histology. Histology images C (scale bar represents 900nm) and D (x10 
magnification; scale bar represents 300µm) demonstrate the proximal tumour, whilst images E (x 2 
magnification; scale bar represents 1mm) and F (x20 magnification; scale bar represents 200µm) 
demonstrate the distal tumour. 

A B 

C 

E 

D 

F 
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Figure 4.39 Correlation of PET-CT and necropsy findings – SUVmax < 2.0 
PET-CT image A demonstrates volumes of interest of the distal portions of both the left 
(blue) and right (green) uterine horns. The SUVmax of these horns did not exceed 2.0. 
Photograph B demonstrates no visible or palpable abnormality at necropsy. These findings 
were confirmed on histology, where no malignant tumour was identified, although atypia 
was seen (image D in Figure 4.33). 
  

1.4 Suv Max 

1.3 Suv Max 

A 

B 
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Table 4.5 demonstrates a contingency table correlating imaging findings with histology 

findings. In this study histology findings are being considered the gold standard reference 

for tumour identification. The left and the right uterine horns in each animal were considered 

as a separate entity for the purposes of this analysis. Positive imaging is defined as any 

uterine horn containing a hotspot, where the SUVmax was greater than 2.0. For the purpose 

of all analyses in this chapter, if a rat had two separate hotspots, the higher SUVmax (i.e. 

the SUV max of the entire uterine horn) was used. As previously described, the SUVmax 

was derived by drawing a volume of interest (VOI) around the entire horn. All 3 imaging 

views (axial, sagittal and coronal) were reviewed carefully to ensure that hotspots were 

within the horns and not within neighbouring or overlying intestines. Calculations for 

sensitivity, specificity, positive predictive value (PPV) and Negative predictive value (NPV) 

are shown. The sensitivity of PET-CT was 87.5% and specificity 86%. The Type 1 error rate 

was (3/22) 14% and the Type 2 error rate was (1/8) 12.5%. 

 

Table 4.5 Contingency table demonstrating positive and negative imaging findings 
per uterine horn in those animals with and without cancer  

 Cancer No cancer  

Positive imaging 7 3 Positive predictive value = 7/10 = 70% 

Negative imaging 1 19 Negative predictive value = 19/20 = 95% 

 Sensitivity= 

7/8= 87.5% 

Specificity= 

19/22= 86% 
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There was no difference in the SUVmax between the NC and HFD groups at any of the four 

imaging time points (Figure 4.40).  
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Figure 4.40 Graph demonstrating the mean SUVmax at each of the 4 imaging time 
points in both diet groups 
This graph compares the mean maximum SUV of uterine horns between rats fed NC and 
HFD at each of the four imaging time points. Each uterine horn is counted as a separate 
data point. Data are presented as mean ± standard error of the mean. ***p<0.001; **p<0.01; 
& *p<0.05. Abbreviations: NC, normal chow; HFD, high fat diet; SUV, standardized uptake 
value. 
  



220 
 

Figure 4.41 demonstrates that in rats with tumours (n=8; 4 fed NC, 4 fed HFD), the mean 

SUVmax increased over time, whilst in rats without tumours (n=7; 3 fed NC, 4 fed HFD), 

the mean SUVmax never exceeded 2.0. At 7 months there was no difference in the mean 

maximum SUV between rats found to have histologically confirmed EC at the study end 

versus those that were not (1.79 vs 1.41 ±0.19, p<0.08). At each of the other time points 

the mean maximum SUV was higher in rats with tumour burden than those without tumour 

(9 months: 2.24 vs 1.59 ±0.27, p<0.03; 12 months: 2.73 vs 1.83 ±0.36, p<0.03; 15 months: 

3.64 vs 1.77 ±0.71, p<0.02). This was used as validation of our use of 2.0 as the SUVmax 

cut off for determination of a hotspot potentially denoting a tumour. 
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Figure 4.41 Mean SUVmax in rats with and without histologically proven tumours at 
each of the imaging time points 
The mean maximum SUV within the uterine horn is compared between rats with a 
histologically confirmed tumour and rats without a tumour at each of the 4 imaging time 
points. Each rat is considered a separate data point. In the group with no tumours, the mean 
maximum SUV remained below 2.0 (our cut off for a hotspot suggesting the presence of 
tumour). The mean SUVmax increased over time in the tumour group.  This graph includes 
the one false negative rat in the tumour group, where tumour was identified, but no hotspot 
was seen on imaging. Data are presented as mean ± standard error of the mean. 
***p<0.001; **p<0.01; & *p<0.05. Abbreviations: SUV, standardized uptake value. 
 
 
  

* 

* 
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4.4.9 Longitudinal tumour burden tracked using PET-CT 
 

Tumour burden was identified as early as 7 months in the NC fed group and 9 months in 

HFD fed group (Table 4.6). Tumour could be tracked longitudinally using PET-CT (Figure 

3.41). There was one animal with a hotspot identified at 12 and 15 months, but no tumour 

identified on histology after necropsy, this was a false positive. This rat did have a visible 

and palpable nodule (photograph D in Figure 4.30) and atypia on histology (histology image 

Figure 4.33). In the NC group, one false negative rat, had a possible hotpot at 12-month 

imaging in the DUH, but no hotspot on the 15-month scan. Adenocarcinoma was identified 

at histology, but in the proximal uterine horn. There were fewer hotspots in the HFD group 

at 7, 9 and 12 months.  

Table 4.6 Longitudinal PET-CT results of rats with hotspots at each of the imaging 
timepoints 

Imaging 

timepoint 

Number of rats with a uterine SUVmax >2.0 

Normal chow High fat diet 

6-7 month 1 0 

9 months 3 1 

12 months 4* 3** 

15 months 3 5** 

 
*At 12 months there was one rat in the NC group that had a possible hotspot, which was in 
close proximity to the intestines. This rat did not have a hotspot at 15 months but was found 
to have cancer at histology more proximal than the hotspot seen at 12 months (false 
negative). 
** There was one rat in the HFD group with a hotspot at 12 and 15 months, but no tumour 
identified at the end of the study (false positive). 
NB This table counts a rat as a single unit, and therefore, if a rat had two hotspots in one 
horn, or a hotspot in both horns, for the purposes of this table they are considered as a 
single hotspot 
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4.4.10 Parameters correlating with tumour burden 
 
Diet did not predict malignancy, with no difference in tumour burden between rats fed HFD 

or NC (Figure 4.22). Weight also did not predict tumour burden. Figure 4.42 demonstrates 

no difference in weight between rats with and without histologically confirmed tumour 

burden in either diet group. In the HFD group, rats with tumours were numerically heavier 

than rats without tumours, although this did not reach statistical significance.  
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Figure 4.42 Graphs demonstrating the spread of weight at 15months in both diet 
groups depending on whether or not tumour was identified  
Graph A demonstrates the mean weight of rats with and without histologically confirmed 
tumour in both NC and HDF groups. Graph B demonstrates the individual weight of rats 
with and without tumours in both diet groups. Data are presented as mean ± standard error 
of the mean. ***p<0.001; **p<0.01; & *p<0.05. Abbreviations: NC, normal chow; HFD, high 
fat diet. 
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A hotspot on PET-CT with a SUVmax ≥ 2.0 did predict tumour burden (Figure 4.43) with 

good sensitivity and specificity (Table 4.5). There was little variation in the SUVmax in rats 

with no malignancy identified in their uterine horns, (demonstrated by small error bars) 

providing further evidence that physiological uptake in the uterine horn is generally between 

an SUVmax of 1 and 2.  The spread of SUVmax in tumours was highly variable (Figure 

4.43). The one rat with an SUVmax less than 2 in the tumour NC group, is the one rat 

identified to have cancer on histology, but no hotspot on imaging. 
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Figure 4.43 Graphs demonstrating the spread of SUVmax per rat at 15months in both 
diet groups depending on whether or not tumour was identified 
Graph A demonstrates the mean SUVmax of tumour and non-tumour bearing rats in both 
the NC and HFD groups. Graph B demonstrates the individual rat SUVmax values. Again, 
these graphs include the one false negative rat in the Normal Chow (NC) tumour group, 
where tumour was identified, but no hotspot seen on imaging and is the tumour bearing rat 
in the NC group in graph B with an SUVmax less than 2. Abbreviations: SUV, standardized 
uptake value, NC, normal chow; HFD, high fat diet. 

A  

B  
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4.4.11 Immunohistochemistry 
 

4.4.11.1 Ki-67 

 

Ki-67 staining was carried out on tumour tissue from 4 NC rats and 3 HFD rats. 2 of the NC 

rats had two tumours and 1 of the HFD rats had two specimens (MUH and DUH) with 

tumour.  The remaining 4 (2 NC and 2 HFD) animals had one tumour each. This resulted 

in 6 and 4 stained tumour samples from NC and HFD respectively.   Representative images 

are demonstrated in Figure 4.44. 
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Figure 4.44 Ki-67 staining in tumours of 2 NC rats and 2 HFD rats 
Immunohistochemistry slides A and B demonstrate Ki-67 staining in uterine horns from two 

rats with histologically confirmed tumours that were fed NC. The tumour in image A 

demonstrates strong staining in a large tumour. The tumour in image B demonstrates lighter 

staining. Immunohistochemistry slides C and D demonstrate Ki-67 staining in uterine horns 

from two rats fed HFD. The tumour in image C demonstrates strong staining in the tumour. 

The tumour is moderate sized. The tumour in image D demonstrates lighter staining.   
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The number of Ki67 positive nuclei were counted and normalised to the area of the tumour. 

There were more Ki-67 positive nuclei in uterine horn tumours in the NC group compared 

to the HFD group (4845 nuclei +326 (n=6) vs 3739 nuclei +283 (n=4); p=0.045) (Figure 

4.45). 
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Figure 4.45 Graph demonstrating Ki67 tumour positivity  
The number of Ki67 positive nuclei normalised to the area of the tumour is compared 
between NC and HFD fed rats. Data are presented as mean ± standard error of the mean. 
***p<0.001; **p<0.01; &p<0.05. Abbreviations: NC, normal chow; HFD, high fat diet. 
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4.4.11.2 GLP-1R  

GLP-1R staining was carried out in tumour and non-tumour bearing tissue on all rats. No 

staining was demonstrated in all 4 normal uterine horn specimens, but non-specific 

(predominantly myometrial) staining was demonstrated in 6 out of 7 samples with tumour, 

as well as 3 out of 3 samples with atypia (Figure 4.47). Specimens were reviewed by a 

Professor of histopathology and the staining was felt not to be true staining. Control slides 

are demonstrated in Figure 4.46.  

 

Figure 4.46 Figure panel demonstrating IgG, positive and no antibody controls 
Slide A demonstrates the rabbit IgG control in uterine horn tissue bearing tumour at x 2.5 
magnification (mag) (scale bar represents 900µm) and slide B at x 12.5 mag (scale bar 
represents 200µm). Slide C demonstrates the positive control, with staining in the 
pancreatic islet of pancreatic tissue from a BDII/Han rat at x 12 mag (scale bar represents 
200µm). Slide D demonstrates the no antibody control in uterine horn tissue at x 3 mag 
(scale bar represents 700µm) and Slide E at x 12 mag (scale bar represents 200µm).  
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Figure 4.47 Figure panel demonstrating GLP-1R staining in a tumour and non-tumour 
bearing rat 
Slide A demonstrates non-specific GLP-1R staining in a uterine horn tumour at x 2.5 mag 
(scale bar represents 800µm) and slide B at x 12.5 mag (scale bar represents 200µm). 
Slide C demonstrates no visible GLP-1R staining in a benign uterine horn at x 3.5 mag 
(scale bar represents 700µm) and slide D at x 15 mag (scale bar represents 200µm). 
 

4.4.12 PCR 
 

PCR for GLP-1R demonstrated trace or undetectable GLP-1R in all rats, regardless of 

feed.  

C D 
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4.5 Discussion 
 
 
The aim of this study was to determine the impact of high fat diet on spontaneous EC in the 

BDII/Han rat and assess whether HFD can induce obesity, alter metabolic parameters and 

accelerate endometrial cancer burden, as well as to assess the validity of the PET-CT 

protocol in determining tumour burden in BDII/Han rats by correlation with histological 

analysis.  60% HFD did not accelerate EC tumour burden, although it did increase body 

weight, calorie intake, visceral adiposity with hypertrophic fat cells and minimally increased 

steatohepatitis. The PET-CT protocol was also confirmed to be safe, sensitive, and specific. 

The SUVmax cut off of 2.0 to denote a potential hotspot was validated.  Prolonged feeding 

with HFD for 12 months did not have any apparent negative effects and there was no 

mortality for the duration of this study.  

 

4.5.1 Feeding BDII/Han rats a high fat diet can induce obesity 
 

The rats were weight matched at the start of the study. Significant differences in body weight 

between HFD and NC fed rats started from 30 weeks and there was a 10% difference in 

body weight at the end of the study. The mean weight of HFD rats was only 232g. This 

could suggest that the BDII/Han rat is an obesity resistant strain, however, there is evidence 

to the contrary. Rat strains are not very different in body length, there can be up to a 

threefold difference in body weight and up to a twenty-fold difference in the weight of some 

adipose depots (496).The BDII/Han rats may have weight trajectories more in keeping with 

those seen in certain other inbred strains of rat, such as the female Lewis rat (497). In the 

Lewis strain, female rat weight peaked at 24 months. The difference in weight from HFD 

feeding may have been more marked if the rats had been kept alive for longer. However, 

15 months was intentionally chosen, as this was the age at which mortality was seen in the 

only previous BDII/Han rat studies from the 1980s (415), with the aim of reducing natural 

deaths in the study groups prior to the study end.  

There is no clear definition of diet induced obesity in rat models and historically, most 

studies assessing weight changes in rats have been done using male rats, which tend to 

have a significantly higher body weight than female rats, thus demonstrating a large 

numerical difference in weight gain with HFD feeding. However, previous studies 

demonstrating a 10% change in body weight using HFD feeding have defined their models 

as rat models of diet induced obesity (DIO) (498), suggesting that HFD did induce obesity 
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in the BDII/Han rat animal model. 10% increases in body weight can also underestimate 

obesity, as fat pads of HFD fed rats can be 30-45% greater and total carcass fat 50% 

greater than LFD fed rats (498).  Furthermore, DIO models may be more likely to increase 

adipose mass than diet resistant rodents (499) and HFD fed BDII/Han rats in this study did 

increase adipose volume.  

At the end of the study the mean increase in body weight from the starting weight in the NC 

group was only 17g or a 9% increase in body weight. In the HFD group there was an 

increase of 36g or 19% increase in body weight. Therefore, feeding 60% HFD more than 

doubled weight gain from 4-12 months, with no significant increase in weight gain from 12-

15 months. HFD rats consumed more calories than NC fed rats. Calorie excess suggests 

that high fat feed was accepted, consumed and led to weight gain. There was no difference 

in calorie efficiency between the NC and HFD groups. This study illustrated that high fat 

diets were associated with body weight gain and increased calorie consumption over the 

15 months period of study. Other studies have already shown similar results whereby rats 

fed with high fat diets gained more weight and had decreased insulin sensitivity when 

compared to rat fed on normal chow (500). In humans prevalence of obesity is related to 

high fat intake (501) and epidemiological studies reveal a positive correlation between the 

amount of fat and the degree of obesity (502). Rodents are not subject to social pressures 

that patients with obesity face and hence behaviour and food intake reflect physiological 

changes and not many of the other factors or pressures that may influence human 

behaviour.  

The type of fat may be important. In rats, lard and animal fats (high in long chain saturated 

fat and MUFA) and omega-6/omega-9-containing plant oils can be used to generate an 

obese and insulin-resistant phenotype with high leptin and adiponectin levels (503, 

504).  However, HFD containing lard only increases body weight less than fish oil based 

HFD (rich in PUFA); although lard-rich HFD has greater effects on insulin, leptin and 

adiponectin levels (503, 504).  60% fat diets maybe too rich and therefore, less palatable. 

Further studies assessing the impact of different subtypes of fat on body weight in the 

BDII/Han rat are warranted. 

 

  



231 
 

4.5.2 Feeding BDII/Han rats a high fat diet may alter metabolic parameters 

associated with obesity 
 

CT images demonstrated that the rats fed HFD had more visceral abdominal fat than those 

fed NC and that this afforded better visualization of the uterine horns (Figure 4.11), further 

confirming observations seen in chapter 3. At 15 months 75-100% of all uterine horns could 

be visualised in the HFD group on CT, which was only the case in 8 (57%) out of 16 uterine 

horns in the NC group. Even though HFD rats only weighed 10% more than the NC fed 

rats, when visceral fat was quantified there was more than a 200% increase in visceral fat 

in HFD fed rats and the increase in body weight correlated with a clear increase in visceral 

abdominal fat. Visceral fat is a known risk factor for metabolic disease (505), having been 

linked to inflammation, cardiometabolic risk, poor glycaemic control independent of weight, 

insulin resistance and myocardial dysfunction (13, 506). In humans, fat accumulation is 

known to be greater when calories are obtained from fat, compared to carbohydrate or 

protein (507, 508). In animals, there has been some contention as to whether it is the fat 

itself, or the energy density of the diet consumed that leads to weight gain (509). In rodents, 

macronutrient composition of HFD feeds was shown not to be a contributory factor to 

adiposity at similar body mass in LFD fed rats (510). 

The difference in visceral fat may have led to metabolic sequelae of increased visceral 

adiposity including hypertrophic adipocytes. The fat cells in the perinephric fat in the HFD 

rats were visibly larger, hypertrophic cells compared to NC rats (Figure 4.15). There were 

fewer adipocytes in a 500µm2 area in HFD rats compared to NC rats (96.60 cells ± 20.05, 

n=3; 49.80 cells ± 4.660, n=3; p= 0.085); although statistical significance was not obtained 

due to inadequate statistical power. As previously discussed, only  fat histology from 4 NC 

rats and 3 HFD rats were assessed. This was due to challenges cutting the fat and a 

significant portion of some of the fat specimens consisting of pancreas, resulting in an 

inadequate (less than a 500µm2) fat specimen to assess. 

Increase in the fat mass associated with obesity results in adipocyte and adipose tissue 

dysfunction, termed adiposopathy (or ‘‘sick fat’’) (6). In essence, the adipocytes become 

saturated and reach their maximum storage capacity, becoming hypertrophied and growing 

outside their vascular supply, resulting in immune and endocrine dysfunction, including 

inflammation. This state contributes to many of the obesity related metabolic co-morbidities. 

It is believed that the expandibility of adipocytes and their dynamic nature in storing fat is 

different for different people, possibly explaining why some patients are ‘metabolically 

healthy but obese.’ Expansion of adipocyte mass has been implicated in some cancers, 
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due to adipocytokines stimulating cellular proliferation (511). Furthermore, some 

dysfunctional adipocytes then go on to dedifferentiate into cancer associated adipocytes 

(512). The vital role of the adipocyte in regulating both obesity and comorbidity resolution 

after weight loss is outlined in Figure 1.3. 

Another marker of metabolic dysregulation in obesity is NAFLD. In humans, NAFLD and 

liver steatosis are strongly associated with obesity and visceral adiposity (513, 514). 

Although the incidence of NAFLD was low in our study, it was higher in the HFD group, with 

3 rats showing evidence of mild patchy hepatosteatosis (varying from 5-30%) compared to 

1 in the NC group demonstrating minimal hepatosteatosis (< 5%). However, with such small 

numbers, we cannot conclusively say that 60% HFD can increase steatosis in the BDII/Han 

rat. There was no evidence of hepatocellular injury in the form of ballooning. As the 

hepatosteatosis was patchy, formal scoring using the hepatosteatosis scoring system was 

not possible. In order to enhance the reproducibility of the results and reduce observer 

error, all slides were reviewed with a Professor of pathology with a specialist interest in liver 

pathology. They were blinded to the study outcome and stated percentages of 

hepatosteatosis were derived from observation with said Professor.   

Biochemical quantification of hepatic triglycerides is another method of measuring hepatic 

steatosis and in our study although there was no difference in liver triglycerides between 

the two study groups, triglyceride levels did correlate with histological analysis of 

percentage hepatosteatosis; bearing in mind micro-hepatosteatosis was patchy and not 

across the entire liver. In this study, the heaviest rat (rat 10), had the highest TG 

concentration and the most steatosis (30%), but a low amount of subcutaneous fat. 

Subcutaneous fat is a metabolic protector, associated with improved insulin sensitivity 

independent of abdominal fat (515, 516). This observation requires further study. 

High fat diets when compared to normal chow or low fat diets have been shown to increase 

intrahepatic TG concentrations, increase steatosis and serum insulin resistance (517). 

Triglyceride accumulation in the liver in response to lipid overflow may represent a 

protective mechanism against lipotoxicity (518). TG concentrations, particularly 

monounsaturated fatty acids, are markedly increased in human and murine fatty livers (519, 

520). However, there is evidence in humans that increasing the intake of monounsaturated 

fatty acids (MUFA) and polyunsaturated fat (PUFA), particularly as a replacement for 

carbohydrate and saturated fat, is beneficial for patients with NAFLD (521). Although, 

evidence is mixed in rodents, with some studies suggesting a role for PUFA in hepatic 

inflammation in rodents (522) and others demonstrating no insulin resistance and 
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hepatosteatosis in PUFA and medium-chain saturated fatty acid diets compared to MUFA 

and long chain saturated fatty acid diets (503).  

In our study, the fat component of the HFD was 32% saturated fat, 36% MUFA, 32% PUFA; 

whilst the NC was 16% saturated fat, 23% MUFA and 61% PUFA. PUFA, unlike saturated 

fat, also inhibits liver lipid synthesis, thus reducing liver triglyceride levels (523). Therefore, 

the high percentage of MUFA and possibly PUFA compared to saturated fat, may have 

contributed to the low incidence of NAFLD seen in both groups. Studies where NAFLD has 

been induced in rodents have used HFD with a higher saturated fat content compared to 

MUFA or PUFA, such as SF03-020, Speciality Feeds, Glen Forrest, Western Australia, 23% 

fat;  Saturated Fats 14.93% Total Monosaturated Fats 5.89% Total Polyunsaturated Fat 

2.24% (524). Carbohydrate intake has also been implicated in hepatic inflammation and 

NAFLD pathogenesis (525), possibly by increasing de novo hepatic saturated fat synthesis. 

As such, the reduced percentage of carbohydrate in the HFD diet could have affected the 

NAFLD rates in the HFD group.   

Another dietary contributor to the overall low NAFLD incidence in this study could be the 

fatty acid composition. In the Envigo Teklad 2918 all the fatty acids have a carbon chain 

greater than 16, with the majority being C18 linoleic acid; in the Research Diets D12492 

60% HFD, the majority of fatty acids again have a carbon chain greater than 16, with 11.2% 

C18 oleic, 9.4% C18 linoleic and 6.4% C16 palmitic. Evidence from large animals, suggests 

that dietary free fatty acids from hydrolysed triglycerides up to C12 can be absorbed 

efficiently without the help of bile acids and chylomicrons, are transported in the portal blood 

bound to serum albumin and enter the liver (526). This is in contrast to long carbon chain 

fatty acids, such as those seen in the diets used in this study, which are not readily absorbed 

and find it harder to travel through the portal circulation and get to the liver (527). The 

variation of several dietary components between the two diets prevented us from 

elucidating the exact associations with single dietary components in this study. Future 

studies assessing the impact of D12492 HFD diet, should use the 7% sucrose matched 

control diet D12450J. This matches, all dietary components to the HFD diet apart from 

carbohydrate, giving a high carbohydrate (70%) low fat (10%) by kilocalories. In future 

studies staining with Oil Red O and Mason Trichrome for quantification of hepatic fat may 

also be beneficial, compared to H&E staining alone, with less potential for diagnostic error 

(528, 529).  
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4.5.3 Prolongued feeding with HFD appears safe 
 

Prolonged feeding for 12 months with HFD did not have any apparent negative effects. 

Micro-ophthalmia was seen in both groups, with no increase in the HFD group and is 

frequently seen in the BDII/Han rat phenotype (425). Microphthalmia has been described 

in white rats, as early as the 1950s and as a possible result of polygenic factors with 

incomplete penetrance or possibly quasi-continuous inheritance, the genetic factors being 

modified in their expression by maternal influences (530). Progeny of microphthalmic 

female rats crossed with homozygous normal-eyed males had a high percentage of 

microphthalmia, whereas a microphthalmic male crossed with a normal eyed female had a 

low percentage (530). The eye changes seen in the BDII/Han rat may be a result of 

crossbreeding with a strain of rat with microphthalmia. 
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4.5.4 The effect of high fat diet on EC development, progression, histological 

subtype and cancer microenvironment in the BDII/Han rat  
 

60% HFD did not accelerate tumour burden in this study, with 4 rats in both groups having 

malignant tumours on histology. All tumours were graded as Grade 2 adenocarcinoma by 

an independent blinded histopathologist with a specialist interest in gynaecology-oncology; 

although two NC rats had more atypical cells that were markedly pleiomorphic. This is in 

keeping with previous findings in the BDII/Han rat, suggesting wide histological variation of 

adenocarcinomas from a few well differentiated tumours to most being poorly differentiated 

(415). However, there were no examples of such extreme atypia in the tumours of the rats 

in the HFD fed group. It is possible that the high fat diet affects tumour phenotype to reduce 

nuclear atypia and pleiomorphism. Bokhman, in his original classification, suggested that 

obesity created an alternative tumour phenotype that may have a prognostic advantage 

(126). If HFD alters the tumour phenotype to produce less poorly differentiated and 

prognostically favourable tumours (126), the reduction in Ki-67 positivity in the HFD group 

would support this. Ki-67 is a proliferation marker with a possible additional role in cell cycle 

progression (531). The numerical finding that heavier rats were less likely to have a tumour 

(Figure 4.42), although not statistically significant, could also support this theory and 

requires further study. However, it is impossible to conclude any effect of the diet on tumour 

phenotype with the small numbers in this study. The only conclusion to draw is that HFD 

made no difference to the tumour burden.    

Tumour histology, subtypes and grades were assigned by a single pathologist, using 

subjective assessment of predefined morphological criteria. However, with respect to 

human EC this assessment can be inaccurate with poor diagnostic reproducibility and 

interobserver variation on histologic subtype diagnosis in greater than one-third of ECs, 

particularly for Grade 3 ECs (532-534). One way of overcoming this in future studies, would 

be to have agreement amongst two independent blinded gynaecological histopathologists. 

Another point to consider, is whether atypia should be included in future studies. Atypia is 

part of the spectrum of EC disease, particularly given the fact that in humans complex 

hyperplasia with atypia is considered a precancerous condition, with up to 50% of patients 

diagnosed with atypical hyperplasia having occult malignancy (123). 

Two of the HFD rat tumours demonstrated squamous metaplasia (SM) and one of these 

rats also demonstrated intestinal metaplasia (IM), with visible goblet cells within the 

adenocarcinoma tumour. Adenocarcinoma with SM is a known subtype of human Type 1 

EC and original studies in the BDII/Han rat demonstrated sporadic cases of 
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adenosquamous, squamous cell, and anaplastic carcinomas in up to 10% of the tumours 

examined across all groups including retired breeders, those on a purified diet and 

maintained in a germ free environment; whilst in control rats 98% were adenocarcinoma 

and 2% anaplastic (415). This adds further evidence that altering a rat’s diet (as well as 

other factors) could alter the histopathology of the resulting tumour. There have been no 

examples in the literature of intestinal metaplasia within BDII/Han rat endometrial tumours. 

IM has been described in up to 17% of endometrial carcinomas, although the presence of 

IM did not correlate with histological grade and therefore, did not have any prognostic 

implication (535, 536). Little is understood about the genetics of mucinous carcinoma of the 

endometrium in humans, with recommendations that it should be included in The Cancer 

Genome Atlas (TGCA) for EC (537). The BDII/Han rat model may represent a possible 

model for further investigation of this entity, either via in vivo studies or development of cells 

lines similar to RUCA I and II using a tumour with IM from a BDII/Han rat. Further research 

is warranted focussing on histological subtypes or molecular phenotypes 

of endometrial tumours in the BDII/Han rat. 

Palpable or visible abnormalities did not always equate to a malignant tumour; sometimes 

being uniform thickening or connective tissue nodules. Macroscopic findings were sensitive, 

with high negative predictive power but not specific, with poor positive predictive 

capabilities. The specificity of visible abnormalities would also have been lower if we had 

included the horns dilated throughout. Initially, these were included in the analysis, because 

previous studies had demonstrated that in advanced stages of EC, the affected horns were 

plugged with neoplastic tissue, often enlarged, and filled with blood or pus cranial to the 

tumour (415). However, whether the oestrous cycle can have such a dilatory effect on 

uterine horns in the BDII/Han rat has not been elucidated and certainly PET-CT imaging in 

this study has suggested that such dilatation can resolve, which goes against a tumour-

specific effect. The alterations of horn diameter and length with the oestrous cycle rendered 

these measurements difficult to interpret and so they are not presented. 

A standardised method for the harvesting of uterine tissue was developed by adapting 

established protocols (494, 495). However, there were limitations with this method. Whether 

histological sectioning did not target some tumours, or whether the tumour portion was snap 

frozen in these false positives cannot be determined. Further sectioning, by cutting and re-

embedding specimen sections where visible, palpable abnormalities coincided with 

negative hotspots on imaging, was attempted. However, in each case horn specimens were 

too small to cut and re-embed after initial sectioning. These findings are important for future 

studies. The sectioning protocol was designed to enable correlation with imaging findings. 

However, if only visible abnormalities had been sectioned, one tumour would have been 
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missed. Therefore, careful palpation of the uterine horns is essential to identify potentially 

malignant lesions. The poor specificity and positive predictive power is understandable, 

given that there are also many causes of benign uterine nodules in humans including 

fibroids, polyps, adenomyomas and hyperplasia (538). This study highlights the importance 

of careful sectioning and histopathological examination of all specimens. In future studies, 

if the same sectioning protocol is used to compare specimens with imaging, the MUH 

specimen should be marked in some way, possibly by making a cut in either the proximal 

or distal end, to allow orientation.  

All tumours were stage 1, with no evidence in either group of macroscopic or microscopic 

metastases in the lung, liver, ovaries, cervix, and a single lymph node. In the Deerberg 

study, it was only in advanced disease that widespread transcoelomic metastases on the 

visceral and parietal peritoneum and extra-abdominal metastases involving the lungs and 

lymph nodes were seen (415). In keeping with Bokhman’s classification of Type 1 obesity 

and hormone driven EC, the tumours seen were all localised and confined to the uterus 

and therefore, should confer a favourable prognosis. This reiterates that even at 15 months, 

these tumours were early stage and ideal for studying alternative interventions, such as 

intentional weight loss, in the management of obesity induced carcinogenesis.  

During the first cohort of necropsies, thickening of the cervical and vaginal region was 

suspected to be tumour at the uterine bifurcation. However, specimens were confirmed on 

histology to be cervix or vagina with hyperplastic normal squamous epithelium. Two rats 

did not have a hyperplastic cervix/ vagina at necropsy at 15 months. We did not assess any 

other species of rat at 15 months, or BDII/Han rats that were not imaged. There is a paucity 

of literature available regarding rat vaginal and cervical development over time and it has 

not been possible to determine if the thickening of the cervix and vagina is normal 

pathophysiology in the BDII/Han rat. The uterine bifurcation sits directly adjacent to the 

bladder, which concentrates the radioisotope during PET-CT imaging as it is excreted. 

Although, there was no evidence of radiation damage on histopathology, a radiation effect 

cannot be ruled out. 

There were 4 invasive tumours in the NC group, but the other 3 rats in this group all showed 

evidence of mild atypia in the endometrium generally confined to the surface epithelium. 

Atypia was identified in 3 of the 4 rats in the HFD group and this atypia extended into the 

lamina propria and appeared more extensive in the non-tumour rats, but also very well 

differentiated. It is possible that if all these rats were left to 18 months that they all would 

have developed tumours. In a feeding study in Donyru rats (a rat model which has a 

spontaneous EC incidence of 35.1% at the end of their lifespan) none fed normal chow 
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developed EC at 15 months of age and only 18% developed EC at 15 months when fed 

20% corn oil (417). In this study, HFD (20% corn-oil) fed rats also demonstrated a non-

significant increase in severe hyperplasia (417). Future studies should assess the tumour 

burden and mortality at various timepoints from 15 to 24 months, to identify the ideal 

timepoint for ending such a study and instituting interventions.  

GLP-1R IHC staining was not successful. Preliminary analysis suggested that there was 

non-specific staining in specimens with atypia or tumour, but none whatsoever in 

histologically benign tissue. However, when reviewed by an expert pathologist, this was 

deemed not to be true staining. Furthermore, PCR for GLP-1R demonstrated trace or 

undetectable GLP-1R. However, GLP-1R may not have been detected because of the 

immunohistochemistry technique that we used. There is currently no guaranteed antibody 

for GLP-1R. DAB staining was initially attempted. However, it seemed to stain too much of 

the tissue in the cancer specimens, which was deemed to be blood cells in the endometrium 

by the technician performing the IHC. Other studies have successfully demonstrated GLP-

1R in human EC tissue, normal human endometrium, in vitro and in rodents using other 

techniques such western blotting, immunofluorescence and alternative staining techniques 

and/ or alternative GLP-1R antibodies (186, 246). Whether these techniques would 

demonstrate GLP-1R in BDII/Han rat tumours still needs to be determined. Although it is 

important to keep in mind that animal studies looking at GLP-1 receptor action cannot 

always be translated to humans, as there are inter-species differences in both the presence 

or absence and density of GLP-1 receptors (238).  The Human Protein Atlas assessed the 

TGCA RNA sequencing dataset and demonstrates that GLP-1R is weakly expressed in 

human endometrial tumours, with an average FPKM of 0.1 and a maximum of 20 (539). 

The TGCA data also suggests no prognostic significance of GLP-1R positivity (539), 

although a recent study assessing GLP-1R positivity using immunohistochemistry did 

suggest that GLP-1R positivity in EC may be a good prognostic marker (246).  

Although clear differences in dietary composition were identified prior to the start of the 

study, the decision to use standard laboratory chow 2918 and high fat diet D12492 was 

based on the aim of the feeding study being to assess whether HFD would accelerate 

tumour burden in a spontaneous rat model of EC and therefore, HFD fed BDII/Han rat 

models could be used to investigate the effects of potential weight loss interventions on EC. 

Previous studies in mouse models of breast cancer suggested that HFD would significantly 

increase tumour growth and development (492, 493) and in humans HFD has been 

associated with increased plasma oestradiol, insulin secretion, plasma IGF and 

inflammatory markers involved in promoting EC  (540). As the aim of the original study was 

to assess whether HFD could increase EC in the BDII/Han rat, the decision was taken not 
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to use a control diet, but to use normal laboratory chow. However, the differences in macro 

and micronutrients within the two diets may have affected the study outcome. 

