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Abstract 
 

Chronic diseases place a huge burden on society and are the leading cause 

of death worldwide. Obesity, which is currently a worldwide epidemic, is a 

risk factor for chronic disease. Understanding drivers of food choices may 

help to address the escalating obesity problem. Many people are at an 

increased risk of obesity as they carry genetic variants linked to particular 

eating behaviours. Identification of causal variants can help to understand 

which genes and biological mechanisms underlie food preference.  

 

Previous work used UK Biobank data from ~500,000 individuals to identify 

302 loci associated with food consumption. This research project aimed to 

understand which genes were responsible for these genetic associations, 

prioritise genes for functional validation study, and understand the function of 

these genes through in vivo food preference studies. 

 

It is well-known that there can be intake-related bias in food frequency 

questionnaire responses due to participants over- or under-reporting dietary 

intake and this makes nutritional research difficult. Mendelian randomization 

was used to statistically identify reporting bias in the UK Biobank food 

frequency questionnaire responses and these were subsequently corrected 

by the group using a bespoke method. 

 

A 6-stage gene prioritisation strategy was developed to identify a candidate 

gene for functional validation in vivo. Genes were allocated points based on 

three main components: gene expression in humans and mice, conservation 

of gene product across species using pairwise protein alignments, and 

knockout phenotype details from available mouse models. Genes were 

ranked in order of preference for functional follow-up study. The top two 

genes identified were IER5L (associated with meat and fat) and DCAF12 

(associated with salt). It was difficult to determine a coherent role for IER5L 

in food preference. The top SNP mapped to IER5L was found to be in an 
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eQTL containing two other genes: CRAT and PPP2R4. It was not possible to 

exclude any of these genes from the meat/fat association, but there were 

clear links in the literature between CRAT and food intake. CRAT was 

selected for functional follow up, along with the DCAF12 gene associated 

with adding salt to food. However, it was not possible to follow up the CRAT 

gene due to logistical reasons. The project instead progressed to the in vivo 

stage using the well-known MC4R appetite regulatory gene to develop a 

model of food preference that could be used with Crat–/– mice in the future.  

 

A novel 3-food preference model was developed using Mc4r–/– mice and WT 

mice. Mice were given a choice of three diets: protein-enriched diet (to model 

the CRAT meat association), fat-enriched diet (to model the CRAT fat 

association) and standard chow. Mice preferred to eat a completely fat diet or 

a mixed choice diet regardless of genotype. Mc4r–/– mice were heavier than 

WT mice but were not hyperphagic as was expected from previous studies. 

As expected, Mc4r–/–  mice demonstrated hyperinsulinemia compared to WT 

mice but there were no differences in glucose or triglyceride levels found 

between Mc4r–/–  and WT mice.  

 

In vivo modelling of the DCAF12 salt association was carried out using 

Dcaf12–/– and WT mice to investigate salt preference. Mice were given a 

choice of two bottles of water followed by a choice of 0.4% (75mM) salt 

solution and water. This was repeated using a higher concentration 0.8% 

(150mM) salt solution. Dcaf12–/– mice did not show a preference for the salt 

solution as expected, and preference reduced as salt concentration 

increased. Unexpectedly, mice demonstrated a right-hand side preference 

during the water bottle choice period. Furthermore, mice consumed less food 

as salt concentration increased. This salt-preference study highlighted a 

number of complexities that can be associated with translating human effects 

into in vivo models. 
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Research into the genetics of eating behaviour can help to identify and 

understand the impact of genetic variants on dietary pathways. If we can 

understand biological drivers of individual food choices, this information may 

be used to guide people towards a healthier lifestyle and reduce levels of 

obesity. 
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Lay Summary 
 
Chronic diseases which include cardiovascular diseases, cancers, 

respiratory diseases and diabetes are the leading causes of death worldwide. 

Obesity increases the chance of developing these diseases. Research into 

why people choose to eat certain foods is important in helping to understand 

eating behaviour and to tackle obesity. Genetics can play a role in food 

preferences. This research used information obtained from food frequency 

questionnaires and genetic data to narrow down genes that are linked with 

food consumption for further study using mice.  

 

It is well-known that when some people answer questions about their diet, 

they may report that they eat less food than they actually do, or they may 

report that they consume lots of healthy foods even if they don’t. This makes 

nutritional research difficult. In this study, a statistical method was used to 

identify this bias. The results were subsequently corrected by the research 

group, using a bespoke correction method.  

 

Research was carried out on genes that were linked to particular foods using 

bioinformatics. This involved developing a new gene prioritisation method 

and allocating genes a certain number of points based on various 

components. This included looking where these genes were expressed in 

both the human body and in mice, looking for similarity between human and 

mouse protein sequences and carrying out research into genetically modified 

mice. Genes were ranked and the top two genes identified were IER5L 

(linked with eating meat and fat) and DCAF12 (linked with adding salt to 

food). However, the biological role of IER5L was investigated and it was 

difficult to connect this to food consumption. Furthermore, when the genetic 

mutation in IER5L linked with the meat/fat consumption was explored in more 

detail, it was found to be in a location that contained two other genes: CRAT 

and PPP2R4. There were links between CRAT and food intake so this was 

chosen for the mouse study, along with the DCAF12 gene (linked to adding 
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salt to food). However, it was not then possible to proceed with the CRAT 

gene to the mouse study stage for logistical reasons.  

 

A new food preference study design was then developed with the CRAT 

gene in mind, using mice with a well-known gene involved in appetite 

regulation (MC4R) which was shut off (Mc4r–/– mice) and normal, wild-type 

mice. Mice were given a choice of 3 diets: protein-enriched diet (to model the 

CRAT protein link), fat-enriched diet (to model the CRAT fat link) and 

standard mouse chow. Mice of both types chose to eat completely fat diet or 

a mixture of all three diets. Mc4r–/– mice were heavier than the normal mice 

but did not overeat as was expected. Furthermore, there were no differences 

found in their glucose or triglyceride levels, however Mc4r–/– mice did have 

higher insulin levels than wild-type mice, which was also expected. 

 

A salt preference study was then carried out in mice with the DCAF12 gene 

shut off (Dcaf12–/–  mice) and wild-type, normal mice. This involved giving 

mice a choice of two bottles of water, followed by a choice of salt solution 

and water. This method was repeated using a higher concentration of salt 

solution. The Dcaf12–/–  mice did not prefer the salt solution as expected. 

Furthermore, the stronger the concentration of salt, the less the mice 

preferred it. Unexpectedly, all mice showed a preference for the right-hand 

side bottle of their cages during the water vs water part of the study. Mice 

consumed less food as the salt concentration increased. This salt-preference 

study highlighted difficulties in trying to study human genetics in mice.  

 

Research into why people like to eat certain foods based on their genetics is 

important because this information may be used to guide people towards a 

healthier lifestyle and reduce levels of obesity. 
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Chapter 1 Introduction  
 

1.1 The burden of chronic disease and obesity 
 

1.1.1 Chronic disease 
 
In 2019, seven of the top ten leading causes of death globally were chronic 

diseases (1). Chronic diseases place a huge burden on society and are 

responsible for 71% of deaths worldwide, 77% of which occur in low and 

middle income countries (2). These non-communicable diseases constitute 

four groups: cardiovascular diseases, cancers, chronic respiratory diseases 

and diabetes (2).  

 

These diseases often have a long duration and slow progression (3) and put 

healthcare systems under excess strain (4, 5). It is known that incidents 

associated with chronic disease can require unplanned admission to hospital 

(6) and so, have an impact on healthcare resources (7). Chronic diseases 

account for 86% of healthcare costs in the United States (8), 70-80% of 

budgets in the EU (9) and cardiovascular diseases cost the NHS an 

estimated £7.4 billion in England alone each year (10).  

 

Furthermore, people with chronic diseases can become under personal 

financial pressure (5) as they can require unaffordable medication (11). A 

study carried out in low and middle income countries indicated that over 50% 

of patients with cardiovascular disease were paying ≥40% of income on 

healthcare and patients with low income were more likely to borrow money to 

cover costs (12).  

 

A further burden associated with chronic disease includes disability (13). This 

is measured by disability adjusted life years (DALYs) which includes how 

many years of full health are lost to premature death and number of years 

being in ill health (13). One DALY equates to one healthy year lost to disease 
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(13). In 2017, coronary heart disease, stroke, respiratory diseases and 

neonatal conditions were the top diseases responsible for DALYs (14). 

Chronic diseases can affect the ability to work (15) and loss of income and 

expensive treatments can push people into poverty (2). 

 

There are also social costs associated with living with chronic diseases. Care 

responsibilities can often fall on family members which can have a negative 

effect on their quality of life (16) and relationships (17). In addition, patients 

and their families can experience emotional difficulties and develop mental 

health issues due their change in circumstances (18). 

 

1.1.2 Risk factors associated with chronic disease 
 
Chronic health conditions have common risk factors such as behavioural 

(smoking, consuming an unhealthy diet and lack of exercise), physiological 

(body mass index, blood pressure, cholesterol and glucose levels), and 

social factors (stress and socioeconomic status) (19). Changes in lifestyle 

can be implemented to address these risk factors, reducing the likelihood of 

developing a chronic disease (19).  

 

Smoking  
 

Smokers with chronic disease are at a high risk of health issues (20). For 

patients with coronary heart disease, quitting smoking could be the most 

effective intervention to reduce death (21).  

 
Diet  
 
Diet is associated with chronic disease in both positive and negative ways. 

Meat consumption and drinking sugar-sweetened drinks may be linked to the 

development of type 2 diabetes (22, 23), whereas a high intake of whole 

grain foods is associated with lower risk of type 2 diabetes, cardiovascular 
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disease and cancers (24). The World Health Organization (WHO) states that 

consuming a healthy diet helps to prevent chronic disease and malnutrition 

(25). The WHO report that a balanced diet contains fruits, vegetables, 

legumes, nuts, whole grains and fats to reduce health risks (25). However, 

perhaps counterintuitively, a low-fat diet does not reduce the risk of 

cardiovascular disease (26). Rather, a Mediterranean diet, that is high in 

unsaturated fatty acids, may help to prevent cardiovascular disease (26, 27) 

or improve cardiovascular risk factors (28). Results of a study investigating 

dietary risks in 195 countries from 1990-2017 found that diets associated 

with greater mortality were high in sodium and low in whole grains, fruit, nuts 

and seeds, vegetables and omega-3 fatty acids (29). Furthermore, 

inadequate fruit and whole grain intake, and high sodium intake were linked 

to over half of deaths and 66% of diet-related DALYs (29). 1 in 5 deaths may 

be prevented worldwide if people improved their diet (29). 

 

Exercise 
 
An associated risk factor of chronic disease is low physical activity (19). 

Physical inactivity has been linked to sedentary lifestyles, industrialization 

and urbanization (30). The WHO suggests that adults up to 64 years old 

should do a minimum of 2.5 hours - 5 hours of moderate aerobic exercise or 

1 hour 15 minutes – 2.5 hours of vigorous aerobic exercise per week, along 

with strength exercises at least twice per week (31). However, 1 in 4 people 

worldwide are not physically active enough and those who do not exercise 

enough have 20-30% higher risk of mortality than those who do (31). 

Increased physical activity can improve incidences of hypertension, site-

specific cancers (32), type 2 diabetes, improve cardiovascular disease 

mortality, mental and cognitive health, sleep and reduce fat deposition (33). 

 

 
 
 



 30 

Blood pressure, cholesterol and glucose levels 
 

High blood pressure, raised blood lipids and blood glucose, along with 

obesity can occur due to a poor diet and lack of exercise (2). High blood 

pressure is the leading metabolic risk factor, accountable for 19% of deaths 

worldwide (34), ahead of overweight, obesity and elevated blood glucose 

levels (2). 

 
Socioeconomic status and stress 
 
Low socioeconomic status is associated with chronic disease (13). 

Healthcare services can be less accessible to those of low socioeconomic 

status and so, they are more likely to become more ill and die earlier (2). Low 

socioeconomic status is also linked to psychosocial stress (13), which is 

associated with health-risk behaviours such as high alcohol intake, smoking 

daily, physical inactivity and low intake of fruit or vegetables (35).  

 

1.1.3 Obesity  
 

Obesity is a worldwide epidemic - approximately 2 billion adults are 

overweight or obese (36). Overweight and obesity are important contributors 

to the burden of chronic disease on society (37), with the prevalence of these 

chronic health conditions increasing, along with Body Mass Index (BMI) (37). 

BMI is an anthropometric measurement for weight and height that is used to 

estimate how much fat an individual has (38). Overweight is defined as 

having a BMI of greater than or equal to 25 and obesity is defined as having 

a BMI of greater than or equal to 30 (39). 

 

In the global population, there has been an increased intake in dietary fat and 

sugars (in the form of energy dense foods) and lack of physical activity (39). 

This lifestyle of energy imbalance can occur due to a range of factors 

including health policies and public strategies in areas such as environment, 
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agriculture, education, processing, marketing and distribution of foods (39). 

As previously mentioned, urbanization and sedentary lifestyles can also play 

a role in lack of physical activity (30).  

 

Overweight and obesity have severe health consequences for individuals, 

with greater risks of cardiovascular and musculoskeletal diseases, diabetes 

and cancers (39). In 2017, 70.7 million (female) and 77.0 million (male) 

DALYs were associated with high BMI worldwide (40). These figures 

occurred predominantly due to cardiovascular disease (40). Alongside 

healthcare issues, the societal and economic impacts associated with high 

BMI are substantial (41, 42). This includes loss of productivity at work (43) 

and significant cost of treating people with a high BMI and related diseases 

(42). An average of 8.4% of health-system costs in Organisation for 

Economic Co-operation and Development (OECD) countries are attributable 

to people being overweight (42). 

 

It is predicted that the number of obese adults in the United States will 

increase by 65 million by 2030 compared to 2010 and there will be 11 million 

more obese adults in the UK within this time frame (44). Additional 

projections suggest that obesity rates in the UK will rise to 47% for men and 

36% for women by 2035, with a further increase to 60% for men and 50% for 

women by 2050 (45).  

 

To reduce the impact of overweight and obesity, it has been advised that 

individuals should reduce their intake of fat and sugar, increase intake of fruit 

and vegetables, and undertake regular exercise (39).  

 

1.2 Influences on food choices  
 

Although under continual appraisal and revision, nutritional advice is freely 

available and numerous healthy diet recommendations are promoted by 

Public Health organisations (46-48). However, adhering to these 
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recommendations is not always easy or possible – for example, financial or 

social factors can play a role (49) and the prevalence of overweight and 

obesity continues to rise (37). An often overlooked aspect that may help to 

address the escalating obesity problem, is the drivers of individual food 

choices (50) and their fundamental impact on energy intake (51).  

 

Key to the current work, research is limited on the biological basis of food 

choice but it has been proposed that taste, cost, social (52), cultural, 

cognitive, familial, genetic and epigenetic factors (53) can each play a role in 

determining individual food choices.  

 

1.2.1 Food preferences  
 
One of the main drivers of food choice is food preference (50). Preference is 

the term used to describe when one food is selected over another (54). Food 

preference is derived from a number of aspects such as taste (55), flavour 

(56), physiological responses to foods (57), hormonal (58) and neural signals 

(59), emotions (60), memory (61) and learning (62). 

 

Food preferences may be learned through eating experiences (54). However, 

in humans, at birth, there is an innate preference for sweet taste, aversion to 

bitter and sour tastes, and at approximately 4 months old, a salt preference 

develops (54). This was demonstrated by recording facial expressions in 

response to these tastes (54). Reactions to basic tastes may also be linked 

to recognition of nutrient-density of foods (54). Innate sweet preference may 

have developed to facilitate consumption of mother’s milk and sweet, energy-

dense foods (63). The first occasion of salt depletion initiates salt appetite 

and no previous exposure to salt is required for the taste to be identified (64). 

It is known that salt can improve the palatability of some foods, and this can 

influence salty food consumption (64).  
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1.2.2 Taste 
 

A major component that contributes to food preference is flavour (54), which 

involves a combinatorial experience involving taste, olfaction and 

somatosensation (65). During the last decade, taste receptors for the five 

basic tastes: bitter, sweet, salty, sour and umami were identified (66). Taste 

influences food preference and food consumption by directly affecting eating 

behaviour (67). Differences in taste perception and preferences affect food 

choices and so, play a significant role in dietary intake (67). Taste perception 

and consequent food preferences can vary due to taste papillae on the 

tongue, genetic variations or sensitivity of taste receptors, and saliva 

components (67). Variation in the density of taste papillae has an effect on 

taste sensitivity, which is believed to be genetically determined (68), but 

genes responsible for this have yet to be discovered (67).  

 

1.2.2.1 Genetics of taste 
 
Bitter 
 

G-protein coupled receptors facilitate bitter, sweet and umami tastes (67). 

TAS2R genes, also known as bitter taste receptor genes (69) have been 

studied in depth. The TAS2R38 receptor is known to respond to bitter 

phenylthiocarbamide (PTC), propylthiouracil (PROP) (70) and vegetables 

such as brussels sprouts and broccoli (67). There are two common 

haplotypes (PAV, known as taster and AVI, known as non-taster) of the 

TAS2R38 gene that influence bitter tasting (70). These are also related to 

variation in bitter taste sensitivity (71), as well as sweet preference (72). 

 

Despite conflicting studies, individuals who have PROP taste sensitivity 

generally do not like bitter foods like grapefruit or kale (67). As a 

consequence, individuals who have more bitter taste sensitivity will choose to 

consume more sweet foods (73). However, conflicting this notion, Duffy et al. 
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demonstrated that female bitter tasters showed reduced preference for sweet 

and fat foods, possibly due to increased sensation (74).  

 
Single nucleotide polymorphisms (SNPs) of TAS2R5 (although in linkage 

disequilibrium (LD) with other SNPs) and TAS2R16 were associated with 

alcohol dependence (75, 76). This highlights the overall role of TAS2R genes 

in general consumptive behaviours (67). 

 
Sweet  
 
Sweet taste receptors are also expressed in the gut and play a role in 

nutrient sensing, regulation of glucose, and peptide secretion (77). TAS1R 

genes are associated with sweet and umami tastes (67). TAS1R2 and 

TAS1R3 receptors are sensitive to sweet tastes (70). SNPs found in TAS1R2 

and TAS1R3 have been associated with differences in sucrose taste 

perception (78, 79). This is important to recognise, given that 

overconsumption of sugar is linked to obesity (80). 