There is no evidence that 60% HFD from RD increases tumour burden in the BDII/Han rat. 

One meta-analysis in humans demonstrated a lack of association between total dietary fat 

intake and EC risk (541). However, there is a possibility that the HFD diet used may be 

protective. In our study, the fat component of the HFD was 32% saturated fat, 36% MUFA, 

32% PUFA; whilst the NC was 16% saturated fat, 23% MUFA and 61% PUFA. There is 

evidence from human studies that monounsaturated fats may protect against EC and the 

fat component in the high fat diet is up to 50% monounsaturated fat. A pooled analysis of 

case–control studies demonstrated positive associations of total fat intake (p=0.02) and 

saturated fat intake (p < 0.001) with EC, whilst a summary of 3 cohort studies demonstrated 

that higher monounsaturated fatty acids intake was associated with significantly lower EC 

risk, possibly by reducing inflammation and inducing apoptosis (540). There were no 

significant associations identified between polyunsaturated fatty acids or linoleic acid and 

EC in this meta-analytic study(540). There were also no studies identified that assessed 

the effect of different dietary fat intakes on Type 1 versus Type 2 EC. Further research is 

warranted assessing the impact of consumption of fat subtypes on endometrial cancer in 

the BDII/Han rat. 

A study using the same 60% HFD D12452 (not irradiated) demonstrated increased tumour 

growth, metastasis and mortality but no increase in body weight in obesity resistant mice 

(492). Primary solid tumour volumes were increased by 28%. However, this was an 

inoculation tumour model, whereby mammary cancer cells were injected into mice at 4 

weeks and dietary intervention was continued for 16 weeks prior to tumour harvest. In a 

spontaneous mouse model of breast cancer, mice were fed either high-fat (certified diet 

F3284) containing 36% fat in the form of lard (60% total kcal) or low-fat control pelleted 

diets from BioServ Inc. (Frenchtown, NJ, USA) for 8 weeks. The fat contained 40% 

saturated, 48% mono- and 12% polyunsaturated fatty acids. The HFD fed group 

demonstrated higher body weight gain, more adiposity, greater rates of steatohepatitis and 

higher primary tumour growth rate and volume (493). The high percentage of saturated fat 

may have been a contributory factor in the increased tumour volume in the HFD group. In 

this model, all mice developed tumours between 6 and 11 weeks. In our study, only half the 

animals developed tumours and future studies will require significantly more animals to 

reach adequate statistical power. 

Only one previous study in a spontaneous model of EC was identified. Donyru rats have 

been shown to develop EC with an incidence of 35.1%, which may be hormone responsive 
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(416). However, in a feeding study (3 groups of 30 female rats were fed either normal chow, 

10% or 20% corn oil), none fed NC developed EC at 15 months of age, although 18% 

developed EC at 15 months when fed 20% corn oil and 7% in the 10% corn oil group (417). 

In this study, at 15 months the 20% corn oil significantly increased EC tumour burden 

compared to NC. It may be the lower percentage of MUFA in corn oil (13% saturated, 55% 

PUFA, 28% MUFA) that led to increased calorie intake, body weight and EC incidence in 

this study (417).  

Both standard laboratory chow 2918 and high fat diet D12492 exclude alfalfa and fish meal, 

which reduces the potential carcinogen nitrosamine. However, traditional standard 

laboratory diets are grain based and contain large amounts of soybean meal, which is 

known to have isoflavones, which are phyto-oestrogens and selective oestrogen receptor 

modulators. Envigo Teklad 2918 has reduced soybean meal concentrations, but still 

contains moderate isoflavone concentrations (daidzein + genistein aglycone equivalents) 

ranging from 150 to 250 mg/kg in both the irradiated and non-irradiated versions. D12492 

is a purified diet and has less variation in its composition compared to the grain-based chow 

2918. It also contains no isoflavones. However, studies in humans suggest that 

phytoestrogens, including those from soy based diets may reduce EC risk (542, 543). Given 

the unclear evidence, the minimal difference was discounted. There were also differences 

in several immunonutrients (Table 4.1) that differed between the diets that could have 

impacted EC tumour burden.  However, these were again discounted due to aim of the 

study being to accelerate EC tumour burden in the BDII/Han rat and enable interventional 

studies. 

It is not possible to make solid inferences regarding what dietary factors are influencing 

tumour burden in our study as the grain-based chow does not match the purified HFD in 

our study. Numerous variables, including the fat level, MUFA level, fibre, carbohydrate, 

phytoestrogens could all be influencing the tumour burden. Further studies are required 

assessing the effect of individual dietary components on EC in the BDII/Han rat. Future 

studies should also consider the influence of dietary components in endometrial 

carcinogenesis. There is no guarantee that the animals will show the desired phenotype 

and develop tumours at 15 months of age. 45% HFD (D12451 Research Diets, New 

Brunswick, NJ, USA), increased weight gain, body fat mass, mesenteric adipocyte size, 

plasma adiponectin and leptin; and decreased oral glucose tolerance in Wistar and Sprague 

Dawley rats (544). Cross breeding the BDII/Han rat with either Wistar or Sprague Dawley 

rats, or injection of RUCA I or RUCA II cells into one of these rat models, may serve as a 

better model of EC.  
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4.5.5 Validity of the PET-CT protocol in determining tumour burden in 

BDII/Han rats by correlation with histological analysis 
 

 
The sensitivity of the PET-CT protocol was 87.5% and specificity 86%, which is en-par with 

most human imaging techniques (545, 546). PET-CT was able to pick up abnormalities as 

small as lymph nodes and demonstrated two separate hotspots in all instances of two 

separate tumours being identified. PET-CT had similar sensitivity and negative predictive 

value to macroscopic findings (tumour visibility and palpability). However, it had better 

specificity and positive predictive value, with an acceptable error rate of 14% Type 1 error 

rate and 12.5% Type 2 error rate.  

Tumour palpability and visibility were sensitive markers of histological EC confirmation, as 

was PET-CT. However, PET-CT outperformed these macroscopic markers with respect to 

specificity and positive predictive value, making PET-CT a useful adjunct to interventional 

studies aimed at studying interventional weight loss requiring stratification of rats into those 

with and without tumours at the time of intervention. Due to its specificity compared to 

clinical features such as tumour palpability and visibility, PET-CT would be superior to other 

stratification methods, such as exploratory laparotomy to stratify live rats into those with 

and without tumour presence.  

There was only one false positive, with a hotspot identified at 12 and 15 months, but no 

tumour identified on histology after necropsy. This rat did have a visible and palpable 

nodule, but only atypia on histology. Further sectioning was not possible, due to specimen 

size being too small when attempting to re-embed it. However, we cannot exclude the 

possibility that there was a tumour deeper into one of the histology specimens, or that the 

tumour bearing uterine horn tissue was only snap frozen and did not undergo histological 

examination. The fact that we were only able to take sections at a single point, due to 

tumours being small, was a limitation of our study. Another limitation is that the effect on 

serum glucose levels of feeding the BDII/Han rat HFD was not assessed. Assessment of 

glucose levels during dietary intervention would be important in future studies to ascertain 

whether this could have effects on FDG uptake. 

There was no difference in the average SUVmax between the NC and HFD groups at any 

of the four imaging time points, which is understandable given that there were 4 tumours in 

both groups. In rats with tumours the mean SUVmax increased over time. SUV levels have 

been correlated with histological grade and features of biological aggressiveness in human 

EC (481). Studies with larger numbers of rats would be required to assess this in BDII/Han 

rat EC. In rats without tumours the mean SUVmax never exceeded 2 and there was little 
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variation in the SUVmax; this uptake is likely to represent physiological uptake of FDG in 

the horns. This further validated our use of 2.0 as the SUVmax cut off for determination of 

a hotspot potentially denoting a tumour. Tumour burden was identified as early as 7 months 

in the NC fed group and 9 months in HFD fed group. There were fewer hotspots in the HFD 

group at 7, 9 and 12 months. It is possible that the HFD that we used delayed the onset of 

tumour development, although this study is underpowered to assess this.  

The experience gained from the pilot study in Chapter 3 and longitudinal imaging, allowed 

us to surmount many of the initial challenges to PET-CT in the BD/II Han rat, such as 

physiological uptake and gut uptake. The main disadvantage of the PET-CT in live animal 

imaging was that the distal uterine horn was not always seen on the PET images due to 

bladder 18F-FDG uptake overlying the DUH. As discussed in chapter 3, bladder emptying 

via urinary catherization may have been beneficial to avoid this. The utility of bladder 

catheterisation in this regard needs to be assessed.  

Due to the small nature of the tumours and surrounding structures such as intestines etc, it 

would be challenging to pick these tumours up on USS or other imaging modalities that do 

not involve injection of a radioisotope. Therefore, PET-CT is likely to be the most effective 

imaging modality at detecting early EC burden, although this assertion requires formal 

validation. However, a potential impact of the PET-CT on carcinogenesis in this study 

cannot be excluded. Rats in this study received 4 PET-CT scans in which the radioisotope 

is concentrated in the bladder overlying the uterine bifurcation. Studies have demonstrated 

high radiation dosage to the bladder. Therefore, due to anatomical proximity the distal and 

mid uterine horns are also likely to get a significant radiation dose from the 18F-FDG 

concentrated in the bladder. 

The advantages of PET-CT in a weight loss study are that it can demonstrate tumour 

hotspots prior to instituting an intervention, thereby allowing stratification of animals into two 

groups. In those with hotpots, regression of said hotspot post intervention could suggest a 

tumouristatic effect of the intervention; whilst in those without hotspots – a lack of a hotspot 

on further imaging and a lack of cancer on histology could suggest a preventative effect. If 

the PET-CT protocol is validated and all limitations understood, in the hotspot group, a 

reduction in the SUVmax could suggest tumour regression and a static SUVmax could 

suggest a tumouristatic effect on an intervention. However, in this study, we cannot make 

such assertions, as only one rat with evidence of tumour from 7 months had a reduction in 

SUVmax at 15 months. High powered studies are necessary to assess this assertion. 

Furthermore, all animals across study groups should be treated the same, with the same 

number of scans to avoid challenges in data interpretation. 
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4.5.6 Limitations and future work 
 

Although HFD did not significantly alter tumour burden compared to NC, it did increase the 

body weight of the animal and visceral adiposity. Based on these factors all the rats in our 

intervention cohort were fed HFD. An important factor in this decision was that both medical 

and surgical planned weight loss interventions had the potential to reduce body weight by 

20%. The mean body weight of rats fed HFD at 12 months was 231g, whereas it was only 

211g in the NC group. A weight loss of 20% would have taken these mean weights down 

to 185g and 167g respectively, which was lower than their weights at 4 months of age. In 

the NC group, this is 25g lower than their 4-month weight of 192g. The BDII/Han rat may 

not be the best model for weight loss interventions, due to their overall low body weight. 

The ethical dilemma of lowering the body weight of these animals by 20-30% in some cases 

is difficult to construe.  Although the lack of literature around what constitutes obesity in a 

rat and what weights and subsequent weight loss is allowable for weight loss interventions 

in rodents makes this a grey area.  

Most feeding studies have been conducted to date on male rats (499) and there are large 

differences in food intake and weight gain between male and female rats,  as well as rats 

from differing species. Female Fisher rats ate 11-17g compared to 15-22g by their male 

counterparts; whilst weighing around 300g at their heaviest, whilst their male counterparts 

weighed around 600g at their heaviest (547). British Norway rats acted in a similar manner 

to the BDII/Han rats, with females eating 11-13g and males eating 15-19g of chow a day; 

females weighed around 200g at their heaviest, whilst their male counterparts weighed less 

than 500g at their heaviest (547). Female Sprague Dawley rats reach around 400g, 

compared to their male counterparts of about 600g (497). Female Wistar rats on normal 

chow weigh between 250-300g (548). 60 day old female Wistar rats fed a high calorie, high 

carbohydrate, low fat diet gained significantly more body weight over 22 weeks and 

demonstrated a clear dietary preference for the high calorie the diet, consuming a higher 

weight of high calorie diet than normal chow (548). Alternative models to the BDII/Han rat, 

such as injecting RUCA I and RUCA II cell lines subcutaneously into a female DIO rodent 

model such as the Wistar or Sprague Dawley rat (549) could be an alternative for 

preliminary studies. This would avoid long studies spanning 15 months, with associated 

costs of the feed, animal maintenance and potential mortality unrelated to any intervention 

undertaken. Such DIO models would also recapitulate many features of human obesity and 

have a higher body weight.  
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Other alternatives exist, such as using transgenic or carcinogen exposed models; however, 

the disadvantages of their phenotypes when studying carcinogenesis in the context of 

weight loss interventions likely outweigh their advantages. Oestrogens, including catechol 

oestrogens, can be administered to rodents to promote uterine carcinogenesis (550) and 

may increase EC burden in the BDII/Han rat. This could be done by adding oestrogen to 

rodent drinking water (551), other oral routes or subcutaneous injection (552), although 

different routes of administration would require further study. This warrants further study 

and could provide an alternative that does not alter the EC phenotype as significantly as 

other carcinogens might. 

A further limitation of our study was a lack of serial oestrogen level assessment. Studies in 

the Donyru rat demonstrated that 20% HFD caused early and continued elevation of serum 

oestrogen and oestrogen:progesterone ratio (417), known drivers of EC. In 

postmenopausal women, dietary fat has been associated with increases in serum estrone; 

whilst total fat, saturated fat and MUFA have been associated with increases in serum 

DHEAS (but not PUFA) (553). DHEAS acts at the oestrogen receptor and this may be a 

mechanism by which HFD can drive EC. Oestradiol and chemical carcinogens have been 

used to increase tumour incidence in the Donyru rat (418), although the effect of these on 

molecular carcinogenesis pathways has not been assessed.  

Another consideration is whether the rats should have started being fed HFD from birth or 

earlier than 15 weeks. We do not have information regarding the birth weight of the animals, 

which were not recorded by the breeders and therefore, have only been able to calculate 

weight gain from 16 weeks. Rats are known to gain weight over a large part of their lifespan; 

with the steepest increase in weight before 24 weeks, a slower increase up to 24 months 

and a modest but significant weight loss after 24 months in several rat species (497). 

Furthermore, outbred strains are usually larger than inbred strains; in some strains such 

Sprague Dawley ex-breeders weigh less than virgin rats and different stocks of the same 

outbred strain can vary in absolute weight gain and peak weight (497). The BDII/Han rat 

has the advantage of being an inbred stain, therefore genetically identical and less likely to 

have weight profile variations. However, it is also likely to have a lower overall peak weight. 

Many feeding studies of DIO rodents show a significant difference in weight curves from 3 

weeks of age, with the largest difference at 12-15 weeks, with around a 10% difference in 

weight from week 20 onwards. In this study HFD was started between 12 to 15 weeks, 

depending on the age of arrival of the rats. Juvenile (3 weeks old) rats fed HFD for 9 weeks 

demonstrated normal weight obesity (normal weight compared to NC fed rats, but increased 

total , visceral and subcutaneous fat, as well as insulin resistance which was not seen in 

adult rats (8 weeks) fed HFD (554). Early overnutrition (from 6 weeks of age) has also been 
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shown to increase leptin resistance, alter energy homeostasis and increase obesity (555). 

Furthermore, in both rodents and humans maternal HFD can reduce early body weight, but 

increase adult body weight; with high saturated fat intake being as damaging as maternal 

undernutrition (556). Breeding BDII/Han rats from HFD fed mothers and earlier feeding with 

HFD, may produce a metabolic phenotype that increases EC. 

BDII/Han rats maintained in a germ-free environment in original studies developed fewer 

tumours (415). In BDII/Han rats not kept in a germ-free environment, the most common 

infections identified in bacteriological smears were Escherichia coli 07 and Escherichia coli 

04; either in pure cultures or mixed with Proteus, Staphylococcus and/ or Streptococcus 

species (415). Assessing microbiota in the NC and HFD fed BDII/Han, could provide a new 

model for future investigations in both gut microbiota and uterine microbiota. 

Previous feeding studies demonstrating a 10% change in body weight using HFD feeding 

in DIO models, also demonstrated significant changes in hyperleptinaemia and insulin 

resistance (498). There is also some debate regarding whether HFD can induce insulin 

resistance independently of development of obesity both in animals and in humans (557, 

558). Future studies should assess insulin and leptin levels. Future studies should focus on 

using alternative methods to detect GLP-1R such as immunofluorescence, which have 

demonstrated GLP-1R in rat uterine horn in other studies. Future investigations could 

measure TGF-β and TNF-α in the liver as markers of inflammation and fibrosis. 

Furthermore, staining for fibrosis and collagen stores will take into consideration the 

successful assurance of the pathway from NAFLD to NASH. There is a distinct lack of 

relevant scientific literature whereby triglyceride assays have been used in human studies, 

mainly due to the invasiveness of the protocol. Triglygerides quantification would be a 

useful diagnostic tool for NAFLD and its use in humans needs to be studied. Periovarian 

adipose tissue may affect ovarian function and adipocyte function (559).  Periovarian 

adipose tissue volume could be assessed using CT and it could be interesting to correlate 

periovarian adipose tissue with EC burden in larger studies. 

This study has reinforced that not all rodent models, cancer models and even cancers 

behave in the same manner. When designing animal studies, it is vital to consider aspects 

of the model and study parameters that can affect the outcome measures. Below is a table 

outlining some of the various parameters that may have altered the outcome in this study:  
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Parameter Alternatives Example Discussion 

Animal model 

See Table 1.10 

A different 

spontaneous model 

of EC 

Donyru 

DA/Han 

Known to increase 

tumour burden in 

response to HFD 

Inoculation tumour Chunks of EnCA 

101 or EnDA;  

RUCA I and II, 

ischikawa,  or ECC-

1 

Can inoculate into 

an DIO rat model. 

Study duration 

would be 

significantly shorter 

Diet Control diet Same 

immunonutrients 

No isoflavones 

If only one 

component is varied 

between two diets, 

an association can 

be asserted 

Different HFD diet 

e.g. 40% fat, corn 

oil 

Higher saturated fat 

Lower MUFA +/- 

PUFA 

Lower carbon chain 

fatty acids 

May promote EC 

carcinogenesis 

 

May promote 

NAFLD 

High carbohydrate, 

high calorie diet 

 Promotes obesity 

and EC in humans 

Dietary intervention 

start date  

Immediately after 

weaning 

  

 Maternal HFD in 

BDII/Han rat 

  

Duration of the 

study 

Intervention at 15 

months 

Euthanasia at 18 or 

21 months 

A disadvantage is 

that animals may 

die from natural 

mortality 

Oestrogen 

treatment  

Prior to cull  Synchronise cycles 

of the rats  

Throughout to 

promote 

carcinogenesis 

 Increase tumour 

burden in this 

spontaneous model 

or others 
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4.5.7 Summary 
 

This study has added to the limited body of knowledge regarding the BDII/Han rat. It is the 

first study in which the BDII/Han rat has been fed HFD; the weight profile of the BDII/Han 

has been studied and outlined and the macroscopic and microscopic features of the 

tumours have been characterised in greater detail than previous studies. Furthermore, this 

study provides some additional information regarding NAFLD burden and visceral adiposity 

in this rat model, as body weight increases. With obesity studies growing exponentially, 

there is an urgent need to have guidelines regarding rodent research with respect to the 

definition of obesity and the ideal high fat diet to induce obesity in specific strains of rat and 

induce specific diseases. Further research is required into the dietary components that 

affect EC. 

The BDII/Han rat is not genetically modified, rather a spontaneous model of de novo EC. It 

demonstrated the expected phenotypic response to HFD in terms of increased body weight, 

increased visceral adiposity, slightly increased NAFLD, increased adipocyte hypertrophy. 

Therefore, although HFD feeding did not demonstrate accelerated tumour burden, it did 

mimic features of obesity in the rat. Future studies could focus on using tumour promoters 

such as oestrogen in this rat model. It is likely that research into obesity induced 

carcinogenesis will increase over coming years and as such appropriate animal models that 

recapitulate animal disease are vital and necessary.  
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Chapter 5:  

Study of the effect of intentional 

weight loss on tumour burden in 

high fat diet fed BDII/Han rats 
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Chapter 5: Study of the effect of intentional weight loss on tumour 
burden in high fat diet fed BDII/Han rats 

 

5.1 Introduction  
 

Little literature exists focusing on innovative metabolic interventions associated with weight 

loss as a novel and important approach of effecting meaningful reductions in cancer 

incidence and growth. No studies to date have looked at the effect of intentional weight loss 

using GLP-1 analogues on tumour biology and progression in a spontaneous model of 

endometrial cancer. This study used the BDII/Han rat as a model in which to address such 

questions and aimed to assess validity of the BDII/Han rat model.  

Obesity increases cancer risk (52), whilst weight loss has been shown to significantly 

decrease cancer risk (19). As much as 90% of women with type 1 EC may be overweight 

or obese (124). The risk of developing EC returned to the normal range in female patients 

with obesity who lost weight and maintained this weight loss (353). 15-20% intentional 

weight loss has been shown to reduce cancer mortality and metabolic surgery can reduce 

cancer risk by 30-40% (348). Metabolic surgery was shown to reverse histological changes 

of endometrial hyperplasia (405). A large retrospective cohort study demonstrated a 60% 

reduction in all cause-specific mortality in patients after RYGB compared to controls (347). 

No clinical studies were identified on humans assessing the effect of Liraglutide on EC. 

Metabolic surgery has been shown to lower cancer incidence in women (348), particularly 

female-specific cancer, including breast, endometrial, ovarian and gynaecological cancers 

(349), with risk reduction higher in patients with hyperinsulinaemia at baseline. In humans, 

the SCALE studies demonstrated that Liraglutide treatment resulted in 6-7% weight loss 

(221, 222), by inducing satiety, reduction in hunger and reduction in food intake (227-230); 

as well improvements in glycaemic control and hyperinsulinaemia (222).  The LEAN trial 

has shown that Liraglutide can reduce fibrosis and potentially treat Non-Alcoholic 

Steatohepatitis (232). Therefore, Liraglutide may represent a non-invasive method of 

producing the weight dependent and GLP-1 stimulated weight independent effects of 

metabolic surgery in cancer risk reduction. 

The role of Liraglutide in carcinogenesis remains unclear. However, a 2012 meta-analysis 

suggested insufficient evidence existed that GLP-1-R analogue treatment could increase 

the risk of cancer or acute pancreatitis (242). No studies to date have shown an increased 

risk of endometrial cancer in patients treated with Liraglutide. Furthermore, there is 
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emerging evidence that Liraglutide and other GLP-1R analogues may reduce the risk of 

cancer burden, progression and cancer related-mortality via its effects on insulin resistance 

(243). Both in vitro and in vivo studies using GLP-1R analogues have suggested that GLP-

1 may have anti-cancer properties,  in breast, pancreatic and endometrial cancer cell lines 

(186, 244-247). This association needs to be investigated further. Liraglutide is a GLP-1 

receptor analogue with an extensive evidence base in rodent models.  

This study aimed to assess whether intentional weight loss in high fat (60% calories from 

fat) chow fed BD/II Han rats can halt, decelerate tumour growth, or reverse growth of 

endometrial cancers in association with improvements in metabolic parameters. The study 

aimed to do this by comparing administration of Liraglutide (a drug that simulates 

exogenous GLP-1) in BDII/Han rats to a control group receiving no intervention. 
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5.2 Aims 
 

The underlying objective of our project is to understand whether intentional weight loss of 

20% induced by a GLP-1 receptor analogue weight loss drug (such as liraglutide) can alter 

tumour biology sufficiently to have either a tumouristatic or tumouricidal effect on tumour 

growth and progression in HFD-fed BDII/Han rats, an animal model of Type 1 endometrial 

cancer.  

This animal study has four specific aims:  

• To assess whether Liraglutide would induce intentional weight loss in BDII/Han rats 

fed high fat diet 

• To assess whether intentional weight loss in BDII/Han rats fed HFD can alter 

metabolic parameters, including visceral fat volume and hepatosteatosis 

• To assess the effect of intentional weight loss, via GLP-1 receptor agonism (using 

Liraglutide), on the growth, progression and histopathological grade and stage of 

endometrial cancer in BDII/Han rats fed an high fat diet using PET-CT imaging and 

post-mortem tissue analysis 

• To assess whether GLP-1 R expression is altered after weight loss in the BDII/Han 

rats  
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5.3 Methods 
 

16 rats received HFD (Research Diets D12492; 60% calories from fat) from 12 weeks of 

age until the end of the study. 8 of these rats (HFD control rats) were the 8 rats from the 

previous study in Chapter 4 to reduce the number of animals being used. All rats were 

received at the same time and maintained under the same conditions. Rats were either 

pair-housed or housed in cages of 3. At 12 months all rats underwent micro-PET-CT scan 

to assess tumour burden. Subsequently 8 rats weight-matched to the HFD control group 

were assigned to treatment with Liraglutide and were started on daily subcutaneous 

injections using the protocol described in Chapter 2. Similar dosing regimens of daily 

subcutaneous Liraglutide have been successfully used in other rodent studies for up to 2 

years (461, 560); with minimal discomfort to the rodents from a 32G needle used with the 

Liraglutide pen.  Rats continued to receive ad libitum HFD and underwent daily weight, 

water, and food intake measurements. The starting dose was low, and the dose was titrated 

slowly to reduce the risk of hypodipsia. All rats were expected to reduce water intake in the 

first 2 days but remain euvolaemic without signs of dehydration. As animals were caged in 

houses of 2 or 3 rats, it was not possible to accurately assess water intake. Hypodipsia was 

not treated unless accompanied by piloerection, in which case up to 5ml of saline was 

administered in each flank. The injection site was altered weekly using 4 different regional 

sites (scruff, right and left flanks, abdomen) to reduce the risk of injection site reactions. In 

the rare event that the animal developed a mild injection site irritation, that site was not 

reused. 

Mean calorie consumption based on food intake and calorie density of the diet was 

calculated over the study period. All rats underwent a second PET-CT at 15 months a week 

prior to euthanasia at 15 months (449 days ± 11).  Tumour tissue, organs and terminal 

blood samples were harvested and processed as per Chapter 4 Histological analysis, 

triglyceride assay, immunohistochemistry and PCR were carried out as per Chapter 4. 

Figure 5.1 provides a diagrammatic representation of the study. 

In additional to previously discussed humane end-points, in this study 20% weight loss 

triggered discussions with the designated veterinarian regarding the need for euthanasia 

and an increase in the frequency of observations to at least twice weekly weighing and in 

some instances daily weighing until the weight stabilised and to ensure that no signs of 

clinical distress developed with respect to appearance, behaviour or respiration.  
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Figure 5.1 Diagrammatic representation of the interventional study design 
A two-arm study comparing Liraglutide injections from 12 to 15 months against an overall 
control group with no intervention, with euthanasia at 15 months. 
 

 

  

N= 16 

High fat diet from 3 
months until study end 

PET-CT 12months  

Control Group 
No intervention 

N=8 

Monitor weight, food 
intake, complications 

PET-CT 15 months  

Euthanasia at 15 months 
Tumour harvest   

Terminal exsanguination 

GLP-1 receptor agonist 
injection 

N=8 
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5.4 Results  
 

5.4.1 Weight  
 

There was no difference in weight between Liraglutide treated rats and HFD rats until the 

Liraglutide intervention was started. Liraglutide treated rats started to lose weight as soon 

as the intervention was started at 12 months of age (371 days ± 10; range 362-386) 

(denoted with an arrow on A 
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Figure 5.2). From the sixth week after commencing the intervention, there was a significant 

reduction in weight in the Liraglutide group at every timepoint until the study end.  The mean 
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weight of Liraglutide treated rats at the end of the study was significantly lower than HFD 

rats (208.3g ± 5.7 vs 232.5g ± 4.9, p=0.006). Maximal weight loss in the Liraglutide group 

was at 35 days post intervention, when the mean percentage weight loss when 16% and 

then plateaued, with a gradual reduction in weight loss. Mean percentage weight loss prior 

to the cull was 11%. Figure 5.3.   
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Figure 5.2 Comparison of body weight changes in HFD Control and Liraglutide 
treated rats.  
Graph A compares the mean body weight of Control and Liraglutide treat rats by age over 
the duration of the study. Graph B demonstrates the difference in mean body weight of the 
rats at the end of the study at 15 months in the two study groups. Data are presented as 
mean ± standard error of the mean. ***p<0.001; **p<0.01; &p<0.05. Abbreviations: HFD, 
high fat diet. 
  

ꜜ ** 
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Figure 5.3 Mean percentage weight change in the Liraglutide rats 
This graph demonstrates the daily mean percentage weight change in the rats treated with 
Liraglutide from the start of the intervention at 12 months until the end of the intervention at 
15 months. The maximum percentage weight change was 16% at 35 days, after which time 
weight loss plateaued. 
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5.4.2 Food and water intake 
 

Liraglutide treated rats ate the same amount of food prior to the intervention period as HFD 

rats, but their food intake reduced as soon as they started on Liraglutide treatment and was 

significantly lower until week 4. From week 5 there was no difference in food intake between 

the two groups (graph A Figure 5.4). There was no difference using in the mean daily food 

intake of the rats prior to intervention (Liraglutide: 6.75g ± 0.07 vs HFD: 6.59g ± 0.08); whilst 

during the intervention period the Liraglutide treated rats ate significantly less food (5.49g 

± 0.31 vs 6.68g ± 0.1; p=0.002) (Graphs B and C Figure 5.4) and consumed fewer calories 

per day than HFD control rats (35.11 kcal ± 0.48 vs 29.01 ± 1.57; p=0.001; unpaired t test; 

Figure 5.5).  
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Figure 5.4 Graphs comparing food intake between Control and Liraglutide groups.  
Graph A demonstrates mean daily food intake in both control and intervention groups 
before and after the Liraglutide intervention started. Graph B demonstrates the mean 
daily food intake prior to starting the intervention, whilst Graph C demonstrates the mean 
food intake during the intervention period. Data are presented as mean ± standard error 
of the mean. ***p<0.001; **p<0.01; &p<0.05. Abbreviations: HFD, high fat diet. 



260 
 

H F D  C o n tr o l L ir a g lu t id e

0

1 0

2 0

3 0

4 0
M

e
a

n
 d

a
il

y
 c

a
lo

r
ie

 i
n

ta
k

e
 (

k
C

a
l)

d
u

r
in

g
 i

n
te

r
v

e
n

ti
o

n
 p

e
r
io

d **

 

Figure 5.5 Graph demonstrating mean daily calorie intake in both groups during the 
intervention period 
Mean daily calorie intake is compared during the intervention period in the control and 
intervention groups. Data are presented as mean ± standard error of the mean. ***p<0.001; 
**p<0.01; &p<0.05. Abbreviations: HFD, high fat diet. 
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Daily water intake remained steady throughout the study, after an initial decrease during 

the first 2 days (Figure 5.6). This hypodipsia was accompanied by mild piloerection and 

was treated with 5ml of normal saline in each flank on both days.  
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Figure 5.6 Mean daily water intake in BDII/Han rats on Liraglutide during the study. 
Mean daily water intake is demonstrated from the start of the Liraglutide intervention until 
the study end. 
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5.4.3 Morbidity and mortality of long-term Liraglutide injections 
 

There was no mortality due to the Liraglutide injections. One rat (R18) did not recover from 

the anaesthetic after their second 15-month PET-CT scan, which was otherwise 

uncomplicated. Its organs were harvested (a week prior to the other rats) and it is included 

in the study for data and histopathological analysis. 1 rat had a mild injection site reaction, 

with a palpable swelling, which resolved. None of the Liraglutide rats appeared to be 

significantly dehydrated, with no evidence of loss of skin elasticity, increase in respiratory 

rate or altered behaviour. 
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5.4.4 Visceral fat analysis 
 

Liraglutide treatment visibly reduced the visceral intra-abdominal fat compared to Control 

HFD rats on CT imaging at 15 months (Figure 5.7), and this observation was confirmed by 

visceral abdominal fat volume quantification on CT images (4.41 ± 0.35 vs 8.57 ± 0.72; 

p=0.0001; unpaired t test) (Figure 5.8). 

 

 

 

Figure 5.7 CT images demonstrating abdominal visceral fat in both groups 
This panel of CT images demonstrates dorsal and mid abdominal visceral fat in HFD and 
Liraglutide treated rats. Abbreviations: HFD, high fat diet. 
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Figure 5.8 Graph demonstrating mean volume of abdominal visceral fat in HFD and 
Liraglutide rats 
Mean volume of abdominal visceral fat is compared in the control and intervention groups. 
Data are presented as mean ± standard error of the mean. ***p<0.001; **p<0.01; &p<0.05. 
Abbreviations: HFD, high fat diet. 
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Visceral fat histology was assessed in the two groups. The perinephric fat adipocytes from 

Liraglutide treated rats appeared to be visibly smaller than those in HFD Control rats and 

there were more adipocytes in Liraglutide treated rats in a 500µm2 area than in HFD control 

rats (49.80 ± 4.66 (n=3) vs 100.2 ± 2.80 (n=4); p=0.0002; unpaired t test) (Figure 5.9). 
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Figure 5.9 Figure panel demonstrating fat histology and cell density of Control and 
Liraglutide rats 
Histology images A and B (x20 mag; scale bar represents 200µm) demonstrated visibly 
larger cells in the HFD group, compared to Liraglutide group. The bottom graph compares 
the mean number of cells in a 500µm2 area in the control and intervention groups. Data are 
presented as mean ± standard error of the mean. ***p<0.001; **p<0.01; &p<0.05. 
Abbreviations: HFD, high fat diet. 
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5.4.5 Liver analysis 
 

Only one Liraglutide treated rat had 20% hepatosteatosis on histology. The other 7 had no 

evidence of hepatosteatosis. There was no difference in the liver triglyceride concentration 

between Liraglutide treated rats and HFD Control rats (59.60 mg/dl ± 7.2 vs 62.72mg/dl ± 

4.7 mg/dl) (Figure 5.10). The liver triglyceride concentrations did correlate with 

hepatosteatosis score in the rats, with rats that had a higher triglyceride level having a 

higher percentage of hepatosteatosis (Table 5.1).  
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Figure 5.10 Graph demonstrating the mean liver triglyceride concentration in both 
groups 
Mean liver triglyceride concentration is compared in the control and intervention groups. 
Data are presented as mean ± standard error of the mean. ***p<0.001; **p<0.01; &p<0.05. 
Abbreviations: HFD, high fat diet. 
 
 
 
Table 5.1 Liver triglyceride level and hepatosteatosis score in rats with 
hepatosteatosis on histology in both groups 

Diet Triglyceride level Hepatosteatosis  

HFD (8) 72.96 20% 

HFD (9) 56.83 ˂5% 

HFD (10) 90.88 30% 

Liraglutide (18) 77.30 20% 
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5.4.6 Tumour burden 
 

Liraglutide treated rats had 2 tumours confirmed on histology; half the number of tumours 

compared to control rats (Figure 5.11). There was no evidence of metastasis in either 

group. 
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Figure 5.11 Graph demonstrating number of rats with tumours in both groups 
The number of rats with and without the presence of tumours confirmed on histology are 
demonstrated in both control and intervention groups. 
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Both tumours in the Liraglutide intervention group were graded as Grade II 

adenocarcinoma. The macroscopic features and microscopic features of these tumours are 

demonstrated in  Figure 5.12. The first rat had a left DUH visible and palpable abnormality, 

which was confirmed as a cystic tumour. The second had a right DUH visible and palpable 

abnormality, again confirmed to be malignant.  

Figure 5.12 Macroscopic and microscopic features of the two tumours in the 
Liraglutide group 
Photograph A demonstrates the macroscopic features of the first tumour in the intervention 

group; a visible, palpable nodule in the left DUH which additionally appears cystic. Histology 

image B (x5 magnification; scale bar represents 400µm) demonstrates the large malignant 

tumour and the malignant glands are demonstrated more clearly in histology image C (x 20 

magnification; scale bar represents 300µm). Photograph D demonstrates the macroscopic 

features of the second tumour in the intervention group; a visible, palpable nodule in the 

right DUH which additionally appears cystic. Histology image E (x4 magnification; scale bar 

represents 600µm) demonstrates the smaller malignant tumour; the malignant features are 

demonstrated more clearly in histology image C (x 20 mag; scale bar represents 300µm).   
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In two further rats, palpable, visible abnormalities that were thought to be cancers, were 

demonstrated to be atypia on histology (Figure 5.13). 

 

Figure 5.13 Figure panel demonstrating photographs and corresponding histology 
of two Liraglutide rats with palpable abnormalities and atypia on histology 
Photograph A is from a rat treated with Liraglutide, with a visible and palpable nodule. This 
corresponds with histology image B (x20 magnification; scale bar represents 300µm), which 
demonstrates atypia, but no features of invasive malignancy. Photograph C demonstrates 
a visible, palpable nodule at the right PUH in another rat treated with Liraglutide. Histology 
image D (x20 magnification; scale bar represents 200µm) demonstrates that this 
abnormality is also atypia, with no features of malignancy.  

A - R14 

C - R23 

B - R14 

D - R23 
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5.4.7 Correlation of imaging with histology and longitudinal PET-CT imaging 

results  
 

Only one rat in the Liraglutide group had a hotspot on imaging at 12 months (in the left 

MUH). Only one of the histologically confirmed tumours was seen on 15-month imaging 

and this was in the same rat that had a hotspot at 12 months, although the tumour was in 

the right uterine horn and no tumour was identified in the left MUH, which had higher 

SUVmax values (Figure 5.14). The tumour in the other rat was in the left DUH and may 

have been masked by the bladder (Figure 5.15). 

 
Figure 5.14 PET images demonstrating a hotspot in a Liraglutide treated rat with 
tumour 
PET image A demonstrates hotspots in both the right and left uterine horns at 12 months. 
The right DUH has an SUVmax of 1.89, whilst the left MUH hotspot has an SUV max of 
2.11. PET image B demonstrates a left MUH hotspot (SUVmax 2.21); whilst PET image C 
demonstrates a right DUH hotspot (SUVmax 2.10) at 15 months imaging. A right uterine 
horn tumour was confirmed on histology. 

 A - R24: 12 months B - R24: 15 months 

Suv max Rt horn: 1.89               
Lt horn: 2.11 

Suv max   Lt horn: 2.21 

C - R24: 15 months 

Suv max Rt horn: 2.10 
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Figure 5.15 PET-CT images from a Liraglutide rat with tumour but no PET-CT hotspot 

CT image A demonstrates the left uterine horn. When the region of interest drawn using 
the CT is seen on the PET image B, the lower part of the DUH can be seen overlapping the 
bladder. Therefore, a tumour hotspot in this region would be discounted due to uptake from 
the bladder. 
 
  

A - R19 15 months 

Suv max Rt horn: 1.64 
               Lt horn: 1.50 

B - R19 15 months 
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The SUVmax was significantly higher in the HFD control group compared to the Liraglutide 

group at 15 months. However, once SUVmax values from rats with confirmed tumours were 

removed the difference was not statistically significant (Figure 5.16).  
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Figure 5.16 Graphs comparing mean SUVmax in HFD control rats and Liraglutide 
treated rats at 12 and 15 months 
Bar graph A demonstrates mean SUV max in HFD control rats and Liraglutide treated rats 

at 12 and 15 months. At both timepoints the SUVmax was numerically higher in the HFD 

control group. However, once rats with confirmed tumours were removed from the analysis 

(graph B), there was clearly no statistical different. Data are presented as mean ± standard 

error of the mean. ***p<0.001; **p<0.01; &p<0.05. Abbreviations: HFD, high fat diet. 
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5.4.8 GLP-1R immunohistochemistry and PCR 
 

GLP-1R staining was carried out in tumour and non-tumour bearing tissue on all rats. 

Staining controls are demonstrated in Figure 4.46. No staining was demonstrated in normal 

uterine horn specimens, but non-specific (predominantly myometrial) staining was 

demonstrated in one Liraglutide treated rat uterine horn sample with tumour, but not in the 

sample from the other Liraglutide rat with tumour (Figure 5.17). Specimens were reviewed 

by a Professor of histopathology and the staining was felt not to be true staining.  

 

 

 

 

 

 

 

 

Figure 5.17 Non-specific GLP-1R antibody staining in a Liraglutide tumour bearing 
specimen 
Non-specific myometrial GLP-1R staining can be seen in the uterine tumour of a rat treated 
with Liraglutide in both image A (x 4 magnification, scale bar represents 500µm) and B (x20 
magnification, scale bar represents 200µm). 
 

 

5.4.9 PCR 
 

PCR for GLP-1R demonstrated trace or undetectable GLP-1R in all rats, regardless of 

treatment with or without Liraglutide.  

A B 
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5.5 Discussion 
 

The aim of this study was to determine whether Liraglutide intervention could induce 

intentional weight loss in BDII/Han rats fed HFD and whether such intentional weight loss 

would have a tumouristatic or tumoricidal effect in tumour development and progression; 

could alter tumour grade and stage, metabolic correlates of the cancer microenvironment, 

including GLP-1R expression. Additionally, the study aimed to improve the understanding 

of the mechanisms of obesity related carcinogenesis and provide new insights into whether 

intentional weight loss can have a role in reducing tumour burden.  

 

5.5.1 Liraglutide induces intentional weight loss in BDII/Han rats fed HFD 
 

Liraglutide treatment did induce intentional weight loss in the BDII/Han rat, a reduction in 

food intake and a reduction in calorie intake compared to HFD control rats. The final mean 

body weight of Liraglutide treated rats (208.3g ± 5.7) was significantly lower than HFD 

controls (232.5g ±4.88) at the end of the study. Weight loss in the intervention group was 

apparent from day 1 of Liraglutide treatment. Maximal weight loss of 16% mean daily 

percentage weight loss was seen at 35 days post intervention with Liraglutide, after which 

time the rate of weight loss decreased and weight loss plateaued. There was no difference 

in food intake or calorie intake between control HFD and intervention rats prior to starting 

Liraglutide treatment. However, once the intervention was started, Liraglutide treated 

intervention rats had lower food intake and lower calorie intake. In both humans (561-564) 

and rodents (565-569), treatment with Liraglutide is known to inhibit food intake and induce 

weight loss. The BDII/Han rat acted as expected in this regard. 

In humans Liraglutide is licensed internationally to treat obesity in patients with obesity with 

a BMI over 30 kg/m², or 27 kg/m² - 30 kg/m² in combination with complications (e.g. 

prediabetes, T2DM, hypertension, dyslipidaemia, OSA) (220). The SCALE studies 

demonstrated that Liraglutide treatment with Saxenda resulted in 6-7% weight loss (221, 

222), likely due to its GLP-1 mediated effects of reducing hunger and food intake, as well 

as being a strong satiation signal; increasing fullness despite a reduction in calorie intake 

(227-230, 254). Additionally, Liraglutide is believed to have other GLP-1 mediated effects 

on reducing gastric emptying and nutrient absorption, palatability, food motivation, hunger-

driven feeding, the hedonic value of high fat and high sugar foods (185, 256).  
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Final mean body weight of Liraglutide treated rats was close to the mean body weight of 

NC fed rats (209.4g ±2.0) in Chapter 4 at 15 months. Liraglutide rats had a mean 

percentage weight loss of 11% at the end of the study. Therefore, if the study had been 

conducted in NC fed rats, it is conceivable that after treatment with Liraglutide their mean 

end body weight would have been around 186g. This is similar to their body weight at 3 

months of age and gives some added weight to feeding the BDII/Han rats HFD prior to 

institution of any weight loss intervention. 
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5.5.2 Intentional weight loss in BDII/Han rats fed HFD can alter metabolic 

parameters. 
 

Intentional weight loss from Liraglutide reduced visible visceral adiposity, CT-quantified 

visceral fat volume and adipocyte size in visceral fat histology compared to HFD fed control 

rats. A reduction in visceral adiposity has been seen in human studies of Liraglutide. The 

Liraglutide  Effect and Action in Diabetes II (LEAD II) study, compared three different doses 

of liraglutide (1.8 mg/day, 1.2 mg/day or 0.6 mg/day), glimepiride (4 mg/day), or placebo 

(all in combination with metformin [1.5–2.0 g/day]) in patients with Type 2 Diabetes Mellitus 

for 26 weeks (570). In the LEAD 3 trial, patients with Type 2 Diabetes Mellitus were 

randomly assigned to monotherapy with one of two different doses of liraglutide (1.8 or 1.2 

mg/day) or glimepiride (8 mg/day) for 52 weeks (571). Dual-energy X-ray absorptiometry 

(DEXA) and single-slice abdominal CT were carried out as part of the studies. A sub-

analysis of these two studies demonstrated that in the LEAD 2 trial, visceral and 

subcutaneous adipose tissue was reduced from baseline in all Liraglutide arms (with a 

greater reduction in visceral adipose tissue compared to subcutaneous tissue), as well as 

a reduced in percentage body fat compared to glimepiride treatment but not placebo (572). 

In LEAD 3, Liraglutide monotherapy again demonstrated a reduction in fat mass and fat 

percentage compared to glimepiride (572). This study concluded that the reduction in 

visceral fat, which is associated with hyperglycaemia and hyperlipidaemia, may have a 

positive impact on long-term cardiovascular risk (572).Visceral fat has been associated with 

insulin resistance, inflammation, cardiometabolic risk and myocardial dysfunction (13, 505, 

506).  

The visceral fat volume in HFD-fed rats treated with Liraglutide (3.96 cm3 ± 0.59) was closer 

to those fed NC only (4.41 ± 0.35) and was significantly less than those fed HFD (8.57 cm3 

± 0.72). Despite the effect of HFD of increasing the visceral fat volume, Liraglutide treatment 

decreased the visceral fat below that of NC fed rats. Had NC rats been treated with 

Liraglutide, a 50% reduction in visceral fat may have been deleterious due to its role in 

hormone production and adipocytokine production. Rats may have become predisposed to 

infections and hormone alterations may have affected the menstrual cycle and endometrial 

physiology. Therefore, feeding the rats HFD in this study had its advantages. 

Liraglutide treatment altered the size and density of adipocytes. The number of adipocytes 

in a 500µm2 area in rats treated with Liraglutide (100.2 ± 2.80) was similar to the number in 

rats fed NC (96.60 cells ± 20.05) and double the number fed HFD. HFD feeding lead to 

hypertrophic adipocytes, which in humans are believed to be dysfunctional (6); potentially 
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promoting cellular proliferation, promoting cancer and potentially transforming into cancer 

associated adipocytes (511, 512). This study gives some evidence that Liraglutide reverses 

this phenomenon in BDII/Han rats. 

In rats treated with Liraglutide there was only one rat with histological NAFLD (20% 

hepatosteatosis), compared to 3 rats in the HFD control group. However, with low incidence 

of NAFLD in the study (3 HFD rats, 1 Liraglutide rat) it is not possible to make any definitive 

conclusions as to whether Liraglutide can treat NAFLD in the BDII/Han rat. However, in 

humans, NAFLD and liver steatosis are strongly associated with obesity and visceral 

adiposity (513, 514). Liraglutide treatment did reduce both body weight and visceral 

adiposity in the BDII/Han rat. A larger study would be required to assess whether Liraglutide 

can reverse or reduce NAFLD in the BDII/Han rat. As discussed in Chapter 4, the dietary 

composition may also have affected the overall low rates of NAFLD in this study. 

In humans, the LEAN (Liraglutide safety and efficacy in patients with non-alcoholic 

steatohepatitis) trial demonstrated the safety and efficacy of Liraglutide in potentially 

treating NAFLD (232). This multicentre, double-blind, randomised placebo-controlled study 

demonstrated histological resolution of non-alcoholic steatohepatitis in overweight patients; 

although overall patient numbers were relatively low (232). There was no difference in liver 

triglycerides between the groups, but liver triglyceride level did correlate with degree of 

NAFLD in both Liraglutide and HFD control groups. In humans, Liraglutide has been shown 

to reduce hepatic fat, which was probably driven by body weight reduction (573).  
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5.5.3 Intentional weight loss via GLP-1 receptor agonism (using Liraglutide) 

may reduce EC tumour burden in BDII/Han rats fed an high fat diet 
 

Intentional weight loss from Liraglutide may reduce the risk of developing EC, with 2 

tumours (25% tumour burden) at 15 months in the Liraglutide group compared to 4 (50% 

tumour burden) in the HFD control group. A much larger study would be required to prove 

this association. Intentional weight loss from Liraglutide did not alter the stage or grade of 

the tumours, with both tumours identified being Grade 2 adenocarcinomas, the same as 

the HFD control tumours. There was no evidence of metastases in tumour-bearing rats in 

either control or intervention groups. Two rats in the Liraglutide group had macroscopic 

abnormalities that correlated to atypia on histology. It is conceivable that these rats would 

have developed invasive EC if the duration of the study had been longer. In one rat treated 

with Liraglutide, a clear hotspot at both 12 and 15 months, did not show up as a malignancy 

on histology (although there was histological atypia and this rat had an additional hotspot 

in the other uterine horn at 15 months, which correlated with a malignant tumour at 

histology) (Figure 5.14). Liraglutide may have altered the endometrial pathophysiology (by 

downstaging a malignant tumour present at 12 months to atypia at 15 months). However, 

there was still a hotspot on 15-month imaging with an SUVmax of 2.21 and it is also possible 

that a small malignant tumour may have been missed on histological sectioning.   

The reduction in EC in BDII/Han rats treated with Liraglutide in our small cohort would be 

in keeping with two previous studies investigating the effect of GLP-1R agonism on EC. 

The first study by Zhang et al, assessed the effect of Exenatide (exendin-4, a GLP-1R 

agonist) in human EC tissue; in an inoculation tumour model by injecting human EC cancer 

Ishikawa xenografts subcutaneously into nude BALB/c mice; as well as in vitro in an human 

Ishikawa cell line (186).  Inoculated mice were then either treated with Exenatide or 

assigned to a control group and injected with normal saline placebo for 6 days a week for 

4 weeks. Tumour growth rate was slower in mice treated with Exenatide, mean tumour 

volume and weight were both lower at the end of the study in the Exenatide treated group 

compared to controls. Serum GLP-1 was also higher in the Exenatide group. In human EC 

tissue and human benign endometrial tissue, the GLP-1R was identified by 

immunohistochemistry (using an Abcam antibody [ab39072, 1:50 dilution; Abcam] and 

haematoxylin stain) in all 10 human EC samples and all 10 normal endometrial tissue, 

suggesting GLP-1R expression in both malignant and benign endometrial cells. GLP-1R 

was also identified in the Ishikawa cell lines and Ishikawa cell xenografts from the mice in 

vitro using western blot analysis. Exenatide was also demonstrated to increase apoptosis 
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and decrease cancer cellular viability, possibly via AMPK-mTOR signalling. This postulates 

a role for GLP-1R signalling in EC carcinogenesis. 

The second study by Kanda et al, assessed the effect of Liraglutide on human EC tissue 

and in vitro using Ishikawa cell lines (246). In vitro dose dependent GLP-1R expression, 

lower cellular viability and reduced colonies were seen in Ishikawa cells treated with 

increasing doses of Liraglutide. The authors suggested that Liraglutide could inhibit cancer 

cell growth in a dose dependent manner. This study also gave evidence for the role of the 

AMPK signalling pathway in this inhibitory effect (246). We aimed to replicate these 

experiments, starting with the cellular viability study. However, the Ishikawa cell line that 

we used appeared to be resistant to Liraglutide at physiological concentrations. It is unclear 

whether this was due to the cell line being over passage 40 during experiments (studies 

using the Ishikawa cell line suggest that extensive passaging can lead to genetic drift (574) 

and increased proliferation (575)), or whether the results of study cannot be replicated. 

Therefore, this data has not been presented. 

GLP-1R expression was also identified in human EC using immunohistochemistry (DAKO), 

predominantly in the cytoplasm in EC tissue in the study by Kanda et al (246). 87.7% 

(134/154) of human tissue samples demonstrated high expression, while 12.3% 

demonstrated low or no expression.  High GLP-1R correlated with longer progression free 

survival in the patient in this study. GLP-1R was also found to be highly expressed in 90.8% 

of patients with a low histological grade and 76.4% of patients with a high histological grade, 

whilst ER and PR were highly expressed in 93.8% and 83.3% of patients respectively with 

a low histological grade, although there was no association identified with BMI, diabetes/ 

hypertension or hyperlipidaemia status.  

Liraglutide exerts is effects at the GLP-1R and promotes the effects of GLP-1, an incretin 

hormone with numerous metabolic effects including promotion of glucose stimulated insulin 

release, insulin sensitivity, promote pancreatic beta cell proliferation, inhibit beta cell 

apoptosis (5, 185), improvements in hypertension and hypercholesterolaemia (231) 

amongst others. There is also evidence that GLP-1 may have the potential to inhibit 

apoptosis of myocardial cells and neuronal cells, via inhibition of apoptotic pathways such 

as PI3K-Akt-mTOR and MAPK (576, 577). There is emerging evidence that Liraglutide and 

other GLP-1R analogues may reduce the risk of cancer related-mortality via its effects on 

insulin resistance (243). In vitro and in vivo studies using GLP-1R analogues have 

suggested that GLP-1 may have anti-cancer properties in breast, prostate, pancreatic as 

well as endometrial cancer cell lines (186, 244-247). Therefore, further studies are certainly 

warranted in this area. 
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5.5.4 Correlation of imaging findings with histology and utility of PET-CT 
 

One rat in the Liraglutide group had a hotspot on imaging at 12 months in the left MUH. 

This rat also had a hotspot in both the right DUH and left MUH at 15 months and had 

histologically confirmed cancer in the right DUH at 15 months. The SUVmax of the hotspot 

in the left MUH increased minimally from 12 to 15 months (from 2.11 to 2.21). With only 

one rat demonstrating this phenomenon, it is impossible to assess whether the hotspot in 

the left horn at 12 months represented a tumour and Liraglutide down-staged the histology 

to atypia, whether the hotspot was a false positive, or whether a malignant tumour was 

missed on histological sectioning. The second tumour in the left DUH may have been 

masked by the bladder. The SUV max was higher in the HFD control group compared to 

the Liraglutide group. However, once confirmed tumour values were removed the difference 

was no longer significant. The low number of hotspots at 12 months and the low number of 

histological tumours at 15 months in this study meant that PET-CT could not be assessed 

as a method of stratification of animals with and without hotspots or potential malignancy. 

Instituting an intervention at 15-18 months in this rat model may increase tumour burden 

and allow PET-CT to be used more effectively as a non-invasive method of stratification in 

studies with larger numbers of animals. 

The HFD group had scans at 7,9,12, and 15 months, whilst the Liraglutide group only had 

scans at 12 and 15 months.  No radiation damage was seen in the tumour specimen 

histology. However, we must consider whether the repeated PET-CT scans at 7 and 9 

months only in the control group increased the tumour burden in this group. In human 

radiation studies low radiation doses (10Gy) have been shown to be protective against 

cancer, whilst higher doses (100Gy) have been implicated in tumorigenesis (578). 

Repeated high radiation dose (1.65Gy and 2.47Gy) micro-CT in SD rats affected tibial bone 

marrow cells, heights of the proliferative and hypertrophic zones, and bone growth rates, 

bone mineral density (579). However, the organ specific radiation dose and type of cancer 

would determine this risk. No studies appear to have evaluated the organ dose to the 

uterine horns of CT scanning, nor the effect of repeated scans on the uterine horns 

themselves. We did not identify any rodent studies demonstrating promotion of tumour 

burden by repeated CT imaging, although a study on mice did demonstrate a high radiation 

dose from micro-CT adequate to alter physiological pathways (580). In humans, studies 

have demonstrated increased CT protocol specific radiation exposure to the uterus and 

ovaries, which are radiosensitive (451). Further studies need to be conducted to ascertain 

the organ specific radiation dose to rat uterine horns and understand the effect of repeated 

micro-CT on uterine carcinogenesis. Furthermore, studies should be done to identify 
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optimal imaging parameters, such as resolution, that could reduce the equivalent and 

effective radiation doses. 

PET has an additional carcinogenic risk. There is evidence that low dose PET-CT has no 

effect on carcinogenesis and may even reduce cancer risk, whilst high dose PET-CT may 

increase cancer risk in mice (581). However, the BDII/Han rat has a genetic predisposition 

to developing EC and additionally, the uterine horns lie directly adjacent to the bladder, 

which holds and concentrates renally excreted FDG until it is excreted, thus likely increasing 

the organ specific dose to the uterine horns. Previous studies suggesting that radiation from 

PET-CT does not promote carcinogenesis, have not been conducted in an animal model 

with a genetic transcriptome that predisposes it to de novo carcinogenesis. We cannot 

exclude the possibility that the genetic predisposition, combined with radioactivity 

concentrated near the site in question could promote carcinogenesis in the BDII/Han rat 

and this requires further investigation. Future studies should ensure an equal number of 

scans between groups and possibly include a control group to assess potential influences 

of radiation if repeated scans are planned. 

Furthermore, the effect of Liraglutide on FDG uptake has not been elucidated. Metformin, 

another antidiabetic drug, has been shown to cause intense, diffusely increased FDG 

uptake in the colon and to a lesser degree, the small intestine, which limited the diagnostic 

capabilities of FDG PET/CT scanning and potentially masked gastrointestinal malignancies 

(582). If Liraglutide has similar effects in the intestines and or uterine horns, it is possible 

that this may have influenced the imaging results. Liraglutide is well known to reduce blood 

glucose and this should have the effect of increasing tumour uptake, by reducing 

competition from circulating glucose for glucose transporters. However, increase in 

intestinal uptake could mask tumour uptake. Future studies should measure blood glucose 

levels prior to scanning during cannulation. 

We were unable to assess whether Liraglutide had a tumouristatic or tumouricidal effect, 

because only one rat had an obvious hotspot on 12-month PET-CT imaging. Had there 

been several hotspots at the 12-month imaging point and after treatment these hotspots 

were no longer present with no sign of malignancy, or the SUVmax had stayed static – 

assertions could have been that there was a potential tumouricidal or tumouristatic effect 

respectively. However, this was not possible in this study. 
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5.5.5 GLP-1R expression after weight loss in the BDII/Han rats  
 

Assessment of GLP-1R expression after intentional weight loss was not possible. PCR 

demonstrated trace or undetectable levels of GLP-1R in the uterine horn tested. IHC 

demonstrated non-specific staining predominantly in the myometrium of tissue with cancer 

and atypia, but none in benign uterine tissue. However, this was deemed not to be true 

staining.  

There was little GLP-1R identified in uterine horns in BDII/Han rat on either IHC or PCR. If 

Liraglutide reduces cancer burden, this may be due an indirect effect, such as intentional 

weight loss, rather than a direct effect on the tumour itself. However, it is also possible that 

the Abcam antibody combined with the staining protocol used in this study for IHC staining 

did not pick up GLP-1R in the uterine horn tissue. Whether our studies were unsuccessful 

and BDII/Han EC tumours do bear GLP-1R, or whether they were correct and BDII/Han rat 

tumours are GLP-1R negative cannot be conclusively determined. Further studies, need to 

be done using techniques that have already demonstrated GLP-1R expression in rodent 

endometrial carcinoma, including western blotting (246) and enzyme-linked immunosorbent 

assay (ELISA) (186), as well as different immunohistochemistry protocols (186, 246). 

However, if GLP-1R is confirmed in further studies to be absent from BDII/Han rat uterine 

horn and EC, then this may not be the best model to understand the impact of weight loss 

interventions that predominantly involve GLP-1 and GLP-1R mediated pathways. Any effect 

of Liraglutide on this model, is then likely to be intentional weight loss dependent. 

Previous studies have suggested that GLP-1R may be a tumour marker and its presence 

may confer a favourable prognosis in pancreatic carcinoma (274). Human data from the 

NIHR and Human Protein Atlas suggest that GLP-1R is not a prognostic marker in human 

EC, despite demonstrating high expression in certain tumours (539). If future studies are 

able to identify GLP-1R in BDII/Han EC tumours, it may even be possible that GLP-1R 

expression in EC tumours may determine Liraglutide responsiveness. However, our study 

was not able to reliably demonstrate GLP-1R in BDII/Han rat EC, via 

immunohistochemistry, PCR or RNA analysis (performed by a colleague). 
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5.5.6 Safety of Liraglutide 
 

Liraglutide appears to be a safe method to induce intentional weight loss in the BDII/Han 

rat model. Prolonged injection therapy with Liraglutide for 3 months did not have any 

significant negative effects and there was no mortality for the duration of this study due to 

the Liraglutide treatment. One rat did not recover from the anaesthetic after their second 

15-month PET-CT scan, which was otherwise uncomplicated. Its organs were harvested 

immediately and as it died a week prior to the other rats, its data has been included in this 

study. One rat had a mild injection site reaction, with a palpable swelling, which resolved. 

Water intake was adequate during the study, with a few instances of hypodipsia 

accompanied by mild piloerection necessitating treatment with normal saline rehydration 

therapy. No rats were so severely dehydrated that they lost skin elasticity, demonstrated 

altered behaviour or increased respiratory rate. 

Towards the end of the study, there was an element of conditioned aversion observed, with 

animals moving away from the researcher administering Liraglutide injections. Humans 

diagnosed with type 1 diabetes often must use insulin from childhood and as such these 

pens and needles are designed to cause little, if any, discomfort. These medications are 

now standard clinical practise for patients with diabetes and patients with obesity, where 

they take once daily injection for the rest of their lives. Using the principle of critical / 

intelligent / analytic anthropomorphism, given that the human experience of receiving daily 

subcutaneous injections causes minimal pain, using the same 32G needle in the hands of 

experienced operators combined with mapping the animal to allow different body areas to 

be injected on different days, rats should have a similar experience to humans (583). It is 

unclear whether the aversion observed was secondary to discomfort from the injection or a 

lack of desire to undergo daily handling. A placebo control group would be useful in this 

regard. 

None of the adverse events (including nausea, diarrhoea, constipation, vomiting, 

dyspepsia, abdominal pain, upper respiratory tract infection, headache, fatigue, dizziness, 

gallstone disease, cholecystitis, arthritis or pancreatitis) seen in human studies, such as the 

SCALE-Obesity trial (228) were noted in the Liraglutide treated rats. These would have 

manifested as altered behaviour, respiration or appearance, as well as obvious diarrhoea, 

vomiting or mucous from the nose. No other studies were identified in the literature that 

treated rats with daily subcutaneous Liraglutide for 12 weeks (84 days), although it has 

been administered in mice for up to 2 years (560) . This study demonstrates the safety of 

Liraglutide treatment for this period of time in a rat model.  
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5.5.7 Limitations 
 

Another limiting factor of this study was that the rats were all different ages when they 

arrived but were started on Liraglutide on the same date. Therefore, they were slightly 

different ages at the start of the treatment (371 days ± 10; range 362 – 386). All rats received 

Liraglutide for 12 weeks and were culled at the same time (449 days ± 11). However, their 

mean age at cull was similar to the HFD group and so this is unlikely to have affected the 

study outcome. The Liraglutide dosing regimen may also have been a limiting factor, with 

evidence that in mice twice daily injections gave greater weight loss than high dose 

Liraglutide (584). In this study a single dose of Liraglutide was given in the morning. The 

plasma half-life of Liraglutide is 13 hours (585) and although a steady state is achieved in 

the plasma, rodents are nocturnal eaters, consuming diet during the dark phase, and 

therefore, the maximal effect of the dose is likely to have waned by the time they come to 

eat. Either an evening dosing regimen or twice daily dosing may have given greater weight 

loss, for example 200mcg/kg twice daily at 2 and 10 hours into the light cycle (549). If future 

studies confirm that Liraglutide does indeed reduce tumour burden in this rat model, it would 

be important to test the effect of the time of dosing, as well as the frequency of dosing on 

tumour burden. 

One mechanism by which Liraglutide leads to weight loss is an alteration in food 

preferences away from palatable high sugar, high fat foods and in rats this has been 

confirmed, with Liraglutide treatment leading to an increased intake of normal chow and 

reduced intake of a high fat/ high sugar diet  (549). In this study the same diet was continued 

throughout the study and so any effect of alteration in food preference may have contributed 

to a reduction in food intake, but it is impossible to know whether rats would have consumed 

less high calorie and more normal chow if given the option. It would be interesting to repeat 

this study with equal access to HFD and normal chow, to see how food preferences alter 

animal weight in this model and subsequent tumour burden. 

The other 19 BDII/Han rats that had been fed HFD from 12 weeks and were destined for 

surgery were divided into groups as follows (unpublished data from Wilkinson et al): n=4 

were continued on HFD, n=5 were treated with Liraglutide and n=10 were diet restricted. 

None of the rats in the HFD or Liraglutide cohorts had tumours at the study end, with only 

2 in the diet restricted group. This could be attributable to a protective effect of HFD in these 

rats and/or add weight to the possibility that intentional weight loss does reduce EC 

carcinogenesis. In Chapter 4, we considered the possibility that the HFD used across these 

studies could be protective against EC, for a number of reasons including the high MUFA 
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content. If this is the case, it is challenging to untangle a potential protective effect of the 

HFD on the Liraglutide group.  

An important limiting factor in this study is the lack of a placebo to the intervention, such as 

normal saline injections. This would have controlled for biases such as stress from 

additional handling and injection. This was considered at the outset and discounted, 

because in the original study design Liraglutide treatment was an exogenous GLP-1 control 

to be compared with surgery (endogenous GLP-1), a HFD control group and sham 

laparotomy control group (Appendix VI). 

Another factor that must be considered is the overall weight of these rats. The mean weight 

at 12 months when the intervention was instituted was 220-230g. In our study, overall 

weight loss in the Liraglutide group was 11%. With Liraglutide, the weight loss tends to be 

more gradual compared to surgery, when it is rapid, with maximal weight loss in most 

studies occurring in the first 10 days (586). However, performing intentional weight loss 

interventions with 20-40% weight loss in rats that weigh 220g may be unsafe and unethical. 

 

5.5.8 Summary  
 

Ten years ago, it would have been inconceivable that intentional weight loss (including 

metabolic surgery) be considered a treatment option for Type 2 diabetes. However, it is 

now part of the treatment paradigm for this disease. It is also being investigated as a 

treatment option for other benign diseases such as Non-Alcoholic Fatty Liver Disease. This 

study does provide some evidence that intentional weight loss, with reduced visceral 

adiposity and adipocyte size, from Liraglutide may reduce EC burden. Its longer-term use 

in the BDII/Han rat is safe. 

If future studies in this area demonstrate that intentional weight loss (using either metabolic 

medications or surgery) does reverse obesity induced cancers such as EC, this could alter 

the current treatment options for this cancer. It would not only allow women of child-bearing 

age to preserve their fertility, but would also confer all the other proven additional benefits 

of metabolic surgery including reduced deaths from cardiovascular comorbidity (currently a 

bigger cause of death in patients with endometrial cancer than the cancer itself), reduced 

hypertension, dyslipidaemia, insulin resistance, liver steatohepatitis etc.  
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Chapter 6: Conclusion and future directions 

 

6.1 Conclusions 
 

This is a novel study assessing the impact of HFD and subsequent intentional weight loss 

on Type 1 EC in the BDII/Han rat using PET-CT as an adjunct. It is the first study to describe 

a safe PET-CT imaging protocol for EC in rats, with sensitivity and specificity en par with 

human diagnostic investigations (542, 543); as well as the first to describe a validated 

SUVmax cut off for rat EC. The protocol can additionally be used as a non-invasive measure 

of longitudinal tumour development and stratification prior to an intervention; as well as 

allowing measurement of abdominal adiposity. PET-CT would be the most accurate 

diagnostic tool in the context of spontaneous EC in the BDII/Han rat, given the small size 

of tumours at 15 months and had the added advantage of picking up additional pathology, 

such as a reactive lymph node. However, it does have some limitations including difficulties 

in distinguishing uterine horn hotspots from intestinal and/or bladder uptake, compression 

of the uterine horns by faeces, challenges in assessing tumour border and size, and the 

myriad factors that can influence SUV measurements (including biological variation). 

To our knowledge, no previous feeding or intentional weight loss interventional studies have 

been conducted in the BDII/ Han rat. This study characterised the BDII/Han rat further using 

both HFD feeding and Liraglutide intervention. This is the first study to provide data on the 

weight profile, food intake and weight gain of BDII/Han rats on normal chow and 60% HFD, 

as well as demonstrate that prolonged feeding with HFD for 12 months did not have any 

apparent negative effects on the BDII/Han rats, with no mortality for the duration of this 

study. These factors are important when designing studies with weight loss interventions in 

mind. D12492 60% HFD created an obese phenotype, with increased body weight, calorie 

intake, visceral adiposity with hypertrophic fat cells and minimally increased steatohepatitis. 

We have described effects on the liver and fat histology also in this animal model. 

Development of NAFLD in this animal model has not previously been studied.  

We have been able to characterise the macroscopic and microscopic features of these 

tumours in greater detail than previously described.  Although D12492 60% HFD did not 

accelerate EC, this study provides valuable information about the BDII/Han EC phenotype. 

Phenotypic variations were demonstrated between individual tumours in both groups, which 

mimic human EC; suggesting that the BDII/Han rat is a good model for studying this disease 

process. This study also provides valuable information on the accuracy of macroscopic 
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findings, demonstrating that macroscopic findings (tumour visibility and palpability) were 

sensitive, with high negative predictive power but not specific, with poor positive predictive 

capabilities. This provides strong evidence in favour of using a non-invasive imaging 

modality, such as PET-CT (which was demonstrated to have similar sensitivity/ negative 

predictive power and higher specificity/ positive predictive power than macroscopic 

findings), to stratify animals into those with and without a tumour prior to an interventional 

study (compared to an invasive method, such as laparotomy). This study also demonstrates 

that at 15 months, tumours seen were all localised and confined to the uterus. Such early-

stage tumours would still be suitable for studying alternative therapeutic interventions and 

therefore, 15 months should be considered as an alternative time point for instituting 

interventions in future studies. Although, studies also must ascertain the correct timepoint 

between 15 and 24 months to balance EC burden versus mortality from EC. 