 

Umami 
 

TAS1R1 and TAS1R3 act as umami taste receptors that are sensitive to 

amino acids (67). Umami taste may affect protein intake (81). Chamoun et al. 

found five SNPs linked to umami taste sensitivity or umami preference (81). 

Studies like this are important because umami has been associated with total 

food consumption (82, 83), and therefore linked to obesity (81). 

 
Salt  
 

Salt taste cells and pathways are only partially understood (84). Some salt 

taste receptor cells express epithelial-sodium channels (ENaC) and 

CALHM1/3 channels, which arbitrate salt taste that is amiloride-sensitive 

(85). It is possible that other salt taste cells are amiloride-insensitive and also 
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mediate salt taste but currently, receptors for this are unknown (84). 

Chamoun et al. found a number of SNPs in the TRPV1 gene have been 

associated with salt taste (81) and salt perception (86). High salt intake has 

been associated with high blood pressure, stroke and cardiovascular disease 

(87, 88).  

 
Sour  
 

Genetic factors contribute 31% of variation in sour taste sensitivity (89). 

There has been little work identifying the genes responsible for sour taste 

(70). However, potassium channel KIR2.1 and a proton entry-channel formed 

by the Otopetrin1 protein may be involved in eliciting sour taste (90, 91). 

 

Olfaction 
 
Olfaction involves recognition of molecules released from food and drink 

during consumption, which are then are passed to olfactory receptors in the 

nose (92). Olfactory receptors are hugely diverse and are encoded by 

approximately 400 genes and 600 pseudogenes in humans (93), and 913 

genes and 296 pseudogenes in mice (94). The genetic variation across 

olfactory receptors results in functional changes and differences in 

perception (95). This can influence eating behaviours, food choices and 

appetite (96). 

 
Somatosensation 
 

Somatosensation creates a sense of texture from food (97) and recognises a 

range of feelings connected to temperature, irritation and pain (65). Texture 

sensations are created by oral cavity sensory receptors and form part of the 

flavour of food (98). Texture plays a role in food palatability (99), which in 

turn is a major feature of an obesogenic diet (100). 
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1.3 Regulation of eating behaviour   
 

Eating can occur due to a range of factors including energy needs, habits, 

availability, experience and stress (101). Appetite, also known as the desire 

to eat, is not associated with one particular cause (102). The term ‘hunger’ is 

used to describe an urge to eat due to calorie deficit (102). However, hunger 

is difficult to measure (102). It is typically evaluated in animal models by how 

much food is eaten or how much work is put into obtaining food (102). 

However, this is challenging because it is not possible to directly measure 

the amount of hunger (102). Hunger may be a connection between energy 

depletion and appetite/desire to eat (103). For example, agouti-related 

peptide (AgRP) neurons in the arcuate nucleus of the hypothalamus, that 

mediate increased food intake, become active during caloric depletion (104). 

Furthermore, when AgRP neurons are forcibly activated even in a food 

replete state, this induces an eating response (105, 106). Activation of AgRP 

neurons also causes repression of competing desires (107), animals to work 

for food (106), seeking out and eating of food (105) and satisfaction of 

desires for food (108). Satiety is the opposite of hunger, whereby after calorie 

repletion, the desire to continue eating becomes less (102) and satiation 

refers to termination of eating (109).  

 

Homeostatic vs hedonic regulation   
 
The desire to eat is controlled by homeostatic and hedonic mechanisms 

(110). Choices can depend on physiological responses such as signals from 

the gastrointestinal tract and adipose tissue to the brain which affect hunger 

and satiety, along with feelings of motivation and reward gained from eating 

(53). These mechanisms can overlap which becomes particularly apparent 

when considering reward (111). Reward responses to food can be influenced 

by homeostatic feedback signals such as ghrelin and leptin from the gut and 

adipose tissue (112, 113). In a hedonic sense, there is an increased reward 

value of food when there is calorie deficit, therefore increasing motivation to 
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obtain food (114). These topics will be explored in further detail in the 

subsequent sections.   

 

1.3.1 Homeostatic regulation of appetite 
 
Homeostatic regulation relies on feedback signals from physiological features 

such as adipose tissue, blood osmolarity or temperature (102). However, 

homeostatic control has adapted to include anticipation of future needs such 

as potential energy deficit, through consumption of high calorie or easily 

accessible foods (102).  

 

Figure 1.1 Homeostatic regulation of appetite  

 

Figure 1.1: Homeostatic regulation of appetite in the brain, gut and adipose 

tissue. AgRP and NPY are activated by fasting, low levels of leptin in fat and 

ghrelin in the gut stimulate feeding. POMC and CART are activated by high 

levels of leptin in fat and satiety, including satiety factor PYY. Green arrows 

indicate activation of corresponding factor. Black arrows indicate association 

with corresponding factor.  
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1.3.1.1 Hypothalamic regulation of appetite 

 
The hypothalamus is the centre of appetite regulation (115). In the arcuate 

nucleus of the hypothalamus, a range of neurons and peptides are 

stimulated and inhibited to instigate and prevent feeding (115). 

 
Stimulation of feeding 
 
NPY  
 

Neuropeptide Y (NPY) is an orexigenic peptide that is a member of the 

pancreatic polypeptide (PP-fold) family (115). Neurons that express NPY 

(NPY neurons) are found in the medial arcuate nucleus and they project to 

the paraventricular nucleus (PVN), hypothalamic nucleus and other areas of 

the hypothalamus (115). NPY neurons initiate eating via NPY G-protein 

coupled receptors (mainly Y1 and Y5) and they also inhibit anorexigenic 

melanocortin signalling (115). These neurons are inhibited by leptin and 

insulin and stimulated by glucocorticoids and ghrelin (115).  

 

Administration of NPY in rats increased feeding (116, 117) and the mode of 

action of NPY may be linked to shorter delays to eat (116, 118). Furthermore, 

Sindelar et al. found that there was a delay in feeding in NPY knockout mice 

(119). The NPY pathway is a potential anti-obesity target through Y5 receptor 

antagonist drug development to reduce/reverse the orexigenic effects of NPY 

(120). 

 

AgRP  
 

The lethal yellow Ay mouse (121) is the result of a mutation in the agouti 

gene locus (122). Ay mice consume higher than normal quantities of food, 

have higher body weight and exhibit hyperinsulinemia (123). Agouti is a gene 

that is expressed in skin (102) and controls coat pigment (122). The MC1R 
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and MC4R receptors, which mediate suppression of appetite, are blocked by 

the antagonistic agouti protein (123). Furthermore, multiple studies deleting 

the Mc4r gene in mouse highlighted a function of the melanocortin system in 

energy balance (123, 124). Details of the melanocortin signalling pathway  

can be found in chapter 5. 

 

AgRP, discovered in 1997, is a homolog of agouti (125). AgRP neurons are 

located in the arcuate nucleus of the hypothalamus (126) and co-express 

NPY (127). AgRP neurons are activated by fasting or low levels of leptin 

(128, 129). AgRP stimulates feeding behaviours (115) by acting as an 

inverse agonist on the MC3R and MC4R receptors (130). Inhibitory 

neurotransmitters gamma-aminobutyric acid (GABA) and NPY are also 

released from AgRP neurons (128, 131, 132). Overexpression or central 

administration of AgRP in rodents results in hyperphagia and obesity (125, 

133).  

 
Inhibition of feeding 
 
POMC  
 

The proopiomelanocortin (POMC) gene is expressed in the arcuate nucleus, 

pituitary gland, skin and the immune system (115). POMC undergoes post-

translation cleavage to produce numerous biologically active peptides (115). 

Prohormone convertase converts POMC into adrenocorticotropic hormone 

(ACTH) (115). Then, in mammals (not including primates), α-MSH is 

generated following cleavage of ACTH by prohormone convertase 2 (115). In 

humans, α-MSH is generated in the arcuate nucleus by stimulation of POMC 

by leptin secretion (115). α-MSH acts on the melanocortin-4 receptor (MC4R) 

in the paraventricular nucleus (115) which causes a reduction in appetite 

(134). 
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Found within the arcuate nucleus, POMC neurons inhibit feeding (135). They 

are activated by leptin (136) and project to the paraventricular nucleus and 

other hypothalamic areas (137, 138). POMC neurons are activated during 

periods of energy surplus, and deactivated during periods of starvation (139). 

When activated, they prevent food intake and when inhibited, they stimulate 

food intake (139). Pomc-/- mice demonstrated hyperphagia and obesity (140). 

Furthermore, mice with only one copy of the Pomc gene exhibited increased 

energy intake and body weight when given a high fat diet (140). The POMC 

gene could play a role in obesity predisposition (140).  

 
CART  
 
Cocaine- and amphetamine-regulated transcript (CART) also regulates 

satiety (115). In rodents, CART is co-expressed with POMC in the arcuate 

nucleus (115). Conversely, in humans, CART is co-expressed with AgRP and 

NPY, also within the arcuate nucleus (141). CART is stimulated by leptin 

(142) and is involved in regulation of food intake and body weight, associated 

with stress-responses (143, 144) and involved in control of dopamine-

associated reward pathways (145). Food intake decreases and the feeding 

effects of NPY are inhibited when CART is administered centrally to rodents 

(142). Furthermore, Moffett et al. report that Cart-/- mice had larger body 

weights than wild-type mice (146).  

 

1.3.1.2 Feedback from the gut 
 
Meal Initiation 
 
Ghrelin 
 
Ghrelin is a hormone produced in the stomach that stimulates appetite (102). 

Ghrelin was discovered in 1999 by Kojima et al. as a ligand for the growth-

hormone secretagogue receptor that could stimulate the release of growth 



 41 

hormone (147). In 2000, it was discovered that ghrelin regulated energy 

balance in the brain (148). Levels of ghrelin rise before eating, decrease 

during eating, and then start to rise again with further fasting (102) and so, it 

has been suggested that ghrelin is a meal initiator (115). Further roles of 

ghrelin include glucose regulation (149), gut motility and gastric acid 

secretion (150), cardiovascular function (151), control of stress and anxiety 

(152, 153), sleep (154), taste (155) and reward (156). 

 

The ghrelin receptor, the growth hormone secretagogue receptor, is a G-

protein coupled receptor (115) that is expressed by neurons in the brain 

(102). Ghrelin activates AgRP neurons (157), which play a role in appetite 

regulation (158). However, mice deficient in ghrelin display normal food 

intake and normal body weights (159). The primary role of ghrelin may be to 

control blood glucose (159). Sun et al. showed that ablation of ghrelin in 

ob/ob obese mice increased insulin secretion and so, enhanced glucose 

tolerance (160).  

 
Meal Termination 
 
Signals from the gut operate to indicate satiation (or fullness) and to 

terminate a meal (102). Information is passed from mechano- and chemo-

receptors from the oral cavity and gastrointestinal tract (161). Gut peptides or 

satiety hormones are also released which encourage digestion and indicate 

that energy status has now changed – thus influencing behaviour and 

physiology (161). 

 

1.3.1.3 Satiety factors  
 
Peptide Y (PYY) 
 
PYY is a satiety peptide that is produced by intestinal L cells (115). After food 

intake, it is released into the circulation in proportion to calories consumed 
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(161). PYY 3-36 is a form of PYY that inhibits food intake (162). It inhibits 

NPY neurons and stimulates POMC neurons by binding to Y2 receptors 

(115). A study by Batterham et al. showed that PYY deficient mice were 

obese and did not respond to satiating effects of protein (163). This 

phenotype was reversed when exogenous PYY was administered (163). 

Human studies have demonstrated that obese individuals with low 

endogenous PYY levels, responded with reduced food intake and ghrelin 

levels following PYY administration (164). PYY 3-36 is a potential drug target 

for obesity (164). 

 
Glucagon-like peptide (GLP-1) 
 
The proglucagon gene is processed in the gut and brain and produces GLP-

1 (161). GLP-1 is circulated in proportion to food intake (161) and is involved 

in insulin secretion in the pancreas (165). GLP-1(7-36) is the active form of 

GLP-1 (161) and it inhibits food intake in rodents when administered centrally 

(166).  

 

Oxyntomodulin (Oxm) 
 
Preproglucagon is processed in the gut and brain and this generates Oxm 

(161) which is released after food consumption (167). Food intake is inhibited 

in rodents following administration of Oxm (168). Oxm binds the GLP-1 

receptor, although its affinity is lower than GLP-1 (169) and the mode of 

action may differ to GLP-1 (161). 

 
Cholecystokinin (CCK) 
 
Following food intake, the gastrointestinal tract quickly releases CCK (161). 

Meal sizes and duration of meals are reduced by CCK (170, 171). The 

duration of action of CCK is short, therefore it has limited therapeutic 

potential (172). 
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Pancreatic polypeptide (PP) 
 
Pancreatic islets of Langerhans produce PP and it is released in proportion 

to food intake after a meal (173). A study by Ueno et al. indicated that PP 

could play a role in reducing food intake and body weight through gastric 

emptying (174).  
 

1.3.1.4 Feedback from fat  
 
Leptin 
 

Leptin is a hormone that is involved in appetite regulation (115). Also known 

as the OB protein, (115), leptin is primarily produced in white adipose tissue 

(161). Leptin levels in the blood are proportional to the mass of adipose 

tissue (161). The brain receives signals from leptin indicating how much 

energy the body has stored (175). When leptin levels are low, this signals 

starvation (176) and this is reversed by reintroduction of food (161). Neuronal 

stimulation by leptin in the arcuate nucleus causes stimulation of 

anorexigenic neurons and inhibition of orexigenic neurons (161). 

 

Leptin deficiency highlighted leptin’s role in energy balance. In 1949, at the 

Jackson Laboratory, “some very plump young mice” (177) were identified - 

carrying a spontaneous mutation that was named ob (177). Another similarly 

obese mouse was identified in 1966 carrying a mutation called diabetes (db) 

as it showed a diabetic phenotype (178). In 1973, Coleman carried out 

parabiosis experiments with obese, diabetic and normal mice (179). When an 

obese mouse and a normal mouse were joined together, the obese mouse 

gained less weight and consumed less food than mice in obese-obese pairs 

(179). When a diabetic mouse and a normal mouse were joined together, the 

normal mouse became hypoglycaemic and body weight decreased, leading 

to the death of the normal mouse (179). When an obese mouse and a 

diabetic mouse were joined together, the obese mouse became 
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hypoglycaemic, lost weight and died due to starvation (179). It was 

concluded that obese mice were lacking in satiety factor, whereas diabetic 

mice produced satiety factor but could not respond to it (179). Later, in 1994, 

it was found that the ob/ob mice were obese due to leptin gene mutations 

(180) and a mutation in the leptin receptor (LEPR) gene was identified as 

causing obesity in db/db mice (181).  

 

The leptin deficient ob/ob mouse (161) is now a well-studied model of obesity 

(182) due to its hyperphagia, hyperinsulinemia and obesity phenotypes 

(161). Leptin deficient mice become obese because this key signal is absent 

and the brain has lost one of the hormonal inputs that regulates body weight 

homeostasis (183). This initiates feelings of hunger and reduces energy 

expenditure (102), causing an increase in eating and body weight. A study by 

Mistry et al. showed that intracerebroventricular administration of leptin 

reduced food intake and increased metabolic rate in ob/ob mice (184).   

 

1.3.1.5 Homeostatic stress response 
 

Stress activates the hypothalamic-pituitary-adrenal (HPA) axis which can 

cause increased corticosterone levels and a reduction in food consumption in 

mice (185). Environment and social isolation can play a role in shaping stress 

responses (186) and specifically, stress caused by restraint or exposure to 

novelty can cause decreased food consumption (185, 187). Study endpoint 

measurements including insulin, glucose or corticosterone levels can be 

affected by stress (186). It is important to consider if results of assays are 

true reflections of a study or if they may be impacted by stress (186). 

 

1.3.2 Hedonic regulation of appetite 
 

Often, eating decisions are driven by hedonic processes and reward, and 

these can dominate over homeostatic requirements (53).  
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Figure 1.2 Hedonic regulation of appetite 

 

Figure 1.2: The influence of reward on eating behaviour including wanting, 

learning and liking. PFC, prefrontal cortex; NAc, nucleus accumbens; Hypo, 

hypothalamus; hippo, hippocampus; Amy, amygdala; VTA, ventral tegmental 

area; SN, substantia nigra; striatum. Image obtained from Novelle. 2021 

(188).  

 

1.3.2.1 Reward 
 

Rewards can be described as objects or targets that are obtained through 

dedication of time, energy or effort (189). The reward circuit, involving the 

neurotransmitter dopamine (53) encompasses the nucleus accumbens which 

incorporates homeostatic, hedonic and cognitive characteristics of food 

consumption (190, 191). A dopamine input is received by the nucleus 

accumbens from the ventral tegmental area (53) and arbitrates incentive 

salience and motivational effects (192). When a reward is encountered or 

predicted, dopamine neurons generate action potentials and the value of the 

reward is indicated by the dopamine response (193). Dopamine reward 
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prediction error is the difference between the anticipated reward and the 

actual reward (193). Reward prediction errors form the basis for reward 

learning and the endeavour to obtain further rewards (193).  

 

Incentive salience 
 
Incentive salience is the motivational response of the brain to obtain a reward 

(192). There are various physiological changes that can affect incentive 

salience (114). For example, energy deficit increases the reward value of 

food which increases the motivation to obtain the food (114). Fedorchak et al. 

showed that incentive salience of flavours previously offered with caloric 

solutions to rats, was increased in energy deficit compared to flavours 

previously associated with non-caloric solutions (194). Furthermore, when 

satiety factors are secreted, they inhibit consumption of calorie-associated 

flavours (114). For example, in energy deficient rats, satiety factor CCK 

suppressed intake of a flavour previously associated with an ethanol (calorie) 

solution (195). 

 
Hormones  
 
High ghrelin levels increase incentive salience of food due to a physiological 

need for food (114). When ghrelin was administered to rats, their motivation 

to work for food increased during a bar press task (196). Ghrelin can also 

influence food choices. For example, Schéle et al. showed that centrally 

administered ghrelin caused rats to choose chow over a choice of more 

palatable lard, or sucrose (197). This was surprising because ghrelin 

promotes motivation for palatable foods (198, 199). Therefore, ghrelin may 

direct food choice to the most nutritionally valuable foods rather than the 

most palatable (197). This is supported by a study where rats that were 

administered with ghrelin, increased their consumption of chow but not 

sucrose, further suggesting that ghrelin promotes intake of preferred energy 
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sources (200). Lockie et al. have suggested that ghrelin is involved in 

assigning the value of a calorie at the point of consumption (114). 

 

Other hormones can also play a role in reward. For example, dopamine 

neurons in the ventral tegmental area respond to leptin (201) and leptin 

reduces food reward behaviours (202). 