Our study assessing the effect of Liraglutide was underpowered to determine a true 

treatment effect. Liraglutide treatment in HFD fed rats compared to HFD alone did induce 

11% lower body weight overall in the BDII/Han rat (with a peak of 16% weight loss), as well 

as a reduction in food intake, calorie intake, visceral adiposity, adipocyte size (as well as 

an increase in adipocyte density) and an underpowered reduction in hepatosteatosis. Long-

term Liraglutide treatment for 3 months was safe, with minimal morbidity. Furthermore, 

intentional weight loss from Liraglutide treatment may reduce the risk of developing EC. 

However, with only 2 tumours in the Liraglutide group, a much larger study would be 

required to prove this association and make any assertions regarding its effect on EC 

phenotype and biology. Furthermore, the lack of hotspots at 12 months and lack of overall 

EC burden made it impossible to assess whether Liraglutide treatment can have a 

tumoricidal or tumouristatic effect on EC using PET-CT imaging, as an adjunct. GLP-1R 

was not identified in normal uterine horn tissue, or in BDII/Han endometrial tumours, 

suggesting that any effect of Liraglutide is likely to be weight loss dependent. Larger studies 

will need to be conducted to assess these assertions.  In addition, we learnt numerous 

lessons from the surgical pilot study, which will be used in designing future surgical 

intervention studies in this rat model. 

  



289 
 

6.1.1 Future studies 
 

Rodents are a good model for recapitulating human diseases. They are not subject to social 

pressures that patients with obesity face and hence behaviour and food intake directly 

reflect physiological changes. Future studies should focus on understanding the effect of 

intentional weight loss on endometrial cancer and other obesity related cancers and 

understanding the mechanisms underlying any effects. A clear definition of diet induced 

obesity in female rat models is required encompassing both weight gain and final body 

weight parameters. An important factor to consider in future weight loss intervention studies 

is whether lowering the body weight of BDII/Han rats by 20-30% at a given timepoint will 

create increased morbidity and mortality in the study. 

Further study into the effect of different fats (including lard, animal fats [high in long chain 

saturated fat and MUFA] and omega-6/omega-9-containing plant oils, fish oil [rich in PUFA]) 

on body weight gain, biochemical/histological markers of obesity, visceral adiposity, 

steatohepatitis, perceived protective features such as subcutaneous fat depots, as well as 

EC incidence and progression in the BDII/Han rat are vital for further study in this area. 

Such studies should use a control diet (controlling for fat levels, fibre, carbohydrate, 

phytoestrogens and micronutrients) to enable comparison of individual fats. Timing of 

starting HFD feeding also needs further study. 

Understanding the BDII/Han rat phenotype and behaviour in different conditions is 

imperative for future in vivo studies of EC in this model. This study has provided vital 

information and important lessons regarding study parameters that can affect the outcome 

measures. Further studies with larger numbers of BDII/Han rats are required to assess 

whether HFD alters EC tumour phenotype and confers a prognostic advantage, using two 

independent, blinded gynaecological histopathologists. The sectioning protocol was 

thought out carefully; however, limitations were identified. In future studies, attempts could 

be made to section the entire uterine horn at intervals. Future studies could focus on using 

tumour promoters such as oestrogen in this rat model. The BDII/Han rat model may 

represent a possible model for further investigation of mucinous adenocarcinoma, either 

via in vivo studies or development of cells lines such as RUCA I and II. 

Further studies also need to be done to assess the effects of the oestrous cycle on BDII/Han 

uterine anatomy, physiology and FDG uptake. Further study is required to understand when 

oestrous cycle abnormalities start in the BDII/Han rat. In humans, premenopausal women 

with obesity are more likely to have anovulatory cycles (143), thus reducing progesterone 

levels during the luteal phase, creating a relative imbalance of progesterone and oestrogen 
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and increasing endometrial proliferation. If further study into EC is to be done in the 

BDII/Han rat, it would be important to know when oestrous cycles cease in the BDII/Han rat 

(oestrous abnormalities have been observed as early as 4 months or as late as 18 months 

in different rat strains (433)) and whether there is any additional EC risk once the oestrous 

cycle ceases. 

With respect to imaging, future studies should be able to replicate our work and obtain 

similar sensitivity and specificity. Other imaging modalities could be considered. Our 

method of crude visceral fat estimation requires further validation with comparison to 

visceral fat volume at necropsy. Whether a high SUVmax correlates with prognosis in 

BDII/Han EC needs further investigation. Biochemical markers, including glucose levels, 

should be assessed at time of PET-CT to assess any bias on FDG uptake. Both PET and 

CT expose the rodent to ionising radiation and the combined dose to the rodent is relatively 

high. As such a potential impact of PET-CT on carcinogenesis in this study cannot be 

excluded. Further studies need to be conducted to ascertain the organ specific radiation 

dose to rat uterine horns and understand the effect of repeated micro-CT on uterine 

carcinogenesis, particularly in the BDII/Han rat, which has an underlying genetic 

predisposition to developing EC. Furthermore, studies should be done to identify imaging 

optimal parameters, such as resolution, that could reduce the equivalent and effective 

radiation doses. All animals across study groups should be treated the same, with the same 

number of scans to avoid challenges in data interpretation. A control group could be used 

to assess potential influences of radiation if repeated scans are planned.  

Cross breeding of the BDII/Han rat with a known DIO rat model or injection of RUCA I or 

RUCA II cell lines subcutaneously into one of these models, may serve as a better model 

of EC. Further research could also focus on histological subtypes or molecular phenotypes 

of endometrial tumours and population subgroups that could be at an increased risk of 

obesity-associated endometrial cancer. Assessing microbiota in the NC and HFD fed 

BDII/Han, could provide a new model for future investigations in both gut microbiota and 

uterine microbiota. Serum biochemical analytes should be measured focussing on those 

involved in obesity and EC carcinogenesis, such as oestrogen, leptin, adiponectin, bile 

acids, GLP-1 and other gut hormones. Other markers demonstrated in other rodent and/ or 

human studies that could be studied include ER, PR, hypermutated POL-E, MSI, 

Macrophage CD68, PAS, ED-1 Tumour infiltrating lymphocytes, Tenascin C, prolactin, 

prolactin receptor, Ca 125, HE4 (human epididymis protein), sFas (advanced – 

immunosuppressive acidic protein), LICAM, COX-2, Survivin, Cerb-2, CA72-4.  Further 

analysis of the tumour microenvironment could include immunohistochemistry of markers 

of inflammation such as CD193 or CCR3 for eosinophils, CD3 for T cells, CD20/ CD27 for 
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B cells, CD68 for macrophages, CD 68, ER alpha and ER beta, LICAM, COX 2, beta 

catenin, p53 and tenasin C (cytoplasmic so could be co-localised). Further mutational 

analysis could be carried out to the characterise the BDII/Han in terms of the TCGA 

classification. 

Future studies could focus on using alternative methods for identifying the GLP-1R in 

BDII/Han EC, which have demonstrated GLP-1R in rat uterine horn in other studies. 

However, it is important to note that the BDII/Han rat may be a poor model for investigating 

the effects of GLP-1R mediated weight loss interventions if it is truly a species with absence 

of the GLP-1R. It would be important to determine whether there was a difference in 

hormones, such as insulin or leptin between the two groups, which would more closely 

recapitulate human obesity, in concordance with the increase in visceral fat and adipocyte 

hypertrophy. Formally measuring insulin levels would also be important, because there is 

some debate whether HFD can induce insulin resistance independently of development of 

obesity both in animals and in humans (550, 551). 

If future studies confirm that Liraglutide does indeed reduce tumour burden in this rat model, 

it would be important to test the effect of the time of dosing, as well as the frequency of 

dosing on tumour burden. Ideally rats within a study should be the same age and body 

weight at the start of such a study. If D12492 60% HFD has a protective effect on EC, the 

effect of Liraglutide must be separated from this, by future studies investigating both 

interventions separately.  
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6.1.2 Final words 
 

The BDII/Han rat confers numerous advantages as a spontaneous model of de novo EC. 

It demonstrated the expected phenotypic response to HFD in terms of increased body 

weight, increased visceral adiposity, slightly increased NAFLD, increased adipocyte 

hypertrophy. Therefore, although HFD feeding did not demonstrate accelerated tumour 

burden, it did mimic features of obesity in the rat and the phenotypic characteristics of EC. 

This is important when considering subsequent weight loss interventions. It is likely that 

research into obesity induced carcinogenesis will increase over coming years and as such 

appropriate animal models that recapitulate animal disease are vital and necessary.  

This study demonstrated that intentional weight loss resulted in a small reduction in tumour 

burden and although only a pilot study, it will serve as the foundation for several future 

studies in the field of intentional weight loss and cancer.  If there is indeed a link between 

weight loss and regression of endometrial cancer, as this study may suggest, the benefit is 

likely to be seen once this work can be translated into human clinical studies. Type 1 EC is 

a slow-growing type of cancer and patients are often clinically well when they are 

diagnosed.  Intentional weight loss could prove to be an attractive alternative to the existing 

treatment for EC of hysterectomy, conferring numerous benefits including fertility 

preservation and improvements in other metabolic parameters such as reduced death from 

cardiovascular disease (currently a bigger cause of death in patients with endometrial 

cancer than the cancer itself). 

If intentional weight loss is found to have a tumouristatic or tumoricidal effect on obesity 

induced cancers, treatment could move away from invasive surgical procedures, 

chemotherapy, and radiotherapy and toward intentional weight loss-based therapies. This 

could revolutionise the way obesity-related cancers are treated and further study in this 

area is essential.  

 

 

 

 

  



293 
 

References 

 

1. Organisation WH. Obesity and Overweight Fact Sheet. 2018 16 Feb 2018. 
2. Moody A. Health Survey for England 2015 

Adult overweight and obesity 2016. 
3. Sinclair P, LeRoux Carel. Obesity and assessment for metabolic surgery. In: S Michael Griffin 
PL, editor. Oesophagogastric Surgery: A Companion to Specialist Surgical Practice2018. p. 290-305. 
4. NICE. Obesity: identification, assessment and management. Clinical guideline [CG189] 
2014. 
5. Sinclair P, Docherty N, le Roux CW. Metabolic Effects of Bariatric Surgery. Clinical chemistry. 
2018;64(1):72-81. 
6. Bays HE, Jones PH, Jacobson TA, Cohen DE, Orringer CE, Kothari S, et al. Lipids and bariatric 
procedures part 1 of 2: Scientific statement from the National Lipid Association, American Society 
for Metabolic and Bariatric Surgery, and Obesity Medicine Association: EXECUTIVE SUMMARY. 
Journal of clinical lipidology. 2016;10(1):15-32. 
7. Sinclair P, Brennan DJ, le Roux CW. Gut adaptation after metabolic surgery and its 
influences on the brain, liver and cancer. Nature Reviews Gastroenterology & Hepatology. 2018. 
8. Reimann F, Habib AM, Tolhurst G, Parker HE, Rogers GJ, Gribble FM. Glucose Sensing in L 
Cells: A Primary Cell Study. Cell Metabolism. 2008;8(6):532-9. 
9. Bauer PV, Hamr SC, Duca FA. Regulation of energy balance by a gut–brain axis and 
involvement of the gut microbiota. Cellular and Molecular Life Sciences. 2016;73(4):737-55. 
10. Ridlon JM, Kang DJ, Hylemon PB, Bajaj JS. Bile acids and the gut microbiome. Current 
opinion in gastroenterology. 2014;30(3):332-8. 
11. Seeley RJ, Schwartz MW, Porte D, Woods SC, Baskin DG. Central nervous system control of 
food intake. Nature. 2000;404(6778):661-71. 
12. Exley MA, Hand L, O'Shea D, Lynch L. Interplay between the immune system and adipose 
tissue in obesity. JOURNAL OF ENDOCRINOLOGY. 2014;223(2):R41-R8. 
13. Bays HE. Adiposopathy is "sick fat" a cardiovascular disease? Journal of the American 
College of Cardiology. 2011;57(25):2461-73. 
14. Shi H, Kokoeva MV, Inouye K, Tzameli I, Yin H, Flier JS. TLR4 links innate immunity and fatty 
acid-induced insulin resistance. JOURNAL OF CLINICAL INVESTIGATION. 2006;116(11):3015-25. 
15. Halberg N, Khan T, Trujillo ME, Wernstedt-Asterholm I, Attie AD, Sherwani S, et al. Hypoxia-
inducible factor 1alpha induces fibrosis and insulin resistance in white adipose tissue. Molecular 
and cellular biology U6 - ctx_ver=Z3988-2004&ctx_enc=info%3Aofi%2Fenc%3AUTF-
8&rfr_id=info%3Asid%2Fsummonserialssolutionscom&rft_val_fmt=info%3Aofi%2Ffmt%3Akev%3
Amtx%3Ajournal&rftgenre=article&rftatitle=Hypoxia-
inducible+factor+1alpha+induces+fibrosis+and+insulin+resistance+in+white+adipose+tissue&rftjti
tle=Molecular+and+cellular+biology&rftau=Halberg%2C+Nils&rftau=Khan%2C+Tayeba&rftau=Tru
jillo%2C+Maria+E&rftau=Wernstedt-Asterholm%2C+Ingrid&rftdate=2009-08-01&rfteissn=1098-
5549&rftvolume=29&rftissue=16&rftspage=4467&rft_id=info%3Apmid%2F19546236&rftexternal
DocID=19546236&paramdict=en-US U7 - Journal Article. 2009;29(16):4467. 
16. Özcan U, Cao Q, Yilmaz E, Lee A-H, Iwakoshi NN, Özdelen E, et al. Endoplasmic Reticulum 
Stress Links Obesity, Insulin Action, and Type 2 Diabetes. Science. 2004;306(5695):457-61. 
17. Saely CH, Geiger K, Drexel H. Brown versus white adipose tissue: a mini-review. 
Gerontology. 2012;58(1):15-23. 
18. Lo K  A, Sun L. Turning WAT into BAT: a review on regulators controlling the browning of 
white adipocytes. Bioscience Reports. 2013;33(5). 



294 
 

19. Calle EE, Rodriguez C, Walker-Thurmond K, Thun MJ. Overweight, Obesity, and Mortality 
from Cancer in a Prospectively Studied Cohort of U.S. Adults. The New England Journal of Medicine. 
2003;348(17):1625-38. 
20. Whitlock G, Lewington S, Sherliker P, Clarke R, Emberson J, Halsey J, et al. Body-mass index 
and cause-specific mortality in 900 000 adults: collaborative analyses of 57 prospective studies. 
Lancet. 2009;373(9669):1083-96. 
21. Kopelman P. Health risks associated with overweight and obesity. Obesity reviews : an 
official journal of the International Association for the Study of Obesity. 2007;8 Suppl 1:13-7. 
22. Angulo P, Lindor KD. Non-alcoholic fatty liver disease. JOURNAL OF GASTROENTEROLOGY 
AND HEPATOLOGY. 2002;17:S186-S90. 
23. Chalasani N, Younossi Z, Lavine JE, Diehl AM, Brunt EM, Cusi K, et al. The diagnosis and 
management of non-alcoholic fatty liver disease: practice Guideline by the American Association 
for the Study of Liver Diseases, American College of Gastroenterology, and the American 
Gastroenterological Association. Hepatology (Baltimore, Md). 2012;55(6):2005-23. 
24. Subichin M, Clanton J, Makuszewski M, Bohon A, Zografakis JG, Dan A. Liver disease in the 
morbidly obese: a review of 1000 consecutive patients undergoing weight loss surgery. Surgery for 
obesity and related diseases : official journal of the American Society for Bariatric Surgery. 
2015;11(1):137-41. 
25. Sasaki A, Nitta H, Otsuka K, Umemura A, Baba S, Obuchi T, et al. Bariatric surgery and non-
alcoholic Fatty liver disease: current and potential future treatments. Frontiers in endocrinology. 
2014;5:164. 
26. Setiawan VW, Stram DO, Porcel J, Lu SC, Le Marchand L, Noureddin M. Prevalence of 
chronic liver disease and cirrhosis by underlying cause in understudied ethnic groups: The 
multiethnic cohort. Hepatology (Baltimore, Md). 2016;64(6):1969-77. 
27. Jha P, Claudel T, Baghdasaryan A, Mueller M, Halilbasic E, Das SK, et al. Role of adipose 
triglyceride lipase (PNPLA2) in protection from hepatic inflammation in mouse models of 
steatohepatitis and endotoxemia. Hepatology. 2014;59(3):858-69. 
28. Wobser H, Dorn C, Weiss TS, Amann T, Bollheimer C, Büttner R, et al. Lipid accumulation in 
hepatocytes induces fibrogenic activation of hepatic stellate cells. Cell Research. 2009;19(8):996-
1005. 
29. Lau E, Carvalho D, Freitas P. Gut Microbiota: Association with NAFLD and Metabolic 
Disturbances. BioMed Research International. 2015;2015:979515-9. 
30. Schwimmer JB, Celedon MA, Lavine JE, Salem R, Campbell N, Schork NJ, et al. Heritability 
of nonalcoholic fatty liver disease. Gastroenterology. 2009;136(5):1585-92. 
31. Hardy T, Zeybel M, Day CP, Dipper C, Masson S, McPherson S, et al. Plasma DNA 
methylation: a potential biomarker for stratification of liver fibrosis in non-alcoholic fatty liver 
disease. Gut. 2017;66(7):1321-8. 
32. Zeybel M, Hardy T, Wong YK, Mathers JC, Fox CR, Gackowska A, et al. Multigenerational 
epigenetic adaptation of the hepatic wound-healing response. Nature medicine. 2012;18(9):1369-
77. 
33. Lonardo A, Sookoian S, Pirola CJ, Targher G. Non-alcoholic fatty liver disease and risk of 
cardiovascular disease. Metabolism: clinical and experimental. 2016;65(8):1136-50. 
34. Chalasani N, Younossi Z, Lavine JE, Charlton M, Cusi K, Rinella M, et al. The diagnosis and 
management of nonalcoholic fatty liver disease: Practice guidance from the American Association 
for the Study of Liver Diseases. Hepatology (Baltimore, Md). 2018;67(1):328-57. 
35. Farrell GC, Larter CZ. Nonalcoholic fatty liver disease: From steatosis to cirrhosis. 
Hepatology. 2006;43(S1):S99-S112. 
36. Bugianesi E, Manzini P, D'Antico S, Vanni E, Longo F, Leone N, et al. Relative contribution 
of iron burden, HFE mutations, and insulin resistance to fibrosis in nonalcoholic fatty liver. 
Hepatology. 2004;39(1):179-87. 



295 
 

37. Starley BQ, Calcagno CJ, Harrison SA. Nonalcoholic fatty liver disease and hepatocellular 
carcinoma: a weighty connection. Hepatology (Baltimore, Md). 2010;51(5):1820-32. 
38. Paradis V, Zalinski S, Chelbi E, Guedj N, Degos F, Vilgrain V, et al. Hepatocellular Carcinomas 
in Patients With Metabolic Syndrome Often Develop Without Significant Liver Fibrosis: A 
Pathological Analysis. HEPATOLOGY. 2009;49(3):851-9. 
39. Hashimoto E, Yatsuji S, Tobari M, Taniai M, Torii N, Tokushige K, et al. Hepatocellular 
carcinoma in patients with nonalcoholic steatohepatitis. Journal of Gastroenterology. 
2009;44(S19):89-95. 
40. Mohamad B, Shah V, Onyshchenko M, Elshamy M, Aucejo F, Lopez R, et al. Characterization 
of hepatocellular carcinoma (HCC) in non-alcoholic fatty liver disease (NAFLD) patients without 
cirrhosis. Hepatology international. 2016;10(4):632-9. 
41. Harrison SA, Day CP. Benefits of lifestyle modification in NAFLD. GUT. 2007;56(12):1760-9. 
42. Day CP. Non-alcoholic fatty liver disease: current concepts and management strategies. 
Clinical Medicine, Journal of the Royal College of Physicians. 2006;6(1):19-25. 
43. Comar KM, Sterling RK. Review article: Drug therapy for non-alcoholic fatty liver disease. 
Alimentary Pharmacology and Therapeutics. 2006;23(2):207-15. 
44. Townsend SA, Newsome PN. Review article: new treatments in non-alcoholic fatty liver 
disease. Alimentary pharmacology & therapeutics. 2017;46(5):494-507. 
45. Nadeau KJ, Ehlers LB, Zeitler PS, Love-Osborne K. Treatment of non-alcoholic fatty liver 
disease with metformin versus lifestyle intervention in insulin-resistant adolescents. Pediatric 
Diabetes. 2009;10(1):5-13. 
46. Garinis GA, Fruci B, Mazza A, De Siena M, Abenavoli S, Gulletta E, et al. Metformin versus 
dietary treatment in nonalcoholic hepatic steatosis: a randomized study. International Journal of 
Obesity. 2010;34(8):1255-64. 
47. Lin HZ, Yang SQ, Chuckaree C, Ronnet G, Diehl AM, Kuhajda F. Metformin reverses fatty 
liver disease in obese, leptin-deficient mice. Nature Medicine. 2000;6(9):998-1003. 
48. Bergheim I, Guo L, Davis MA, Lambert JC, Beier JI, Duveau I, et al. Metformin Prevents 
Alcohol-Induced Liver Injury in the Mouse: Critical Role of Plasminogen Activator Inhibitor-1. 
Gastroenterology. 2006;130(7):2099-112. 
49. Spruss A, Kanuri G, Stahl C, Bischoff SC, Bergheim I. Metformin protects against the 
development of fructose-induced steatosis in mice: Role of the intestinal barrier function. 
Laboratory Investigation. 2012;92(7):1020-32. 
50. Chavez-Tapia NC, Tellez-Avila FI, Barrientos-Gutierrez T, Mendez-Sanchez N, Lizardi-
Cervera J, Uribe M. Bariatric surgery for non-alcoholic steatohepatitis in obese patients. The 
Cochrane database of systematic reviews. 2010(1):Cd007340. 
51. Pearson-Stuttard J, Zhou B, Kontis V, Bentham J, Gunter MJ, Ezzati M. Worldwide burden 
of cancer attributable to diabetes and high body-mass index: a comparative risk assessment. The 
lancet Diabetes & endocrinology. 2018;6(6):e6-e15. 
52. Basen-Engquist K, Chang M. Obesity and Cancer Risk: Recent Review and Evidence. Current 
Oncology Reports. 2011;13(1):71-6. 
53. Carroll KK. Obesity as a risk factor for certain types of cancer. Lipids. 1998;33(11):1055-9. 
54. Group TPBCC. Association of Body Mass Index and Age With Subsequent Breast Cancer Risk 
in Premenopausal WomenAssociation of Body Mass Index and Age With Subsequent Breast Cancer 
Risk in Premenopausal WomenAssociation of Body Mass Index and Age With Subsequent Breast 
Cancer Risk in Premenopausal Women. JAMA Oncology. 2018;4(11):e181771-e. 
55. Calle EE, Rodriguez C, Walker-Thurmond K, Thun MJ. Overweight, obesity, and mortality 
from cancer in a prospectively studied cohort of U.S. adults. N Engl J Med. 2003;348(17):1625-38. 
56. Parekh N, Chandran U, Bandera EV. Obesity in cancer survival. Annual review of nutrition. 
2012;32:311-42. 
57. Nichols HB, Trentham-Dietz A, Egan KM, Titus-Ernstoff L, Holmes MD, Bersch AJ, et al. Body 
mass index before and after breast cancer diagnosis: associations with all-cause, breast cancer, and 



296 
 

cardiovascular disease mortality. Cancer epidemiology, biomarkers & prevention : a publication of 
the American Association for Cancer Research, cosponsored by the American Society of Preventive 
Oncology. 2009;18(5):1403-9. 
58. Park SM, Lim MK, Jung KW, Shin SA, Yoo KY, Yun YH, et al. Prediagnosis smoking, obesity, 
insulin resistance, and second primary cancer risk in male cancer survivors: National Health 
Insurance Corporation Study. Journal of clinical oncology : official journal of the American Society 
of Clinical Oncology. 2007;25(30):4835-43. 
59. Guenancia C, Lefebvre A, Cardinale D, Yu AF, Ladoire S, Ghiringhelli F, et al. Obesity As a 
Risk Factor for Anthracyclines and Trastuzumab Cardiotoxicity in Breast Cancer: A Systematic 
Review and Meta-Analysis. Journal of clinical oncology : official journal of the American Society of 
Clinical Oncology. 2016;34(26):3157-65. 
60. Caan BJ, Cespedes Feliciano EM, Prado CM, Alexeeff S, Kroenke CH, Bradshaw P, et al. 
Association of Muscle and Adiposity Measured by Computed Tomography With Survival in Patients 
With Nonmetastatic Breast Cancer. JAMA oncology. 2018;4(6):798-804. 
61. Laurent V, Guerard A, Mazerolles C, Le Gonidec S, Toulet A, Nieto L, et al. Periprostatic 
adipocytes act as a driving force for prostate cancer progression in obesity. Nature 
communications. 2016;7:10230. 
62. Dirat B, Bochet L, Dabek M, Daviaud D, Dauvillier S, Majed B, et al. Cancer-associated 
adipocytes exhibit an activated phenotype and contribute to breast cancer invasion. Cancer 
research. 2011;71(7):2455-65. 
63. Hefetz-Sela S, Scherer PE. Adipocytes: impact on tumor growth and potential sites for 
therapeutic intervention. Pharmacology & therapeutics. 2013;138(2):197-210. 
64. Wang YY, Lehuede C, Laurent V, Dirat B, Dauvillier S, Bochet L, et al. Adipose tissue and 
breast epithelial cells: a dangerous dynamic duo in breast cancer. Cancer letters. 2012;324(2):142-
51. 
65. Blouin K, Nadeau M, Mailloux J, Daris M, Lebel S, Luu-The V, et al. Pathways of adipose 
tissue androgen metabolism in women: depot differences and modulation by adipogenesis. 
American journal of physiology Endocrinology and metabolism. 2009;296(2):E244-55. 
66. Ohsugi M, Ueki K, Hara K, Sugiura S, Yoshimura K, Nishimura S, et al. CD8 + effector T cells 
contribute to macrophage recruitment and adipose tissue inflammation in obesity. Nature 
medicine. 2009;15(8):914-20. 
67. Bertola A, Ciucci T, Rousseau D, Bourlier V, Duffaut C, Bonnafous S, et al. Identification of 
adipose tissue dendritic cells correlated with obesity-associated insulin-resistance and inducing 
Th17 responses in mice and patients. Diabetes. 2012;61(9):2238-47. 
68. Strissel KJ, DeFuria J, Shaul ME, Bennett G, Greenberg AS, Obin MS. T-Cell Recruitment and 
Th1 Polarization in Adipose Tissue During Diet-Induced Obesity in C57BL/6 Mice. Obesity. 
2010;18(10):1918-25. 
69. Moulin CM, Marguti I, Peron JP, Halpern A, Rizzo LV. Bariatric surgery reverses natural killer 
(NK) cell activity and NK-related cytokine synthesis impairment induced by morbid obesity. Obesity 
surgery. 2011;21(1):112-8. 
70. Ahechu P, Zozaya G, Martí P, Hernández-Lizoáin JL, Baixauli J, Unamuno X, et al. NLRP3 
Inflammasome: A Possible Link Between Obesity-Associated Low-Grade Chronic Inflammation and 
Colorectal Cancer Development. Frontiers in immunology. 2018;9:2918. 
71. Meyer LK, Ciaraldi TP, Henry RR, Wittgrove AC, Phillips SA. Adipose tissue depot and cell 
size dependency of adiponectin synthesis and secretion in human obesity. Adipocyte. 
2013;2(4):217-26. 
72. Miyoshi Y, Funahashi T, Kihara S, Taguchi T, Tamaki Y, Matsuzawa Y, et al. Association of 
serum adiponectin levels with breast cancer risk. Clin Cancer Res. 2003;9(15):5699-704. 
73. Cust AE, Kaaks R, Friedenreich C, Bonnet F, Laville M, Lukanova A, et al. Plasma adiponectin 
levels and endometrial cancer risk in pre- and postmenopausal women. The Journal of clinical 
endocrinology and metabolism. 2007;92(1):255-63. 



297 
 

74. Yamauchi T, Kamon J, Waki H, Terauchi Y, Kubota N, Hara K, et al. The fat-derived hormone 
adiponectin reverses insulin resistance associated with both lipoatrophy and obesity. Nat Med. 
2001;7(8):941-6. 
75. Phillips SA, Ciaraldi TP, Kong APS, Bandukwala R, Aroda V, Carter L, et al. Modulation of 
Circulating and Adipose Tissue Adiponectin Levels by Antidiabetic Therapy. Diabetes. 
2003;52(3):667-74. 
76. Brakenhielm E, Veitonmaki N, Cao R, Kihara S, Matsuzawa Y, Zhivotovsky B, et al. 
Adiponectin-induced antiangiogenesis and antitumor activity involve caspase-mediated 
endothelial cell apoptosis. Proc Natl Acad Sci U S A. 2004;101(8):2476-81. 
77. Hancke K, Grubeck D, Hauser N, Kreienberg R, Weiss JM. Adipocyte fatty acid-binding 
protein as a novel prognostic factor in obese breast cancer patients. Breast cancer research and 
treatment. 2010;119(2):367-7. 
78. Frankenberry KA, Somasundar P, McFadden DW, Vona-Davis LC. Leptin induces cell 
migration and the expression of growth factors in human prostate cancer cells. American journal 
of surgery. 2004;188(5):560-5. 
79. Sharma D, Saxena NK, Vertino PM, Anania FA. Leptin promotes the proliferative response 
and invasiveness in human endometrial cancer cells by activating multiple signal-transduction 
pathways. Endocrine-related cancer. 2006;13(2):629-40. 
80. Fischer S, Hanefeld M, Haffner SM, Fusch C, Schwanebeck U, Kohler C, et al. Insulin-
resistant patients with type 2 diabetes mellitus have higher serum leptin levels independently of 
body fat mass. Acta diabetologica. 2002;39(3):105-10. 
81. Jee SH, Ohrr H, Sull JW, Yun JE, Ji M, Samet JM. Fasting serum glucose level and cancer risk 
in Korean men and women. JAMA. 2005;293(2):194-202. 
82. Rapp K, Schroeder J, Klenk J, Ulmer H, Concin H, Diem G, et al. Fasting blood glucose and 
cancer risk in a cohort of more than 140,000 adults in Austria. Diabetologia. 2006;49(5):945-52. 
83. Stattin P, Bjor O, Ferrari P, Lukanova A, Lenner P, Lindahl B, et al. Prospective study of 
hyperglycemia and cancer risk. Diabetes care. 2007;30(3):561-7. 
84. Stocks T, Lukanova A, Bjorge T, Ulmer H, Manjer J, Almquist M, et al. Metabolic factors and 
the risk of colorectal cancer in 580,000 men and women in the metabolic syndrome and cancer 
project (Me-Can). Cancer. 2011;117(11):2398-407. 
85. Joung KH, Jeong JW, Ku BJ. The association between type 2 diabetes mellitus and women 
cancer: the epidemiological evidences and putative mechanisms. BioMed research international. 
2015;2015:920618. 
86. Ferroni P, Riondino S, Buonomo O, Palmirotta R, Guadagni F, Roselli M. Type 2 Diabetes 
and Breast Cancer: The Interplay between Impaired Glucose Metabolism and Oxidant Stress. 
Oxidative medicine and cellular longevity. 2015;2015:183928. 
87. Stocks T, Rapp K, Bjorge T, Manjer J, Ulmer H, Selmer R, et al. Blood glucose and risk of 
incident and fatal cancer in the metabolic syndrome and cancer project (me-can): analysis of six 
prospective cohorts. PLoS Med. 2009;6(12):e1000201. 
88. Rosen LS. VEGF-targeted therapy: therapeutic potential and recent advances. The 
oncologist. 2005;10(6):382-91. 
89. Kaaks R, Calle EE. Overweight, obesity and cancer: epidemiological evidence and proposed 
mechanisms. Nature Reviews Cancer. 2004;4(8):579-91. 
90. Kaaks R, Lukanova A. Energy balance and cancer: the role of insulin and insulin-like growth 
factor-I. The Proceedings of the Nutrition Society. 2001;60(1):91-106. 
91. Lee AV, Jackson JG, Gooch JL, Hilsenbeck SG, Coronado-Heinsohn E, Osborne CK, et al. 
Enhancement of insulin-like growth factor signaling in human breast cancer: estrogen regulation of 
insulin receptor substrate-1 expression in vitro and in vivo. Molecular endocrinology (Baltimore, 
Md). 1999;13(5):787-96. 
92. Ley RE, Turnbaugh PJ, Klein S, Gordon JI. Microbial ecology: human gut microbes associated 
with obesity. Nature. 2006;444(7122):1022-3. 



298 
 

93. Vogtmann E, Goedert JJ. Epidemiologic studies of the human microbiome and cancer. Br J 
Cancer. 2016;114(3):237-42. 
94. Kong SY, Tran HQ, Gewirtz AT, McKeown-Eyssen G, Fedirko V, Romieu I, et al. Serum 
Endotoxins and Flagellin and Risk of Colorectal Cancer in the European Prospective Investigation 
into Cancer and Nutrition (EPIC) Cohort. Cancer epidemiology, biomarkers & prevention : a 
publication of the American Association for Cancer Research, cosponsored by the American Society 
of Preventive Oncology. 2016;25(2):291-301. 
95. Urbaniak C, Gloor GB, Brackstone M, Scott L, Tangney M, Reid G. The Microbiota of Breast 
Tissue and Its Association with Breast Cancer. Applied and Environmental Microbiology. 
2016;82(16):5039-48. 
96. Walther-António MR, Chen J, Multinu F, Hokenstad A, Distad TJ, Cheek EH, et al. Potential 
contribution of the uterine microbiome in the development of endometrial cancer. Genome 
medicine. 2016;8(1):122. 
97. Guarner F, Malagelada J-R. Gut flora in health and disease. The Lancet. 
2003;361(9356):512-9. 
98. Cariou B, Chetiveaux M, Zair Y, Pouteau E, Disse E, Guyomarc'h-Delasalle B, et al. Fasting 
plasma chenodeoxycholic acid and cholic acid concentrations are inversely correlated with insulin 
sensitivity in adults. Nutrition & metabolism. 2011;8(1):48. 
99. Haeusler RA, Astiarraga B, Camastra S, Accili D, Ferrannini E. Human insulin resistance is 
associated with increased plasma levels of 12alpha-hydroxylated bile acids. Diabetes. 
2013;62(12):4184-91. 
100. Haeusler RA, Camastra S, Nannipieri M, Astiarraga B, Castro-Perez J, Xie D, et al. Increased 
Bile Acid Synthesis and Impaired Bile Acid Transport in Human Obesity. The Journal of clinical 
endocrinology and metabolism. 2016;101(5):1935-44. 
101. Bernstein C, Holubec H, Bhattacharyya AK, Nguyen H, Payne CM, Zaitlin B, et al. 
Carcinogenicity of deoxycholate, a secondary bile acid. Archives of toxicology. 2011;85(8):863-71. 
102. Xie G, Wang X, Huang F, Zhao A, Chen W, Yan J, et al. Dysregulated hepatic bile acids 
collaboratively promote liver carcinogenesis. International journal of cancer. 2016;139(8):1764-75. 
103. Jenkins GJ, Cronin J, Alhamdani A, Rawat N, D'Souza F, Thomas T, et al. The bile acid 
deoxycholic acid has a non-linear dose response for DNA damage and possibly NF-kappaB 
activation in oesophageal cells, with a mechanism of action involving ROS. Mutagenesis. 
2008;23(5):399-405. 
104. Jenkins GJ, D'Souza FR, Suzen SH, Eltahir ZS, James SA, Parry JM, et al. Deoxycholic acid at 
neutral and acid pH, is genotoxic to oesophageal cells through the induction of ROS: The potential 
role of anti-oxidants in Barrett's oesophagus. Carcinogenesis. 2007;28(1):136-42. 
105. Leung AM, Redlak MJ, Miller TA. Oxygen radical induced gastric mucosal cell death: 
apoptosis or necrosis? Digestive diseases and sciences. 2008;53(9):2429-35. 
106. Lax S, Schauer G, Prein K, Kapitan M, Silbert D, Berghold A, et al. Expression of the nuclear 
bile acid receptor/farnesoid X receptor is reduced in human colon carcinoma compared to 
nonneoplastic mucosa independent from site and may be associated with adverse prognosis. 
International journal of cancer. 2012;130(10):2232-9. 
107. Cao W, Tian W, Hong J, Li D, Tavares R, Noble L, et al. Expression of bile acid receptor TGR5 
in gastric adenocarcinoma. Am J Physiol Gastrointest Liver Physiol. 2013;304(4):G322-7. 
108. Hong J, Behar J, Wands J, Resnick M, Wang LJ, DeLellis RA, et al. Role of a novel bile acid 
receptor TGR5 in the development of oesophageal adenocarcinoma. Gut. 2010;59(2):170-80. 
109. Casaburi I, Avena P, Lanzino M, Sisci D, Giordano F, Maris P, et al. Chenodeoxycholic acid 
through a TGR5-dependent CREB signaling activation enhances cyclin D1 expression and promotes 
human endometrial cancer cell proliferation. Cell Cycle. 2012;11(14):2699-710. 
110. Yang JI, Yoon JH, Myung SJ, Gwak GY, Kim W, Chung GE, et al. Bile acid-induced TGR5-
dependent c-Jun-N terminal kinase activation leads to enhanced caspase 8 activation in 
hepatocytes. Biochemical and biophysical research communications. 2007;361(1):156-61. 



299 
 

111. Chen MC, Chen YL, Wang TW, Hsu HP, Lai MD. Membrane bile acid receptor TGR5 predicts 
good prognosis in ampullary adenocarcinoma patients with hyperbilirubinemia. Oncology reports. 
2016;36(4):1997-2008. 
112. Phelan JP, Reen FJ, Dunphy N, O’Connor R, O’Gara F. Bile acids destabilise HIF-1α and 
promote anti-tumour phenotypes in cancer cell models. BMC cancer. 2016;16. 
113. Lee WS, Jung JH, Panchanathan R, Yun JW, Kim DH, Kim HJ, et al. Ursodeoxycholic Acid 
Induces Death Receptor-mediated Apoptosis in Prostate Cancer Cells. Journal of cancer prevention. 
2017;22(1):16-21. 
114. Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal A. Global cancer statistics 2018: 
GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA: a 
cancer journal for clinicians. 2018;68(6):394-424. 
115. Ferlay J, Shin HR, Bray F, Forman D, Mathers C, Parkin DM. GLOBOCAN 2008, Cancer 
incidence and mortality worldwide. IARC CancerBase [Internet]. 2010; No. 10. 
116. Ferlay J, Soerjomataram I, Dikshit R, Eser S, Mathers C, Rebelo M, et al. Cancer incidence 
and mortality worldwide: sources, methods and major patterns in GLOBOCAN 2012. International 
journal of cancer. 2015;136(5):E359-86. 
117. Nieto-Vazquez I, Fernandez-Veledo S, Kramer DK, Vila-Bedmar R, Garcia-Guerra L, Lorenzo 
M. Insulin resistance associated to obesity: the link TNF-alpha. Archives of physiology and 
biochemistry. 2008;114(3):183-94. 
118. Friberg E, Orsini N, Mantzoros CS, Wolk A. Diabetes mellitus and risk of endometrial cancer: 
a meta-analysis. Diabetologia. 2007;50(7):1365-74. 
119. Bianchini F, Kaaks R, Vainio H. Overweight, obesity, and cancer risk. The Lancet Oncology. 
2002;3(9):565-74. 
120. Reeves GK, Pirie K, Beral V, Green J, Spencer E, Bull D. Cancer incidence and mortality in 
relation to body mass index in the Million Women Study: cohort study. Bmj. 2007;335(7630):1134. 
121. Emera D, Romero R, Wagner G. The evolution of menstruation: a new model for genetic 
assimilation: explaining molecular origins of maternal responses to fetal invasiveness. BioEssays : 
news and reviews in molecular, cellular and developmental biology. 2012;34(1):26-35. 
122. Sobczuk K, Sobczuk A. New classification system of endometrial hyperplasia WHO 2014 and 
its clinical implications. Przeglad menopauzalny = Menopause review. 2017;16(3):107-11. 
123. Lacey JV, Jr., Chia VM, Rush BB, Carreon DJ, Richesson DA, Ioffe OB, et al. Incidence rates 
of endometrial hyperplasia, endometrial cancer and hysterectomy from 1980 to 2003 within a large 
prepaid health plan. International journal of cancer. 2012;131(8):1921-9. 
124. Fader AN, Arriba LN, Frasure HE, von Gruenigen VE. Endometrial cancer and obesity: 
epidemiology, biomarkers, prevention and survivorship. Gynecol Oncol. 2009;114(1):121-7. 
125. Otify M, Fuller J, Ross J, Shaikh H, Johns J. Endometrial pathology in the postmenopausal 
woman – an evidence based approach to management. The Obstetrician & Gynaecologist. 
2015;17(1):29-38. 
126. Bokhman JV. Two pathogenetic types of endometrial carcinoma. Gynecologic oncology. 
1983;15(1):10-7. 
127. Gargiulo P, Della Pepa C, Berardi S, Califano D, Scala S, Buonaguro L, et al. Tumor genotype 
and immune microenvironment in POLE-ultramutated and MSI-hypermutated Endometrial 
Cancers: New candidates for checkpoint blockade immunotherapy? Cancer Treatment Reviews. 
2016;48:61-8. 
128. Setiawan VW, Yang HP, Pike MC, McCann SE, Yu H, Xiang YB, et al. Type I and II Endometrial 
Cancers: Have They Different Risk Factors? Journal of clinical oncology : official journal of the 
American Society of Clinical Oncology. 2013;31(20):2607-18. 
129. Talhouk A, McAlpine JN. New classification of endometrial cancers: the development and 
potential applications of genomic-based classification in research and clinical care. Gynecologic 
oncology research and practice. 2016;3:14. 



300 
 

130. Stelloo E, Bosse T, Nout RA, MacKay HJ, Church DN, Nijman HW, et al. Refining prognosis 
and identifying targetable pathways for high-risk endometrial cancer; a TransPORTEC initiative. 
Modern pathology : an official journal of the United States and Canadian Academy of Pathology, 
Inc. 2015;28(6):836-44. 
131. Pecorelli S. Revised FIGO staging for carcinoma of the vulva, cervix, and endometrium. 
International Journal of Gynecology & Obstetrics. 2009;105(2):103-4. 
132. Webb PM. Obesity and gynecologic cancer etiology and survival. Am Soc Clin Oncol Educ 
Book. 2013. 
133. Renehan AG, Tyson M, Egger M, Heller RF, Zwahlen M. Body-mass index and incidence of 
cancer: a systematic review and meta-analysis of prospective observational studies. Lancet. 
2008;371(9612):569-78. 
134. Bergström A, Pisani P, Tenet V, Wolk A, Adami H-O. Overweight as an avoidable cause of 
cancer in Europe. International journal of cancer. 2001;91(3):421-30. 
135. Lauby-Secretan B, Scoccianti C, Loomis D, Grosse Y, Bianchini F, Straif K. Body Fatness and 
Cancer — Viewpoint of the IARC Working Group. New England Journal of Medicine. 
2016;375(8):794-8. 
136. Olson SH, Trevisan M, Marshall JR, Graham S, Zielezny M, Vena JE, et al. Body mass index, 
weight gain, and risk of endometrial cancer. Nutrition and cancer. 1995;23(2):141-9. 
137. Stocks T, Bjorge T, Ulmer H, Manjer J, Haggstrom C, Nagel G, et al. Metabolic risk score and 
cancer risk: pooled analysis of seven cohorts. International journal of epidemiology. 2015. 
138. Schottenfeld D. Epidemiology of endometrial neoplasia. Journal of cellular biochemistry 
Supplement. 1995;23:151-9. 
139. Cauley JA, Gutai JP, Kuller LH, LeDonne D, Powell JG. The epidemiology of serum sex 
hormones in postmenopausal women. American journal of epidemiology. 1989;129(6):1120-31. 
140. Bakkum-Gamez JN, Gonzalez-Bosquet J, Laack NN, Mariani A, Dowdy SC. Current Issues in 
the Management of Endometrial Cancer. Mayo Clinic Proceedings. 2008;83(1):97-112. 
141. Argenta P, Svendsen C, Elishaev E, Gloyeske N, Geller MA, Edwards RP, et al. Hormone 
receptor expression patterns in the endometrium of asymptomatic morbidly obese women before 
and after bariatric surgery. GYNECOLOGIC ONCOLOGY. 2014;133(1):78-82. 
142. Wise MR, Jordan V, Lagas A, Showell M, Wong N, Lensen S, et al. Obesity and endometrial 
hyperplasia and cancer in&#xa0;premenopausal women: A systematic review. American Journal of 
Obstetrics & Gynecology. 2016;214(6):689.e1-.e17. 
143. Jungheim ES, Travieso JL, Carson KR, Moley KH. Obesity and reproductive function. 
Obstetrics and gynecology clinics of North America. 2012;39(4):479-93. 
144. Sam S. Obesity and Polycystic Ovary Syndrome. Obesity management. 2007;3(2):69-73. 
145. Vitoratos N, Gregoriou O, Hassiakos D, Zourlas PA. The role of androgens in the late-
premenopausal woman with adenomatous hyperplasia of the endometrium. International journal 
of gynaecology and obstetrics: the official organ of the International Federation of Gynaecology 
and Obstetrics. 1991;34(2):157-61. 
146. Berstein LM, Tchernobrovkina AE, Gamajunova VB, Kovalevskij AJ, Vasilyev DA, Chepik OF, 
et al. Tumor estrogen content and clinico-morphological and endocrine features of endometrial 
cancer. Journal of cancer research and clinical oncology. 2003;129(4):245-9. 
147. O'Lone R, Frith MC, Karlsson EK, Hansen U. Genomic targets of nuclear estrogen receptors. 
Molecular endocrinology (Baltimore, Md). 2004;18(8):1859-75. 
148. Marino M, Galluzzo P, Ascenzi P. Estrogen signaling multiple pathways to impact gene 
transcription. Current genomics. 2006;7(8):497-508. 
149. Tang X-M, Rossi MJ, Masterson BJ, Chegini N. Insulin-Like Growth Factor I (IGF-I), IGF-I 
Receptors, and IGF Binding Proteins 1–4 in Human Uterine Tissue: Tissue Localization and IGF-I 
Action in Endometrial Stromal and Myometrial Smooth Muscle Cells in Vitro. Biology of 
Reproduction. 1994;50(5):1113-25. 



301 
 

150. Huynh HT, Pollak M. Insulin-like Growth Factor I Gene Expression in the Uterus Is 
Stimulated by Tamoxifen and Inhibited by the Pure Antiestrogen ICI 182780. Cancer research. 
1993;53(23):5585-8. 
151. Roy RN, Gerulath AH, Cecutti A, Bhavnani BR. Discordant expression of insulin-like growth 
factors and their receptor messenger ribonucleic acids in endometrial carcinomas relative to 
normal endometrium. Molecular and cellular endocrinology. 1999;153(1-2):19-27. 
152. Samani AA, Yakar S, LeRoith D, Brodt P. The Role of the IGF System in Cancer Growth and 
Metastasis: Overview and Recent Insights. Endocrine Reviews. 2007;28(1):20-47. 
153. Shoff SM, Newcomb PA. Diabetes, Body Size, and Risk of Endometrial Cancer. American 
journal of epidemiology. 1998;148(3):234-40. 
154. Troisi R, Potischman N, Hoover RN, Siiteri P, Brinton LA. Insulin and Endometrial Cancer. 
American journal of epidemiology. 1997;146(6):476-82. 
155. Kaaks R, Lukanova A, Kurzer MS. Obesity, Endogenous Hormones, and Endometrial Cancer 
Risk. A Synthetic Review. 2002;11(12):1531-43. 
156. Berstein LM, Kvatchevskaya JO, Poroshina TE, Kovalenko IG, Tsyrlina EV, Zimarina TS, et al. 
Insulin resistance, its consequences for the clinical course of the disease, and possibilities of 
correction in endometrial cancer. Journal of cancer research and clinical oncology. 
2004;130(11):687-93. 
157. Root-Bernstein R, Podufaly A, Dillon PF. Estradiol Binds to Insulin and Insulin Receptor 
Decreasing Insulin Binding in vitro. Frontiers in endocrinology. 2014;5:118. 
158. Prescott J, Setiawan VW, Wentzensen N, Schumacher F, Yu H, Delahanty R, et al. Body Mass 
Index Genetic Risk Score and Endometrial Cancer Risk. PloS one. 2015;10(11):e0143256. 
159. Nagamani M, Stuart CA. Specific binding and growth-promoting activity of insulin in 
endometrial cancer cells in culture. American journal of obstetrics and gynecology. 1998;179(1):6-
12. 
160. Randolph JF, Kipersztok S, Ayers JWT, Ansbacher R, Peegel H, Menon KMJ. The effect of 
insulin on aromatase activity in isolated human endometrial glands and stroma. American journal 
of obstetrics and gynecology. 1987;157(6):1534-9. 
161. Bernasconi D, Del Monte P, Meozzi M, Randazzo M, Marugo A, Badaracco B, et al. The 
impact of obesity on hormonal parameters in hirsute and nonhirsute women. Metabolism: clinical 
and experimental. 1996;45(1):72-5. 
162. Vishnevsky AS, Bobrov Ju F, Tsyrlina EV, Dilman VM. Hyperinsulinemia as a factor modifying 
sensitivity of endometrial carcinoma to hormonal influences. European journal of gynaecological 
oncology. 1993;14(2):127-30. 
163. Irwin JC, de las Fuentes L, Dsupin BA, Giudice LC. Insulin-like growth factor regulation of 
human endometrial stromal cell function: coordinate effects on insulin-like growth factor binding 
protein-1, cell proliferation and prolactin secretion. Regul Pept. 1993;48(1-2):165-77. 
164. Guvakova MA. Insulin-like growth factors control cell migration in health and disease. The 
international journal of biochemistry & cell biology. 2007;39(5):890-909. 
165. Schmandt RE, Iglesias DA, Co NN, Lu KH. Understanding obesity and endometrial cancer 
risk: opportunities for prevention. American journal of obstetrics and gynecology. 2011;205(6):518-
25. 
166. Pollak M. Insulin and insulin-like growth factor signalling in neoplasia. Nature reviews 
Cancer. 2008;8(12):915-28. 
167. Fasshauer M, Klein J, Neumann S, Eszlinger M, Paschke R. Hormonal regulation of 
adiponectin gene expression in 3T3-L1 adipocytes. Biochemical and biophysical research 
communications. 2002;290(3):1084-9. 
168. Cust AE, Kaaks R, Friedenreich C, Bonnet F, Laville M, Lukanova A, et al. Plasma Adiponectin 
Levels and Endometrial Cancer Risk in Pre- and Postmenopausal Women. The Journal of Clinical 
Endocrinology & Metabolism. 2007;92(1):255-63. 



302 
 

169. Cnop M, Havel PJ, Utzschneider KM, Carr DB, Sinha MK, Boyko EJ, et al. Relationship of 
adiponectin to body fat distribution, insulin sensitivity and plasma lipoproteins: evidence for 
independent roles of age and sex. Diabetologia. 2003;46(4):459-69. 
170. Petridou E, Mantzoros C, Dessypris N, Koukoulomatis P, Addy C, Voulgaris Z, et al. Plasma 
adiponectin concentrations in relation to endometrial cancer: a case-control study in Greece. The 
Journal of clinical endocrinology and metabolism. 2003;88(3):993-7. 
171. Long YC, Zierath JR. AMP-activated protein kinase signaling in metabolic regulation. The 
Journal of clinical investigation. 2006;116(7):1776-83. 
172. Dieudonne MN, Bussiere M, Dos Santos E, Leneveu MC, Giudicelli Y, Pecquery R. 
Adiponectin mediates antiproliferative and apoptotic responses in human MCF7 breast cancer 
cells. Biochemical and biophysical research communications. 2006;345(1):271-9. 
173. Roberts DL, Dive C, Renehan AG. Biological Mechanisms Linking Obesity and Cancer Risk: 
New Perspectives. Annual Review of Medicine. 2010;61(1):301-16. 
174. Myers MG, Jr., Leibel RL, Seeley RJ, Schwartz MW. Obesity and leptin resistance: 
distinguishing cause from effect. Trends in endocrinology and metabolism: TEM. 2010;21(11):643-
51. 
175. Cymbaluk A, Chudecka-Glaz A, Rzepka-Gorska I. Leptin levels in serum depending on Body 
Mass Index in patients with endometrial hyperplasia and cancer. European journal of obstetrics, 
gynecology, and reproductive biology. 2008;136(1):74-7. 
176. Schaffler A, Scholmerich J, Buechler C. Mechanisms of disease: adipokines and breast 
cancer - endocrine and paracrine mechanisms that connect adiposity and breast cancer. Nature 
clinical practice Endocrinology & metabolism. 2007;3(4):345-54. 
177. Carino C, Olawaiye AB, Cherfils S, Serikawa T, Lynch MP, Rueda BR, et al. Leptin regulation 
of proangiogenic molecules in benign and cancerous endometrial cells. International journal of 
cancer. 2008;123(12):2782-90. 
178. Dossus L, Rinaldi S, Becker S, Lukanova A, Tjonneland A, Olsen A, et al. Obesity, 
inflammatory markers, and endometrial cancer risk: a prospective case-control study. Endocrine-
related cancer. 2010;17(4):1007-19. 
179. Shaarawy M, Abdel-Aziz O. Serum tumour necrosis factor alpha levels in benign and 
malignant lesions of the endometrium in postmenopausal women. A preliminary study. Acta 
oncologica (Stockholm, Sweden). 1992;31(4):417-20. 
180. Ferdeghini M, Gadducci A, Prontera C, Bonuccelli A, Annicchiarico C, Fanucchi A, et al. 
Serum interleukin-6 levels in uterine malignancies. Preliminary data. Anticancer research. 
1994;14(2b):735-7. 
181. Hlavna M, Kohut L, Lipkova J, Bienertova-Vasku J, Dostalova Z, Chovanec J, et al. 
Relationship of resistin levels with endometrial cancer risk. Neoplasma. 2011;58(2):124-8. 
182. Monge M, Colas E, Doll A, Gil-Moreno A, Castellvi J, Diaz B, et al. Proteomic approach to 
ETV5 during endometrial carcinoma invasion reveals a link to oxidative stress. Carcinogenesis. 
2009;30(8):1288-97. 
183. Sahoo SS, Zhang XD, Hondermarck H, Tanwar PS. The Emerging Role of the 
Microenvironment in Endometrial Cancer. Cancers. 2018;10(11). 
184. Sahoo SS, Lombard JM, Ius Y, O'Sullivan R, Wood LG, Nahar P, et al. Adipose-Derived VEGF-
mTOR Signaling Promotes Endometrial Hyperplasia and Cancer: Implications for Obese Women. 
Molecular cancer research : MCR. 2018;16(2):309-21. 
185. Russell-Jones D, Gough S. Recent advances in incretin-based therapies. Clinical 
endocrinology. 2012;77(4):489-99. 
186. Zhang Y, Xu F, Liang H, Cai M, Wen X, Li X, et al. Exenatide inhibits the growth of endometrial 
cancer Ishikawa xenografts in nude mice. Oncology reports. 2016;35(3):1340-8. 
187. Wang H, Chen J, Hollister K, Sowers LC, Forman BM. Endogenous bile acids are ligands for 
the nuclear receptor FXR/BAR. Molecular cell. 1999;3(5):543-53. 



303 
 

188. Maruyama T, Miyamoto Y, Nakamura T, Tamai Y, Okada H, Sugiyama E, et al. Identification 
of membrane-type receptor for bile acids (M-BAR). Biochemical and biophysical research 
communications. 2002;298(5):714-9. 
189. Watanabe M, Houten SM, Mataki C, Christoffolete MA, Kim BW, Sato H, et al. Bile acids 
induce energy expenditure by promoting intracellular thyroid hormone activation. Nature. 
2006;439(7075):484-9. 
190. Sogin ML, Turnbaugh PJ, Yatsunenko T, Affourtit JP, Jones WJ, Knight R, et al. A core gut 
microbiome in obese and lean twins. Nature. 2009;457(7228):480-4. 
191. Furet J-P, Kong L-C, Tap J, Poitou C, Basdevant A, Bouillot J-L, et al. Differential adaptation 
of human gut microbiota to bariatric surgery-induced weight loss: Links with metabolic and low-
grade inflammation markers. Diabetes. 2010;59(12):3049-57. 
192. Flores R, Shi J, Fuhrman B, Xu X, Veenstra TD, Gail MH, et al. Fecal microbial determinants 
of fecal and systemic estrogens and estrogen metabolites: a cross-sectional study. Journal of 
translational medicine. 2012;10:253. 
193. Gao Z, Yin J, Zhang J, Ward RE, Martin RJ, Lefevre M, et al. Butyrate Improves Insulin 
Sensitivity and Increases Energy Expenditure in Mice. Diabetes. 2009;58(7):1509-17. 
194. Tolhurst G, Heffron H, Lam YS, Parker HE, Habib AM, Diakogiannaki E, et al. Short-chain 
fatty acids stimulate glucagon-like peptide-1 secretion via the G-protein-coupled receptor FFAR2. 
Diabetes. 2012;61(2):364-71. 
195. Ata B, Yildiz S, Turkgeldi E, Brocal VP, Dinleyici EC, Moya A, et al. The Endobiota Study: 
Comparison of Vaginal, Cervical and Gut Microbiota Between Women with Stage 3/4 Endometriosis 
and Healthy Controls. Scientific Reports. 2019;9(1):2204. 
196. Clark LH, Keku TO, McCoy NA, Hawkins G, Bae-Jump VL, Brewster WR. Alterations in the 
uterine microbiome in patients with early endometrial cancer: Variations by ethnicity and obesity. 
Journal of Clinical Oncology. 2017;35(15_suppl):e17114-e. 
197. Olson SH, Chen C, De Vivo I, Doherty JA, Hartmuller V, Horn-Ross PL, et al. Maximizing 
resources to study an uncommon cancer: E2C2--Epidemiology of Endometrial Cancer Consortium. 
Cancer causes & control : CCC. 2009;20(4):491-6. 
198. Obermair A, Brennan DJ, Baxter E, Armes JE, Gebski V, Janda M. Surgical safety and 
personal costs in morbidly obese, multimorbid patients diagnosed with early-stage endometrial 
cancer having a hysterectomy. Gynecologic oncology research and practice. 2016;3:1. 
199. Ward KK, Shah NR, Saenz CC, McHale MT, Alvarez EA, Plaxe SC. Cardiovascular disease is 
the leading cause of death among endometrial cancer patients. Gynecol Oncol. 2012;126(2):176-9. 
200. Kim JJ, Chapman-Davis E. Role of progesterone in endometrial cancer. Seminars in 
reproductive medicine. 2010;28(1):81-90. 
201. Ramirez PT, Frumovitz M, Bodurka DC, Sun CC, Levenback C. Hormonal therapy for the 
management of grade 1 endometrial adenocarcinoma: a literature review. Gynecol Oncol. 
2004;95(1):133-8. 
202. Chiva L, Lapuente F, Gonzalez-Cortijo L, Carballo N, Garcia JF, Rojo A, et al. Sparing fertility 
in young patients with endometrial cancer. Gynecol Oncol. 2008;111(2 Suppl):S101-4. 
203. Morice P, Leary A, Creutzberg C, Abu-Rustum N, Darai E. Endometrial cancer. The Lancet. 
2016;387(10023):1094-108. 
204. Morotti M, Valenzano Menada M, Venturini PL, Ferrero S. Bevacizumab in endometrial 
cancer treatment. Expert opinion on biological therapy. 2012;12(5):649-58. 
205. Martyn J, Roncolato F, Willson ML, Lindemann K, Mileshkin L. PI3K/AKT/mTOR inhibitors 
for advanced or recurrent endometrial cancer. Cochrane Database of Systematic Reviews. 2016(4). 
206. Howell JJ, Hellberg K, Turner M, Talbott G, Kolar MJ, Ross DS, et al. Metformin Inhibits 
Hepatic mTORC1 Signaling via Dose-Dependent Mechanisms Involving AMPK and the TSC Complex. 
Cell Metab. 2017;25(2):463-71. 



304 
 

207. Seifarth C, Schehler B, Schneider HJ. Effectiveness of metformin on weight loss in non-
diabetic individuals with obesity. Experimental and clinical endocrinology & diabetes : official 
journal, German Society of Endocrinology [and] German Diabetes Association. 2013;121(1):27-31. 
208. Painter SL, Ahmed R, Hill JO, Kushner RF, Lindquist R, Brunning S, et al. What Matters in 
Weight Loss? An In-Depth Analysis of Self-Monitoring. Journal of medical Internet research. 
2017;19(5):e160. 
209. Lemmens VE, Oenema A, Klepp KI, Henriksen HB, Brug J. A systematic review of the 
evidence regarding efficacy of obesity prevention interventions among adults. Obesity reviews : an 
official journal of the International Association for the Study of Obesity. 2008;9(5):446-55. 
210. Welbourn R, Dixon J, Barth JH, Finer N, Hughes CA, le Roux CW, et al. NICE-Accredited 
Commissioning Guidance for Weight Assessment and Management Clinics: a Model for a Specialist 
Multidisciplinary Team Approach for People with Severe Obesity. Obesity surgery. 2016;26(3):649-
59. 
211. Apovian CM, Cummings S, Anderson W, Borud L, Boyer K, Day K, et al. Best practice updates 
for multidisciplinary care in weight loss surgery. Obesity (Silver Spring, Md). 2009;17(5):871-9. 
212. Franz MJ, Boucher JL, Rutten-Ramos S, VanWormer JJ. Lifestyle weight-loss intervention 
outcomes in overweight and obese adults with type 2 diabetes: a systematic review and meta-
analysis of randomized clinical trials. J Acad Nutr Diet. 2015;115(9):1447-63. 
213. The Look ARG. Eight-Year Weight Losses with an Intensive Lifestyle Intervention: The Look 
AHEAD Study. Obesity (Silver Spring, Md). 2014;22(1):5-13. 
214. The Look ARG. The Look AHEAD Study: A Description of the Lifestyle Intervention and the 
Evidence Supporting It. Obesity (Silver Spring, Md). 2006;14(5):737-52. 
215. Padwal RS, Majumdar SR. Drug treatments for obesity: orlistat, sibutramine, and 
rimonabant. Lancet (London, England). 2007;369(9555):71-7. 
216. Hertzman P. The cost effectiveness of orlistat in a 1-year weight-management programme 
for treating overweight and obese patients in Sweden : a treatment responder approach. 
Pharmacoeconomics. 2005;23(10):1007-20. 
217. Jain SS, Ramanand SJ, Ramanand JB, Akat PB, Patwardhan MH, Joshi SR. Evaluation of 
efficacy and safety of orlistat in obese patients. Indian Journal of Endocrinology and Metabolism. 
2011;15(2):99-104. 
218. Douglas IJ, Bhaskaran K, Batterham RL, Smeeth L. The effectiveness of pharmaceutical 
interventions for obesity: weight loss with orlistat and sibutramine in a United Kingdom population‐
based cohort. British Journal of Clinical Pharmacology. 2015;79(6):1020-7. 
219. Jain SS, Ramanand SJ, Ramanand JB, Akat PB, Patwardhan MH, Joshi SR. Evaluation of 
efficacy and safety of orlistat in obese patients. Indian journal of endocrinology and metabolism. 
2011;15(2):99-104. 
220. NICE. Obese, overweight with risk factors: liraglutide (Saxenda): NICE; 2017 [Available 
from: https://www.nice.org.uk/advice/es14/chapter/Key-points. 
221. Lau DC, Astrup A, Fujioka K, Greenway FL, Halpern A, Krempf M, et al. Safety and 
Tolerability of Liraglutide 3.0 Mg in Overweight and Obese Adults: The Scale Obesity and 
Prediabetes Randomized, Double-Blind, Placebo-Controlled 56-Week Trial. 2014. 
222. Davies MJ, Bergenstal R, Bode B, Kushner RF, Lewin A, Skjoth TV, et al. Efficacy of Liraglutide 
for Weight Loss Among Patients With Type 2 Diabetes: The SCALE Diabetes Randomized Clinical 
Trial. Jama. 2015;314(7):687-99. 
223. Deacon CF, Nauck MA, Toft-Nielsen M, Pridal L, Willms B, Holst JJ. Both subcutaneously and 
intravenously administered glucagon-like peptide I are rapidly degraded from the NH2-terminus in 
type II diabetic patients and in healthy subjects. Diabetes. 1995;44(9):1126-31. 
224. Agerso H, Jensen LB, Elbrond B, Rolan P, Zdravkovic M. The pharmacokinetics, 
pharmacodynamics, safety and tolerability of NN2211, a new long-acting GLP-1 derivative, in 
healthy men. Diabetologia. 2002;45(2):195-202. 

https://www.nice.org.uk/advice/es14/chapter/Key-points


305 
 

225. Vilsboll T. Liraglutide: a once-daily GLP-1 analogue for the treatment of type 2 diabetes 
mellitus. Expert Opin Investig Drugs. 2007;16(2):231-7. 
226. Vilsboll T, Zdravkovic M, Le-Thi T, Krarup T, Schmitz O, Courreges JP, et al. Liraglutide, a 
long-acting human glucagon-like peptide-1 analog, given as monotherapy significantly improves 
glycemic control and lowers body weight without risk of hypoglycemia in patients with type 2 
diabetes. Diabetes Care. 2007;30(6):1608-10. 
227. Wadden TA, Hollander P, Klein S, Niswender K, Woo V, Hale PM, et al. Weight maintenance 
and additional weight loss with liraglutide after low-calorie-diet-induced weight loss: the SCALE 
Maintenance randomized study. Int J Obes (Lond). 2013;37(11):1443-51. 
228. Pi-Sunyer X, Astrup A, Fujioka K, Greenway F, Halpern A, Krempf M, et al. A Randomized, 
Controlled Trial of 3.0 mg of Liraglutide in Weight Management. New England Journal of Medicine. 
2015;373(1):11-22. 
229. van Can J, Sloth B, Jensen CB, Flint A, Blaak EE, Saris WH. Effects of the once-daily GLP-1 
analog liraglutide on gastric emptying, glycemic parameters, appetite and energy metabolism in 
obese, non-diabetic adults. Int J Obes (Lond). 2014;38(6):784-93. 
230. Inoue K, Maeda N, Kashine S, Fujishima Y, Kozawa J, Hiuge-Shimizu A, et al. Short-term 
effects of liraglutide on visceral fat adiposity, appetite, and food preference: a pilot study of obese 
Japanese patients with type 2 diabetes. Cardiovascular Diabetology. 2011;10(1):109. 
231. Prasad-Reddy L, Isaacs D. A clinical review of GLP-1 receptor agonists: efficacy and safety 
in diabetes and beyond. Drugs in context. 2015;4:212283. 
232. Armstrong MJ, Gaunt P, Aithal GP, Barton D, Hull D, Parker R, et al. Liraglutide safety and 
efficacy in patients with non-alcoholic steatohepatitis (LEAN): a multicentre, double-blind, 
randomised, placebo-controlled phase 2 study. Lancet (London, England). 2016;387(10019):679-
90. 
233. FDA. SAXENDA (liraglutide [rDNA origin] injection), solution for 

subcutaneous use 2014 [Available from: 
https://www.accessdata.fda.gov/drugsatfda_docs/label/2014/206321Orig1s000lbl.pdf. 
234. Bjerre Knudsen L, Madsen LW, Andersen S, Almholt K, de Boer AS, Drucker DJ, et al. 
Glucagon-like Peptide-1 receptor agonists activate rodent thyroid C-cells causing calcitonin release 
and C-cell proliferation. Endocrinology. 2010;151(4):1473-86. 
235. Pi-Sunyer X, Astrup A, Fujioka K, Greenway F, Halpern A, Krempf M, et al. A Randomized, 
Controlled Trial of 3.0 mg of Liraglutide in Weight Management. The New England journal of 
medicine. 2015;373(1):11-22. 
236. Hicks BM, Yin H, Yu OHY, Pollak MN, Platt RW, Azoulay L. Glucagon-like peptide-1 analogues 
and risk of breast cancer in women with type 2 diabetes: population based cohort study using the 
UK Clinical Practice Research Datalink. BMJ. 2016;355. 
237. Marso SP, Daniels GH, Brown-Frandsen K, Kristensen P, Mann JF, Nauck MA, et al. 
Liraglutide and Cardiovascular Outcomes in Type 2 Diabetes. The New England journal of medicine. 
2016;375(4):311-22. 
238. Vangoitsenhoven R, Mathieu C, Van der Schueren B. GLP1 and cancer: friend or foe? 
Endocrine-related cancer. 2012;19(5):F77-88. 
239. Nauck MA, Jensen TJ, Rosenkilde C, Calanna S, Buse JB. Neoplasms Reported With 
Liraglutide or Placebo in People With Type 2 Diabetes: Results From the LEADER Randomized Trial. 
Diabetes Care. 2018;41(8):1663-71. 
240. Bethel MA, Patel RA, Merrill P, Lokhnygina Y, Buse JB, Mentz RJ, et al. Cardiovascular 
outcomes with glucagon-like peptide-1 receptor agonists in patients with type 2 diabetes: a meta-
analysis. The lancet Diabetes & endocrinology. 2018;6(2):105-13. 
241. Egan AG, Blind E, Dunder K, de Graeff PA, Hummer BT, Bourcier T, et al. Pancreatic safety 
of incretin-based drugs--FDA and EMA assessment. The New England journal of medicine. 
2014;370(9):794-7. 

https://www.accessdata.fda.gov/drugsatfda_docs/label/2014/206321Orig1s000lbl.pdf


306 
 

242. Alves C, Batel-Marques F, Macedo AF. A meta-analysis of serious adverse events reported 
with exenatide and liraglutide: Acute pancreatitis and cancer. Diabetes Research and Clinical 
Practice. 2012;98(2):271-84. 
243. Trevisan M, Liu J, Muti P, Misciagna G, Menotti A, Fucci F. Markers of insulin resistance and 
colorectal cancer mortality. Cancer epidemiology, biomarkers & prevention : a publication of the 
American Association for Cancer Research, cosponsored by the American Society of Preventive 
Oncology. 2001;10(9):937-41. 
244. Ligumsky H, Wolf I, Israeli S, Haimsohn M, Ferber S, Karasik A, et al. The peptide-hormone 
glucagon-like peptide-1 activates cAMP and inhibits growth of breast cancer cells. Breast cancer 
research and treatment. 2012;132(2):449-61. 
245. Zhao H, Wang L, Wei R, Xiu D, Tao M, Ke J, et al. Activation of glucagon‐like peptide‐1 
receptor inhibits tumourigenicity and metastasis of human pancreatic cancer cells via PI3K/Akt 
pathway. Diabetes, Obesity and Metabolism. 2014;16(9):850-60. 
246. Kanda R, Hiraike H, Wada-Hiraike O, Ichinose T, Nagasaka K, Sasajima Y, et al. Expression of 
the glucagon-like peptide-1 receptor and its role in regulating autophagy in endometrial cancer. 
BMC cancer. 2018;18(1):657. 
247. Li XN, Bu HM, Ma XH, Lu S, Zhao S, Cui YL, et al. Glucagon-like Peptide-1 Analogues Inhibit 
Proliferation and Increase Apoptosis of Human Prostate Cancer Cells in vitro. Experimental and 
clinical endocrinology & diabetes : official journal, German Society of Endocrinology [and] German 
Diabetes Association. 2017;125(2):91-7. 
248. Theodorakis MJ, Carlson O, Michopoulos S, Doyle ME, Juhaszova M, Petraki K, et al. Human 
duodenal enteroendocrine cells: source of both incretin peptides, GLP-1 and GIP. Am J Physiol 
Endocrinol Metab. 2006;290(3):E550-9. 
249. Svendsen B, Pedersen J, Albrechtsen NJ, Hartmann B, Torang S, Rehfeld JF, et al. An analysis 
of cosecretion and coexpression of gut hormones from male rat proximal and distal small intestine. 
Endocrinology. 2015;156(3):847-57. 
250. Sun EW, de Fontgalland D, Rabbitt P, Hollington P, Sposato L, Due SL, et al. Mechanisms 
Controlling Glucose-Induced Glp-1 Secretion in Human Small Intestine. Diabetes. 2017. 
251. Dube PE, Brubaker PL. Nutrient, neural and endocrine control of glucagon-like peptide 
secretion. Horm Metab Res. 2004;36(11-12):755-60. 
252. Elliott RM, Morgan LM, Tredger JA, Deacon S, Wright J, Marks V. Glucagon-like peptide-1 
(7-36)amide and glucose-dependent insulinotropic polypeptide secretion in response to nutrient 
ingestion in man: acute post-prandial and 24-h secretion patterns. The Journal of endocrinology. 
1993;138(1):159-66. 
253. Plamboeck A, Veedfald S, Deacon CF, Hartmann B, Wettergren A, Svendsen LB, et al. The 
effect of exogenous GLP-1 on food intake is lost in male truncally vagotomized subjects with 
pyloroplasty. American journal of physiology Gastrointestinal and liver physiology. 
2013;304(12):G1117-27. 
254. Gutzwiller JP, Drewe J, Göke B, Schmidt H, Rohrer B, Lareida J, et al. Glucagon-like peptide-
1 promotes satiety and reduces food intake in patients with diabetes mellitus type 2. Am J Physiol. 
1999;276. 
255. Larsen PJ, Tang-Christensen M, Holst JJ, Orskov C. Distribution of glucagon-like peptide-1 
and other preproglucagon-derived peptides in the rat hypothalamus and brainstem. Neuroscience. 
1997;77(1):257-70. 
256. Skibicka KP. The central GLP-1: implications for food and drug reward. Frontiers in 
neuroscience. 2013;7:181. 
257. Baumgartner I, Pacheco-Lopez G, Ruttimann EB, Arnold M, Asarian L, Langhans W, et al. 
Hepatic-portal vein infusions of glucagon-like peptide-1 reduce meal size and increase c-Fos 
expression in the nucleus tractus solitarii, area postrema and central nucleus of the amygdala in 
rats. J Neuroendocrinol. 2010;22(6):557-63. 