 
Learning 
 
Animal models have indicated that learning plays a role in eating behaviour 

(53). The sensory properties of foods and feelings associated with eating can 

cause development of preferences for flavours and can regulate the size of 

meals (53). However, foods that are available in high or low calorie forms 

such as artificial sweeteners, could challenge these processes (203). For 

example, a product may taste sweet but may not provide the expected 

number of calories (203). Davidson et al. showed that assessment of non-

calorific sweetener consumption in rats demonstrated an impaired learning 

association between sweet taste and post-consumption effects (204). 

Breakdown of these learnt associations may lead to increased food 

consumption and weight gain (204). 

 

Pleasure  
 
Pleasure is a term used to describe an experience that involves a 

combination of enjoyment, happiness and satisfaction (113). These feelings 

can have an impact on eating behaviour by fulfilling physiological needs or 

through the joy of consuming delicious foods (113). With vast quantities of 

foods available, processed foods can be over-consumed because of their 

ability to bring pleasure (205). Furthermore, consuming palatable foods can 

reduce stress and anxiety even though they increase the risk of the 

development of obesity (206, 207).  
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1.3.2.2 Hedonic stress response 
 

Different forms of stress can influence eating by causing increases or 

decreases in food intake (208). Emotional eating is defined as overeating in 

response to a negative experience (209). Modelling binge eating in mice is 

difficult because mice can experience stress-induced anorexia (210). Caloric 

restriction is used to encourage overeating; however, this does not replicate 

the emotional stress seen in humans (210). Anversa et al. developed an 

emotional-stress induced binge-eating model which resulted in binge-like 

behaviour in female mice, suggested to have occurred to combat feelings of 

stress rather than homeostatic requirements (210).  

 

1.4 Genetics of eating behaviour 
 

1.4.1 Monogenic obesity  
 
Research into the genetics of eating behaviour has identified rare monogenic 

obesity disorders that cause hyperphagia and obesity (211). For example, 

Prader Willis syndrome, where the 11-13q region of chromosome 13 is 

deleted causes hypotonia, deficient feeding and thriving during early years, 

and other features including developmental and behavioural abnormalities 

(212). Individuals with this disorder also have hyperphagia and obesity that 

develops in childhood (212) and early death often occurs due to diabetes and 

heart failure (67). 

 

Genetic disruptions to the leptin-melanocortin circuitry can also occur (211). 

For example, mutations of the leptin gene can cause morbid obesity due to 

hyperphagia and impaired satiety during early childhood (213). The 

prevalence of leptin gene mutations is unknown, but it is estimated that 

occurrence is 1:1050 for heterozygous leptin mutations and 1:4.4 million for 

homozygous mutations (214). Mutations in the leptin receptor gene can also 

cause hyperphagia, obesity, delayed puberty and changes in the immune 
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system (215). In a cohort of individuals with severe early-onset obesity and 

hyperphagia, prevalence of leptin receptor mutations was 3% (215). It has 

been reported that leptin injections can be used to treat congenital leptin 

deficiency by causing weight loss due to a reduction in food intake and 

increased satiety (216).  
 

POMC gene mutations can cause hyperphagia and early onset obesity due 

to the loss of MSHs which usually inhibit food intake (217). They can also 

cause hypocortisolism and changes in skin pigmentation (218).  

 

The most common monogenic obesity disorders are MC4R mutations (219). 

Approximately 1 in 337 people have heterozygous loss of function mutations 

(220). Some MC4R mutations cause impaired activity of the receptor (221) 

and can disrupt endocytosis, trafficking and MC4R receptor 

homodimerization (222). MC4R mutations are characterised by hyperphagia, 

hyperinsulinemia, increased linear growth, lean mass and severe obesity 

phenotypes (223). Furthermore, individuals with homozygous mutations 

demonstrate more severe forms of these phenotypes than heterozygotes, 

(223) suggesting a gene-dosage effect (224). Further information about 

phenotypes exhibited by MC4R deficiency in humans and mice can be found 

in chapter 5.  

 

Although the mutations described result in severe monogenic disorders, their 

prevalence is low (225). More common genetic variants have a small effect 

size (67) and could collectively contribute to the polygenic basis of obesity 

(225).  

 

1.4.2 Polygenic obesity 
 

Heritability of obesity is high, ranging from 40% - 70% depending on the 

obesity measure (226). This highlights how much genetics increases obesity 

risk (226). A combination of genetic variants in multiple gene loci can 
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influence a substantial phenotypic change (225). Multiple polygenic variants 

influence body weight control (225). A high prevalence of these variants can 

collectively predispose individuals to increased body weight and the 

development of obesity (225). 

 

In addition to the MC4R mutations described above, there are also other 

genetic variants linked to body weight management (225). For example, gain 

of function mutations, V103I and I251L have been found to be associated 

with lower levels of obesity (227-229). 

 

The rs9939609 variant of the FTO Alpha-Ketoglutarate Dependent 

Dioxygenase (FTO) gene was previously associated with high BMI (230). 

However, later it was identified that this association could be explained by 

other SNPs or genes (RPGRIP1L, IRX3, IRX5 and IRX6) in the same region 

(231). 

 

The size of a meal, how often food is eaten and when, may be genetically 

regulated (67). For example, ghrelin, CCK and leptin have genetic variants 

that contribute to eating behaviour (67). An association of obesity (232), 

metabolic syndrome (233) and binge-eating (234) is found in individuals with 

the Leu72Met genetic variant of the GHRL gene (67). CCK has genetic 

variants (rs6809785, rs7611677, rs6801844 and rs6791019) that are 

associated with consuming large meal sizes (235). In the same study, it was 

found that leptin has three genetic variants (rs4577902, rs2060736, 

rs4731413) associated with intense snacking (235).  

 

The generation of GABA, a brain neurotransmitter is catalysed by the 

glutamic acid decarboxylase (GAD65) enzyme (236). The glutamate 

decarboxylase 2 (GAD2) gene encodes GAB65, and variants of the GAD2 

gene have been associated with eating behaviours (236). Specifically, 

rs992990 and rs7908975 were associated with traits in women such as high 
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susceptibility to hunger and increased consumption of carbohydrates 

compared to fats (236). 

 

1.5 Evaluation of dietary assessment methods  
 
In humans, a variety of methods exist to measure eating behaviour and each 

have varying degrees of feasibility for epidemiological studies (237). 

 

1.5.1 Short-term assessment methods 
 

A food consumption record is a short-term method that can be used to 

assess dietary intake (237). This involves trained staff members recording 

food intake for a household (237). The data is recorded at the time of 

consumption but each member of the household’s intake is not specifically 

measured - it cannot take into account food consumed outside of the home, 

so consumption is not completely accurate (237).  

 

The 24-hour recall method is also widely used (238) and can involve a 

trained interviewer asking questions regarding types and amounts of food 

consumed during the previous 24-hour period (237). Using this method 

generates detailed food intake data but it can succumb to recall bias and 

memory issues (237).  

 

Using a dietary record can minimise recall bias by asking participants to 

record their food intake at the time of consumption (237). However, 

participants need to be trained prior to starting this study (237). A number of 

confounders can occur using this method through under-reporting food intake 

(239), simplifying dietary intake to make reporting easier (240) or participants 

inadvertently changing their diet as they become more aware of what they 

are eating during the study (237).  
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1.5.2 Long-term assessment methods 
 

The methods mentioned previously measure food intake over a short period 

of time, however it is particularly important to consider longer-term food 

intake studies because chronic disease can occur due to poor long-term 

dietary habits (241). The dietary history method involves measurement of 

dietary intake through a combination of 24 hour recall questionnaire, 3-day 

food diary and food checklist (242). These are typically carried out by an 

interviewer and can take approximately 90 minutes, which is labour and time-

intensive so this method is not usually used for epidemiological studies (237).  

 

1.5.2.1 Food frequency questionnaires and reporting biases 

 
Food frequency questionnaires (FFQs) can be self-reported or carried out by 

an interviewer (237). These are questionnaires that ask about the frequency 

of intake of different foods and drinks and they can also ask how much is 

consumed (238) over period of time i.e. 6 months or 1 year (237). 

Participants are typically asked questions with the option of approximately 9 

different responses, ranging from never eating something to eating it three + 

times per day (237). This method is straight-forward and cost-effective which 

is why FFQs are commonly used to investigate relationships between diet 

and disease (238). However, it is important that FFQs are designed to fit with 

the research group and study requirements because diets can differ between 

different ethnic groups, cultures and economic statuses (243). Considering 

these aspects during study design can increase validity of results (243).  

 

FFQs are well-known to suffer from a range of biases (238). It is known that 

people who typically consume low amounts of healthy food, over-report their 

intake and people who consume high amounts of unhealthy food, under-

report their food intake (244). Research has shown that people who have a 

high BMI or are obese; under-report total food intake (245, 246). Other 

factors such as age, gender, education, socioeconomic status and dieting 



 53 

behaviour could also play a role in under-reporting food intake (246). Over-

reporting, which is less common (239) has been linked to younger individuals 

who were more likely to be lean, have a lower BMI and a desire to gain 

weight (247). 

 

Participants can feel under pressure to demonstrate that they have a good 

diet (244). This social desirability bias, is a problem for FFQ reporting 

because participants report what they think is socially appropriate to report 

(248), rather than what they actually consume. This bias can be influenced 

by education (249) – for example, one study showed that women who were 

highly educated, were associated with social-desirability related under-

reporting of food intake (250).  

 

FFQ reporting can also be affected by recall bias due to retrospective 

questions about dietary intake over a long period of time (238). In addition, 

reporting may change over the course of a study if participants change their 

diet throughout the study (251). This is a problem with self-reported data 

because a change in answers can introduce response-shift bias which can 

then impact the validity of results (252).  

 

1.5.3 Future outlook of dietary assessment  
 

Technologies to improve the quality of dietary assessment have been 

developed. These include using computer software and the internet to 

capture food intake in real-time, using photos of food (253) and voice-

recordings (254). However, training can be required to use some of these 

technologies and biases associated with self-reporting still prevail (237). 

 
Biomarkers have been highlighted as a potentially useful tool to improve the 

accuracy of dietary assessment methods (237). Measuring biomarker levels 

in the body means that results are not affected by error due to recall or social 

desirability bias (237). However, biomarker levels can vary depending on 
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absorption and processing of food/nutrients and this can differ between 

individuals (255). Additionally, choosing an appropriate biomarker to study, a 

feasible biological specimen, and storage and processing of samples are 

important to produce a viable study and reduce variability in results (255). A 

combination of food questionnaires plus biomarkers would be a valuable 

approach to estimate food intake and effects on health (256) and this may 

help to reduce errors associated with each method (255). For example, one 

study investigated the effect of diet on invasive cervical cancer by collecting 

dietary information and serum (257, 258). A lower level of the micronutrient 

ß-carotene was identified to be associated with a higher risk of invasive 

cervical cancer (257, 258). Using both methods of dietary assessment could 

help to indicate under or over-reporters of dietary intake, inefficient or hyper-

absorbers of ß-carotene or the validation of true high or low ß-carotene levels 

(table 1.1) (255). 

 

Table 1.1 Comparison of dietary nutrient estimates vs serum nutrient 
estimates  

 

Table 1.1: Obtained from Potischman. 2003 (255). 
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1.6 From GWAS to Biology  
 

1.6.1 Genome-Wide Association Studies  
 

Genome-Wide Association Studies (GWAS) are analyses carried out in 

population samples that identify associations between genetic variants and 

traits (259). The aim of these studies is to use results to understand disease 

aetiology, thus enabling disease prevention or improving treatments (259). 

Large sample sizes of over one million people (260, 261) have enabled the 

discovery of thousands of new genetic associations and biological pathways 

(259).  

 

However, despite the increase in the application of GWAS (262), it has 

proven difficult to unravel GWAS results and translate data into clinical 

practice (263). One reason for this is that most variants identified are unlikely 

to be causal, they are only correlated to the actual causal variant, 

predominately due to linkage disequilibrium (LD) (264, 265). Linkage 

disequilibrium is the term used to describe when genetic variants are in 

correlation with each other at a particular location (263).  

 

1.6.2 Prioritising genetic variants 
 

There is a critical need to identify causal variants so that we can understand 

the correct target gene and biological mechanisms where a variant is 

associated to a particular phenotype (259). Fine mapping can be used to 

identify causal Single Nucleotide Polymorphisms (SNPs) by exploring the 

identified loci to prioritise SNPs depending on their causality (266). Fine 

mapping requires three fundamental parts: accurate genotyping or imputation 

of all SNPs in the region; strict quality control, and large sample sizes to 

ensure sufficient power for differentiation of SNPs in LD (267). There are 

many approaches that can be used for fine-mapping which range from 

statistical methods where SNPs are triaged based on p-values (typically 
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taking those less than 5 x10-8  as potential causal SNPs) or LD-based 

methods if variants are in LD with the “top” SNP (the variant with the lowest 

p-value) (267). Bayesian statistics can also be used to give each SNP a 

posterior probability of causality (267).  

 

It is also possible to prioritise non-synonymous mutations because these 

variants are more likely to be causal SNPs as they are known to affect the 

encoded protein by changing an amino acid (268). In humans, protein 

dysfunction and a greater susceptibility of disease can be caused by 

naturally-occurring non-synonymous SNPs (268). Detection of these variants 

creates a potential opportunity for specific, therapeutically targeted, drug 

development (268).  

 

Functional annotation can also prioritise variants to likely genes that alter 

disease risk (267). For example, if there is a “top” SNP identified with a trait 

but this SNP is in LD with other significant SNPs, it is very difficult to 

determine which is the causal gene (269). However, if one of these SNPs is 

associated with a particular function or biological pathway such as a change 

in gene expression or protein structure, it is most likely that this is the causal 

gene that is related to the associated trait (269). It is good practice to 

combine results from a variety of databases and tools to obtain a broad view 

of genetic associations (269). 

 

1.6.3 Following-up genetic associations 
 

The causal SNPs and genes identified from these procedures can be 

highlighted as potential candidates for functional validation in the laboratory 

(270, 271). Visscher et al. reported that GWAS results have been 

successfully followed-up with functional validation work (259). For example, a 

genetic association between the major histocompatibility complex (MHC) and 

schizophrenia was followed up in both humans and mice where alleles of the 

complement component 4 (C4) genes were identified to be involved in the 
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association through C4A and C4B expression in the brain (272). Still, follow-

up studies are expensive and time-consuming (273), therefore gene 

prioritisation methods must be stringent to ensure that the correct gene is 

identified to progress with the research. These studies are important to 

increase and develop knowledge of identified genetic associations and 

biological pathways, and take steps towards clinical applicability of research. 

 

GWASs carried out on food consumption have identified a range of different 

loci associated with individual foods and macronutrients (274-276). However, 

few of these loci have been functionally followed up in a laboratory. 

Using food consumption GWAS data from work previously carried out by 

Pirastu et al. (274), the aims of this PhD project were to: 

 

1.7 Aims 
 

1) Integrate genetic knowledge and bioinformatics to understand which 

gene, in each locus is responsible for the observed association. 

 

2) Identify and prioritise valid targets from genetic loci associated with 

food consumption that would be feasible and informative for animal 

study.  

 

3) To design appropriate in vivo studies and understand the function of 

prioritised genes through the use of mouse in vivo models. 
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Chapter 2 Materials & Methods  
 

This chapter contains details of population cohorts and provides an overview 

of general methods used in this thesis. Results chapters 3-6 contain their 

own methods sections with details of specific methods used within each 

chapter.  

 

2.1 Cohort descriptions  

 

2.1.1 UK Biobank  
 

This research project uses data from the UK Biobank which is a large, 

prospective study that contains unidentifiable health-related information for 

~500,000 individuals that were aged between 40 - 69 years old in 2006 – 

2010 (277). It aims to carry out broad and accurate assessment of exposures 

with follow-up and characterisation of outcomes, together with the promotion 

of innovative science through an open access resource (277). Carried out in 

22 assessment centres throughout the UK, a socioeconomic, ethnic and 

geographic assortment of participants were assessed (277). Information such 

as consent, a self-completed touch questionnaire, computer-aided interview, 

physical and functional measures, saliva, blood and urine samples were 

obtained (277). Prospective studies can evaluate the exposures prior to the 

onset or treatment of disease and identify adverse or beneficial effects of a 

particular exposure on health outcomes (277).  

 

2.1.1.2 Food frequency questionnaires 
 

This project uses data generated from previous work by Pirastu et al. (274) 

where GWASs and analyses were carried out on traits obtained from the UK 

Biobank touchscreen questionnaire where participants answered 29 

questions about diet and 18 questions about alcohol (278). This food 

frequency questionnaire (FFQ) asked about how often participants 
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consumed different foods, for example, meat, fish, cooked vegetables, salad, 

fresh fruit, bread, cheese, their preferred temperature of hot drinks, type of 

milk, and how often they added salt to food (278). 

 

2.1.2 Replication cohorts 
 

The EPIC-Norfolk study is a population based, prospective study that 

contains health-related data from approximately 25,000 people aged 45-79 

years old who were resident in Norfolk, UK from 1993-1997 (279). Data 

collected includes information on medical and family history, lifestyle, diet, 

physical activity, socioeconomic status, anthropometric measurements, and 

biological samples such as blood and urine (280). Participants were followed 

up with additional questionnaires, repeat examinations and record linkage 

with other health records (281). 

 

The Fenland study is an observational, cross-sectional population based 

study of 12,435 people aged 30-65 years old from Cambridgeshire, UK 

(282). Data was collected from 2005-2015 which included body weight, body 

composition, blood sampling, and an electrocardiogram (ECG) (283). 

Participants were asked information about their diet, physical activity, lifestyle 

and medical history (283). This study aimed to investigate the genetic, 

behavioural and environmental factors that can influence obesity and 

diabetes (283).  
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2.2 In vivo materials & methods 
 

2.2.1 Mice 
 

2.2.1.1 Mc4r–/– animal generation 
 

Heterozygous Mc4r+/– animals were provided by Professor Julia Dorin, 

Centre for Inflammation Research, University of Edinburgh. A mutation was 

created in the G-protein-coupled receptor (GPCR) melanocortin-4 receptor 

using CRISPR/Cas9 following direct injection of reagents into C57BL/6N 

oocytes. Chimaeric animals were born and crossed with WT C57BL/6N to 

create heterozygous animals. This 5bp mutation (figure 2.1) was chosen as it 

causes a frameshift in the Mc4r transcript and introduces a stop codon. The 

sequences of the WT and Mc4r mutant can be found in appendix figures 1 & 

2, appendix 1, indicating where the mutation lies and the consequence on 

protein sequence.  