307 
 

258. Parker JA, McCullough KA, Field BC, Minnion JS, Martin NM, Ghatei MA, et al. Glucagon and 
GLP-1 inhibit food intake and increase c-fos expression in similar appetite regulating centres in the 
brainstem and amygdala. Int J Obes (Lond). 2013;37(10):1391-8. 
259. Baggio LL, Drucker DJ. Biology of Incretins: GLP-1 and GIP. Gastroenterology. 
2007;132(6):2131-57. 
260. Meyer-Gerspach AC, Wölnerhanssen B, Beglinger B, Nessenius F, Napitupulu M, Schulte 
FH, et al. Gastric and intestinal satiation in obese and normal weight healthy people. Physiology & 
Behavior. 2014;129(Supplement C):265-71. 
261. Kieffer TJ, Francis Habener J. The Glucagon-Like Peptides. Endocrine Reviews. 
1999;20(6):876-913. 
262. Stoffel M, Espinosa R, 3rd, Le Beau MM, Bell GI. Human glucagon-like peptide-1 receptor 
gene. Localization to chromosome band 6p21 by fluorescence in situ hybridization and linkage of a 
highly polymorphic simple tandem repeat DNA polymorphism to other markers on chromosome 6. 
Diabetes. 1993;42(8):1215-8. 
263. Fehmann HC, Jiang J, Schweinfurth J, Dorsch K, Wheeler MB, Boyd AE, 3rd, et al. Ligand-
specificity of the rat GLP-I receptor recombinantly expressed in Chinese hamster ovary (CHO-) cells. 
Zeitschrift fur Gastroenterologie. 1994;32(4):203-7. 
264. MacDonald P, Wang X, Xia F, El-kholy W, Targonsky E, Tsushima R, et al. Antagonism of rat 
beta-cell voltage-dependent K+ currents by exendin 4 requires dual activation of the cAMP/protein 
kinase A and phosphatidylinositol 3-kinase signaling pathways. Journal of Biological Chemistry. 
2003;278:52446-53. 
265. Holst JJ. Treatment of type 2 diabetes mellitus with agonists of the GLP-1 receptor or DPP-
IV inhibitors. Expert opinion on emerging drugs. 2004;9(1):155-66. 
266. Thorens B, Porret A, Buhler L, Deng SP, Morel P, Widmann C. Cloning and functional 
expression of the human islet GLP-1 receptor. Demonstration that exendin-4 is an agonist and 
exendin-(9-39) an antagonist of the receptor. Diabetes. 1993;42(11):1678-82. 
267. Montrose-Rafizadeh C, Yang H, Rodgers BD, Beday A, Pritchette LA, Eng J. High potency 
antagonists of the pancreatic glucagon-like peptide-1 receptor. The Journal of biological chemistry. 
1997;272(34):21201-6. 
268. Doyle ME, Egan JM. Mechanisms of Action of GLP-1 in the Pancreas. Pharmacology & 
therapeutics. 2007;113(3):546-93. 
269. Merchenthaler I, Lane M, Shughrue P. Distribution of pre-pro-glucagon and glucagon-like 
peptide-1 receptor messenger RNAs in the rat central nervous system. J Comp Neurol. 
1999;403(2):261-80. 
270. Chiu WY, Shih SR, Tseng CH. A review on the association between glucagon-like peptide-1 
receptor agonists and thyroid cancer. Experimental diabetes research. 2012;2012:924168. 
271. During MJ, Cao L, Zuzga DS, Francis JS, Fitzsimons HL, Jiao X, et al. Glucagon-like peptide-1 
receptor is involved in learning and neuroprotection. Nature medicine. 2003;9(9):1173-9. 
272. Gier B, Matveyenko AV, Kirakossian D, Dawson D, Dry SM, Butler PC. Chronic GLP-1 
receptor activation by exendin-4 induces expansion of pancreatic duct glands in rats and 
accelerates formation of dysplastic lesions and chronic pancreatitis in the Kras(G12D) mouse 
model. Diabetes. 2012;61(5):1250-62. 
273. Elashoff M, Matveyenko AV, Gier B, Elashoff R, Butler PC. Pancreatitis, pancreatic, and 
thyroid cancer with glucagon-like peptide-1-based therapies. Gastroenterology. 2011;141(1):150-
6. 
274. Zhao H, Wang L, Wei R, Xiu D, Tao M, Ke J, et al. Activation of glucagon-like peptide-1 
receptor inhibits tumourigenicity and metastasis of human pancreatic cancer cells via PI3K/Akt 
pathway. Diabetes, Obesity and Metabolism. 2014;16(9):850-60. 
275. Lu R, Yang J, Wei R, Ke J, Tian Q, Yu F, et al. Synergistic anti-tumor effects of liraglutide with 
metformin on pancreatic cancer cells. PloS one. 2018;13(6):e0198938. 



308 
 

276. Madsbad S. Review of head-to-head comparisons of glucagon-like peptide-1 receptor 
agonists. Diabetes, obesity & metabolism. 2016;18(4):317-32. 
277. Agency EM. Assessment report: Saxenda 2015 [updated 11/02/2015. Available from: 
https://www.ema.europa.eu/en/documents/assessment-report/saxenda-epar-public-
assessment-report_en.pdf. 
278. Tannheimer SL, Rehemtulla A, Ethier SP. Characterization of fibroblast growth factor 
receptor 2 overexpression in the human breast cancer cell line SUM-52PE. Breast cancer research 
: BCR. 2000;2(4):311-20. 
279. Hicks BM, Yin H, Yu OHY, Pollak MN, Platt RW, Azoulay L. Glucagon-like peptide-1 analogues 
and risk of breast cancer in women with type 2 diabetes: population based cohort study using the 
UK Clinical Practice Research Datalink. BMJ (Clinical research ed). 2016;355:i5340. 
280. Koehler JA, Kain T, Drucker DJ. Glucagon-like peptide-1 receptor activation inhibits growth 
and augments apoptosis in murine CT26 colon cancer cells. Endocrinology. 2011;152(9):3362-72. 
281. Tsutsumi Y, Nomiyama T, Kawanami T, Hamaguchi Y, Terawaki Y, Tanaka T, et al. Combined 
Treatment with Exendin-4 and Metformin Attenuates Prostate Cancer Growth. PloS one. 
2015;10(10):e0139709. 
282. Kosowska A, Gallego-Colon E, Garczorz W, Kłych-Ratuszny A, Aghdam MRF, Woz Niak M, et 
al. Exenatide modulates tumor-endothelial cell interactions in human ovarian cancer cells. 
Endocrine connections. 2017;6(8):856-65. 
283. He W, Yu S, Wang L, He M, Cao X, Li Y, et al. Exendin-4 inhibits growth and augments 
apoptosis of ovarian cancer cells. Molecular and cellular endocrinology. 2016;436:240-9. 
284. Mayo KE, Miller LJ, Bataille D, Dalle S, Göke B, Thorens B, et al. International Union of 
Pharmacology. XXXV. The Glucagon Receptor Family. Pharmacological Reviews. 2003;55(1):167-94. 
285. Korner M, Stockli M, Waser B, Reubi JC. GLP-1 receptor expression in human tumors and 
human normal tissues: potential for in vivo targeting. Journal of nuclear medicine : official 
publication, Society of Nuclear Medicine. 2007;48(5):736-43. 
286. Reubi JC, Waser B. Concomitant expression of several peptide receptors in neuroendocrine 
tumours: molecular basis for in vivo multireceptor tumour targeting. European journal of nuclear 
medicine and molecular imaging. 2003;30(5):781-93. 
287. Wild D, Behe M, Wicki A, Storch D, Waser B, Gotthardt M, et al. [Lys40(Ahx-DTPA-
111In)NH2]exendin-4, a very promising ligand for glucagon-like peptide-1 (GLP-1) receptor 
targeting. Journal of nuclear medicine : official publication, Society of Nuclear Medicine. 
2006;47(12):2025-33. 
288. Wicki A, Wild D, Storch D, Seemayer C, Gotthardt M, Behe M, et al. [Lys40(Ahx-DTPA-
111In)NH2]-Exendin-4 is a highly efficient radiotherapeutic for glucagon-like peptide-1 receptor-
targeted therapy for insulinoma. Clinical cancer research : an official journal of the American 
Association for Cancer Research. 2007;13(12):3696-705. 
289. . !!! INVALID CITATION !!! (1). 
290. O'Brien PE, McPhail T, Chaston TB, Dixon JB. Systematic review of medium-term weight 
loss after bariatric operations. Obes Surg. 2006;16(8):1032-40. 
291. Brethauer SA, Hammel JP, Schauer PR. Systematic review of sleeve gastrectomy as staging 
and primary bariatric procedure. Surg Obes Relat Dis. 2009;5(4):469-75. 
292. Le Roux CW, Aylwin SJB, Batterham RL, Borg CM, Coyle F, Prasad V, et al. Gut hormone 
profiles following bariatric surgery favor an anorectic state, facilitate weight loss, and improve 
metabolic parameters. Annals of Surgery. 2006;243(1):108-14. 
293. Wolnerhanssen B, Meyer-Gerspach AC, Manz M, Thumshirn M, Peterli R, Beglinger C, et al. 
Enteroendocrine cell population is reduced in obesity and restored after sleeve gastrectomy (LSG). 
BRITISH JOURNAL OF SURGERY. 2015;102:10-. 
294. Mumphrey MB, Patterson LM, Zheng H, Berthoud HR. Roux-en-Y gastric bypass surgery 
increases number but not density of CCK-, GLP-1-, 5-HT-, and neurotensin-expressing 
enteroendocrine cells in rats. Neurogastroenterol Motil. 2013;25(1):e70-9. 

https://www.ema.europa.eu/en/documents/assessment-report/saxenda-epar-public-assessment-report_en.pdf
https://www.ema.europa.eu/en/documents/assessment-report/saxenda-epar-public-assessment-report_en.pdf


309 
 

295. le Roux CW, Borg C, Wallis K, Vincent RP, Bueter M, Goodlad R, et al. Gut hypertrophy after 
gastric bypass is associated with increased glucagon-like peptide 2 and intestinal crypt cell 
proliferation. Ann Surg. 2010;252(1):50-6. 
296. Dirksen C, Damgaard M, Bojsen‐Møller KN, Jørgensen NB, Kielgast U, Jacobsen SH, et al. 
Fast pouch emptying, delayed small intestinal transit, and exaggerated gut hormone responses 
after Roux‐en‐Y gastric bypass. Neurogastroenterology & Motility. 2013;25(4):346-e255. 
297. Shah S, Shah P, Todkar J, Gagner M, Sonar S, Solav S. Prospective controlled study of effect 
of laparoscopic sleeve gastrectomy on small bowel transit time and gastric emptying half-time in 
morbidly obese patients with type 2 diabetes mellitus. Surgery for obesity and related diseases : 
official journal of the American Society for Bariatric Surgery. 2010;6(2):152-7. 
298. Dirksen C, Jorgensen NB, Bojsen-Moller KN, Kielgast U, Jacobsen SH, Clausen TR, et al. Gut 
hormones, early dumping and resting energy expenditure in patients with good and poor weight 
loss response after Roux-en-Y gastric bypass. INTERNATIONAL JOURNAL OF OBESITY. 
2013;37(11):1452-9. 
299. Date Y, Kojima M, Hosoda H, Sawaguchi A, Mondal MS, Suganuma T, et al. Ghrelin, a novel 
growth hormone-releasing acylated peptide, is synthesized in a distinct endocrine cell type in the 
gastrointestinal tracts of rats and humans. Endocrinology. 2000;141(11):4255-61. 
300. Lawrence CB, Snape AC, Baudoin FM, Luckman SM. Acute central ghrelin and GH 
secretagogues induce feeding and activate brain appetite centers. Endocrinology. 2002;143(1):155-
62. 
301. le Roux CW, Neary NM, Halsey TJ, Small CJ, Martinez-Isla AM, Ghatei MA, et al. Ghrelin 
Does Not Stimulate Food Intake in Patients with Surgical Procedures Involving Vagotomy. The 
Journal of Clinical Endocrinology & Metabolism. 2005;90(8):4521-4. 
302. Tymitz K, Engel A, McDonough S, Hendy MP, Kerlakian G. Changes in Ghrelin Levels 
Following Bariatric Surgery: Review of the Literature. Obesity Surgery. 2011;21(1):125-30. 
303. Cummings DE, Weigle DS, Frayo RS, Breen PA, Ma MK, Dellinger EP, et al. Plasma Ghrelin 
Levels after Diet-Induced Weight Loss or Gastric Bypass Surgery. The New England Journal of 
Medicine. 2002;346(21):1623-30. 
304. Cote CD, Zadeh-Tahmasebi M, Rasmussen BA, Duca FA, Lam TKT. Hormonal Signaling in the 
Gut. JOURNAL OF BIOLOGICAL CHEMISTRY. 2014;289(17):11642-9. 
305. Kellum JM, Kuemmerle JF, O'Dorisio TM, Rayford P, Martin D, Engle K, et al. Gastrointestinal 
hormone responses to meals before and after gastric bypass and vertical banded gastroplasty. 
Annals of Surgery. 1990;211(6):763-70. 
306. Rubino F, Gagner M, Gentileschi P, Kini S, Fukuyama S, Feng J, et al. The Early Effect of the 
Roux-en-Y Gastric Bypass on Hormones Involved in Body Weight Regulation and Glucose 
Metabolism. Ann Surg. 2004;240(2):236-42. 
307. Jacobsen SH, Olesen SC, Dirksen C, Jørgensen NB, Bojsen-Møller KN, Kielgast U, et al. 
Changes in Gastrointestinal Hormone Responses, Insulin Sensitivity, and Beta-Cell Function Within 
2 Weeks After Gastric Bypass in Non-diabetic Subjects. Obesity Surgery. 2012;22(7):1084-96. 
308. Peterli R, Steinert RE, Woelnerhanssen B, Peters T, Christoffel-Courtin C, Gass M, et al. 
Metabolic and Hormonal Changes After Laparoscopic Roux-en-Y Gastric Bypass and Sleeve 
Gastrectomy: a Randomized, Prospective Trial. Obesity Surgery. 2012;22(5):740-8. 
309. Mallipedhi A, Prior SL, Barry JD, Caplin S, Baxter JN, Stephens JW. Temporal changes in 
glucose homeostasis and incretin hormone response at 1 and 6 months after laparoscopic sleeve 
gastrectomy. Surg Obes Relat Dis. 2014;10(5):860-9. 
310. Moran-Atkin E, Brody F, Fu SW, Rojkind M. Changes in GIP gene expression following 
bariatric surgery. Surg Endosc. 2013;27(7):2492-7. 
311. Svane MS, Bojsen-Moller KN, Nielsen S, Jorgensen NB, Dirksen C, Bendtsen F, et al. Effects 
of endogenous GLP-1 and GIP on glucose tolerance after Roux-en-Y gastric bypass surgery. Am J 
Physiol Endocrinol Metab. 2016;310(7):E505-14. 



310 
 

312. Romero F, Nicolau J, Flores L, Casamitjana R, Ibarzabal A, Lacy A, et al. Comparable early 
changes in gastrointestinal hormones after sleeve gastrectomy and Roux-En-Y gastric bypass 
surgery for morbidly obese type 2 diabetic subjects. Surg Endosc. 2012;26(8):2231-9. 
313. Batterham RL, Cohen MA, Ellis SM, Le Roux CW, Withers DJ, Frost GS, et al. Inhibition of 
Food Intake in Obese Subjects by Peptide YY3–36. The New England Journal of Medicine. 
2003;349(10):941-8. 
314. Sloth B, Holst JJ, Flint A, Gregersen NT, Astrup A. Effects of PYY1-36 and PYY3-36 on 
appetite, energy intake, energy expenditure, glucose and fat metabolism in obese and lean 
subjects. Am J Physiol Endocrinol Metab. 2007;292(4):E1062-8. 
315. Sumithran P, Prendergast LA, Delbridge E, Purcell K, Shulkes A, Kriketos A, et al. Long-Term 
Persistence of Hormonal Adaptations to Weight Loss. The New England Journal of Medicine. 
2011;365(17):1597-604. 
316. Berthoud Hr. Vagal and hormonal gut–brain communication: from satiation to satisfaction. 
Neurogastroenterology & Motility. 2008;20(1):64-72. 
317. Miras AD, le Roux CW. Mechanisms underlying weight loss after bariatric surgery. Nature 
reviews Gastroenterology & hepatology. 2013;10(10):575-84. 
318. Ballsmider LA, Vaughn AC, David M, Hajnal A, Di Lorenzo PM, Czaja K. Sleeve gastrectomy 
and Roux-en-Y gastric bypass alter the gut-brain communication. Neural plasticity U6 - 
ctx_ver=Z3988-2004&ctx_enc=info%3Aofi%2Fenc%3AUTF-
8&rfr_id=info%3Asid%2Fsummonserialssolutionscom&rft_val_fmt=info%3Aofi%2Ffmt%3Akev%3
Amtx%3Ajournal&rftgenre=article&rftatitle=Sleeve+gastrectomy+and+Roux-en-
Y+gastric+bypass+alter+the+gut-
brain+communication&rftjtitle=Neural+plasticity&rftau=Ballsmider%2C+L+A&rftau=Vaughn%2C+
A+C&rftau=David%2C+M&rftau=Hajnal%2C+A&rftdate=2015&rfteissn=1687-
5443&rftvolume=2015&rftspage=601985&rft_id=info%3Apmid%2F25722893&rftexternalDocID=
25722893&paramdict=en-US U7 - Journal Article. 2015;2015:601985. 
319. Norgren R. Projections from the nucleus of the solitary tract in the rat. Neuroscience. 
1978;3(2):207-18. 
320. Pournaras DJ, Glicksman C, Vincent RP, Kuganolipava S, Alaghband-Zadeh J, Mahon D, et 
al. The role of bile after Roux-en-Y gastric bypass in promoting weight loss and improving glycaemic 
control. Endocrinology. 2012;153(8):3613-9. 
321. Stefater MA, Sandoval DA, Chambers AP, Wilson-Perez HE, Hofmann SM, Jandacek R, et al. 
Sleeve gastrectomy in rats improves postprandial lipid clearance by reducing intestinal triglyceride 
secretion. Gastroenterology. 2011;141(3):939-49.e1-4. 
322. Sweeney TE, Morton JM. The Human Gut Microbiome: A Review of the Effect of Obesity 
and Surgically Induced Weight Loss. JAMA Surgery. 2013;148(6):563-9. 
323. Zhang H, DiBaise JK, Zuccolo A, Kudrna D, Braidotti M, Yu Y, et al. Human Gut Microbiota in 
Obesity and after Gastric Bypass. Proceedings of the National Academy of Sciences of the United 
States of America. 2009;106(7):2365-70. 
324. Liou AP, Paziuk M, Luevano JM, Jr., Machineni S, Turnbaugh PJ, Kaplan LM. Conserved shifts 
in the gut microbiota due to gastric bypass reduce host weight and adiposity. Science translational 
medicine. 2013;5(178):178ra41. 
325. Park MY, Kim SJ, Ko EK, Ahn SH, Seo H, Sung MK. Gut microbiota-associated bile acid 
deconjugation accelerates hepatic steatosis in ob/ob mice. J Appl Microbiol. 2016;121(3):800-10. 
326. Zheng X, Huang F, Zhao A, Lei S, Zhang Y, Xie G, et al. Bile acid is a significant host factor 
shaping the gut microbiome of diet-induced obese mice. BMC Biol. 2017;15(1):120. 
327. Begley M, Gahan CGM, Hill C. The interaction between bacteria and bile. FEMS 
Microbiology Reviews. 2005;29(4):625-51. 
328. Abdeen G, le Roux CW. Mechanism Underlying the Weight Loss and Complications of Roux-
en-Y Gastric Bypass. Review. Obes Surg. 2016;26(2):410-21. 



311 
 

329. Bose M, Teixeira J, Olivan B, Bawa B, Arias S, Machineni S, et al. Weight loss and incretin 
responsiveness improve glucose control independently after gastric bypass surgery. J Diabetes. 
2009;2(1):47-55. 
330. Tremaroli V, Karlsson F, Werling M, Ståhlman M, Kovatcheva-Datchary P, Olbers T, et al. 
Roux-en-Y Gastric Bypass and Vertical Banded Gastroplasty Induce Long-Term Changes on the 
Human Gut Microbiome Contributing to Fat Mass Regulation. Cell Metabolism.22(2):228-38. 
331. Svane MS, Bojsen-Moller KN, Madsbad S, Holst JJ. Updates in weight loss surgery and 
gastrointestinal peptides. Current opinion in endocrinology, diabetes, and obesity. 2015;22(1):21-
8. 
332. Bastard J-P, Maachi M, Lagathu C, Kim MJ, Caron M, Vidal H, et al. Recent advances in the 
relationship between obesity, inflammation, and insulin resistance. European Cytokine Network. 
2006;17(1):4-12. 
333. Pournaras DJ, Nygren J, Hagstrom-Toft E, Arner P, le Roux CW, Thorell A. Improved glucose 
metabolism after gastric bypass: evolution of the paradigm. Surg Obes Relat Dis. 2016. 
334. Bays HE, Toth PP, Kris-Etherton PM, Abate N, Aronne LJ, Brown WV, et al. Obesity, 
adiposity, and dyslipidemia: a consensus statement from the National Lipid Association. J Clin 
Lipidol. 2013;7(4):304-83. 
335. Bays H, Kothari SN, Azagury DE, Morton JM, Nguyen NT, Jones PH, et al. Lipids and bariatric 
procedures Part 2 of 2: scientific statement from the American Society for Metabolic and Bariatric 
Surgery (ASMBS), the National Lipid Association (NLA), and Obesity Medicine Association (OMA). 
Surgery for obesity and related diseases : official journal of the American Society for Bariatric 
Surgery. 2016;12(3):468-95. 
336. Nora M, Guimarães M, Almeida R, Martins P, Gonçalves G, Freire MJ, et al. Metabolic 
Laparoscopic Gastric Bypass for Obese Patients with Type 2 Diabetes. Obesity Surgery. 
2011;21(11):1643-9. 
337. Mingrone G, Panunzi S, De Gaetano A, Guidone C, Iaconelli A, Leccesi L, et al. Bariatric 
surgery versus conventional medical therapy for type 2 diabetes. N Engl J Med. 2012;366(17):1577-
85. 
338. Schauer PR, Bhatt DL, Kirwan JP, Wolski K, Aminian A, Brethauer SA, et al. Bariatric Surgery 
versus Intensive Medical Therapy for Diabetes - 5-Year Outcomes. N Engl J Med. 2017;376(7):641-
51. 
339. Sjostrom L, Lindroos AK, Peltonen M, Torgerson J, Bouchard C, Carlsson B, et al. Lifestyle, 
diabetes, and cardiovascular risk factors 10 years after bariatric surgery. The New England journal 
of medicine. 2004;351(26):2683-93. 
340. Lassailly G, Caiazzo R, Buob D, Pigeyre M, Verkindt H, Labreuche J, et al. Bariatric Surgery 
Reduces Features of Nonalcoholic Steatohepatitis in Morbidly Obese Patients. Gastroenterology. 
2015;149(2):379-88; quiz e15-6. 
341. Praveen Raj P, Gomes RM, Kumar S, Senthilnathan P, Karthikeyan P, Shankar A, et al. The 
effect of surgically induced weight loss on nonalcoholic fatty liver disease in morbidly obese Indians: 
"NASHOST" prospective observational trial. Surg Obes Relat Dis. 2015;11(6):1315-22. 
342. Tai CM, Huang CK, Hwang JC, Chiang H, Chang CY, Lee CT, et al. Improvement of 
nonalcoholic fatty liver disease after bariatric surgery in morbidly obese Chinese patients. Obes 
Surg. 2012;22(7):1016-21. 
343. Sjöström L, Peltonen M, Jacobson P, et al. Bariatric surgery and long-term cardiovascular 
events. JAMA. 2012;307(1):56-65. 
344. Buchwald H, Avidor Y, Braunwald E, Jensen MD, Pories W, Fahrbach K, et al. Bariatric 
Surgery: A Systematic Review and Meta-analysis. JAMA. 2004;292(14):1724-37. 
345. Asztalos BF, Swarbrick MM, Schaefer EJ, Dallal GE, Horvath KV, Ai M, et al. Effects of weight 
loss, induced by gastric bypass surgery, on HDL remodeling in obese women. J Lipid Res. 
2010;51(8):2405-12. 



312 
 

346. Haines KL, Nelson LG, Gonzalez R, Torrella T, Martin T, Kandil A, et al. Objective evidence 
that bariatric surgery improves obesity-related obstructive sleep apnea. Surgery. 2007;141(3):354-
8. 
347. Adams TD, Gress RE, Smith SC, Halverson RC, Simper SC, Rosamond WD, et al. Long-term 
mortality after gastric bypass surgery. N Engl J Med. 2007;357(8):753-61. 
348. Sjöström L, Swedish Obese Subjects S, Medicinska f, Institutionen för kirurgisk och 
perioperativ v, Kirurgi, Umeå u. Effects of bariatric surgery on cancer incidence in obese patients in 
Sweden (Swedish Obese Subjects Study): a prospective, controlled intervention trial. Lancet Oncol. 
2009;10(7):653-62. 
349. Anveden Å, Taube M, Peltonen M, Jacobson P, Andersson-Assarsson JC, Sjöholm K, et al. 
Long-term incidence of female-specific cancer after bariatric surgery or usual care in the Swedish 
Obese Subjects Study. Gynecologic Oncology. 2016. 
350. Sjostrom L, Narbro K, Sjostrom CD, Karason K, Larsson B, Wedel H, et al. Effects of bariatric 
surgery on mortality in Swedish obese subjects. N Engl J Med. 2007;357(8):741-52. 
351. Karlsson J, Taft C, Ryden A, Sjostrom L, Sullivan M. Ten-year trends in health-related quality 
of life after surgical and conventional treatment for severe obesity: the SOS intervention study. 
International journal of obesity (2005). 2007;31(8):1248-61. 
352. Eliassen AH, Colditz GA, Rosner B, Willett WC, Hankinson SE. Adult Weight Change and Risk 
of Postmenopausal Breast Cancer. JAMA. 2006;296(2):193-201. 
353. Nagle CM, Marquart L, Bain CJ, O'Brien S, Lahmann PH, Quinn M, et al. Impact of weight 
change and weight cycling on risk of different subtypes of endometrial cancer. Eur J Cancer. 
2013;49(12):2717-26. 
354. Ma C, Avenell A, Bolland M, Hudson J, Stewart F, Robertson C, et al. Effects of weight loss 
interventions for adults who are obese on mortality, cardiovascular disease, and cancer: systematic 
review and meta-analysis. BMJ (Clinical research ed). 2017;359:j4849. 
355. Caan BJ, Kwan ML, Shu XO, Pierce JP, Patterson RE, Nechuta SJ, et al. Weight change and 
survival after breast cancer in the after breast cancer pooling project. Cancer epidemiology, 
biomarkers & prevention : a publication of the American Association for Cancer Research, 
cosponsored by the American Society of Preventive Oncology. 2012;21(8):1260-71. 
356. Chlebowski RT, Blackburn GL, Thomson CA, Nixon DW, Shapiro A, Hoy MK, et al. Dietary fat 
reduction and breast cancer outcome: Interim efficacy results from the women's intervention 
nutrition study. Journal of the National Cancer Institute. 2006;98(24):1767-76. 
357. Pierce JP, Natarajan L, Caan BJ, Parker BA, Greenberg ER, Flatt SW, et al. Influence of a Diet 
Very High in Vegetables, Fruit, and Fiber and Low in Fat on Prognosis Following Treatment for 
Breast Cancer: The Women's Healthy Eating and Living (WHEL) Randomized Trial. JAMA. 
2007;298(3):289-98. 
358. Goodwin PJ, Segal RJ, Vallis M, Ligibel JA, Pond GR, Robidoux A, et al. Randomized trial of a 
telephone-based weight loss intervention in postmenopausal women with breast cancer receiving 
letrozole: the LISA trial. Journal of clinical oncology : official journal of the American Society of 
Clinical Oncology. 2014;32(21):2231-9. 
359. O'Neill LM, Guinan E, Doyle SL, Bennett AE, Murphy C, Elliott JA, et al. The RESTORE 
Randomized Controlled Trial: Impact of a Multidisciplinary Rehabilitative Program on 
Cardiorespiratory Fitness in Esophagogastric cancer Survivorship. Annals of surgery. 
2018;268(5):747-55. 
360. Sheill G, Brady L, Guinan E, Hayes B, Casey O, Greene J, et al. The ExPeCT (Examining 
Exercise, Prostate Cancer and Circulating Tumour Cells) trial: study protocol for a randomised 
controlled trial. Trials. 2017;18(1):456. 
361. Ma W, Huang T, Zheng Y, Wang M, Bray GA, Sacks FM, et al. Weight-Loss Diets, Adiponectin, 
and Changes in Cardiometabolic Risk in the 2-Year POUNDS Lost Trial. The Journal of clinical 
endocrinology and metabolism. 2016;101(6):2415-22. 