 

Figure 2.1: Mc4r gene with 5bp deletion 

 

Figure 2.1: BLAST result with 120bp that contains the mutation (image 

obtained from Prof. Julia Dorin). 
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Experimental animal genotyping  
 
Heterozygous Mc4r+/– mice received from Prof. Dorin were bred together and 

resultant offspring were genotyped using Transnetyx genotyping services 

(primer details in table 2.1).  

 

Primer sequences for Mc4r genotyping 

 

Table 2.1: Primer sequences for Mc4r genotyping 

Forward primer Reverse primer Band size Type 

CGGAAACCATCGTCAT

TACCC 

TGGCCTCTCTCTATGT

CCAC 

347 bp CRISPR-

generated 

knockout 

 

2.2.1.2 Dcaf12–/– animal generation 
 
CRISPR-Cas9 
 

Mice were generated by the University of Edinburgh Central Transgenic 

Core. Method details below were provided by Dr Martha Koerner, Manager of 

Central Transgenic Core. 

 

The Dcaf12 knockout mouse line was developed by CRISPR/Cas9 

(pronuclear) microinjection. The microinjection mix was made up as per the 

mouse zygote microinjection Alt-R™ CRISPR-Cas9 System 

ribonucleoprotein delivery protocol (284). All reagents were ordered from 

Integrated DNA Technologies (IDT). 3-5 week old C57BL/6JCrl donor 

females were superovulated by intraperitoneal injection of 5IU PMSG at 

12:00 on day -3 and 5IU hCG at 10:00 at day -1, and mated with mature 

C57BL/6JCrl stud males. Females were checked for a post-coital plug on day 

0, and zygotes were harvested. The microinjection mix was loaded into an 

Eppendorf Femtotip, and pronuclear microinjection was carried out on a 
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Zeiss Axiovert 100 fitted with two Eppendorf TransferMan 4R as well as a 

Eppendorf Femtojet 4i. Injected embryos were cultured on to 2-cell stage in 

KSOM and then surgically transferred on day 1 into the oviduct of pseudo-

pregnant Crl:CD1(ICR) females. 

 
Guide RNA 
 
The guide RNA for this procedure (table 2.2) was chosen based on its on-

target and off-target scores of 59 and 92 respectively. On-target score is 

used to indicate how well the guide RNA is predicted to perform at the target 

site (285). The off-target score indicates potential for off-target activity - the 

higher the value, the lower the off-target risk (285). The guide RNA chosen 

targeted exon 4 (286) and was the top, recommended guide RNA on the IDT 

website (285) and it was ranked second using the CRISPOR webtool (287). 

 

Table 2.2: Predesigned Alt-R CRISPR-Cas9 gRNA  

Design ID Position Sequence PAM 

Mm.Cas9.DCAF12.1.AA 41301345 TGCGTGGATCAACGATACTA TGG 

 
Table 2.2 Predesigned Alt-R CRISPR-Cas9 gRNA obtained from Integrated 

DNA Technologies (285). 

 

DNA extraction 
 
Ear notches from founder mice were used to prepare DNA samples. To 

extract DNA, 100µl of solution 1 was added to each notch in an Eppendorf 

tube. Samples were heated in a heat box at 95°C for 30 minutes and then 

put on ice. 100µl of solution 2 was added to each tube and tubes were 

vortexed for approx. 10 seconds. Samples were placed on ice for 2 minutes 

and then stored at 4°C until required. 
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Stock solution preparation 

 

5M NaOH:10g sodium hydroxide was dissolved in 50ml ddH2O. 0.5M EDTA: 

9.306g EDTA was dissolved in 35ml ddH2O and the pH adjusted to pH 8.0 

using sodium hydroxide. The volume was then adjusted to a final volume of 

50ml using ddH2O. 

 
Working solution preparation: 

 

Solution 1: 250µl of 5M NaOH (final concentration = 25mM) and 20µl of 

0.5M EDTA 0.04% (final concentration = 0.2mM) was added to 50ml ddH20. 

Solution 2: 0.24g TRIZMA hydrochloride was dissolved in 50ml ddH2O. 

 
Dcaf12 genotyping  
 
DNA samples sent to the MRC Protein Phosphorylation & Ubiquitylation Unit, 

University of Dundee were amplified by Polymerase Chain Reaction (PCR) 

and products were separated by 2% agarose gel electrophoresis. 
 
Primer Design 

 
Primers were designed by the University of Dundee (table 2.3) to amplify 

exon 4.  

 

Table 2.3: Primer sequences for Dcaf12 genotyping 

Label Forward primer sequence Label Reverse primer sequence 

F GTTGTTCTTTGCCTGCTGT

TGC   

R GGAGTCTGGGAAATGAAA

CTGAATGG 

F2 GTCTGACCTCACAAGATC

ATCAGAGG 

R2 AGTAGTGGTGAGGAGCAT

GAGG   

 
 



 64 

Polymerase Chain Reaction (PCR) 
 
PCR using KOD Hot Start (Novagen™) was carried out to amplify exon 4. 

Programme details can be found in table 2.4 and PCR reagent list can be 

found in appendix table 1, appendix 1. 

 

Table 2.4: PCR programme details 

Cycles Programme 
1 2 minutes at 94°C 

40 10 seconds at 98°C 

30 seconds at 60°C 

1 minute per Kb at 68°C 

1 6 minutes at 72°C 

 
Genotyping results 
 

Results of genotyping (figure 2.2 and figure 2.3) were provided by Thomas 

Macartney, Head of CRISPR Facility, University of Dundee.  

 

Figure 2.2: Initial agarose gel (2%) electrophoresis of PCR products 

 

 

 

 

 

 

 

 

 
Figure 2.2: Initial agarose gel (2%) electrophoresis of PCR products. Lane 0 

indicates 100bp molecular weight ladder. Lanes 1-18 indicate PCR products 
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from 18 CRISPR-generated Dcaf12–/– mice. Lanes 1-9 included primers F 

and R. Lanes 10-18 included primers F2 & R2. Lanes 4 & 8 indicate 

significant indels.  

 

Figure 2.3: Repeated agarose gel (2%) electrophoresis of PCR products 

 

 

 

 

 

 

 

 

Figure 2.3: Repeated agarose gel (2%) electrophoresis of PCR products 

using second set of primers (F2 & R2). Lane 0 indicates 100bp molecular 

weight ladder. Lanes 1-18 indicate PCR products from 18 CRISPR-

generated Dcaf12–/– mice. Lanes 3, 4 & 8 indicate significant indels.  

 
Sequencing 
 

DNA from three founder mice (numbers 3, 4 and 8) was sequenced by the 

MRC Protein Phosphorylation & Ubiquitylation Unit, University of Dundee to 

confirm transgenic offspring, with details below provided by Thomas 

Macartney, Head of CRISPR Facility, University of Dundee.  
 
Cloning & Sequencing 
 

1µl of PCR product was ligated into pSCB plasmid using the Strataclone 

Blunt PCR Cloning Kit (Agilent) as per the manufacturer’s instructions and 

transformed into StrataClone cells. 12-16 colonies were picked from each 

plate and grown overnight in 4ml liquid broth with ampicillin at 37°c. Plasmid 

DNA was isolated using Miniprep kit according to manufacturer’s instructions 
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and eluted into 50µl dH20. 6µl of plasmid was cut with EcoRI for >1hr at 37°c. 

Digested product was run on a 1% agarose gel to confirm the release of an 

insert of the correct size. 8-10 positive clones were sent for Sanger 

sequencing. Data was assembled using the targeted exon as a template to 

look for changes that had occurred.  

 
Results of Dcaf12 Sequencing 

 
Results of Sanger sequencing confirmed that 3/18 of the CRISPR-generated 

founder mice contained KO indels. The following details were provided by 

Thomas Macartney, University of Dundee. Mouse 3 contained a 223 bp 

deletion spanning the end of exon 4 into intron 4-5, removing the splice 

donor and truncating farther into the intronic sequence. Mouse 4 harboured a 

197 bp deletion removing all of exon 4 and the flanking splice sites, 

presumably this may lead to direct splicing from exon 3 to exon 5. This mis-

splicing event leads to a premature stop a few residues into exon 5. Mouse 8 

exhibited a 175 bp deletion removing the 5' end of exon 4 and the intron 3-

4 splice acceptor, possibly leading to splicing from exons 3 to 5. A single 

read showed a single point mutation leading to frameshift KO.  

 

Founder animal breeding results 
 

Founder animals 3, 4 & 8 that displayed knockout indels were bred with WT 

animals to confirm germline transmission of the resulting allele. Mouse 8 

(female) was then excluded due to having a less desirable potential point 

mutation. Resultant offspring were ear notched and DNA was extracted as 

mentioned previously. DNA samples were sent to the MRC Protein 

Phosphorylation & Ubiquitylation Unit, University of Dundee for genotyping. 

Resulting progeny of mouse 3 & 4 were indicated to be both WT and 

heterozygous mice, as shown in figure 2.4.  
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Figure 2.4: Agarose gel (2%) electrophoresis of PCR products from 1st 
litter of breeding of male founder mice 3 & 4 with female WT mice 

 
Figure 2.4: PCR and gel results from 1st litter of breeding of male founders 3 

& 4 with female WTs. In A & B, WT control is a male C57BL/6J mouse. A: 

Mice no. 19, 20, 21 were WTs (males). 22, 24, 26 are WTs (females). 23, 25, 

27 were female heterozygotes (females). B: mice no. 28 and 31 were WTs 

(females). 29, 30, 32 were heterozygotes (females). 

 

These results confirmed that the founder animals were wild-type + indel 

heterozygotes and mouse 4 was chosen as the founder mouse with the most 

desirable mutation due to the removal of exon 4 leading to a premature stop 

codon in exon 5. The sequence of mouse 4 can be found in figure 2.5.  

 

 
 
 
 
 
 
 
 
 

A B 
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Figure 2.5: Sequence of Dcaf12 founder mouse 4  

Figure 2.5: Dcaf12 founder mouse 4 sequence.  

 

Experimental animal genotyping 
 

Heterozygous animals derived from the founder mouse 4 line were bred to 

generate full knockout and WT animals for experiment. Experimental animals 

were genotyped using Transnetyx genotyping services who were provided 

with primers developed by the MRC Protein Phosphorylation & Ubiquitylation 

Unit, University of Dundee (table 2.3).  

 

2.2.1.3 Welfare and maintenance 
 

All animal procedures were carried out in accordance to UK Home Office 

regulations following approval from the local ethics committee at the 

University of Edinburgh.  
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Adult mice were housed individually or in groups of 2-8 mice per cage at the 

Biological Research Resources Facility, University of Edinburgh. They were 

kept on a 7am-7pm light/dark cycle at 19-21°C with ad libitum (AL) access to 

water and standard rodent chow. 

 

For Mc4r–/– mice and C57BL/6NCrl mice used in Chapter 5: 

• Special Diet Services: RM3 E for breeder animals, RM1 E for stock 

animals 
 
For Dcaf12–/– mice and C57BL/6J mice used in Chapter 6: 

• Special Diet Services: RM3 P for breeder animals, RM1 P for stock 

animals 

 

2.2.1.4 Metabolic profiling 
 
Body composition 
 
Body composition including lean mass, fat mass and free body fluid was 

measured using time-domain nuclear magnetic resonance (TDNMR, Bruker) 

as described by Halldorsdottir et al. (288). Lean mass consists of muscle and 

organs, and fat mass consists of body fat energy stores (289). 

 

Blood biochemistry analyses 
 

Tail nicks were performed in collaboration with Dr Rod Carter and Will 

Mungall. 

 

Blood was obtained by nicking the tail vein with a scalpel blade, collected into 

microvette EDTA-coated capillary tubes (Sarstedt, 16.444.100) and stored 

immediately on ice. Samples were centrifuged in a cooled centrifuge for 5 

mins at 3000 rpm. Plasma was collected and stored on dry ice, and then at   

-80°C until required.  
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Glucose 
 

Blood glucose levels were measured at the time of tail-nick using a 

glucometer (Accu-Chek, Performa Nano, Roche).  

 
Triglycerides 
 

Plasma triglycerides levels were measured using Triglycerides liquid reagent 

kit (17624H Sentinel Diagnostics) as per manufacturer’s instructions. 

Standards were made up at 0, 0.25, 0.5, 1, 2, 4, 6 and 8 mmol/L by serial 

dilution with phosphate-buffered saline (PBS) from glycerol stock (Sigma, 

G5516). Plasma samples were put on ice to defrost for 10-15 minutes and 

spun in a mini centrifuge for a few seconds. 3µl of standard or sample and 

300µl of reagent 1 (provided with kit) was added to each well. Standards 

were carried out in duplicate. The plate was incubated for 10 mins at 37°C. 

Absorbance was measured within a 30 minute period at 546nm, corrected to 

700nm using a plate reader (Tecan Infinite 1000). Triglyceride levels were 

calculated using a standard curve and data was analysed using Microsoft 

Excel and GraphPad Prism 8 for macOS.  

 
Insulin 
 

Insulin levels were measured using an ultra-sensitive mouse insulin ELISA kit 

(Crystal Chem, 90082) as per manufacturer’s instructions for a wide-range 

assay. Standards were made up at 12.8, 6.4, 3.2, 1.6, 0.4, 0.2, 0.1 and 0 

ng/ml by serial dilution with sample diluent (ready-to-use solution provided 

with kit) and mouse insulin stock solution. For the first reaction, 95µl of 

sample diluent and 3µl of samples or standards were added to each well. 

Standards were carried out in duplicate. The microplate was incubated for 2 

hours at 4°C. For the second reaction: well contents were aspirated and 

wells washed 5 times with 300µl of wash buffer per well. 100µl anti-insulin 

enzyme conjugate was added per well. Microplate was incubated for 30 
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minutes at room temperature. For the third reaction: well contents were 

aspirated and wells washed 7 times with 300µl of wash buffer. 100µl enzyme 

substrate solution (ready-to-use solution provided with kit) was added per 

well and left to react for 40 minutes at room temperature, avoiding exposure 

to light. 100µl per well of enzyme reaction stop solution (ready-to-use 

solution provided with kit) was added to stop the enzyme reaction. 

Absorbance was measured within 30 minutes at 450nm and corrected to 

630nm using a plate reader (Tecan Infinite 1000). Insulin levels were 

calculated using a standard curve and data was analysed using Microsoft 

Excel and GraphPad Prism 8 for macOS. 

 

2.2.2 Quantification of Dcaf12 gene expression  

 

2.2.2.1 Cerebral cortex dissection 
 

Dissection was kindly carried out by Rongling Wang (Centre for 

Cardiovascular Science, The Queen’s Medical Research Institute). 

 

The cortices of 13-15 week old male Dcaf12–/–and male C57BL/6J mice were 

collected for RNA extraction. Dissection tools were sprayed and wiped with 

70% ethanol prior to use. Animals were culled by exposure to CO2 gas in a 

rising concentration, followed by cervical dislocation. Mice were decapitated 

and the skull revealed (figure 2.6, 1). The skull was opened using the fine 

scissors to reveal the brain. Bone was gently peeled off using small, curved 

forceps. The whole brain was removed (figure 2.6, 2) and placed into chilled 

1 x PBS in a 60mm x 15mm petri dish (figure 2.6, 3). The brain was 

stabilised using straight forceps, and the cerebellum was removed. The 

cortex was collected from two hemispheres of the cerebrum (figure 2.7). This 

was isolated from the midbrain by removing white brain matter using curved 

forceps. The cortex was split into the left and right halves and tissue was 

stored on dry ice and then at -80°c until required for analysis. 
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Figure 2.6: Mouse cerebral cortex dissection 

Figure 2.6: Images of mouse cerebral cortex dissection.  
 

Figure 2.7: Ventral and dorsal view of mouse cortex 

 

 

 

         
 
 
 
 
 
 
 
 
Figure 2.7: Cerebral cortex dissection images. A & B ventral view of cortex. C 

& D dorsal view of cortex. 

 
 
 
 
 
 
 
 
 
 

A B
B

C 

D 

1 2 3 
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2.2.2.2 Gene expression analysis  
 

RNA extraction from cerebral cortex 
 
Samples were removed from -80°c storage and placed on dry ice. Small 

pieces of cortex tissue were cut in a petri dish on dry ice and brain tissue was 

weighed at ~0.08-0.09g. RNA extraction was carried out using the RNeasy® 

Lipid Tissue Mini Kit (Qiagen, 74804) and the TissueLyser II (Qiagen) as per 

manufacturer’s instructions. The RNA was put on ice and concentration of 

RNA was measured using a NanoDrop-1000 Spectrophotometer (Thermo 

Scientific) and stored at -80°c. The A260/280 and A260/230 ratios were used 

to assess RNA purity.  
 

Reverse Transcription 
 

cDNA was generated using 1000ng of RNA and the QuantiTect® Reverse 

Transcription kit (Qiagen, 205313). RNA samples were defrosted and diluted 

1 in 10 (2µl RNA in 18µl nuclease-free water). 2µl of 7x gDNA wipeout buffer 

was added to 0.5ml PCR reaction tubes (greiner Bio-One) and the 

appropriate volume of RNA and nuclease-free water was added to make a 

total volume of 14µl (see appendix table 2, appendix 1). Tubes were vortexed 

for 10 seconds and spun using a mini centrifuge. Reverse transcription was 

performed on a thermal cycler (Techne, TC-512). Samples were heated for 2 

minutes at 42°C. They were then removed and placed immediately on ice. 

Reverse Transcription master mix was made up with 1µl of Quantiscript 

Reverse Transcriptase (RT) enzyme, 4µl of 5x Quantiscript RT buffer and 1µl 

of 1x RT Primer Mix for 1 reaction. 6µl of this master mix was added to each 

sample (excluding the control sample -RT enzyme where the enzyme was 

replaced with nuclease-free water). Samples were placed back onto the 

thermal cycler and the PCR programme continued at 42°C for 15 minutes, 

95°C for 3 minutes and a final hold at 4°C. Samples were stored at -20°C. 
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Quantitative Real-time Polymerase Chain Reaction (qRT-PCR) 
 

qRT-PCR was performed on a LightCycler 480 Real-time PCR system 

(Roche). The reactions were carried out in a 384-well PCR plate, and in 

technical triplicate where each reaction included a total volume of 10µl, 

including 2µl of cDNA, 5µl of 2x PerfeCTa FastMix II (Quantabio, 95118-

012), 0.5µl of 20x Taqman® primer/probe and 2.5µl of nuclease-free water. 

Taqman® probes are listed in appendix table 3, appendix 1. The 384-well 

plate was spun at 1500rpm for 2mins at 4°C. The plate was added to the 

Lightcycler and underwent preincubation at 95°C for 5 minutes, then 

amplification which included 50 cycles of 95°C for 10 seconds and a safety 

cool at 60°C for 30 seconds. Relative quantification (RQ) of target genes was 

calculated using the 2-(ΔΔCT) (RQ) method using Microsoft Excel. The 

concentration of samples was normalised using housekeeper gene control 

TBP.  

 

2.2.3 Statistical Analysis  

 
Data from the chapter 5 and chapter 6 in vivo studies was analysed using 

Prism 8 (GraphPad Software) and R studio (R version 4.0.4). Data was 

assessed for normality using the Shapiro-Wilk test and the appropriate 

parametric or non-parametric statistical test was applied. This included a 

range of tests such as: Fishers’ tests, unpaired Welch Two sample T tests, 

paired T tests, unpaired two-sample Wilcoxon tests (also known as Wilcoxon 

rank sum tests or Mann-Whitney tests), one-way Anova tests (followed by a 

Tukey multiple pairwise-comparison test if results were significant) and 

Kruskal-Wallis rank sum tests. A linear regression model in R was also used 

to test for differences between food intake in chapter 6.  
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Chapter 3 Applying Mendelian randomization to statistically 
identify bias in food frequency questionnaire responses 
 
3.1 Introduction  
 
3.1.1 Reporting bias in food frequency questionnaires (FFQs) 
 

As mentioned in chapter 2, Pirastu et al. carried out GWASs on food 

consumption data obtained from UK Biobank food frequency questionnaires  

(274). Food frequency questionnaires are regularly used to study 

associations between diet and disease (238). However, there is known 

intake-related bias in these questionnaires (237, 238), with people who tend 

to regularly consume low amounts of healthy foods, overreporting their intake 

of healthy foods and people who tend to consume large amounts of 

unhealthy foods, underreporting their intake of unhealthy foods (244). 

Evidence has shown that in particular, obese individuals under-report total 

energy intake (246, 290). It is difficult to carry out self-reported nutritional 

research due to this bias and measuring this is challenging because it 

requires knowledge of true food consumption that is difficult to obtain.  

 
When examining the results from the food consumption GWAS (table 3.1), 

the effect allele (T allele) of the Apolipoprotein E (APOE) gene was found to 

be associated with eating more fatty foods like meat, cheese and spread on 

bread and less of healthier foods like fruit and oily fish. This means that 

individuals with the C allele had an apparently healthier diet. 

 

Literature searches into APOE generated some questions over the reliability 

of the food consumption questionnaire results. It is well-known that the APOE 

gene is associated with low-density lipoprotein (LDL) cholesterol and 

Alzheimer disease (291) where the rs429358 SNP consists of an effect allele 

that is T and a reference allele that is C (292). Data obtained from MR Base 

(293) (table 3.2), shows summary GWAS data where the T allele is 
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associated to lower LDL levels and a lower risk of developing Alzheimer’s 

disease. Yet, it would be expected that these individuals would have higher 

LDL levels if they are consuming more fatty foods. This pattern is the same 

for total cholesterol, where data shown in table 3.2 indicates that the T allele 

is associated with lower total cholesterol levels but according to the food 

frequency questionnaire results, those with this allele were consuming a 

more unhealthy diet. It was hypothesised that this could be due to reverse 

causation where health-status was affecting reported food consumption due 

to misreporting or change in diet and thus wanted to test this using 

Mendelian randomization (MR).  

 

Table 3.1: Association results of the rs429358 SNP APOE 

Trait A1 A0 Effect size P-value 
Addition of spread T C 0.004425 1.46E-05 

Beef T C 0.003311 1.37E-04 

Beer & Cider T C 0.005173 7.48E-04 

Cheese T C 0.00195 8.98E-03 

Lamb T C 0.005373 3.56E-09 

Milk fat T C 0.000898 3.18E-05 

Pork T C 0.004633 1.33E-06 

Processed Meat T C 0.00281 1.39E-03 

Salt T C 0.007747 2.26E-06 

Dried fruit T C -0.015671 1.80E-15 

Fresh fruit T C -0.006003 1.08E-06 

Oily fish T C -0.008944 1.17E-04 

 

Table 3.2: Summary GWAS data for cholesterol and Alzheimer’s 
disease 

Trait A1 A0 Effect size P-value 
Total Cholesterol in LDL T C -0.225483 2.64E-62 

Serum Total Cholesterol T C -0.179693 2.88E-40 

Alzheimer's disease T C -1.3503 0 

Table 3.2: Summary GWAS data from MR Base (293). 
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3.1.2 General principles of Mendelian randomization & conditions 
essential for an unbiased analysis 

 
Mendelian randomization (MR) is a method that aims to identify non-biased 

causal effects between two factors (an exposure and an outcome) by using 

genetic variants that are strongly associated with the exposure (294).  

 

MR studies use instrumental variable approaches where genetic variants act 

as “instruments” (294). Three conditions must be met for the instruments to 

be valid. 1) The instrument must be associated with the exposure. 2) The 

instrument must only be associated with the outcome through the exposure. 

3) The instrument must not be related to any measured or unmeasured 

confounders (294). Figure 3.1 summarises this where ZA is the instrument, 

Trait A is the exposure and Trait B is the outcome.  

Figure 3.1: Graphical representation of MR 

 

 

 

 

 

 

 

 

Figure 3.1: Graphical representation of MR to test if trait A causes trait B. 

Conditions 1, 2 and 3 must be achieved so that the instrument (ZA) is valid. 

Condition 1: ZA must be associated with Trait A, condition 2: ZA must only be 

associated with trait B through trait A, and condition 3: ZA must not be 

associated with any confounders (294). Blue lines indicate possible 

associations, red lines indicate unacceptable associations for the instrument 

to be valid. 
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The principles of MR are similar to randomised controlled trials (RCTs). In an 

RCT, participants in a study are randomly assigned to a particular treatment 

which avoids any confounding between the treatment and outcome. MR does 

something comparable. Consider if a particular allele is related to trait A and 

trait A causes trait B. The inheritance of alleles is independent of 

environment which means that individuals who inherit the allele are being 

assigned a higher quantity of trait A. Individuals who don’t inherit the allele 

are being assigned a lower quantity of trait A (294). Still, genotype groups will 

have differences in exposure to trait A, though have the same confounders. 

This means that a by-genotype analysis is the same as an intention-to-treat 

study in an RCT where participants are studied based on the group they 

were assigned to, regardless of whether they complied with treatment. This 

method means that confounding by exposure status is not reinstated 

following randomization (294).  

 

To infer causal inference, the basic formula for MR is:  

 

 

(Obtained from Zulyniak et al. 2020 (295)). 

 

where the effect of the exposure on the outcome is equal to the effect of the 

SNP on the outcome divided by the effect of the SNP on the exposure (293).  

 

In regards to the graphical representation of MR shown in figure 3.1, the 

effect of trait A on trait B is equal to the effect of ZA on trait B divided by the 

effect of ZA on trait A. 

 

3.1.3 Two-sample Mendelian randomization 
 

Two-sample Mendelian randomization is a method to estimate the causal 

effect of the exposure on the outcome using only summary statistics (293). 

The instrument SNPs associated with the exposure or the outcome are taken 
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from different genome-wide association studies (GWASs) (293). The 

advantages of this method are: reduced bias due to using non-overlapping 

samples (296) and no requirement to measure traits in the same sample 

(297) which maximises statistical power (293).  

 

This method can be used with numerous potential exposure-outcomes, 

where the exposure can be extensive (e.g. gene expression) or with more 

complex traits (e.g. body mass index) (293). Two-sample MR has been used 

to investigate the risk of a range of diseases from cancer (298) to type 2 

diabetes (299). The effect of food and macronutrients on health has also 

been studied using MR (300-302).  

 

3.1.4 Aim 
 

The aim of this work was to use Mendelian randomization to investigate the 

causal effect of health-related traits on reported food intake and so, 

statistically identify bias in food frequency questionnaire GWAS results. 
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3.2 Methods 

 

3.2.1 Applying MR to detect bias in food frequency questionnaire 
responses 
 

Analysis was carried out by using the 2SampleMR package in R (figure 3.2) 

(303). Genetic instruments were created for several exposures (appendix 

table 4, appendix 2) for which dietary advice is usually given (body mass 

index (BMI), low-density lipoprotein (LDL) cholesterol, high-density 

lipoprotein (HDL) cholesterol, total cholesterol, diastolic blood pressure 

(DBP), systolic blood pressure (SBP) and triglycerides), by LD pruning 

(r2<0.001) of publicly available summary statistics for SNP-trait associations 

(p<5x10-8). Then, the estimates of association between these SNPs and the 

FFQ traits were obtained from the UK Biobank (n~500,000) food 

consumption GWASs to use as outcomes. Data was harmonised so that the 

effect of each SNP on the exposure and outcome referred to the same effect 

alleles (304). SNPs with heterogeneous effects were removed using a 

stepwise algorithm to reduce any possible IV assumption violations (305).  
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Figure 3.2: Performing Two Sample Mendelian Randomization 

Figure 3.2: Pipeline of the 2SampleMR package in R – obtained from 

Hemani et al. 2018 (303). https://mrcieu.github.io/TwoSampleMR/ 
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MR was conducted using the inverse variance-weighted (IVW) method or 

with MR Egger regression if the intercept of the regression was significantly 

different from zero (figure 3.3). IVW MR uses multiple SNPs to carry out an 

inverse weighted meta-analysis of all Wald ratios (306), essentially using 

each SNP as an experiment (293). It is a weighted regression of the 

exposure SNP effects against the outcome SNP effects whereby the 

regression must pass through the point of origin (293). Weights are 

generated from the inverse of the outcome effects variance (293). Random 

effects IVW is usually used unless there is underdispersion between SNP 

causal estimates, where then a fixed effects IVW is used (293). The 

estimates from both IVW models are equal but the variance of random 

effects IVW considers heterogeneity between SNPs so is increased (293).  

 

MR-Egger analysis, an adaptation of Egger regression, relaxes the second 

instrumental variable assumption of no horizontal pleiotropy (293). Horizontal 

pleiotropy describes the SNP effects on the outcome that are in no way 

arbitrated by the exposure (293). MR-Egger uses IVW analysis with a non-

zero intercept to permit the overall horizontal pleiotrophic effect of SNPs to 

be unbalanced or directional (293). This generates a non-biased causal 

effect even if the second instrumental variable assumption is violated, by 

assuming that the exposure SNP effects have no correlation with the 

horizontal pleiotropic effects (known as the Instrument Strength Independent 

of Direct Effect assumption) (293). 

 

Following the MR analysis, significant p-values reported were Benjamini & 

Hochberg-corrected to decrease false discovery. 
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Figure 3.3: Scatter plots indicating SNP exposure effects against 
outcome effects 

 

Figure 3.3: Scatter plots indicating the SNP exposure effects against their 

outcome effects. The slope of regression estimates the causal effect of the 

exposure on the outcome (293).  

A – Demonstration of no or IVW balanced horizontal pleiotropy where the 

intercept of the regression is zero. The influence of each SNP on the overall 

effect is weighted by the inverse variance of the outcome SNP effect.  

B – Egger regression showing directional horizontal pleiotropy with a non-

zero intercept. If directional horizontal pleiotropy is present, and the slope of 

the regression is forced to pass through zero, this will generate bias 

(indicated by the grey line). If the SNP-exposure and pleiotropic effects are 

not correlated, then the intercept can pass through values other than zero 

and an unbiased effect estimate can be produced (293).  

 

 

 

 
 
 

A B 
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3.3 Results 
 

3.3.1 Causal effect of health-related trait exposures on food intake  
 

Significant results suggesting a causal effect of all health-related trait 

exposures on reported food intake were identified (figure 3.4). (Full results 

can be found in appendix table 5, appendix 2).  

 

The effect of BMI on food 
 

Results showed that individuals that were genetically predisposed to a higher 

BMI reported lower intake of beef, bread, fat content of milk and processed 

meat. They reported that they did not drink beer/cider, tea or add spread to 

bread but they reported drinking coffee and decaffeinated coffee, shown by 

an increased intake of ground, instant and decaffeinated coffee. 

Furthermore, these individuals reported an increased intake of healthier 

foods such as cooked vegetables, fresh fruit, oily and non-oily fish, poultry 

and salad.  

 

The effect of LDL, total and HDL cholesterol on food 
 

A similar pattern was detected for LDL cholesterol where individuals who 

were genetically predisposed to a high LDL reported lower intake of beef, 

cheese, fat content of milk and lamb. They reported that they did not add salt 

to their food or add spread to bread. There was an increased reporting of 

dried fruit, fresh fruit, oily fish and salad. Additionally, those genetically 

predisposed to high total cholesterol also reported lower intake of beef, 

cheese, fat content of milk and lamb as well as processed meat. These 

individuals also reported that they did not add salt to their food or add spread 

to bread. They reported increased intakes of fresh fruit, oily fish and salad. 

Individuals genetically predisposed to high HDL cholesterol levels reported a 
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lower intake of cooked vegetables and reported that they drank decaffeinated 

coffee. 

 

The effect of triglycerides on food 
 

Individuals genetically predisposed to higher triglyceride levels reported a 

lower intake of champagne/white wine, cheese, decaffeinated coffee, fat 

content of milk, ground coffee and tea. They reported that they did not add 

salt to their food. There was increased reporting of fresh fruit, non-oily and 

oily fish, poultry, processed meat and water.  

 
The effect of diastolic and systolic blood pressure on food 
 

Additionally, those genetically predisposed to having higher diastolic blood 

pressure reported that they did not drink coffee or add salt to their food and 

reported a lower intake of lamb. Individuals genetically predisposed to having 

higher systolic blood pressure reported that they consumed less ground and 

instant coffee, pork and red wine and an increased intake of water (corrected 

for coffee intake).  
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Figure 3.4: Causal effect of health-related traits on food/drink consumption detected by univariate MR 
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Figure 3.4: Causal effect of health-related traits on food/drink consumption detected by univariate Mendelian 

randomization. Effect sizes are shown with 95% confidence intervals. Positive effect sizes indicate higher food/drink 

consumption. Negative effect sizes indicate lower food/drink consumption. Exposures are BMI, Body Mass Index; DBP, 

Diastolic blood pressure; HDL, High density lipoprotein cholesterol; LDL, Low density lipoprotein cholesterol; SBP, Systolic 

lipoprotein cholesterol; Total cholesterol; Triglycerides. Outcomes are food/drink traits. Decaf, Decaffeinated. 
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3.4 Discussion 
 

It is well-known known that food frequency questionnaires suffer from intake-

related biases (237, 238). There were questions over the reliability of the 

food consumption GWAS results (table 3.1) which did not correspond with 

literature searches (293). It was hypothesised that the GWAS results could 

have been affected by reverse causation where health-status was affecting 

reported food consumption. Therefore, in this chapter, I investigated the 

causal effect of health-related traits on reported food intake through the use 

of Mendelian randomization, and statistically identified bias in food frequency 

questionnaire GWAS results. 

 

3.4.1 Evaluation of results 
 

Mendelian randomization was used to test if health-related traits (exposures) 

had an effect on reported food consumption (outcomes). Health-related traits 

for which dietary advice is typically given were chosen: (BMI, LDL 

cholesterol, HDL cholesterol, total cholesterol, diastolic blood pressure, 

systolic blood pressure and triglycerides). For example, in the MR analysis, 

when the exposure was: genetic predisposition to having a higher BMI and 

the outcome was: reported food consumption, the hypothesis being tested 

was: does being genetically predisposed to having a higher BMI influence 

food reporting? 

 

Results from individuals who were genetically predisposed to having a high 

BMI showed that they reported consuming a lower amount of perceived 

unhealthy or higher fat foods/drinks (such as processed meat, high fat 

content milk, beer/cider or adding spread to bread) that might typically be 

avoided or reduced if someone is trying to lose weight. Furthermore, they 

indicated that they consumed higher amounts of healthier foods like cooked 

vegetables, salads, fish and poultry. The World Health Organization advises 

that these foods form part of a healthy diet (307). These results reflect the 
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known intake-related bias in food frequency questionnaires whereby obese 

individuals under-report total food intake (246, 290) and that people who 

consume low amounts of healthy foods, over-report intake of healthy foods 

and people who consume high amounts of unhealthy foods, under-report 

intake of unhealthy foods (244). These results could also reflect that the 

participants could have started eating heathier of their own accord which 

could bias the results. 

 

Individuals who were predisposed to high LDL and total cholesterol 

demonstrated a similar reported food intake pattern where they reported 

lower intakes of foods such as beef, cheese, fat content of milk, 

lamb/processed meat, adding salt to food and spread to bread. These dietary 

sources are known to be high in saturated or trans fats - typical health advice 

is to reduce intake of total fat in order to reduce cholesterol (308). 

Furthermore, these individuals reported increased intakes of healthy foods 

such as fruit, fish and salad - foods typically advised to consume to lower 

cholesterol (308). Individuals genetically predisposed to having high HDL 

cholesterol (also known as the “good cholesterol”) reported that they 

consumed a lower amount of cooked vegetables and they drank 

decaffeinated coffee. It has been reported that coffee drinking contributes to 

higher total cholesterol and LDL cholesterol levels (309). Therefore, it could 

be perceived by people that drinking decaffeinated coffee is healthier despite 

the fact that it is unclear if the effect on total and LDL cholesterol is related to 

the caffeine in coffee (309). It is difficult to disentangle if these results may be 

due to reporting bias or other confounders.  

 

High triglyceride levels is another health-related trait for which dietary advice 

is typically given. Individuals with this trait reported that they consumed lower 

amounts of fatty foods like cheese and fat content of milk. These foods are 

typically suggested to be avoided if an individual has high triglyceride levels 

(310). Furthermore, they reported that they did not add salt to their food and 

that they consumed lower amounts of tea, coffee and champagne/white 
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wine. Alcohol is reported to increase triglyceride levels (310) and it has been 

reported that coffee intake contributes to higher triglycerides levels (309). It is 

difficult to comment on the relevance of the tea result as it is not known what 

type of tea was consumed i.e. participants were asked how many cups of tea 

they consumed per day rather than which type of tea they drank. Additionally, 

these individuals reported that they consumed higher amounts of healthy 

foods such as fruit, fish and poultry, but also processed meat and they drank 

more water. These foods (excluding processed meat) are known to form part 

of a healthy diet (307). In regards to the higher reporting of processed meat 

intake, it is difficult to ascertain from this work if this result could be due to 

someone consuming processed meat that is thought to be not as unhealthy  

as other processed meats. For example, ham sandwiches may not be 

deemed as unhealthy as the likes of meat pies, kebabs or sausages etc.  