313 
 

362. Cao L, Liu X, Lin EJ, Wang C, Choi EY, Riban V, et al. Environmental and genetic activation of 
a brain-adipocyte BDNF/leptin axis causes cancer remission and inhibition. Cell. 2010;142(1):52-64. 
363. Liu Y, Adachi M, Zhao S, Hareyama M, Koong A, Luo D, et al. Preventing oxidative stress: a 
new role for XBP1. Cell Death Differ. 2009;16(6):847-57. 
364. Kiraly O, Gong G, Olipitz W, Muthupalani S, Engelward BP. Inflammation-Induced Cell 
Proliferation Potentiates DNA Damage-Induced Mutations In Vivo. PLoS Genet. 2015;11(2). 
365. Bianchi VE. Weight loss is a critical factor to reduce inflammation. Clinical nutrition ESPEN. 
2018;28:21-35. 
366. Rossmeislová L, Mališová L, Kračmerová J, Tencerová M, Kováčová Z, Koc M, et al. Weight 
Loss Improves the Adipogenic Capacity of Human Preadipocytes and Modulates Their Secretory 
Profile. Diabetes. 2013;62(6):1990-5. 
367. Wahl S, Vogt S, Stückler F, Krumsiek J, Bartel J, Kacprowski T, et al. Multi-omic signature of 
body weight change: results from a population-based cohort study. BMC Medicine. 2015;13(1):48. 
368. Marquez-Quinones A, Mutch DM, Debard C, Wang P, Combes M, Roussel B, et al. Adipose 
tissue transcriptome reflects variations between subjects with continued weight loss and subjects 
regaining weight 6 mo after caloric restriction independent of energy intake. The American journal 
of clinical nutrition. 2010;92(4):975-84. 
369. Armenise C, Lefebvre G, Carayol J, Bonnel S, Bolton J, Di Cara A, et al. Transcriptome 
profiling from adipose tissue during a low-calorie diet reveals predictors of weight and glycemic 
outcomes in obese, nondiabetic subjects. The American journal of clinical nutrition. 
2017;106(3):736-46. 
370. Rossi EL, de Angel RE, Bowers LW, Khatib SA, Smith LA, Van Buren E, et al. Obesity-
Associated Alterations in Inflammation, Epigenetics, and Mammary Tumor Growth Persist in 
Formerly Obese Mice. Cancer prevention research (Philadelphia, Pa). 2016;9(5):339-48. 
371. Schouten LJ, Goldbohm RA, van den Brandt PA. Anthropometry, Physical Activity, and 
Endometrial Cancer Risk: Results From The Netherlands Cohort Study. JNCI: Journal of the National 
Cancer Institute. 2004;96(21):1635-8. 
372. Trentham-Dietz A, Nichols H, Hampton J, Newcomb P. Weight change and risk of 
endometrial cancer. International Journal of Epidemiology. 2005;35(1):151-8. 
373. Friedenreich C, Cust A, Lahmann PH, Steindorf K, Boutron-Ruault M-C, Clavel-Chapelon F, 
et al. Anthropometric factors and risk of endometrial cancer: the European prospective 
investigation into cancer and nutrition. Cancer Causes & Control. 2007;18(4):399-413. 
374. Chang SC, Lacey JV, Jr., Brinton LA, Hartge P, Adams K, Mouw T, et al. Lifetime weight 
history and endometrial cancer risk by type of menopausal hormone use in the NIH-AARP diet and 
health study. Cancer epidemiology, biomarkers & prevention : a publication of the American 
Association for Cancer Research, cosponsored by the American Society of Preventive Oncology. 
2007;16(4):723-30. 
375. Park SL, Goodman MT, Zhang Z-F, Kolonel LN, Henderson BE, Setiawan VW. Body size, adult 
BMI gain and endometrial cancer risk: the multiethnic cohort. International journal of cancer. 
2010;126(2):490-9. 
376. Luo J, Chlebowski RT, Hendryx M, Rohan T, Wactawski-Wende J, Thomson CA, et al. 
Intentional Weight Loss and Endometrial Cancer Risk. Journal of Clinical Oncology. 
2017;35(11):1189-93. 
377. Parker ED, Folsom AR. Intentional weight loss and incidence of obesity-related cancers: the 
Iowa Women's Health Study. International journal of obesity and related metabolic disorders : 
journal of the International Association for the Study of Obesity. 2003;27(12):1447-52. 
378. McCawley GM, Ferriss JS, Geffel D, Northup CJ, Modesitt SC. Cancer in Obese Women: 
Potential Protective Impact of Bariatric Surgery. Journal of the American College of Surgeons. 
2009;208(6):1093-8. 
379. Ward KK, Roncancio AM, Shah NR, Davis M-A, Saenz CC, McHale MT, et al. Bariatric surgery 
decreases the risk of uterine malignancy. Gynecologic oncology. 2014;133(1):63-6. 



314 
 

380. Zhang X, Rhoades J, Caan BJ, Cohn DE, Salani R, Noria S, et al. Intentional weight loss, weight 
cycling, and endometrial cancer risk: a systematic review and meta-analysis. International journal 
of gynecological cancer : official journal of the International Gynecological Cancer Society. 
2019;29(9):1361-71. 
381. Upala S, Anawin S. Bariatric surgery and risk of postoperative endometrial cancer: a 
systematic review and meta-analysis. Surgery for obesity and related diseases : official journal of 
the American Society for Bariatric Surgery. 2015;11(4):949-55. 
382. Sivalingam VN, Kitson S, MacKintosh ML, Rutter MK, Crosbie EJ. Interventions to improve 
insulin resistance for the prevention of endometrial cancer. Cochrane Database of Systematic 
Reviews. 2020(1). 
383. von Gruenigen VE, Tian C, Frasure H, Waggoner S, Keys H, Barakat RR. Treatment effects, 
disease recurrence, and survival in obese women with early endometrial carcinoma : a Gynecologic 
Oncology Group study. Cancer. 2006;107(12):2786-91. 
384. Everett E, Tamimi H, Greer B, Swisher E, Paley P, Mandel L, et al. The effect of body mass 
index on clinical/pathologic features, surgical morbidity, and outcome in patients with endometrial 
cancer. Gynecologic oncology. 2003;90(1):150-7. 
385. Anderson B, Connor JP, Andrews JI, Davis CS, Buller RE, Sorosky JI, et al. Obesity and 
prognosis in endometrial cancer. American journal of obstetrics and gynecology. 1996;174(4):1171-
8; discussion 8-9. 
386. Munstedt K, Wagner M, Kullmer U, Hackethal A, Franke FE. Influence of body mass index 
on prognosis in gynecological malignancies. Cancer causes & control : CCC. 2008;19(9):909-16. 
387. Kitson S, Ryan N, MacKintosh ML, Edmondson R, Duffy JM, Crosbie EJ. Interventions for 
weight reduction in obesity to improve survival in women with endometrial cancer. The Cochrane 
database of systematic reviews. 2018;2:Cd012513. 
388. McCarroll ML, Armbruster S, Frasure HE, Gothard MD, Gil KM, Kavanagh MB, et al. Self-
efficacy, quality of life, and weight loss in overweight/obese endometrial cancer survivors 
(SUCCEED): a randomized controlled trial. Gynecologic oncology. 2014;132(2):397-402. 
389. von Gruenigen VE, Gibbons HE, Kavanagh MB, Janata JW, Lerner E, Courneya KS. A 
randomized trial of a lifestyle intervention in obese endometrial cancer survivors: quality of life 
outcomes and mediators of behavior change. Health and quality of life outcomes. 2009;7:17. 
390. Koutoukidis DA, Beeken RJ, Manchanda R, Burnell M, Knobf MT, Lanceley A. Diet and 
exercise in uterine cancer survivors (DEUS pilot) - piloting a healthy eating and physical activity 
program: study protocol for a randomized controlled trial. Trials. 2016;17(1):130. 
391. Pal N, Broaddus RR, Urbauer DL, Balakrishnan N, Milbourne A, Schmeler KM, et al. 
Treatment of Low-Risk Endometrial Cancer and Complex Atypical Hyperplasia With the 
Levonorgestrel-Releasing Intrauterine Device. Obstetrics and gynecology. 2018;131(1):109-16. 
392. Aljofan M, Riethmacher D. Anticancer activity of metformin: a systematic review of the 
literature. Future Science OA. 2019;5(8):FSO410. 
393. Rock CL, Pande C, Flatt SW, Ying C, Pakiz B, Parker BA, et al. Favorable changes in serum 
estrogens and other biologic factors after weight loss in breast cancer survivors who are overweight 
or obese. Clinical breast cancer. 2013;13(3):188-95. 
394. Swisher AK, Abraham J, Bonner D, Gilleland D, Hobbs G, Kurian S, et al. Exercise and dietary 
advice intervention for survivors of triple-negative breast cancer: effects on body fat, physical 
function, quality of life, and adipokine profile. Supportive care in cancer : official journal of the 
Multinational Association of Supportive Care in Cancer. 2015;23(10):2995-3003. 
395. Irwin ML, Fabian C, McTiernan A. Risk Reduction from Weight Management and Physical 
Activity Interventions. Advances in experimental medicine and biology. 2015;862:193-212. 
396. Rock CL, Flatt SW, Byers TE, Colditz GA, Demark-Wahnefried W, Ganz PA, et al. Results of 
the Exercise and Nutrition to Enhance Recovery and Good Health for You (ENERGY) Trial: A 
Behavioral Weight Loss Intervention in Overweight or Obese Breast Cancer Survivors. Journal of 



315 
 

clinical oncology : official journal of the American Society of Clinical Oncology. 2015;33(28):3169-
76. 
397. Friberg E, Mantzoros CS, Wolk A. Diabetes and risk of endometrial cancer: a population-
based prospective cohort study. Cancer epidemiology, biomarkers & prevention : a publication of 
the American Association for Cancer Research, cosponsored by the American Society of Preventive 
Oncology. 2007;16(2):276-80. 
398. Pollak M. Metformin and other biguanides in oncology: advancing the research agenda. 
Cancer prevention research (Philadelphia, Pa). 2010;3(9):1060-5. 
399. Lynch L, Hogan AE, Duquette D, Lester C, Banks A, LeClair K, et al. iNKT Cells Induce FGF21 
for Thermogenesis and Are Required for Maximal Weight Loss in GLP1 Therapy. Cell Metab. 
2016;24(3):510-9. 
400. Saber SM, Abd El-Rahman HA. Liraglutide treatment effects on rat ovarian and uterine 
tissues. Reprod Biol. 2019;19(3):237-44. 
401. Kwok CS, Pradhan A, Khan MA, Anderson SG, Keavney BD, Myint PK, et al. Bariatric surgery 
and its impact on cardiovascular disease and mortality: a systematic review and meta-analysis. 
International journal of cardiology. 2014;173(1):20-8. 
402. Casagrande DS, Rosa DD, Umpierre D, Sarmento RA, Rodrigues CG, Schaan BD. Incidence 
of cancer following bariatric surgery: systematic review and meta-analysis. Obesity surgery. 
2014;24(9):1499-509. 
403. Adams TD, Stroup AM, Gress RE, Adams KF, Calle EE, Smith SC, et al. Cancer Incidence and 
Mortality After Gastric Bypass Surgery. Obesity. 2009;17(4):796-802. 
404. Ward KK, Roncancio AM, Shah NR, Davis MA, Saenz CC, McHale MT, et al. Bariatric surgery 
decreases the risk of uterine malignancy. GYNECOLOGIC ONCOLOGY. 2014;133(1):63-6. 
405. Argenta PA, Kassing M, Truskinovsky AM, Svendsen CA. Bariatric surgery and endometrial 
pathology in asymptomatic morbidly obese women: a prospective, pilot study. Bjog. 
2013;120(7):795-800. 
406. MacKintosh ML, Derbyshire AE, McVey RJ, Bolton J, Nickkho-Amiry M, Higgins CL, et al. The 
impact of obesity and bariatric surgery on circulating and tissue biomarkers of endometrial cancer 
risk. International journal of cancer. 2019;144(3):641-50. 
407. Crosbie EJ, Roberts C, Qian W, Swart AM, Kitchener HC, Renehan AG. Body mass index does 
not influence post-treatment survival in early stage endometrial cancer: results from the MRC 
ASTEC trial. European journal of cancer. 2012;48(6):853-64. 
408. Kisakol G, Guney E, Bayraktar F, Yilmaz C, Kabalak T, Ozmen D. Effect of surgical weight loss 
on free radical and antioxidant balance: a preliminary report. Obesity surgery. 2002;12(6):795-800; 
discussion -1. 
409. Moschen AR, Molnar C, Geiger S, Graziadei I, Ebenbichler CF, Weiss H, et al. Anti-
inflammatory effects of excessive weight loss: potent suppression of adipose interleukin 6 and 
tumour necrosis factor α expression. Gut. 2010;59(9):1259-64. 
410. Legro RS, Dodson WC, Gnatuk CL, Estes SJ, Kunselman AR, Meadows JW, et al. Effects of 
Gastric Bypass Surgery on Female Reproductive Function. The Journal of Clinical Endocrinology and 
Metabolism. 2012;97(12):4540-8. 
411. Turkmen S, Ahangari A, Bäckstrom T. Roux-en-Y Gastric Bypass Surgery in Patients with 
Polycystic Ovary Syndrome and Metabolic Syndrome. Obesity surgery. 2016;26(1):111-8. 
412. Emons G, Fleckenstein G, Hinney B, Huschmand A, Heyl W. Hormonal interactions in 
endometrial cancer. Endocrine-related cancer. 2000;7(4):227-42. 
413. Vollmer G. Endometrial cancer: experimental models useful for studies on molecular 
aspects of endometrial cancer and carcinogenesis. Endocrine-related cancer. 2003;10(1):23-42. 
414. Van Nyen T, Moiola CP, Colas E, Annibali D, Amant F. Modeling Endometrial Cancer: Past, 
Present, and Future. International journal of molecular sciences. 2018;19(8). 
415. Deerberg F, Kaspareit J. Endometrial carcinoma in BD II/Han rats: Model of a spontaneous 
hormone-dependent tumor. Journal of the National Cancer Institute. 1987;78(6):1245-51. 



316 
 

416. Nagaoka T, Onodera H, Matsushima Y, Todate A, Shibutani M, Ogasawara H, et al. 
Spontaneous uterine adenocarcinomas in aged rats and their relation to endocrine imbalance. 
Journal of cancer research and clinical oncology. 1990;116(6):623-8. 
417. Nagaoka T, Onodera H, Hayashi Y, Maekawa A. Influence of high-fat diets on the occurrence 
of spontaneous uterine endometrial adenocarcinomas in rats. Teratogenesis, carcinogenesis, and 
mutagenesis. 1995;15(4):167-77. 
418. Nagaoka T, Takeuchi M, Onodera H, Mitsumori K, Lu J, Maekawa A. Experimental induction 
of uterine adenocarcinoma in rats by estrogen and N-methyl-N-nitrosourea. In vivo (Athens, 
Greece). 1993;7(6a):525-30. 
419. Samuelson E, Hedberg C, Nilsson S, Behboudi A, Institutionen för cell- och m, Institutionen 
för biomedicin afmgokg, et al. Molecular classification of spontaneous endometrial 
adenocarcinomas in BDII rats. Endocrine-related cancer. 2009;16(1):99-111. 
420. Kaspareit-Rittinghausen J, Wiese K, Deerberg F, Nitsche B. Incidence and morphology of 
spontaneous thyroid tumours in different strains of rats. Journal of comparative pathology. 
1990;102(4):421-32. 
421. Thomas JaL, P. Rodent and Rabbit Anaesthesia.  Anaesthesia and Analgesia for Veterinary 
Technicians 5th Edition. 5th ed: Mosby; 2016. p. 456. 
422. Deerberg F, Pohlmeyer G, Lorcher K, Petrow V. Total suppression of spontaneous 
endometrial carcinoma in BDII/Han rats by melengestrol acetate. Oncology. 1995;52(4):319-25. 
423. Kaspareit-Rittinghausen J, Deerberg F. High frequency of spontaneous histiocytic sarcomas 
in BDII/Han rats. Journal of comparative pathology. 1988;99(3):299-307. 
424. Vollrath L, Huesgen A, Seidel A, Manz B, Pollow K. Serotonin and melatonin contents in the 
pineal glands from different stocks and strains of laboratory rats. Zeitschrift fur Versuchstierkunde. 
1989;32(2):57-63. 
425. Festing MF. Inbred strains of rats MRC Toxicology Unit, University of Leicester, UK1998 
[Available from: http://www.informatics.jax.org/inbred_strains/rat/docs/BDII.shtml. 
426. Gruber SB, Thompson WD. A population-based study of endometrial cancer and familial 
risk in younger women. Cancer and Steroid Hormone Study Group. Cancer Epidemiology 
Biomarkers &amp; Prevention. 1996;5(6):411-7. 
427. Yang HP, Wentzensen N, Trabert B, Gierach GL, Felix AS, Gunter MJ, et al. Endometrial 
Cancer Risk Factors by 2 Main Histologic Subtypes: The NIH-AARP Diet and Health Study. American 
Journal of Epidemiology. 2013;177(2):142-51. 
428. Samuelson E, Hedberg C, Nilsson S, Behboudi A. Molecular classification of spontaneous 
endometrial adenocarcinomas in BDII rats. Endocrine-related cancer. 2009;16(1):99-111. 
429. Vollmer G, Siegal GP, Chiquet-Ehrismann R, Lightner VA, Arnholdt H, Knuppen R. Tenascin 
expression in the human endometrium and in endometrial adenocarcinomas. Laboratory 
investigation; a journal of technical methods and pathology. 1990;62(6):725-30. 
430. Sedele M, Karaveli S, Pestereli HE, Simsek T, Elpek G, Uner M, et al. Tenascin expression in 
normal, hyperplastic, and neoplastic endometrium. International journal of gynecological 
pathology : official journal of the International Society of Gynecological Pathologists. 
2002;21(2):161-6. 
431. Sasano H, Nagura H, Watanabe K, Ito K, Tsuiki A, Sato S, et al. Tenascin expression in normal 
and abnormal human endometrium. Modern pathology : an official journal of the United States 
and Canadian Academy of Pathology, Inc. 1993;6(3):323-6. 
432. KomaÂrek V. Gross Anatomy. Agricultural University, Prague, Czech Republic: Academic 
Press; 2000. p. 253-75. 
433. Nagata C, Nagao Y, Shibuya C, Kashiki Y, Shimizu H. Fat Intake Is Associated with Serum 
Estrogen and Androgen Concentrations in Postmenopausal Japanese Women. The Journal of 
Nutrition. 2005;135(12):2862-5. 
434. Hounsfield GN. Computerized transverse axial scanning (tomography): Part 1. Description 
of system. The British Journal of Radiology. 1973;46(552):1016-22. 

http://www.informatics.jax.org/inbred_strains/rat/docs/BDII.shtml


317 
 

435. Caldemeyer KS, Buckwalter KA. The basic principles of computed tomography and 
magnetic resonance imaging. Journal of the American Academy of Dermatology. 1999;41(5):768-
71. 
436. Diwakar M, Kumar M. A review on CT image noise and its denoising. Biomedical Signal 
Processing and Control. 2018;42:73-88. 
437. Taubmann O, Berger M, Bögel M, Xia Y, Balda M, Maier A. Computed Tomography. In: 
Maier A, Steidl S, Christlein V, Hornegger J, editors. Medical Imaging Systems: An Introductory 
Guide. Cham: Springer International Publishing; 2018. p. 147-89. 
438. Jerrold T. Bushberg JAS, Edwin M. Leidholdt, Jr, and John M. Boone. The Essential Physics 
of the Medical Imaging, 3rd ed  Philadelphia, Pa: Lippincott Williams & Wilkins, 2012. ISBN: 978-0-
7817-8057-5. Hardcover, $199.99; pp 1048. Radiology. 2015;274(1):64-5. 
439. Liu H, Gu J, Caracappa PF, Xu XG. Comparison of two types of adult phantoms in terms of 
organ doses from diagnostic CT procedures. Physics in medicine and biology. 2010;55(5):1441-51. 
440. Lamba R, McGahan JP, Corwin MT, Li CS, Tran T, Seibert JA, et al. CT Hounsfield numbers 
of soft tissues on unenhanced abdominal CT scans: variability between two different 
manufacturers' MDCT scanners. AJR American journal of roentgenology. 2014;203(5):1013-20. 
441. Levi C, Gray JE, McCullough EC, Hattery RR. The unreliability of CT numbers as absolute 
values. AJR American journal of roentgenology. 1982;139(3):443-7. 
442. Zerhouni EA, Spivey JF, Morgan RH, Leo FP, Stitik FP, Siegelman SS. Factors influencing 
quantitative CT measurements of solitary pulmonary nodules. Journal of computer assisted 
tomography. 1982;6(6):1075-87. 
443. Hunter TB, Pond GD, Medina O. Dependence of substance CT number on scanning 
technique and position within scanner. Computerized radiology : official journal of the 
Computerized Tomography Society. 1983;7(3):199-203. 
444. Jr NJ. Quality Assurance and the Helical (Spiral) Scanner Online Radiography Continuing 
Education 

for Radiologic X ray Technologist2010 [Available from: 
https://www.ceessentials.net/article33.html. 
445. Brenner DJ, Hall EJ. Computed tomography--an increasing source of radiation exposure. 
The New England journal of medicine. 2007;357(22):2277-84. 
446. Cuttler JM, Pollycove M. Nuclear energy and health: and the benefits of low-dose radiation 
hormesis. Dose-response : a publication of International Hormesis Society. 2009;7(1):52-89. 
447. Smith-Bindman R, Lipson J, Marcus R, Kim KP, Mahesh M, Gould R, et al. Radiation dose 
associated with common computed tomography examinations and the associated lifetime 
attributable risk of cancer. Archives of internal medicine. 2009;169(22):2078-86. 
448. Tomography TGoCoRDiC. Managing patient dose in computed tomography. A report of the 
International Commission on Radiological Protection. Annals of the ICRP. 2000;30(4):7-45. 
449. Cardis E, Vrijheid M, Blettner M, Gilbert E, Hakama M, Hill C, et al. The 15-Country 
Collaborative Study of Cancer Risk among Radiation Workers in the Nuclear Industry: estimates of 
radiation-related cancer risks. Radiation research. 2007;167(4):396-416. 
450. de Gonzalez AB, Salotti JA, McHugh K, Little MP, Harbron RW, Lee C, et al. Relationship 
between paediatric CT scans and subsequent risk of leukaemia and brain tumours: assessment of 
the impact of underlying conditions. British Journal Of Cancer. 2016;114:388. 
451. Obed R, Ogbole G, Majolagbe B. Radiation doses to the uterus and ovaries in 
abdominopelvic computed tomography in a Nigerian Tertiary Hospital. West African Journal of 
Radiology. 2016;23(1):7-11. 
452. Namasivayam S, Kalra MK, Torres WE, Small WC. Adverse reactions to intravenous 
iodinated contrast media: a primer for radiologists. Emergency Radiology. 2006;12(5):210-5. 
453. Schoder H, Larson SM, Yeung HW. PET/CT in oncology: integration into clinical 
management of lymphoma, melanoma, and gastrointestinal malignancies. Journal of nuclear 
medicine : official publication, Society of Nuclear Medicine. 2004;45 Suppl 1:72s-81s. 

https://www.ceessentials.net/article33.html


318 
 

454. Schoder H, Erdi YE, Larson SM, Yeung HW. PET/CT: a new imaging technology in nuclear 
medicine. European journal of nuclear medicine and molecular imaging. 2003;30(10):1419-37. 
455. Kim EE. Clinical PET and PET/CT: principles and applications. 2nd;2;2; ed. New York: 
Springer; 2013. 
456. Agency IAE. A Guide to Clinical PET in Oncology: Improving Clinical Management of Cancer 
Patients 2008 [cited 2020 11/02/2020]. Available from: https://www-
pub.iaea.org/MTCD/publications/PDF/te_1605_web.pdf. 
457. (NEMA) NEMA. DICOM - Digital Imaging and Communications in Medicine  [Available from: 
https://www.dicomstandard.org/. 
458. Rockall AG, Cross S, Flanagan S, Moore E, Avril N. The role of FDG-PET/CT in gynaecological 
cancers. Cancer imaging : the official publication of the International Cancer Imaging Society. 
2012;12:49-65. 
459. Musto A, Grassetto G, Marzola MC, Chondrogiannis S, Maffione AM, Rampin L, et al. Role 
of 18F-FDG PET/CT in the carcinoma of the uterus: a review of literature. Yonsei medical journal. 
2014;55(6):1467-72. 
460. Workman P, Aboagye EO, Balkwill F, Balmain A, Bruder G, Chaplin DJ, et al. Guidelines for 
the welfare and use of animals in cancer research. British Journal of Cancer. 2010;102(11):1555-77. 
461. Abegg K, Corteville C, Docherty NG, Boza C, Lutz TA, Munoz R, et al. Effect of bariatric 
surgery combined with medical therapy versus intensive medical therapy or calorie restriction and 
weight loss on glycemic control in Zucker diabetic fatty rats. American journal of physiology 
Regulatory, integrative and comparative physiology. 2015;308(4):R321-9. 
462. Liang W, Menke AL, essen A, Koek GH, Lindeman JH, Stoop R, et al. Establishment of a 
General NAFLD Scoring System for Rodent Models and Comparison to Human Liver Pathology. PLoS 
One. 2014;9(12):e115922. 
463. Kleiner DE, Brunt EM, Van Natta M, Behling C, Contos MJ, Cummings OW, et al. Design and 
validation of a histological scoring system for nonalcoholic fatty liver disease. Hepatology. 
2005;41(6):1313-21. 
464. Brunt EM, Janney CG, Bisceglie AM, Neuschwander-Tetri BA, Bacon BR. Nonalcoholic 
steatohepatitis: a proposal for grading and staging the histological lesions. The American Journal of 
Gastroenterology. 1999;94(9):2467-74. 
465. Kleiner DE, Brunt EM, Van Natta M, Behling C, Contos MJ, Cummings OW, et al. Design and 
validation of a histological scoring system for nonalcoholic fatty liver disease. Hepatology. 
2005;41(6):1313-21. 
466. Rockall AG, Cross S, Flanagan S, Moore E, Avril N. The role of FDG-PET/CT in gynaecological 
cancers. Cancer imaging : the official publication of the International Cancer Imaging Society. 
2012;12(1):49-65. 
467. Lasnon C, Quak E, Briand M, Gu Z, Louis MH, Aide N. Contrast-enhanced small-animal 
PET/CT in cancer research: strong improvement of diagnostic accuracy without significant 
alteration of quantitative accuracy and NEMA NU 4-2008 image quality parameters. EJNMMI 
research. 2013;3(1):5. 
468. Choquet P, Calon A, Breton E, Beck F, Domon-Dell C, Freund JN, et al. Multiple-contrast X-
ray micro-CT visualization of colon malformations and tumours in situ in living mice. Comptes 
rendus biologies. 2007;330(11):821-7. 
469. Rampurwala M, Ravoori MK, Wei W, Johnson VE, Vikram R, Kundra V. Visualization and 
quantification of intraperitoneal tumors by in vivo computed tomography using negative contrast 
enhancement strategy in a mouse model of ovarian cancer. Translational oncology. 2009;2(2):96-
106. 
470. Johnson EM, Price RE, Rivera B, Cody DD. Intraperitoneal administration of an iodine-based 
contrast agent to improve abdominal micro-computed tomography imaging in mice. Contemporary 
topics in laboratory animal science. 2005;44(6):20-7. 

https://www-pub.iaea.org/MTCD/publications/PDF/te_1605_web.pdf
https://www-pub.iaea.org/MTCD/publications/PDF/te_1605_web.pdf
https://www.dicomstandard.org/


319 
 

471. Lubura M, Hesse D, Neumann N, Scherneck S, Wiedmer P, Schürmann A. Non-invasive 
quantification of white and brown adipose tissues and liver fat content by computed tomography 
in mice. PloS one. 2012;7(5):e37026. 
472. Kvist H, Sjöström L, Tylén U. Adipose tissue volume determinations in women by computed 
tomography: technical considerations. International journal of obesity. 1986;10(1):53-67. 
473. Fueger BJ, Czernin J, Hildebrandt I, Tran C, Halpern BS, Stout D, et al. Impact of animal 
handling on the results of 18F-FDG PET studies in mice. Journal of nuclear medicine : official 
publication, Society of Nuclear Medicine. 2006;47(6):999-1006. 
474. Abegg K, Corteville C, Docherty NG, Boza C, Lutz TA, Muñoz R, et al. Effect of bariatric 
surgery combined with medical therapy versus intensive medical therapy or calorie restriction and 
weight loss on glycemic control in Zucker diabetic fatty rats. American Journal of Physiology-
Regulatory, Integrative and Comparative Physiology. 2015;308(4):R321-R9. 
475. Brodbelt DC, Blissitt KJ, Hammond RA, Neath PJ, Young LE, Pfeiffer DU, et al. The risk of 
death: the confidential enquiry into perioperative small animal fatalities. Veterinary anaesthesia 
and analgesia. 2008;35(5):365-73. 
476. Bradshaw HB, Allard C. Endogenous Cannabinoid Production in the Rat Female 
Reproductive Tract Is Regulated by Changes in the Hormonal Milieu. (1424-8247 (Electronic)). 
477. Sato J, Nasu M, Tsuchitani M. Comparative histopathology of the estrous or menstrual cycle 
in laboratory animals. Journal of toxicologic pathology. 2016;29(3):155-62. 
478. Das RG, North D. Implications of experimental technique for analysis and interpretation of 
data from animal experiments: outliers and increased variability resulting from failure of 
intraperitoneal injection procedures. Laboratory animals. 2007;41(3):312-20. 
479. Hildebrandt IJ, Su H, Weber WA. Anesthesia and Other Considerations for in Vivo Imaging 
of Small Animals. ILAR Journal. 2008;49(1):17-26. 
480. Kn BP, Gopalan V, Lee SS, Velan SS. Quantification of abdominal fat depots in rats and mice 
during obesity and weight loss interventions. PloS one. 2014;9(10):e108979. 
481. Nakamura K, Kodama J, Okumura Y, Hongo A, Kanazawa S, Hiramatsu Y. The SUVmax of 
18F-FDG PET correlates with histological grade in endometrial cancer. International journal of 
gynecological cancer : official journal of the International Gynecological Cancer Society. 
2010;20(1):110-5. 
482. Yahata T, Yagi S, Mabuchi Y, Tanizaki Y, Kobayashi A, Yamamoto M, et al. Prognostic impact 
of primary tumor SUVmax on preoperative (18)F-fluoro-2-deoxy-D-glucose positron emission 
tomography and computed tomography in endometrial cancer and uterine carcinosarcoma. 
Molecular and clinical oncology. 2016;5(4):467-74. 
483. Adams MC, Turkington TG, Wilson JM, Wong TZ. A systematic review of the factors 
affecting accuracy of SUV measurements. AJR American journal of roentgenology. 
2010;195(2):310-20. 
484. Bunyaviroch T, Turkington TG, Wong TZ, Wilson JW, Colsher JG, Coleman RE. Quantitative 
effects of contrast enhanced CT attenuation correction on PET SUV measurements. Molecular 
imaging and biology. 2008;10(2):107-13. 
485. Chang MC, Chen JH, Liang JA, Yang KT, Cheng KY, Kao CH. 18F-FDG PET or PET/CT for 
detection of metastatic lymph nodes in patients with endometrial cancer: a systematic review and 
meta-analysis. European journal of radiology. 2012;81(11):3511-7. 
486. Pais R, Omosun Y, He Q, Blas-Machado U, Black C, Igietseme JU, et al. Rectal administration 
of a chlamydial subunit vaccine protects against genital infection and upper reproductive tract 
pathology in mice. PloS one. 2017;12(6):e0178537. 
487. Services. UDoHaH. Uterus-Dilation  [Available from: 
https://ntp.niehs.nih.gov/nnl/female_reproductive/uterus/dilat/uterus-dilation-pdf-508.pdf. 
488. Claassen V. 13 - Fasting.  Techniques in the Behavioral and Neural Sciences. 12: Elsevier; 
1994. p. 290-320. 

https://ntp.niehs.nih.gov/nnl/female_reproductive/uterus/dilat/uterus-dilation-pdf-508.pdf


320 
 

489. Jensen TL, Kiersgaard MK, Sorensen DB, Mikkelsen LF. Fasting of mice: a review. Laboratory 
animals. 2013;47(4):225-40. 
490. Lin JH. Species similarities and differences in pharmacokinetics. Drug metabolism and 
disposition: the biological fate of chemicals. 1995;23(10):1008-21. 
491. Felix AS, Brinton LA. Cancer Progress and Priorities: Uterine Cancer. Cancer epidemiology, 
biomarkers & prevention : a publication of the American Association for Cancer Research, 
cosponsored by the American Society of Preventive Oncology. 2018;27(9):985-94. 
492. Kim EJ, Choi MR, Park H, Kim M, Hong JE, Lee JY, et al. Dietary fat increases solid tumor 
growth and metastasis of 4T1 murine mammary carcinoma cells and mortality in obesity-resistant 
BALB/c mice. Breast cancer research : BCR. 2011;13(4):R78. 
493. Cowen S, McLaughlin SL, Hobbs G, Coad J, Martin KH, Olfert IM, et al. High-Fat, High-Calorie 
Diet Enhances Mammary Carcinogenesis and Local Inflammation in MMTV-PyMT Mouse Model of 
Breast Cancer. Cancers. 2015;7(3):1125-42. 
494. Ruehl-Fehlert C, Kittel B, Morawietz G, Deslex P, Keenan C, Mahrt CR, et al. Revised guides 
for organ sampling and trimming in rats and mice – Part 1: A joint publication of the RITA1 1RITA: 
Registry of Industrial Toxicology Animal-data. Members: Abbott GmbH & Co KG, Ludwigshafen, 
Germany; ALTANA Pharma AG, Hamburg, Germany; Astra- Zeneca, Södertälje, Sweden and 
Macclesfield, England; Aventis Pharma Deutschland GmbH, Hattersheim, Germany; BASF AG, 
Ludwigshafen, Germany; Bayer AG, Wuppertal, Germany; Boehringer Ingelheim Pharma GmbH & 
Co KG, Biberach, Germany; Fraunhofer Institute of Toxicology and Experimental Medicine, 
Hannover, Germany; Hoffman-LaRoche AG, Basel, Switzerland; Merck KGaA, Darmstadt, Germany; 
Novartis Pharma AG, Basel, Switzerland; Pfizer, Amboise, France; Pharmacia, Nerviano, Italy; 
Syngenta CTL, Macclesfield, England and NACAD2 2NACAD: North American Control Animal 
Database. Members: 3M Corporate Toxicology, St. Paul, MN, USA; Adolor Corporation, Malvern, 
PA, USA, Bayer Crop- Science, Stillwell, KS, USA; Pfizer, Inc., Groton, CT, USA; Pfizer, Inc., Ann Arbor, 
MI, USA; Pharmacia, Inc., Kalamazoo, MI, USA; R.W. Johnson Pharmaceutical Research Institute, 
Spring House, PA, USA; Schering-Plough Research Institute, Lafayette, NJ, USA groups. 
Experimental and Toxicologic Pathology. 2003;55(2):91-106. 
495. Kittel B, Ruehl-Fehlert C, Morawietz G, Klapwijk J, Elwell MR, Lenz B, et al. Revised guides 
for organ sampling and trimming in rats and mice--Part 2. A joint publication of the RITA and NACAD 
groups. Experimental and toxicologic pathology : official journal of the Gesellschaft fur 
Toxikologische Pathologie. 2004;55(6):413-31. 
496. Reed DR, Duke FF, Ellis HK, Rosazza MR, Lawler MP, Alarcon LK, et al. Body fat distribution 
and organ weights of 14 common strains and a 22-strain consomic panel of rats. Physiology & 
behavior. 2011;103(5):523-9. 
497. Altun M, Bergman E, Edstrom E, Johnson H, Ulfhake B. Behavioral impairments of the aging 
rat. Physiology & behavior. 2007;92(5):911-23. 
498. Woods SC, Seeley RJ, Rushing PA, D'Alessio D, Tso P. A Controlled High-Fat Diet Induces an 
Obese Syndrome in Rats. The Journal of Nutrition. 2003;133(4):1081-7. 
499. Levin BE, Dunn-Meynell AA. Defense of body weight against chronic caloric restriction in 
obesity-prone and -resistant rats. American Journal of Physiology-Regulatory, Integrative and 
Comparative Physiology. 2000;278(1):R231-R7. 
500. Cavaliere G, Viggiano E, Trinchese G, De Filippo C, Messina A, Monda V, et al. Long Feeding 
High-Fat Diet Induces Hypothalamic Oxidative Stress and Inflammation, and Prolonged 
Hypothalamic AMPK Activation in Rat Animal Model. Frontiers in physiology. 2018;9:818. 
501. Bolton-Smith C, Woodward M. Dietary composition and fat to sugar ratios in relation to 
obesity. International journal of obesity and related metabolic disorders : journal of the 
International Association for the Study of Obesity U6 - ctx_ver=Z3988-
2004&ctx_enc=info:ofi/enc:UTF-
8&rfr_id=info:sid/summonserialssolutionscom&rft_val_fmt=info:ofi/fmt:kev:mtx:journal&rftgenr
e=article&rftatitle=Dietary+composition+and+fat+to+sugar+ratios+in+relation+to+obesity&rftjtitl



321 
 

e=International+journal+of+obesity+and+related+metabolic+disorders+:+journal+of+the+Internat
ional+Association+for+the+Study+of+Obesity&rftau=Bolton-
Smith,+C&rftau=Woodward,+M&rftdate=1994-12-
01&rftvolume=18&rftissue=12&rftspage=820&rft_id=info:pmid/7894521&rft_id=info:pmid/7894
521&rftexternalDocID=7894521&paramdict=en-US U7 - Journal Article. 1994;18(12):820. 
502. Meigs JB. Epidemiology of type 2 diabetes and cardiovascular disease: translation from 
population to prevention: the Kelly West award lecture 2009. Diabetes care. 2010;33(8):1865-71. 
503. Buettner R, Parhofer KG, Woenckhaus M, Wrede CE, Kunz-Schughart LA, Schölmerich J, et 
al. Defining high-fat-diet rat models: metabolic and molecular effects of different fat 
types.36(3):485. 
504. Viggiano E, Mollica MP, Lionetti L, Cavaliere G, Trinchese G, De Filippo C, et al. Effects of an 
High-Fat Diet Enriched in Lard or in Fish Oil on the Hypothalamic Amp-Activated Protein Kinase and 
Inflammatory Mediators. Frontiers in Cellular Neuroscience. 2016;10. 
505. Shah RV, Murthy VL, Abbasi SA, Blankstein R, Kwong RY, Goldfine AB, et al. Visceral 
adiposity and the risk of metabolic syndrome across body mass index: the MESA Study. JACC 
Cardiovascular imaging. 2014;7(12):1221-35. 
506. Neeland IJ, Turer AT, Ayers CR, Powell-Wiley TM, Vega GL, Farzaneh-Far R, et al. 
Dysfunctional adiposity and the risk of prediabetes and type 2 diabetes in obese adults. Jama. 
2012;308(11):1150-9. 
507. Lean ME, James WP. Metabolic effects of isoenergetic nutrient exchange over 24 hours in 
relation to obesity in women. International journal of obesity. 1988;12(1):15-27. 
508. Horton TJ, Drougas H, Brachey A, Reed GW, Peters JC, Hill JO. Fat and carbohydrate 
overfeeding in humans: different effects on energy storage. The American journal of clinical 
nutrition. 1995;62(1):19-29. 
509. Prentice AM. Manipulation of dietary fat and energy density and subsequent effects on 
substrate flux and food intake. The American journal of clinical nutrition. 1998;67(3 Suppl):535s-
41s. 
510. Miras AD, Seyfried F, Phinikaridou A, Andia ME, Christakis I, Spector AC, et al. Rats Fed Diets 
with Different Energy Contribution from Fat Do Not Differ in Adiposity. Obesity facts. 
2014;7(5):302-10. 
511. Hausman DB, DiGirolamo M, Bartness TJ, Hausman GJ, Martin RJ. The biology of white 
adipocyte proliferation. Obesity Reviews. 2001;2(4):239-54. 
512. Nieman KM, Romero IL, Van Houten B, Lengyel E. Adipose tissue and adipocytes support 
tumorigenesis and metastasis. Biochimica et biophysica acta. 2013;1831(10):1533-41. 
513. Adams LA, Sanderson S, Lindor KD, Angulo P. The histological course of nonalcoholic fatty 
liver disease: a longitudinal study of 103 patients with sequential liver biopsies. Journal of 
Hepatology. 2005;42(1):132-8. 
514. Vilar L, Oliveira CP, Faintuch J, Mello ES, Nogueira MA, Santos TE, et al. High-fat diet: a 
trigger of non-alcoholic steatohepatitis? Preliminary findings in obese subjects. Nutrition (Burbank, 
Los Angeles County, Calif). 2008;24(11-12):1097-102. 
515. Porter SA, Massaro JM, Hoffmann U, Vasan RS, O'Donnel CJ, Fox CS. Abdominal 
Subcutaneous Adipose Tissue: A Protective Fat Depot? Diabetes Care. 2009;32(6):1068-75. 
516. Snijder MB, Visser M, Dekker JM, Goodpaster BH, Harris TB, Kritchevsky SB, et al. Low 
subcutaneous thigh fat is a risk factor for unfavourable glucose and lipid levels, independently of 
high abdominal fat. The Health ABC Study. Diabetologia. 2005;48(2):301-8. 
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Appendices 

I: Pathogen testing results of BDII/Han rats   

Test Pathogen Results 

Serology Pneumocystis carinii Negative 

PCR 

evaluation 

of cage 

faeces 

Aspiculuris tetraptera, CAR bacillus, Clostridium piliforme, 

Cryptosporidium spp., Giardia muris, H1, Helicobacter bilis, Helicobacter 

ganmani, Helicobacter hepaticus, Helicobacter mastomyrinus, 

Helicobacter rodentium, Helicobacter spp., Helicobacter typhlonius, 

KRV, MAV1, MAV2, Mycoplasma pulmonis, Myocoptes, Pasteurella 

pneumotropica biotype Heyl, Pasteurella pneumotropica biotype Jawetz, 

PVM, Radfordia/Myobia, RCV/SDAV, REO3, RMV, RPV, RTV, 

Salmonella spp., Sendai, Spironucleus muris, Streptobacillus 

moniliformis, Streptococcus pneumoniae, Streptococcus sp. beta 

hemolytic Group A, Streptococcus sp. beta hemolytic Group B, 

Streptococcus sp. beta hemolytic Group C, Streptococcus sp. beta 

hemolytic Group G, Syphacia muris, Syphacia obvelata 

Negative 

Oral swab CAR bacillus, Mycoplasma pulmonis, Pasteurella pneumotropica biotype 

Jawetz, Pasteurella pneumotropica biotype Heyl, PVM, Sendai, 

Streptobacillus moniliformis, Streptococcus pneumoniae, Streptococcus 

sp. beta hemolytic Group A, Streptococcus sp. beta hemolytic Group 

B, Streptococcus sp. beta hemolytic Group C, Streptococcus sp. beta 

hemolytic Group G 

Negative 

Pelt swab Myocoptes, Radfordia/Myobia Negative 
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II: Scoresheet 
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III: PET-CT Supplementary material 

 

Tail vein cannulation  

A variety of cannulae were tested for cannulation of the rat tail vein. Initially human neonatal 

26G and 24G cannulae were trialled for rat cannulation. However, these were not strong 

enough to penetrate the thick skin of a rat’s tail and buckled on attempting insertion. 

Therefore, a 22G (blue) adult cannula was used. A previous study suggested a mean dead 

space of 160 microlitres in a 22G cannula (587). However, all cannulae are different and in 

this study, injections were directly into the cannula without a cap or connector. In order to 

inject a consistent volume of 18F-FDG, tests were done to ascertain the dead-space of the 

cannula. In order to do this a known volume of saline was injected through the cannula into 

a cryotube. The volume in the cryotube was measured. The volume in the cannula was 

expelled using air and this volume was measured. This was done 3 times and the mean 

value used as the dead space. The dead space was estimated to be 150 microlitres. The 

injected volume was administered in a total volume of 400µl to account for this dead space. 

Bladder emptying 

Non-invasive methods suggested by other researchers including putting manual pressure 

over the bladder, using pressure from the mid-abdomen downwards towards the bladder 

and applying pressure over the bladder while holding the animal upright were tried to empty 

the bladder prior to PET-CT. However, none of these techniques produced urine in the 3 

animals that were assessed. All 3 animals were under anaesthesia.  

Assessing the effect of intravenous (IV) contrast injection 

Intravenous contrast can improve image acquisition of abdominal tumours. A blood pooling 

contrast is often used, as non-blood pooling agents are excreted quickly. However, 

preclinical blood pooling contrast agents can be prohibitively expensive. The study aimed 

to assess whether, due to the vascularity of the uterine horns, an early scan post IV Niopam 

administration may improve visualization of the uterine horns. Imaging on a live BDII/Han 

rat demonstrated that intravenous administration of iodinated clinical contrast did not 

improve image acquisition of uterine horns, as the contrast cleared into the bladder within 

the 2 minutes required to take the images after administration of the contrast.  
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CT images after intravenous injection of contrast. 
Left hand image demonstrates intravenous Niopam within the kidney and upper urinary 
tract and right-hand image demonstrates that almost all the contrast had pooled in the 
bladder. 
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IV: VSG Protocol 

Cage No.:____________ 

Animal No.:__________ 

Study No.:___________ 

Pre-operative fasting 

Animals should be housed in 2s to facilitate fasting preoperatively. Chow is to be removed from the animals 

destined for surgery at the end of the light cycle (c. 6pm) before their assigned day of surgery. When taking 

the first rat of the day. 

Day 1 pre-op 

▪ Autoclave instruments, drapes, and gauze  

▪ Check other equipment all in place  

▪ Check all drugs in supply  

▪ Check oxygen ports functional and O2 tanks full 

Day of surgery 

▪ Load anaesthetic machine with Isoflurane 

▪ Weigh filter 

▪ Prepare sterilising agents for between surgeries 

Tray with 70% EtOH 

▪ Setup operating space. Lay out equipment within  

sterile packaging. Draw up drugs.  

▪ Prep recovery cage and single postop cages. 

Procedure Notes  

 

 

 

 

 

 

Early post-operative care 

▪ Loosely wrap animal in a clean towel and place in a darkened empty cage tub on top of isothermic 

pad on low, in corner of cage (animal can move to cooler area if required) 

▪ No water for first 4h postop 

▪ 4h postop placed in single cage with cage liner and water 

▪ 1 bowl jelly POD 1 – 2 cubes per bowl 

▪ Wet mash with increasing consistency POD 2 – 7 and measure intake 

o Start with 2 pellets and +++water – 6 pellets and less water 

▪ Back to high fat diet - POD 8  

▪ Can supplement water with ensure if intake poor 

▪ Scoresheets 

Date:_____________

_ 

Weight: ___________ 

Scoresheet:  

 

Temperature maintained below 38  ̊C                                                                                                                                Blood 

loss:   

Intra-operative events(Y/N):  

Contamination:   +       ++      +++ 

OG intubation: 

Sleeve: 

Closure:  

 

 

Abx given:    

Analgesia given:  [skin 

closure] 

Fluid given:  

 

 
Make up meds in batches and mark syringe 

Enrofloxacin 5% (50mg/ml): Dilute++ 

5mg/kg: Dose = approx. 2.5mg 

Give 0.05ml/ 500g rat  

Carprofen 5% (50mg/ml): Dilute++ 

5mg/kg: Dose = approx. 2.5mg 

Give 0.05ml/ 500g rat 

Buprenorphine:  

0.01-0.05mg/kg: Dose = approx. 0.01mg  

0.3mg/ml: Give 0.03ml/ 500g rat max first dose 

Saline 0.9%: 

Give c. 7ml warmed IP prior to closure 
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V: Perioperative protocol 

Perioperative protocol – le Roux Group 
POD  
Time 

Water Diet Bedding Analgesia 

Immediately 
post-op 
(recovery 
cage) 

7mL IP @ 
closure 

Nil Nil 5mg/kg carprofen 
@ closure 

4 hours post-
op 

Ad lib Nil Nil Nil 

POD 1     

AM Ad lib 
Expect 5-
10mL 
overnight 

Jelly 
 

Nil 
 

5mg/kg carprofen 
@24 hours 
depending on 
time of surgery 

PM Ad lib 
 

Nil 

POD 2     

AM Ad lib 
Expect 
>10mL per 
24h 

Wet mash – 2 
pellets 

Nil 5mg/kg carprofen 
@24 hours 
depending on 
time of surgery 

PM Ad lib Nil 

POD 3-7     

AM 
 
 

Ad lib 
Expect 
>15mL per 
24h 
 

Wet mash – 
increasing 
consistency 

Paper liner PRN 

PM Ad lib Wet mash – 
increasing 
consistency 

Paper liner 
 

PRN 

POD 8     

AM 
 

Ad lib Dry chow in 
hopper 

Normal 
bedding 
Wood chip 
and paper 
nest 

PRN 

Medications: 

Drug name Dose 
range 

Concentration Standard 
dose (500g 
rat) 

Diluent Comment 

Carprofen 5mg/kg 
SC OD 

5% solution 2.5mg 
(0.05mL) 

Normal 
saline 
0.15mL 

 

Enrofloxacin 5mg/kg 
SC OD 

5% solution 2.5mg 
(0.05mL) 

Normal 
saline 
0.15mL 

Dilute in at least 
0.15ml saline 
(irritant to skin) 

Buprenorphine 0.01-
0.05mg/kg 
SC BD 

0.3mg/mL 0.02mg 
(0.03mL) 

Normal 
saline 
0.15mL 
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VI: Surgical intervention 

Methods 

34 female BD/II Han rats were fed HFD (60% calories from fat) from 12 weeks of age until 

the end of the study. Rats were either pair-housed or housed in cages of 3. At 12 months 

all rats underwent micro-PET-CT scan to assess tumour burden. At 12 months of age 34 

rats were to be randomized using computer randomisation to either Vertical sleeve 

gastrectomy (n=22) or a Sham laparotomy including mobilisation of the stomach (n=12) 

using the protocols described in Chapter 2. The HFD control rats were the 8 rats from the 

previous study, to reduce the number of animals being used. Figure 6.1 provides a 

diagrammatic representation of the original study design. Rats were euthanased at 15 

months of age, at which time tumour tissue, organs and terminal blood samples were 

harvested. Tumour weight and volume was to be assessed. Local inflammatory, endocrine 

and metabolic microenvironment, including GLP-1 receptor expression was to be assessed. 

An additional cohort of 15 Wistar rats was used as a control for the VSG technique. 

Although the VSG technique has been used and refined significantly by collaborators, the 

technique had not previously been undertaken at University College Dublin. Therefore, 

VSG was performed on 15 Wistar rats to ensure that weight loss from VSG was similar in 

both the BDII/Han rats and the Wistar rats. The Wistar rats were obtained when they 

weighed 200-250g. They were to undergo euthanasia 3 months after surgery and 

underwent no other procedures. 

Although the power calculation in Chapter 2 suggested that 7 animals were adequate per 

group, to allow for 10% not developing tumours (415); potential euthanasia from excess 

weight loss and potential non-recovery after anaesthesia of 1-2 animals, the planned 

surgical group sizes were larger (n=22 VSG and n=12 sham) to achieve adequate statistical 

power. The VSG group also included extra animals to allow for potential euthanasia due to 

surgical complications such as staple-line leak and as a contingency for any unexpected 

deaths unrelated to the experiment.  

In addition to previously discussed humane end points, in this study less severe signs of 

operative complications such as staple-line leakage leading to a walled off collection, 

reduction in food intake to less than half of what is expected or ongoing weight loss after 

day 10 post surgery were discussed with the DV and animals were monitored daily. Signs 

of severe sepsis including piloerection, anorexia, signs of pain and extreme dehydration (as 

assessed by reduced skin elasticity), could be picked up on the score sheet, and were 

discussed with the DV with a view to euthanasia. 
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Figure 6.1 Diagrammatic representation of intended interventional study 
The study planned to have four arms in an interventional study assessing VSG bariatric 
surgery against sham carried out at 12 months, and Liraglutide injections from 12 to 15 
months against an overall control group with no intervention, with euthanasia at 15 months. 
 

Results 

The technical aspects of the VSG procedure was practised on 12 Wistar cadaveric rats that 

weighed between 275 and 350g, already destined for euthanasia with ethical approval from 

the UCD AREC committee. Leak test, both by squeezing the gastric contents and by 

injecting water into the resultant sleeve with a haemostat placed distal to the pylorus as a 

clamp, demonstrated no evidence of leakage. 1 Wistar rat underwent non-recovery VSG 

as a training procedure under a training protocol. 15 live Wistar rats underwent VSG. 2 

Wistar rats from the P125 protocol underwent non-recovery procedures; the first for practise 

of the entire protocol and the second to demonstrate the procedure to the designated 

veterinarian. 13 live Wistar rats underwent VSG as a control for weight loss. 6 BDII/Han 

rats underwent VSG and 6 underwent Sham surgery. 

Wistar rat cohort 

In the training Wistar rat a 7Fr interventional radiology catheter was used as the calibration 

tube. Within a few minutes of inserting the orogastric tube, the rat died from apnoea. After 

this operation, the orogastric tube was changed to a softer 6 Fr neonatal feeding tube. Two   
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Wistar rats underwent non-recovery VSG under protocol P125; these operations went well 

and were uncomplicated. 

13 live Wistar rats underwent Sleeve Gastrectomy. 9 of the 13 died prior to their intended 

date of euthanasia (3 months post-surgery) (Table 6.1). In the first cohort, deaths included 

1 rat eating paper bedding and dying from oesophageal obstruction, 1 rat died on day 12 

after probably having a contained leak on day 3 after eating saw dust and 1 died from 

haemoperitoneum, possibly secondary to hypothermia during surgery masking bleeding. 

This rat had a rectal temperature of 32.9oC during surgery, once this was noticed the 

heating pad temperature was increased to the highest setting and the rat was monitored 

closely until its body temperature increased to 36oC.  After every cohort of deaths, the peri-

operative protocol was reviewed with the veterinarian and further surgery halted until 

satisfactory modifications were made and appropriate equipment was obtained. 

After this cohort, the protocol was modified by having no bedding for the first 3 days, paper 

lining on the bottom of the cage for the next 3, sawdust from day 7 and normal bedding and 

enrichment from day 10, pre-heating animals using a heat-pad for an hour prior to surgery 

and monitoring rectal temperature more regularly peri-operatively using a continuous rectal 

temperature monitoring device, with the rectal temperature probe being secured in the 

rectum for the duration of the operation. This was particularly important, as the room that 

operations were carried out in had an ambient room temperature of 18-19 degrees 

centigrade. 

The other 6 rats had deteriorating respiratory symptoms post-operatively requiring 

euthanasia and the cause was unclear in the first rat. The following 5 rats presenting with 

the same symptoms went on to have post-mortem examinations. These showed foreign 

body material in the lungs – suggesting aspiration. In addition, all 5 had mega-oesophagus 

and several had yellow (food) blockages in the sleeve itself or in the larynx – suggesting 

that the sleeve was too narrow. The pathologist also suggested that this could have been 

exacerbated by dehydration. Some rats also had evidence of leakage, which was attributed 

to increased pressure at the level of the sleeve causing anastomotic leakage. Another 

cause maybe the fact that the stomach had content in it prior to stapling and often stomach 

content was seen in the staple line itself. 

The post-mortem results also revealed that sodium pentobarbital injection (200mg/kg), 

which was the intended method for euthanasia in all studies, caused burns on the intestinal 

wall. Therefore, due to the risk of burns from the pentobarbital on uterine horn specimens, 

potentially affecting histopathological analysis, the method of euthanasia for all studies was 

changed to anaesthetic overdose. 
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Table 6.1 Summary table of Wistar rat deaths after undergoing VSG 

ID Date  
 

Outcome Symptoms/ 
signs 

Post 
mortem 

Cause of death Action 
taken 

W1 25/1 Euthanased 
day 2  

Scoring 6 – 
gagging, 
paper 
visible in 
mouth  

No Oesophagus 
obstructed with 
paper bedding 

No paper 
bedding, 
sawdust 
from day 3 

W2 30/1 Euthanased 
day 11 

Scoring 8- 
rigid 
abdomen 

Yes Severe peritonitis 
on day 11* 

Changed 
bedding 
protocol 
(see final 
protocol) 

W3 06/02 Found dead 
day 1 

? No Haemoperitoneum 
- post-operative 
bleed. Rat 
hypothermic 
perioperatively 
(34°C) 

Pre-
operative 
heating. 
More 
regular 
temperature 
monitoring 

W4 06/02 Euthanased 
day 2 

Scoring 8 – 
respiratory 
symptoms 

No ? cause. No 
obvious leak or 
respiratory cause 
identified on 
necropsy 

Post 
mortems on 
future 
deaths 

W5 06/02 Survived      

W6 07/02 Survived      

W7 07/02 Euthanased 
day 2 

Scoring 7 – 
respiratory 
symptoms, 
blood 
around 
nose 

Yes Foreign material in 
lungs (aspiration) 
and inflammatory 
cells. 
Enterococcus 
grown on 
peritoneal swab 
and histological 
peritonitis/ 
stomach wall 
inflammation 

Negative 
pressure on 
NG tube 

W8 07/02 Euthanased 
day 5 

Scoring 8 – 
respiratory 
symptoms, 
blood 
around 
nose 

Yes Inflammatory cells 
in lungs. 
Histological 
peritonitis/ 
stomach wall 
inflammation 

Negative 
pressure on 
NG tube 

W9 21/05 Survived     

W10 21/05 Survived     

W11 22/05 Euthanased 
day 2 

Scoring 8 – 
respiratory 
symptoms 

Yes Foreign material in 
lungs (aspiration). 
Thick mucus plug 
in larynx. Mega-
oesophagus and 
narrow gastric 
lumen. 

Stop using 
NG tube 
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W12 22/05 Euthanased 
day 3 

Scoring 8 – 
respiratory 
symptoms 

Yes Foreign material in 
lungs (aspiration). 
Thick mucus plug 
in larynx. Mega-
oesophagus, 
narrow gastric 
lumen, mild focal 
peritonitis. 

Stop using 
NG tube 

W13 22/05 Euthanased 
day 8 

Scoring 9  Yes Foreign material in 
lungs (aspiration). 
Mega-
oesophagus, plug 
of hair and yellow 
material in sleeve 
lumen. 
Histological 
peritonitis. 

Stop using 
NG tube 

 

*This rat had deteriorated on day 3 (scoring 5-6) when sawdust bedding was put in the 

cage, but improved with antibiotics, fluid and analgesia. It was believed that it had had a 

contained leak due to eating sawdust.  Its score improved to 4 and it was kept under close 

observation.  

 

BDII/Han cohort 

To overcome the complications identified the peri-operative protocol was optimised prior to 

starting surgery on the experimental cohort of BDII/Han rats. In addition to all the alterations 

described above, an orogastric tube was not used to calibrate the sleeve gastrectomy, in 

order to reduce the risk of peri-operative aspiration. The assumption was that the aspiration 

occurred when the tube was removed, as the orogastric tube has liquid stomach content in 

it when it is removed. It was thought that clamping the orogastric tube off with a clamp, 

would create negative pressure and prevent spillage of the liquid content in the tube. 

However, rats continued to have respiratory complications after the clamping technique 

was employed. Furthermore, the orogastric tube was believed to be too narrow, causing 

the sleeve to be too narrow, leading to restriction and mega-oesophagus at the level of the 

sleeve and subsequent leakage. An additional 5 ml of saline was also given subcutaneously 

the evening of surgery and the following morning to reduce the risk of dehydration. 

In the BDII/Han cohort the sleeve was made visibly wider. An earlier non-recovery rat had 

died from apnoea peri-operatively when using a wider bore, more rigid tube. This and the 

complications described above prevented trying a wider bore orogastric tube.  Oversewing 

the staple line was considered but was discounted due to the risk of narrowing the sleeve. 
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A sutured anastomosis was also considered but would have required additional pilot studies 

requiring additional ethical approval, which would have led to missing the window of 

opportunity to operate on these rats.  

The pre-operative protocol was altered over the course of the experiments. Initially, the 

agreed protocol was to starve the animals only overnight only and maintain normal bedding 

in cages. However, at surgery there was significant stomach content. Opening the stomach 

prior to surgery to remove the stomach content and insert the calibration tube was 

considered and subsequently abandoned due to the increased risk of stomach content 

contaminating the peritoneal cavity. Therefore, methods were sought to reduce the stomach 

content of rats. Collaborating groups removed food 3 days prior to surgery and replaced 

with liquid diet. As a compromise, the diet was removed 2 days prior to surgery and 

substituted with liquid diet as previously described. After instituting this change, bedding 

was still identified in the stomach and staple line, which potentially compromised the 

integrity of the staple line. Therefore, in the BDII/Han rats only, rats were moved to wire 

bottom cages with an area of Perspex flooring the night before surgery, in an attempt to 

reduce coprophagia and empty the stomach completely.  

The first two BDII/Han rats that underwent VSG had uncomplicated operations and 

recovered well. However, the protocol that was used in the Wistar rats was altered by the 

veterinarian to give Buprenorphine immediately post-operatively. (This had been omitted 

from the protocol prior to the start of the study, as it had led to rats in previous studies in 

our group eating their wounds and bedding). The following morning one rat had a partial 

and the second a full dehiscence. Both were anaesthetised and had resuturing of their 

wounds. However, both required subsequent euthanasia for welfare reasons. It is unclear 

whether the rats chewed through their own stitches or cannibalised the other rats’ wound.  

It is also unclear, whether this was a result of the alteration in protocol, with the addition of 

buprenorphine. The other 4 rats also had uncomplicated procedures. The morning following 

surgery they were recovering well and mobilising. However, they were reviewed by the 

veterinarian, who felt that they had piloerection and were isolating themselves. They were 

therefore, euthanased on day 1 post surgery for welfare concerns. No macroscopic or 

microscopic evidence of leakage, or any other abnormalities were identified on post-mortem 

for these 4 rats. The study was halted at this point by the animal ethics committee due to 

100% mortality in the BDII/Han VSG group, combined with the 69% mortality in the Wistar 

training cohort (which was included as a control group for the surgical technique in the 

ethics application and therefore, counted towards study mortality). 



XIII 
 

All animals in the Sham laparotomy cohort survived with uncomplicated procedures. They 

were euthanased once the VSG cohort were culled, to add to 12-month specimens, 

(histology data from 12-month specimens is not presented in this study).  

 

Discussion 

This pilot study aimed to address an important question and although it was unsuccessful, 

important lessons were learnt for future studies. Vertical sleeve gastrectomy (VSG) was 

chosen as the metabolic surgery operation in this study as it would be the ideal operation 

to perform in humans. Firstly, because it leads to less anatomical disruption that may affect 

later the ability to perform hysterectomy and secondly, because it has less morbidity and 

mortality than Roux-en-Y gastric bypass whilst producing similar weight loss. 

A surgical trainee experienced in human metabolic surgery, but with no prior experience of 

rodent surgery performed all stages of the operation. Aseptic technique was maintained 

throughout, although stomach content (usually animal hair and occasionally faeces) was 

noted on several occasions in the staple line itself. Opening the stomach to evacuate the 

stomach content was considered but discounted due to the increased risk of abdominal 

contamination and subsequent sepsis and or abscess formation. Prophylactic antibiotics 

were given, but stomach content in the staple line could have been a source of 

contamination, as well as a risk factor for reduced anastomotic integrity. 

In humans VSG is a technically easy operation, but there are certain steps that need to be 

done correctly to avoid catastrophic anastomotic leakage, which is challenging to manage. 

However, in rodent VSG the technique is much simpler. There is no need to do extensive 

dissection around the GOJ and there is little risk of technical error involving excess tension, 

as the entire stomach including the fundus is entirely free. Hence the anastomosis is a 

simple division of the lateral portion of the stomach and therefore, tension-free. In theory, 

rodent VSG should be safe, fast and effective. 

In the Wistar rat that died from haemoperitoneum, perioperative hypothermia may have 

been a contributing factor. Thermoregulation by use of a heating pad and regular 

temperature monitoring during surgery is imperative. Rats with leakage did present, as 

expected, with piloerection, complete anorexia, abdominal discomfort with isolation, which 

triggered a humane endpoint. One rat had signs of low-grade infection with a reduction in 

food intake and ongoing weight loss, which was deemed to be secondary to a small sealed 

off collection. This rat seemed to improve with antibiotic treatment until day 8 when it 
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presented with a rigid abdomen and was euthanased. It was found later to have severe 

peritonitis. 

Use of a calibration tube is well recognised in humans and there are various techniques 

used in the literature for rodent VSG, including orogastric tube, insertion of a silicone tube 

through two gastrotomies performed lateral to the gastroesophageal junction and another 

one close to the pylorus at the greater curvature at laparotomy and closed afterwards (474), 

and avoidance of a calibration tube altogether. 

Our view was that back pressure due a narrow sleeve and respiratory compromise, in 

combination with an element of dehydration, caused the leak in those that had anastomotic 

leakage. Respiratory complications are known to reduce circulating oxygen to the 

anastomosis and is a strong risk factor for anastomotic leakage in humans. However, there 

is the possibility that the anastomosis itself failed. Often there was stomach content seen 

in the staple line, which could have affected the integrity of the staple line (this was 

discussed with other groups performing the surgery, who felt that this should not be a cause 

of leakage and is sometimes seen in their own rodents), or the closed staple height may 

have been inadequate to seal the anastomoses in these BDII/Han rats, which are much 

smaller than the rats that previous studies have been undertaken on. Several studies have 

demonstrated efficacy of stapled VSG in rodent models (586, 588). A buttress material may 

have helped seal the anastomosis, whether back pressure or anastomotic failure. In rodent 

VSG, the ETS 45-mm staple gun (Ethicon Endosurgery) is usually only used in rats, whilst 

handsewn anastomoses are used in mice ref (588). Given the significantly lower body 

weight of rats in our study, a handsewn anastomosis may have been a better solution. 

Future studies should also consider piloting a 0.75mm closed staple height for the 

anastomosis. 

The 6 BDII/Han rats that underwent VSG were housed in wire bottom cages for 24 hours 

pre-operatively to reduce coprophagia (eating their own faeces) and therefore, the gastric 

content in the stomach. Wire bottom flows are known to cause rats discomfort and animals 

were housed in these cages for the minimum possible time in discussion with the DV and 

a solid Perspex floor was added to cages to provide a resting place for animals. The final 

peri-operative protocol is included in Appendix IV. However, the discomfort caused by the 

wire bottom cages, may have stressed the BDII/Han rats leading to piloerection and 

isolation when the cage was undisturbed, particularly as there was evidence on 

macroscopic or microscopic post-mortem findings of any leakage.  

Another factor that must be considered is the overall weight of these rats. Their body weight 

at 12 months when the intervention was instituted was 220-230g. Humans with a BMI of 
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25-30 kg/m2 did not become underweight after metabolic surgery but still had most of the 

health gains (589). It was expected that rats would follow the same pattern. However, if 

metabolic surgery is complicated by either the side effects of restriction or malabsorption; 

leading to physiological changes as well as 20-40% weight loss in rats that weigh 220g, 

then this may be unsafe and unethical. With Liraglutide, the weight loss tends to be more 

gradual, over a period of time; whereas weight loss after surgery is rapid, with maximal 

weight loss in most studies occurring in the first 10 days (586). Weight loss after metabolic 

surgery in rats usually lead to 10-20% weight loss and after sleeve gastrectomy usually are 

characterized by slow weight regain over time (586). When surgery has technical 

complications then 40% weight loss in obese animals can occur within 20 days. Ethical 

approval was sought to maintain post-operative animals until a weight loss of 40% was 

reached, which would necessitate instant euthanasia, although the veterinarian was made 

aware once weight loss reached 20%. In rodent VSG, it has not yet been established 

whether it is the operation itself or the peri-operative starvation that causes weight loss, as 

the weight loss is sudden and is not maintained, unlike in humans, although the post-

operative milieu does recapitulate that of human VSG (590). As such, the stress of such 

extensive sudden weight loss and peri-operative diet restriction could have decreased 

wound healing and anastomotic integrity in this cohort of rat. 

Wistar rats are a good model to use as a control cohort because they are a breed of rat 

with substantial information on their normal weight gain curves from breeders and a wealth 

of knowledge on the effect of metabolic surgery on this breed of rat. This was not the case 

for the BDII/Han rat, which had no published weight profile information. Despite attempts, 

it was not possible to obtain weight profile information the breeders (who did not measure 

weight as part of their regular observations) or other research groups with experience in the 

BDII/Han. If the weight profiles of this rat model had been known prior to starting the study, 

their use for metabolic surgery interventions may have been questioned.  

Neither the UCD AREC committee, nor the HPRA were in favour of wire bottom cages and 

approval could only be obtained to use it for 12 hours pre-operatively. However, most 

groups use wire bottom cages due to the well described phenomenon of coprophagia 

during periods of food restriction. Pre-operatively there was significant evidence of 

coprophagia in the Wistar rats, evidenced by significant gastric content. The pathology 

reports also described large boluses, which could have been due to post-operative 

coprophagia impairing the integrity of the anastomosis.  

Although the study was unsuccessful, the reasons for this were multifactorial and important 

lessons were learnt for future studies in the same field. In addition to the technical lessons 
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described in the results, the importance of including a practise cohort in ethical applications 

and practising the procedure with a group that regularly perform the technique must be 

emphasised  

If future studies in this area demonstrate that intentional weight loss from metabolic surgery 

does reverse obesity induced cancers such as EC, this could alter the current treatment 

options for this cancer. It would allow women of child-bearing age to preserve their fertility 

and confer all the other proven additional benefits of intentional weight loss. Further studies 

are required assessing the effect of metabolic surgery on EC. The BDII/Han rat may not be 

the best animal model to do this, due to its naturally low body weight. A rat model, which 

can attain a higher body weight maybe a better model to conduct future studies into 

metabolic surgery and EC.  

 