 

Individuals predisposed to a higher diastolic blood pressure reported that 

they did not drink coffee or add salt to their food, and consumed lower 

amounts of lamb. Salt intake has been regarded as being a contributor to 

high blood pressure so individuals are typically advised to reduce their salt 

intake (311). Coffee intake has also been reported to acutely increase blood 

pressure (312). Individuals predisposed to higher systolic blood pressure 

reported lower consumption of coffee. They also reported lower consumption 

of pork and red wine – these are foods that should be consumed in 

moderation. These individuals reported an increased intake of water 

(corrected for coffee).  

 

Results from this study suggested that the studied health-related trait 

exposures were influencing the reported food consumption but it must also 

be considered that participants could have altered their diet to comply with 

medical advice, which could have confounded the results. This work 

highlighted the fact that studying responses to FFQs includes their 

associated biases - it is not exact food intake. These results corresponded 
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with previous epidemiological studies on FFQ reporting but for the first time, 

could give an estimate of this bias using a large sample size.  

 

3.4.1.1 Study limitations 
 
SNPs with heterogeneous effects were removed in this study to reduce any 

possible IV assumption violations (305) and sensitivity analysis carried out 

using the MR Egger approach allows a causal estimate to be made even if 

invalid instruments remained (313). However, it has been reported that 

although MR Egger is robust, it lacks power (313) which could impact on the 

amount of health-related bias that can be detected on food reporting. 

 
This study was also limited by the questions regarding different foods and 

different food types asked by the UK Biobank FFQs. In the future, it would be 

useful to have a greater coverage of foods and a breakdown of different food 

types to further study the effect of health-related traits on reported food 

consumption and potentially identify more biases. 

 

This study included participants aged 40 – 69 years old who may suffer from 

health-related traits such as high blood pressure or high LDL cholesterol. If 

younger people were studied, this may help to reduce bias if food-health 

associations could be identified prior to the onset of the majority of health-

related traits. 

 

Although this study was made as robust as possible, it should also be 

considered that different health-related traits can affect each other and thus, 

introduce confounding in results. A multivariable Mendelian randomization 

method has been carried out to extend this work and identify direct health -> 

food associations (274).  
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3.4.2 The circle of food and health  

 
This work highlights a need to consider behaviour when estimating food-

health relationships. Typically, dietary advice is given to guide individuals 

towards a healthy lifestyle. However, to correctly assess the impact that 

foods can have on health, we must be aware that health-related behaviours 

may be driving individual food choices and thus, biasing these results. For 

example, it has been reported that body weight status can influence food 

decision-making (314) which makes it difficult to disentangle what type of 

food choices might be causing obesity or if obesity itself is driving particular 

food choices. To investigate the effect of food on health, Mendelian 

randomization has been used to assess the impact of diet on blood 

metabolites, which are objective biomarkers of food consumption (315). Work 

such as this can help to develop a clearer picture of food-health 

relationships. 

 

3.4.3 Future outlook 
 

It is difficult to work with self-reported nutritional data because this type of 

data is known to be affected by response bias (252). This response bias can 

occur in the form of misunderstanding or social desirability and these can 

also change over time throughout a study (252). However, Mendelian 

randomization has proven to be a useful tool to identify this and it could be 

applied to assess bias in other self-reported data based GWASs. Statistically 

identifying this bias can allow for correcting/eliminating this from results as 

per Pirastu et al. (274), enabling more accurate food-health relationships to 

be established.  

 

3.5 Conclusion 
 

In conclusion, using Mendelian randomization, bias in the FFQ GWAS results 

was successfully identified. These results corresponded with bias in other 
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epidemiology studies. Mendelian randomization is a useful tool to assess 

causality between traits but 3 conditions must not be violated in order to 

generate a reliable result. Identifying this bias can allow for correction of 

results and this work is important for correctly estimating food-health 

relationships.  
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Chapter 4 Gene prioritisation strategy for functional 
validation of food preferences 
 

4.1 Introduction 
 
4.1.1 From GWAS to functional study 
 
Genome-wide association studies (GWAS) have been the tool of choice for 

identifying genetic variants associated with disease for the last 15 years 

(316). These studies produce a vast quantity of data that can be used to 

generate causal links between risk factors and disease, provide information 

about phenotypes, heritability and genetic correlations, and help to guide 

drug discovery (317). Over 70,000 genetic associations have been identified 

in over 5600 GWASs (318) and sample sizes have reached over one million 

people (260, 261). However, there are difficulties associated with deciphering 

this data because it can be unclear which particular variants or genes may be 

involved in disease mechanisms (319) (see section 4.1.2 regarding 

establishment of causality). This highlights a need for functional follow-up 

studies to validate GWAS results. Nevertheless, demonstrating causality 

between a gene and an associated trait in physical experiments is expensive 

and time-consuming (273). It has been suggested that undertaking a 

meticulous gene prioritisation process before functional follow-up can greatly 

reduce these costs (273) and potentially misplaced effort, which highlights a 

need for genes to be prioritised in a scientific, evidence-based manner.  

 

4.1.2 Considered features for gene prioritisation 
 

Gene prioritisation is a process used to narrow down a list of genes and 

indicate how likely a particular gene is to be involved in producing a 

phenotype (273). There are many approaches that can be taken to narrow 

down a list of genes.  
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Genetic similarities between species 
 

Cross-species evidence can be gathered (273) to look for genetic similarities 

between species such as humans and mice. For example, protein sequences 

can be compared to identify conservation of domains between species. 

There is an assumption that, generally, orthologs share the same function 

(320) so this could be key to developing an appropriate follow-up in vivo 

study.  

 

Gene expression 
 

Another aspect to be considered is where these genes are expressed i.e. 

can the genes be found in relevant tissues, cellular constituents or 

associated pathways (273). 

 

Genetic mutations 
 
Pathogenicity 
 

Evidence surrounding genetic mutations should also be taken into 

consideration (273). Normal functionality of genes can be altered by 

mutations (273) and typically, an individual with a gene that has a deleterious 

mutation is more likely to demonstrate a clinically manifested phenotype 

(273). The deleteriousness of mutations can be investigated using various 

online tools such as Combined Annotation Depletion (CADD) (321, 322). 

This tool estimates how pathogenic a genetic variant is by comparing 

simulated genetic variants with variants that have survived natural selection 

and produces a deleteriousness score (321, 322). 
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Single Nucleotide Polymorphisms 
 

Single Nucleotide Polymorphisms (SNPs) make up approximately 90% of 

genetic variation in the human genome (273). These can be broken down 

into coding and non-coding SNPs (273). Coding SNPs can be split into 

synonymous (they don’t have an effect on protein sequences) and non-

synonymous SNPs (ns-SNPs) (they can cause single amino acid 

substitutions or introduce premature stop signals) (273, 323). Knowing which 

type of SNPs are present within a list of genes and understanding their 

function is important for prioritisation because it is most appropriate to select 

genes that are influenced by SNPs that cause biological change. For 

example, missense SNPs which are a type of ns-SNP, may alter a protein’s 

structure and function which could lead to the development of disease (324). 

The potential effect of non-synonymous SNPs on protein function can be 

investigated using online tools (325, 326). For example, the Sorting Intolerant 

from Tolerant (SIFT) homology-based algorithm can be used to predict an 

outcome if changes occur with a protein sequence (325, 326). 

 

Establishment of causality 
 

Another important aspect to consider is that genetic variants identified from 

GWAS can be difficult to interpret. Many other genetic variants can be in 

linkage disequilibrium (LD) with the identified significant variant (319) which 

makes it difficult to make causal inferences (263). Typically, the most likely 

causal variant is a missense variant because this can affect protein structure 

and function (324). However, there maybe be instances where it is not 

biologically plausible for the associated gene to be involved in the genetic 

association. Therefore, it is logical to examine the top SNP in further detail 

and look for other annotated genes close-by. For example, expression 

Quantitative Trait Loci (eQTL) genes could be linked to the top SNP. An 

eQTL is a locus where a SNP accounts for some of the gene expression of a 

gene (327). A study by Joehanes et al. demonstrated that approximately 
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50% of genetic variants lay within eQTLs (328). eQTLs can be involved in 

identifying regulatory pathways involved in disease (327). Online tools such 

as Haploreg (329) can be used to identify SNPs in LD with the top significant 

variant so that the most likely candidate causal variants can be selected.  

 

Replication of results 
 

Replication of GWAS results should also be taken into account as it can 

ensure that any genotype-phenotype associations identified are more likely 

to be true associations rather than chance findings (330). Replication can 

also improve reliability of effect sizes (330)  as these can be inflated due to 

winner’s curse (331). Winner’s curse is where new genetic effect sizes are 

overestimated which can affect follow-up studies, causing them to be 

underpowered (331). 

 
Examination of literature  
 

Finally, reviewing scientific literature such as published papers or scientific 

databases can highlight key information and so improve prioritisation. The 

scale and depth of data available online requires appropriate filtering. 

Scientific text mining tools can be used to extract information such as protein 

names (332) or genes and their associations from various scientific papers 

(333). In addition, websites such as PubMed now use a smart search engine 

that can refine searches (273). 

 

Gene prioritisation processes can play a role in the identification of disease-

related genes (334). However, gene prioritisation can be complex due to the 

huge amount of data involved in genetic studies (273). This means that 

robust and reliable methods are required to inform choices for functional 

validation study.  
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4.1.3 Aim 
 
The aim of this chapter was to identify one gene for functional validation in an 

in vivo model. This was done by developing a gene prioritisation strategy to 

filter genes; allocating genes a certain number of points based on a range of 

features and ranking genes in order of preference for functional follow-up. 
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4.2 Methods  

 

4.2.1 GWAS correction 
 

Following successful identification of bias in the food consumption GWASs 

mentioned in chapter 3, Pirastu et al. (274) developed a bias correction 

method. This method was a form of mediation analysis and involved 

comparing how much a SNP affected how much or how little food was 

consumed. The overall aim of that method was to compare the observed 

SNP effect on food (GWAS results) and the expected SNP effect on food. 

 

The expected SNP effect on food was: 

 

§ (The effect of SNP on BMI x the effect of BMI on food) + other related 

exposures (figure 4.1) 

§ Combining the effect size of a SNP on health-related traits with the 

effect sizes of health-related traits on food gave a statistical estimation 

of the mediated effect i.e. how much the SNP was influencing reported 

food intake through health-related traits. 

Figure 4.1: GWAS correction mediation analysis 
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Figure 4.1: GWAS correction mediation analysis showing the expected SNP 

effect on food. The black arrows indicate the effect of the SNP on traits such 

as body mass index (BMI), total cholesterol (Total C), triglycerides (Trigs) 

and blood pressure plus the coloured arrows which indicate the effect of 

these traits on reported food consumption.  

 

The expected effect was subtracted from the observed effect to give the 

correct effect i.e.  

 

     §   The observed effect – the expected effect = the correct effect 

 

This method was able to identify loci having a direct effect on food intake 

instead of through another trait such as obesity or hypertension. The 

corrected GWAS results highlighted potential candidate genes for functional 

validation study. 

 

4.2.2 Gathering background information 
 

General methods included literature searches using PubMed and Google. 

Further information was gathered through data mining of various databases 

and use of bioinformatics tools shown in table 4.1.  
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Table 4.1: Databases and bioinformatics tools for gene prioritisation 
strategy 

Database/Tool Description 
Haploreg (329) A tool for exploring annotations of the noncoding 

genome 
BIOGPS (335) An extensible and customizable gene annotation portal 
The Allen Brain Atlas 
(336) 

For investigating mouse brain gene expression  

Basic Local Alignment 
Search Tool (BLAST) 
(337) 

A tool for comparing the similarity of nucleotide or 
protein sequences to existing sequences  

Phenoscanner (338) A database of human genotype-phenotype 
associations 

The International 
Mouse Phenotyping 
Consortium (339) 

A database of phenotypes from knock-out of protein-
coding genes in the mouse genome 

 

Annotation of protein sequences was carried out to identify conservation of 

protein domains using BLAST (337). The potential effect of the protein 

mutations that arise through ns-SNPs was investigated through collaboration 

with Dr Joe Marsh, University of Edinburgh, and his in-house computational 

protein biology pipeline. This pipeline involves mapping genes against all 

known protein structures in the Protein Data Bank (340) and looking at the 

structural properties of where they occur. As part of this, the FoldX 

programme was used for predicting the likelihood of disruptive mutations 

(341). 

 

Analysis of single-cell RNA sequencing data from Tabula Muris (342)  was 

carried out using both their web interface and the Seurat package (343) in R 

studio.  

 

4.2.3 Gene prioritisation strategy 
 

A gene prioritisation strategy plan was developed to refine results. Gene 

prioritisation took place in 6 stages (figure 4.2).  
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Figure 4.2: Gene prioritisation strategy funnel 

 
 
 
 
 
 
 

Figure 4.2: Gene prioritisation strategy funnel. NSMs; non-synonymous 

mutations, CRR; corrected raw ratio. Olfactory and taste receptor genes 

excluded due to seeking novel food preference-associated genes. Viability 

was related to capability of mouse model living. Replication criteria = p<0.1. 

Ranking included points allocation according to gene expression, pairwise 

protein alignments, knockout mice and phenotype information.  

 

Stage 1: Corrected results: 50 genes 

  

• Following application of the bias correction method (274) on the 

GWAS data (sample size of ~450,000), 302 loci were identified to be 

associated with food consumption.  

• Haploreg (329) was used to determine which SNPs were in Linkage 

Disequilibrium (LD) (see chapter 1, section 4.1.2: establishment of 

causality) at r2>0.8 with the top SNP in these loci. 

• If there was an ns-SNP amongst them, it was determined to be the 

candidate causal SNP in the gene (and, therefore, the gene was 

identified as a candidate for further analysis).  

 

 
 

NSMs 

Threshold 
Olfaction & Taste 

Viability 

Replication 

High score 

ß 39/302 loci mapped to NSMs (50 genes) 
 

ß CRR Threshold 0.95-1.05 (31 genes) 
 

ß Exclusion of olfactory & taste receptor 
genes (16 genes) 
 

ß Animal model viability & feasibility of trait  
(12 genes) 
 

ß Replication in other cohorts (5 genes) 
 

ß Ranking of replicated genes (2 genes) 
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Stage 2: Results that met defined threshold: 31 genes 

 

• Corrected to raw ratio (CRR) was obtained from the GWAS correction 

method and estimated by Pirastu et al. (274). 

 

The corrected to raw ratio was estimated as: 

 

§  correct effect/observed effect = corrected raw ratio 

 

• Assessed through simulations, if a SNP had a CRR value of between 

0.95 – 1.05, it was highly likely to have a direct effect on the trait of 

interest. This threshold was used to select the genes more likely to 

show a phenotype relevant to the food preference trait in a knockout 

mouse. 

 

Stage 3: Further refinement of candidate genes: 16 genes 

  

• Olfactory and taste receptor genes were excluded from the candidate 

gene list as this study sought to identify traits other than flavour and 

taste.  

• Genes that had been previously associated with energy balance or 

food choice, and genes within a complex locus (for example, on 

chromosome 17 there is 900kb inversion and a large region of LD 

(344) which makes it difficult to fine map) were also removed.  

• Genes that were not expressed in the brain; those with no or low 

conservation in mice and those with no available mouse sequence 

data were also excluded.  
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Stage 4: Further refinement based on animal model viability and 
feasibility of trait: 12 genes 

  

• Genes that were embryonically lethal or associated with increased 

morbidity or mortality after knock-out in mice were excluded.  

• Difficult traits to model in mice were excluded e.g. drink temperature 

would be difficult to model. 

 

Stage 5: Replication refinement: 5 genes 

  

• Replication across populations meant that it is highly likely that the 

identified SNPs were robust in their association.  

• Replication GWAS food consumption results from other cohorts 

(n=21,337 EPIC-Norfolk Study, n=11,442 Fenland Study) were 

gathered. 

 
Stage 6: Gene ranking 
 
Genes were ranked based on three main components:  

 

1. Gene expression in humans and mice was investigated using BIOGPS 

(335) and the Allen Brain Atlas (336). Genes were allocated points based on 

gene expression in the brain in both humans and mice (table 4.2). 

 

Table 4.2: Gene expression points allocation 

Gene expression in brain Number of points allocated 

Yes 5 

No 0 
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2. Pairwise protein alignments were carried out to look for similarities 

between protein sequences between humans and mice using BLAST (337). 

Points were allocated based on the percentage of identity between the 2 

species (table 4.3).  

 

Table 4.3: Pairwise protein alignments (humans and mice) points 
allocation 

Percentage identity Number of points allocated 

91-100 5 

81-90 4 

71-80 3 

61-70 2 

51-60 1 

<50 0 

 

 

3. Existence of knockout mice and phenotypes potentially relevant to eating 

behaviours. Using information from The International Mouse Phenotyping 

Consortium (339), genes were allocated points based on availability of 

knockout mouse and relevant food-related phenotypes (table 4.4). 

 

Table 4.4: Knockout and phenotype details points allocation 

Description Number of points allocated 

Mice + relevant associated phenotype + 
disease model 

3 

Mice + relevant associated phenotype 2 

Mice 1 

No knockout mice 0 
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4.3 Results 
 

4.3.1 Gene prioritisation strategy results 
 

Table 4.5 shows the number of genes that were excluded during each stage 

of the prioritisation strategy. 

 

Table 4.5: Outline of number of genes excluded and remaining after 
each stage 

Stage No. of genes excluded No. of genes 

1 372 50 

2 19 31 

3 15 16 

4 4 12 

5 7 5 

6 3 2 
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Stage 1: Corrected results: 50 genes 
 

39 of the 302 loci were mapped to ns-SNPs in 50 genes (table 4.6). Some 

loci contained more than 1 gene with an ns-SNP. Full results can be found in 

appendix table 6, appendix 3. 

 

Table 4.6: 50 genes with non-synonymous SNPs in stage 1 

 

TMEM52 KLF17 LRRN2 RYR2 GCKR 

LONRF2 NMS PDE11A RASSF1 EPHA3 

WDR49 SERPINI2 HTR3E CPEB2 ABCG2 

ADH1B SLC39A8 BTN2A1 BTN1A1 BTN3A1 

HIST1H2BE DCAF12 MLXIPL POR TAS2R38 

C9orf93 ANKK1 FAM120AOS IER5L OR4D6 

OR5A1 SERPINA1 TAS2R42 DDN OR4K17 

OR10G3 LOC100130148 DOC2A HSD3B7 IMP5 

CRHR1 APOE MAPT KIAA1267 STH 

NPC1 RASIP1 FUT2 SIRPA MCHR1 
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Stage 2: Results that met defined threshold: 31 genes 
 
31/50 genes met the Corrected Raw Ratio (CRR) Threshold (table 4.7). Full 

results can be found in appendix table 7, appendix 3. 

 

Table 4.7: 31 genes met the Corrected Raw Ratio (CRR) Threshold in 
stage 2 

   
RYR2 GCKR 

 
NMS 

 
RASSF1 EPHA3 

WDR49 SERPINI2 HTR3E 
 

ABCG2 

ADH1B SLC39A8 BTN2A1 BTN1A1 BTN3A1 

HIST1H2BE DCAF12 
  

TAS2R38 

C9orf93 ANKK1 
 

IER5L OR4D6 

OR5A1 
 

TAS2R42 
 

OR4K17 

OR10G3 LOC100130148 DOC2A 
 

IMP5 

CRHR1 
    

  
FUT2 

 
MCHR1 
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Stage 3: Further refinement of candidate genes: 16 genes 
 

16 genes in table 4.8 met stage 3 refinement criteria. These were not related 

to olfaction, taste, energy balance or food choice. No genes within a complex 

locus (chromosome 17) were included. Genes that were not expressed in the 

brain; those with no or low conservation in mice or those with no available 

mouse sequence data were excluded. Excluded genes and reasons for 

exclusion can be found in appendix table 8, appendix 3. 

 

Table 4.8: 16 genes remained after further refinement in stage 3 
   

RYR2 
 

   
RASSF1 EPHA3 

WDR49 SERPINI2 
  

ABCG2 
 

SLC39A8 
 

BTN1A1 
 

HIST1H2BE DCAF12 
   

C9orf93 ANKK1 
 

IER5L 
 

  
DOC2A 

  

  
FUT2 

 
MCHR1 
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Stage 4: Further refinement based on animal model viability and 
feasibility of trait: 12 genes 
 

12 genes met further refinement criteria of having a viable animal model and 

were associated with a trait that would be feasible to study in vivo (table 4.9). 

Details of excluded genes can be found in appendix table 9, appendix 3. 

 

Table 4.9: 12 genes remained after viability & feasibility refinement in 
stage 4 

   
RASSF1 EPHA3 

WDR49 SERPINI2 
  

ABCG2 
   

BTN1A1 
 

HIST1H2BE DCAF12 
   

C9orf93 ANKK1 
 

IER5L 
 

  
DOC2A 
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Stage 5: Replication refinement: 5 genes 
 
5 genes were replicated in other cohorts (table 4.10). The replication sample 

size was approximately one-tenth of the original GWAS sample size, 

therefore, if the replication p-value was <0.1 and demonstrated the same 

direction of effect, genes were kept. Full replication results can be found in 

appendix table 10, appendix 3. 

 

Table 4.10: 5 candidate genes and traits were replicated in stage 5 

Gene Trait(s) Replication p-value 

BTN1A1 Oily fish 0.09 

HIST1H2BE Beef 0.08 

DCAF12 Salt 0.05 

IER5L Pork  0.05 

Vegetarian 0.06 

DOC2A Fresh fruit 0.03 

Dried fruit 0.01 
 
 
Stage 6: Gene ranking 
 
Genes were ranked based on 3 main components: gene expression in 

humans and mice, pairwise protein alignments and existence of knockouts 

and relevant food-related phenotypes. Results are shown in table 4.11 and a 

summary of results in table 4.12.  

 

Further information was also gathered from Dr Joe Marsh about potential 

deleteriousness of mutations. Further details can be found in appendix table 

11, appendix 3. 
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Table 4.11: Summary of points allocation for gene ranking in stage 6 

Gene Trait 
Gene 
expression 

Pairwise 
protein 
alignments 

Existence of 
knockouts 
and relevant 
phenotypes 

Total 
points 

IER5L 
Meat & 
Fat 5 5 1 11 

DCAF12 Salt 5 5 1 11 

HIST1H2BE Beef 5 5 0 10 

DOC2A 
Low 
calories 5 5 0 10 

BTN1A1 Oily fish 5 3 0 8 
 

Table 4.12: Summary of ranked genes in stage 6 

Gene Points 

IER5L 11 

DCAF12 11 

HIST1H2BE 10 

DOC2A 10 

BTN1A1 8 

 
 
4.3.2 Top genes and associations 
 

The highest ranked genes were IER5L, associated with meat and fat and 

DCAF12, associated with salt. Both of these genes had 11 points at the end 

of the gene prioritisation strategy. 

 

IER5L 
  

IER5L (immediate early response 5-like) is an immune gene that may play a 

role in a nutrient-responsive gene pathway in adipose tissue in the form of 

enhanced transcriptional responses (345). It is also involved in enhanced 
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dephosphorylation of ribosomal protein S6 kinase (346) and, alongside IER2 

and IER5, in binding to CDC25A, a cell-cycle regulator. Conversion of 

CDC25A to its hypophosphorylated form initiates its dissociation from 14-3-3 

regulatory protein (346). Despite IER5L sharing homology with IER2 and 

IER5, its expression and cellular role is yet to be defined (346). IER5L is a 

novel molecular marker for glioblastoma multiform, a common, malignant 

brain cancer (347). Previous genetic associations include colorectal cancer, 

decreased systolic blood pressure  (348), red cell distribution width and 

oedema (349). 

 

Further bioinformatic analyses 
 

Further analyses were carried out using single-cell mouse brain RNA 

sequencing data to determine which cells express Ier5l. Due to food intake 

typically being controlled in the brain (350), a non-myeloid brain dataset was 

analysed. This included 53,760 cells from twenty tissues, from eight mice 

(342). This dataset is publicly available from Tabula Muris, a compendium of 

single-cell mouse data (342). Ier5l was primarily expressed in endothelial 

cells, with some expression in astrocytes, brain pericyte, neurons, 

oligodendrocytes and oligodendrocyte precursor cells (figure 4.3). 
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Figure 4.3: Ier5l gene expression in mouse non-myeloid brain cells 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.3: Violin plot demonstrating Ier5l gene expression in mouse non-

myeloid brain cells. Data obtained from publicly available single cell RNA 

sequencing mouse consortium: Tabula Muris (342, 351). The area of each 

violin represents the distribution of cells with varying levels of Ier5l 

expression. Cell type is indicated by colour of violin. 

 

It was difficult to synthesise a coherent role related to food preference for 

Ier5l from the literature and the single cell RNA sequencing analysis. 

Consequently, the top SNP associated with meat and fat (rs10739743) was 

explored in greater detail using Haploreg (329). This was found to be in an 

eQTL for PPP2R4 and CRAT (329, 352-355). An eQTL is a locus that 

accounts for some of the genetic variance of gene expression (356).  
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PPP2R4 
 

Protein Phosphatase P2 Phosphatase Activator (PPP2R4, also known as 

PTPA) is a gene that encodes the cellular PP2A-C activator PTPA (357). A 

decrease in PTPA function, and so inhibition, of PP2A was linked to the 

development of cancer (357). Further phenotypic associations with this gene 

include red blood cell distribution and blood metabolites (338). Single cell 

RNA sequencing data analysis showed that this gene was expressed in a 

range of non-myeloid cell types from astrocytes to oligodendrocyte precursor 

cells (figure 4.4). However, as with IER5L, this gene was difficult to connect 

to food consumption.  

 

Figure 4.4: Ppp2r4 and Crat gene expression in mouse non-myeloid 
brain cells 

 

Figure 4.4: Violin plots demonstrating gene expression per cell type for A: 

Ppp2re and B: Crat in single cell RNA sequencing mouse non-myeloid brain 

data (342, 351). The area of each violin represents the distribution of cells 

with varying levels of Ppp2re or Crat expression. Cell type is indicated by 

colour of violin. 

 
 

A B
b 
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CRAT 

 
Carnitine Acetyl Transferase (CRAT) is a gene that encodes carnitine 

acetyltransferase (CrAT) which is a key enzyme that is involved in energy 

homeostasis and metabolism of fat (358). This mitochondrial matrix enzyme 

plays a role in managing nutrient stress, encouraging metabolic flexibility and 

increasing insulin activity (359). Furthermore, CrAT plays a role in muscular 

contraction performance and withstanding fatigue during exercise (360). 

Seiler et al. showed that muscle-specific Crat–/– mice demonstrated acetyl-

CoA deficiency, altered energy charge and lower tolerance for exercise 

(360). CrAT could be a potential therapeutic target due to its involvement in 

whole body metabolism (359).  

 

Agouti-related peptide (AgRP) neurons are involved in eating behaviour 

(158) and energy homeostasis (361). Crat in AgRP neurons regulates food 

intake and feeding behaviour after fasting and is also involved in glucose 

clearance and peripheral fatty acid oxidation (361). Crat in AgRP neurons 

controls nutrient partitioning (fat storage) to preserve energy (362) and 

manages peripheral substrate utilisation (361). Single cell RNA sequencing 

data analysis showed that this gene was expressed in a range of non-

myeloid cell types including brain pericytes, neurons, astrocytes and 

oligodendrocyte precursor cells (figure 4.4). 

 

Essentially, it was not possible to exclude any of the 3 genes: IER5L, 

PPPD2R4 or CRAT from the genetic association with meat/fat in the 

candidate locus. However, due to the links between CRAT and food intake 

and no clear dietary associations with IER5L or PPPD2R4, the decision was 

taken to progress with CRAT to an animal model of food preference.  

 

At the time of experiments, there were no Crat–/– mice available to order. 

Professor Zane Andrews, at Monash University, Australia was contacted 

about his group’s AgRP-specific Crat–/– mouse line (362). I hoped to obtain 
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sperm or mice to do experiments in Edinburgh, in collaboration with this 

group, however this was time restrictive and logistically difficult for my project 

to move forward. Instead, I decided to develop a novel food choice model to 

study the meat/fat association using the well-known appetite regulatory 

MC4R gene. Mice were readily available in Edinburgh for this and the basis 

for Mc4r variants in novel aspects of food preference were underexplored. 

With a predicted robust model of preference exploiting a well-known model of 

appetite (Mc4r–/– mice), I hoped that this food choice model could be 

collaboratively transferred to the Andrews group to be used in their AgRP 

Crat–/– mouse line. However, the impact of COVID-19 meant that plans for 

Crat studies did not move forward. The functional validation work of the 

meat/fat association continues with the Mc4r gene in chapter 5.  

 
DCAF12 

 

The other highest ranked gene was DCAF12 (DDB1 and CUL4 associated 

factor 12), (see table 4.12), which is a “Cul4 ubiquitin ligase cofactor that 

promotes neurotransmitter release and homeostatic plasticity” (363). Little is 

known about this gene but it is expressed in various tissues such as brain 

and bone marrow (364, 365) and has previous genotype-phenotype 

associations with various immune cells, immature red blood cell 

quantification and body mass index (BMI) (366). Single cell RNA sequencing 

data showed that this gene was expressed in a range of non-myeloid brain 

cell types such as oligodendrocyte precursor cells, Bergmann glial cells and 

neurons (figure 4.5). Due to DCAF12 being a joint top gene, it was also 

chosen for a small functional follow-up study. This gene is studied in more 

detail in chapter 6.  
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Figure 4.5: Dcaf12 gene expression in mouse non-myeloid brain cells 

   

 
 
 
 
 
 
 
 
 
 
 

 
Figure 4.5: Violin plot demonstrating Dcaf12 gene expression in various non-

myeloid brain cells. Data obtained from publicly available single cell RNA 

sequencing mouse consortium: Tabula Muris (342, 351). The area of each 

violin represents the distribution of cells with varying levels of Dcaf12 

expression. Cell type is indicated by colour of violin. 
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4.4 Discussion 
 

In this chapter, I aimed to identify one gene for functional validation in an in 

vivo model. Genes were filtered by a gene prioritisation strategy plan and 

allocated a number of points based on a range of features. These genes 

were ranked based on total points and two, joint top genes were highlighted.  

 

4.4.1 Evaluation of study design 
 
Gene Prioritisation Strategy 
 

Stage 1 of the gene prioritisation strategy plan consisted of selecting genes 

that were mapped to non-synonymous SNPs because these SNPs are 

typically most likely to be the candidate causal SNP involved in the genetic 

association. However, sometimes this is incorrect and it can be the next 

closest gene, or other proximal genes that harbour the candidate causal SNP 

so it must be considered that there is still work to be done on being able to 

distinguish potential causal SNPs from other SNPs in linkage disequilibrium. 

 

Stage 2 involved a Corrected to Raw Ratio threshold from Dr Nicola Pirastu’s 

correction method (274) which was a threshold used to refine genes. The 

closer this number was to 1, the less likely that the observed association was 

due to mediation through another trait and thus more likely to be direct. 

Statistical methods such as this are useful to simulate SNP effects on genes 

at speed and with little cost, however we must consider that in a real-life 

scenario, there may be other factors affecting food preference traits.  

 

Stage 3 involved exclusion of 15 genes due to a range of features including 

taste receptor and olfactory receptor genes, a gene that has been associated 

alcohol and one that was related to energy intake. This study sought to 

identify traits other than flavour and taste. It may seem contradictory to 

remove taste receptor genes if they are well-known to be involved in food 
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intake, however the main trait of interest was preference rather than taste. 

Preference is derived from a number of aspects such as taste (55), flavour 

(56), physiological responses to foods (57), hormonal (58) and neural signals 

(59), emotions (60), memory (61) and learning (62). Furthermore, novel 

genes were focussed on, rather than genes that had been previously studied. 

Genes were excluded if they were located in a region on chromosome 17 

where fine mapping can be difficult due to a 900kb inversion and large region 

of LD (344). This project has shown how difficult it can be to identify a 

candidate causal gene even by choosing missense SNPs located in smaller 

regions of LD. Other genes were excluded at this stage if they did not have 

any available mouse brain expression or mouse sequence data, and if they 

had no or low conservation in mice. The follow-up study was planned to take 

place using a mouse model, therefore it was pragmatic to remove genes with 

less similarity in mice.   

 

Furthermore, in stage 4, genes were removed that were linked to lethality or 

associated with increased morbidity or mortality after knock-out in mice. Non-

viable traits were also removed from the list. For example, drink temperature 

and general water consumption would have been difficult/less interesting to 

model in mice.  

 

During stage 5, 5/12 genes were replicated in other cohorts. This indicated 

that the genes that had been selected to this point were reliable. It is 

important to have replication in GWAS results to reduce the possibility of a 

chance finding (330). 

 

Ranking of genes 
 

Genes were ranked based on 3 main components in stage 6. These 

components were gene expression in humans and mice, pairwise protein 

alignments and existence of knockouts and relevant associated phenotypes.  
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Gene expression was an important component to consider because a 

functional follow-up study would consist of knocking out the selected gene in 

a mouse. If this gene was not expressed in mice then it was not viable to 

select it for follow-up study. Previous iterations of this stage included 

allocating points of 5 (brain areas), 4 (gut, including large intestine, small 

intestine, stomach), 3 (adrenal and pituitary glands), 2 (circulation) or 1 

(adipose tissue) however, this method gave too much weight (maximum of 

15 points) to gene expression compared to other features in the overall 

ranking of genes. This allocation was therefore altered to focus only on gene 

expression in the brain because this is typically where food intake is 

controlled (350) and so, was deemed to be the most relevant. However, 

alternative strategies could have been considered, for example, including 

gene expression data from multiple relevant tissues and scaling the weight of 

this component. 

 

Investigating pairwise protein alignments was important to this study to 

evaluate how similar the protein sequences were between humans and mice. 

This may show similarities in structure, function or evolutionary relationships 

of the sequences (367). It has been reported that comparative genomics is 

one of the most dominant methods to study the human genome, and 

laboratory mice (Mus musculus) are one of the best species to start with 

(368). The higher the percentage of identity between the sequences 

highlighted the viability of studying this gene in a mouse model.  

 

The existence of knockout animals or relevant associated phenotypes was a 

feature involved in the ranking of genes because it was a practical way to 

highlight mouse models that would be available for a time-restricted PhD 

project. Genes were allocated 3 points if knockout mice were available, they 

demonstrated a relevant food-related phenotype and had previously been 

used in a disease model. 2 points were given for existence of knockout mice 

and a relevant phenotype. 1 point was allocated for existence of knockout 

mice but no relevant phenotype and 0 points were given if no knockout mice 
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were available. This was a case of filtering genes based on availability of 

tools. If time had allowed, other genes could also have been considered and 

a knockout mouse model created. 

In the future, it could be useful to use machine learning approaches for gene 

prioritisation to improve identification of causal genes and reduce subjectivity 

associated with human decisions (369). 

 

4.4.2 Top genes 
 

Results showed that there was an association identified with meat/fat 

consumption and the IER5L gene. However, following literature searches 

and single-cell RNA sequencing analysis, it was identified that this gene had 

little relevance to food preference. Following more detailed searches around 

the top SNP associated with the meat/fat consumption, two eQTLs were 

identified that could also be involved in this association. As mentioned 

earlier, SNPs can be in strong linkage disequilibrium with the top, associated 

SNP from the GWAS. This makes it difficult to identify the causal SNP. An 

example of this is the well-known FTO gene which is associated with 

increased BMI (370). It has previously been reported that the rs9939609 

SNP is associated with variation in BMI (230), but there are 2 other SNPs in 

linkage disequilibrium with this SNP (371). The region where FTO is located 

also contains other genes such as RPGRIP1L, IRX3, IRX5 and IRX6 (231). 

This means that the SNPs could affect any or all of these genes (231).  

 

This work highlights the difficulties of selecting causal genes. In this project, it 

was difficult to exclude either of the 3 genes: IER5L, PPPD2R4 or CRAT. 

This further highlights a requirement for more accurate fine-mapping 

methods to improve likelihood of identifying causal SNPs. It is also important 

to consider previous literature to identify what has been previously reported 

and if gene selection seems appropriate. The second top ranked gene was 

DCAF12 which was associated with salt consumption. There were no eQTLs 
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found near to the top associated SNP so the missense SNP was most likely 

to be the candidate causal SNP in this locus.  

 

4.5 Conclusion 
 

In conclusion, through developing a gene prioritisation strategy and allocating 

genes a certain number of points based on a range of features, genes were 

ranked in order of preference for functional follow-up study. This gene 

prioritisation strategy was thorough and informative, providing a greater 

understanding of which genes would be viable for further study. Two genes 

were prioritised: CRAT (associated with meat and fat) and DCAF12 

(associated with salt) for food preference studies in mice. However, due to 

logistical difficulties, it was not possible to follow-up the CRAT gene. Work 

continued with the MC4R gene, to develop a robust model of food preference 

in an established model of appetite - the long term aim being to apply this to 

AgRP Crat–/– mice. Work in this chapter highlighted difficulties associated 

with prioritising genes from GWAS results and various features that should 

be considered. It is important to prioritise genes in a scientific, evidence-

based manner to select the most biologically plausible gene to model a food 

preference phenotype in mice.  
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Chapter 5 Development of a novel 3-food-preference model in 
Mc4r-/- mice  
 
5.1 Introduction 
 
5.1.1 Mouse models and obesity  
 

Mice are commonly used species to investigate obesity and have been used 

successfully for decades (372). Fundamental pathways involved in energy 

homeostasis, like humoral signals and neuronal circuits, were first identified 

and characterised in mice (186). These pathways have been shown to be 

conserved and essential in humans (373), through the subsequent 

characterisation of relevant human drug targets (186). Genome-wide 

association studies in large human cohorts have also been used to identify 

genetic variants near genes that are associated with human obesity (374), 
and which have previously been associated with energy balance in mice 

(375). 

 

Obesity in mice can occur due to monogenic disorders, such as leptin 

deficiency found in ob/ob mice (376), or due to a combination of genetics, 

maternal-foetal interactions, learned behaviours, and environmental factors 

like threat of predation (186). Defects in the homeostatic regulation of food 

intake and recognition of satiety or reward can also play a role (186). Food 

intake, and in particular, consuming food in excess of energy requirements 

has previously been linked to common forms of obesity (186). This highlights 

the need to carry out research into eating behaviour to investigate what 

drives these choices.  

 

5.1.2 Food choices 
 
Food choice studies in mice have primarily focused on preferences of fat, 

sucrose, protein or carbohydrates (377, 378) with the aim of understanding 
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what controls food selection i.e. genetic (379) physiological (380), 

environmental or behavioural (381, 382) factors. 

 

5.1.3 Appetite and energy homeostasis 
 
A key factor that has an impact on energy intake is appetite, which is 

controlled by the central nervous system (350). Homeostatic control of eating 

primarily takes place in the hypothalamus (350). The arcuate nucleus at the 

base of the hypothalamus contains two major neuronal populations (383). 

The first population expresses agouti-related peptide (AgRP) and 

neuropeptide Y (NPY) which stimulate appetite and the second population 

releases proopiomelanocortin (POMC) and cocaine and amphetamine 

regulated transcript (CART) that inhibit appetite (383). A combination of 

signals between these neurons help to regulate energy homeostasis (172).  
 

5.1.4 Regulation of food intake & the melanocortin pathway 
 

A well-characterised neuronal energy homeostasis pathway is the 

melanocortin pathway (137). The hormone leptin is released from adipocytes 

in direct proportion to the amount of adipose tissue present in the body (384). 

During the fed state, hormones leptin and insulin are released and bind to 

POMC neuron receptors (385). POMC is then processed into alpha-

melanocyte stimulating hormone (α-MSH) (385). α-MSH binds to the 

melanocortin 4 receptor (MC4R) (expressed by MC4R neurons), which 

decreases food intake (383). Melanocortin 3 receptor (MC3R) (expressed in 

AgRP/NPY neurons) also plays a role in energy balance but obesity is less 

severe in knockout of Mc3r compared to knockout of Mc4r (386). 

 

In the fasting state, where there are lower levels of leptin, POMC neurons are 

inhibited and AgRP neurons stimulated (385), increasing feeding (387). 

AgRP antagonises melanocortin receptors (387) and NPY and GABA inhibit 

anorexigenic neurons which increase food intake (figure 5.1) (387).  
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Brain melanocortins are processed from POMC (388) and play a role in 

regulating stress (389-391). The MC4R in particular, may arbitrate 

physiological stress responses (388). Central administration of α-MSH and 

intraventricular administration of adrenocorticotrophic hormone (ACTH) are 

known to cause rats to carry out excessive grooming behaviour (389) (392) 

(a sign of stress) and intracerebroventricular administration of ACTH causes 

hypothalamus-pituitary axis activation (390). Furthermore, administration of 

an MC4R antagonist to rats has been shown to stop anorexia caused by 

stress (393). These factors highlight that the melanocortin system is involved 

in regulating stress responses (388). 

 

Figure 5.1: Regulation of food intake  

 

 
 
 
 
 
 
 
 
 
 

Figure 5.1: Food intake regulation by the arcuate nucleus of the 

hypothalamus (387). 

 

5.1.5 MC4R  
 

The melanocortin-4 receptor (MC4R) is a G-protein coupled, seven-

transmembrane receptor (394) and is expressed in the hypothalamus (395). 

The MC4R gene is located on chromosome 18 in both humans and mice 
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(396). The leptin-melanocortin signalling pathway is conserved between 

humans and mice (397) which means that animal research on the MC4R 

gene is translationally relevant to humans. This gene is known to be highly 

involved in appetite regulation and severe obesity (398).  

 

5.1.6 Mc4r deficiency in mice  
 
A deficiency in the MC4R signalling system is associated with increased food 

intake, leading to obesity in mice (124) and humans (223). For example, in 

mice, there is a gene-dosage effect of Mc4r ablation on body weight whereby 

by 15 weeks old, Mc4r–/– mice become twice as heavy (females) or 50% 

more heavy (males) than their WT siblings (figure 5.2) (124). Heterozygous 

mice have an intermediate phenotype. By 24 weeks old, female Mc4r–/– mice 

weighed on average 63g and male Mc4r-/- mice weighed on average 65g 

(124).   
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Figure 5.2: Mc4r–/–, Mc4r+/– and WT mice growth curves 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.2: Growth curves of Mc4r–/–, Mc4r+/– and WT mice; obtained from 

Huszar et al. (124). Closed squares indicate Mc4r–/– mice, x indicates Mc4r+/– 

mice, open circles indicate WT mice. (A) Weight gain of female Mc4r–/–, mice 

& WT mice. (B) Weight gain of female Mc4r+/– mice & WT mice. (C) Weight 

gain of male Mc4r–/– mice and WT mice. (D) Weight gain of male Mc4r+/– and 

WT mice. 

 

Furthermore, increased linear growth is observed in Mc4r–/– mice (124). 

Mc4r–/– mice of both sexes are longer than WT mice and heterozygous mice 

have an intermediate phenotype. As would be expected if mice are 

hyperphagic, female Mc4r–/– mice consumed 46% more food than WT mice 

when food intake was measured over a 2-week period (124).  
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Female Mc4r–/– and Mc4r+/– mice have similar glucose levels to WT mice (this 

is age-dependent), however male Mc4r–/– and Mc4r+/– mice are 

hyperglycaemic (also age-dependent) (124). By 17-23 weeks old, male  

Mc4r–/– and Mc4r+/– mice had double the glucose levels of WT mice (124).  

 

Mc4r–/– mice also have hyperinsulinaemia (124). Insulin levels were 

profoundly (60x;  Mc4r–/– females and 14x; Mc4r–/– males) higher than WT 

controls from age 17-23 weeks old (124). In addition, leptin levels in Mc4r–/– 

mice were 6.5x (females) and 2.5x (males) higher by the same age, with 

Mc4r+/– mice showing and intermediate level (124).  

 

No genotypic differences were found on basal serum corticosterone levels 

(124). Mice in this study were fed ad libitum and were not fasted (124). 

Corticosterone is involved in control of stress in rodents (399). Stress 

increases hypothalamus-pituitary-adrenal (HPA) axis activity which releases 

corticosterone (399). The HPA axis may play a role in energy balance by 

influencing food intake (400). 

 

5.1.7 MC4R deficiency in humans 
 
As seen in mice, the main clinical feature of MC4R deficiency in humans is 

hyperphagia (373) – an increased drive to consume food (401) and this starts 

in childhood (223). Patients also demonstrate an increase in fat mass and 

lean mass along with bone mineral density (373). One of the further 

characteristics that is associated with MC4R deficiency is an increased linear 

growth in early childhood (373). This is not linked to the growth hormone 

axis, but may be due to disproportionate early hyperinsulinemia (373), a 

further associated phenotype (223).  

 
Extensive research has been carried out on deficient MC4R signalling in 

humans and it is well-known that mutations in the MC4R gene cause 

monogenic obesity (402). This first became evident in 1998 when families 
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with heterozygous frameshift mutations demonstrated severe early-onset 

obesity (394, 403) and this research continued, identifying further missense 

mutations in obese individuals (404, 405). Gain of function mutations such as 

V103I and I251L have also been identified which are protective against 

obesity (227-229). 

 

More recently, food preference has been assessed in MC4R deficient 

individuals. One study using a 3-choice paradigm showed that when given a 

choice of low, medium or high fat chicken korma with rice or a choice of low, 

medium, high sugar content Eton mess dessert (406); MC4R–/– humans with 

various MC4R variants (appendix table 12, appendix 4), demonstrated a 

preference for high fat- but low sucrose-containing food (406). Notably, high-

fat food preference in humans and animals could be an adaptive response to 

lack of food availability (406). A fasting state causes a drop in leptin levels, 

and this leads to mechanisms previously mentioned to restore energy 

balance (section 5.1.4) (385, 387). Central AgRP administration in rats 

increases fat preference and, in the absence of sucrose, reduces intake of 

carbohydrate (407). This highlights that a preference for fat could be an 

advantageous behaviour, from an evolutionary perspective, given that it is 

more calorie dense than carbohydrates or proteins (406).  

 

Work such as this highlights the need for food preference research so that 

we can understand the effects of genetics on centrally controlled behavioural 

choices. Understanding this can lead to potential treatments to combat 

severe obesity associated with disorders due to impaired MC4R signalling. 

For example, recent studies have shown that in obese individuals with a 

POMC, LEPR or Proprotein Convertase Subtilisin/Kexin Type 1 (PCSK1) 

deficiency, the MC4R agonist Setmelanotide reduces body weight and 

feelings of hunger (408-410). 
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5.1.8 Aim 
 
The aim of this chapter was to develop a novel three-food preference study 

using Mc4r–/– mice (with a well-known appetite phenotype) and WT mice. 

This included giving mice a choice of three foods, including a standard chow 

diet, a protein-enriched diet and a fat-enriched diet. This was to model the 

CRAT meat/fat association discussed in chapter 4, section 4.3.2. 

 

5.1.9 Hypothesis 
 
Based upon the human food preference phenotype of MC4R mutants 

described above, the following hypothesis was formulated: 

 

Mc4r–/– mice prefer fat-enriched diet over a protein-enriched diet or standard 

chow diet. 
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5.2 Materials and Methods 
 

Details of the Mc4r–/– and WT C57BL/6NCrl mice used in this chapter can be 

found in chapter 2. 

 

5.2.1 Animals 
 

18-23 week old male and female Mc4r–/– and C57BL/6NCrl mice were used 

(n=9/10 per group, n=39 total study size). 

 

Study Power 
 
Study power was calculated by simulation. Groups of mice were simulated 

assuming the same amount of consumption for each mouse and with 

different proportions of macronutrient consumption depending on genotype 

(WT vs KO). Expected distribution of diet composition was obtained from 

Samama et al. (411) including: 20% fat intake and 50% protein intake (WT 

mice) and 30% fat intake and 30% protein intake (Mc4r–/– mice). Anova was 

then carried out to test differences between the two groups of mice. 

Simulations were carried out assuming N mice per group where N varied 

between 5 and 15. For each N, 1000 iterations were used. It was estimated 

that 10 mice per group would be sufficient to obtain enough power (99.1%) to 

see a significant difference in protein intake at alpha 0.05, which was the 

macronutrient with the largest difference between WT and KO. 

 
Age  
 
Mice were aged 18-23 weeks old in this experiment. This “middle age” was 

used to reflect the typical age range 40-69 years old of participants of the UK 

Biobank study (277).  
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5.2.2 Experiment preparation 
 
Mice were singly housed for 5 days with ad libitum (AL) access to standard 

chow and water. Mice were weighed and food intake was measured by hand 

each day. 

 

5.2.3 Experimental design: 3-food-choice study  
 
A novel 3-food choice study was developed using Mc4r–/– and WT mice to 

investigate food preference with a choice of standard chow, fat-enriched diet 

and protein-enriched diet to model the CRAT association of meat and fat 

(chapter 4, section 4.3.2) from the UK biobank food consumption GWAS 

results carried out by Pirastu et al. (274). 

 

As shown in figure 5.3, this study was split over a 2-week period. At the 

beginning of week 1, mice were weighed and their body composition was 

measured. (Details of body composition measurement are described in 

chapter 2). Animals were then placed into a metabolic cages (PhenoMaster, 

TSE Systems) shown in figure 5.4 with standard chow for 5 days. Three 

hoppers containing the identical standard chow diets were moved to a new 

location each day in a randomised pattern using ResearchRandomizer 

software (412) to identify potential location bias. Food intake was measured 

cumulatively over the 5-day period. Mice were removed from the metabolic 

cages, weighed and body composition was measured as described in 

chapter 2). There was then a break in the protocol where mice were singly-

housed for 2 days with AL access to standard chow and a water bowl due to 

mouse welfare requirements.  

 

At the beginning of week 2, the mice were weighed and body composition 

was measured. They were placed back into the PhenoMaster system in 

metabolic cages where they had a choice of three diets: standard chow, 

protein-enriched diet and fat-enriched diet (figure 5.4). The starting location 
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of these diets in the cage was randomised and the hoppers containing these 

diets were moved to a new location each day in a randomised pattern using 

ResearchRandomizer software to test for potential location bias (figure 5.5). 

Food intake was measured cumulatively over the 5-day period. Mice were 

removed from the PhenoMaster system, singly housed and fasted for 4 hours 

with AL access to water. This was to reduce variability of basal blood 

biochemistry (due to when and how much they last ate) before blood was 

taken for analyses. Details of blood biochemistry analyses can be found in 

chapter 2. 

 

Figure 5.3: 3-food-choice study experimental design schematic 

 

Figure 5.3: Experiment design of 3-food-choice study. Week 1: 3 sets of 

standard diet Week 2: 3 choices of diet – standard chow, fat-enriched diet 

and protein-enriched diet.  
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Figure 5.4: 3-food-choice study setup in PhenoMaster system 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.4: A: Setup of PhenoMaster system with 3 choices of standard chow 

diet. B: 3 choices of fat (red), protein (yellow) and chow (blue) diets. 

 

Diet randomisation design 
 

Diets were randomly assigned to a starting location and these were moved to 

a new location each day.  
 

Figure 5.5: Diet randomisation design schematic 

Figure 5.5: Diet randomisation design for moving food hoppers each day. 

A B 

Location Results 
 
Location 1 
Day 1 = 1 
Day 2 = 2 
Day 3 = 1 
Day 4 = 2 
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Day 1 = 2 
Day 2 = 1 
Day 3 = 3 
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Day 1 = 3 
Day 2 = 3 
Day 3 = 2 
Day 4 = 1 
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Experiment diet details 

 
All experimental diets were provided by Research Diets, Inc. The control diet 

(standard chow) was modified from the OpenStandard Diet (D11112201) to 

match macronutrients of Special Diets Services RM1 chow, and protein-

enriched (25% total kcal from protein) and fat-enriched (25% total kcal from 

fat) closely isocaloric diets were also provided (table 5.1). 

 
Table 5.1: Macronutrient constituents of 3 experimental diets  

 Standard Chow Protein-
enriched diet 

Fat-enriched 
diet 

 g% kcal% g% kcal% g% kcal% 
Protein 16 17.5 23 25 18 17.5 

Carbohydrate 70 75.1 63 67.6 59 57.5 

Fat 3 7.4 3 7.4 11 25 

 

Table 5.2: Energy density of diets 

Diet Energy density (kcal/g) 
Standard Chow 3.66 

Protein-enriched diet 3.66 

Fat-enriched diet 4.02 

 
 
Experimental time frame  
 
The 5-day period in the PhenoMaster system was chosen due to mouse 

welfare requirements defined by the Project Licence. Timed food swaps were 

carried out consistently - at as close to the same time each day to minimise 

variability as much as possible. 
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5.3 Results 

 

5.3.1 Investigation of hopper location bias 
 
To exclude potential confounding location bias, hopper preference pattern 

was investigated. Assessment included investigating hopper preference 

pattern depending on location of diet by comparing the number of times a 

mouse visited a hopper location and ate during week 1 vs week 2. This was 

done using counts whereby a count of 1 was given each time that the 

cumulative food intake changed i.e. when the difference was greater than 0. 

Fisher’s tests were carried out to compare the hopper choice pattern 

between week 1 and 2. Mice with a p>0.05 were considered to have a 

hopper preference (i.e. they chose food because of hopper position rather 

than content) and were thus excluded from further analyses in this study. 

Results can be found in table 5.3 below and full results in table 5.4. Results 

for diet location pattern switches during week 1 can be found in appendix 

table 13, appendix 4 and for during week 2 in appendix table 20, and 

appendix table 21, appendix 4. 

 

Table 5.3: Mice demonstrated a significant difference in hopper 
preference pattern between week 1 vs week 2   
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Table 5.4: Mouse food consumption week 1 vs week 2 

Sex Genotype p-value Signif Y/N 
Male WT <2.2e-16 Y 
Male WT <2.2e-16 Y 
Male WT <2.2e-16 Y 
Male WT <2.2e-16 Y 
Male WT 0.1532 N 
Male  WT 0.3703 N 
Male WT 2.82E-15 Y 
Male WT 1.63E-15 Y 
Male  WT 1.35E-07 Y 
Male KO 0.05771 N 
Male KO 0.00459 Y 
Male  KO <2.2e-16 Y 
Male KO  3.30E-11 Y 
Male KO 1.52E-05 Y 
Male KO 4.57E-12 Y 
Male KO 1.55E-12 Y 
Male KO <2.2e-16 Y 
Male KO 6.98E-09 Y 
Male KO <2.2e-16 Y 
Female WT 4.73E-11 Y 
Female WT 0.4815 N 
Female WT 0.0008054 Y 
Female WT 3.95E-13 Y 
Female WT 5.88E-07 Y 
Female WT 5.20E-09 Y 
Female WT 4.81E-10 Y 
Female WT 0.0006963 Y 
Female WT 1.19E-12 Y 
Female WT 5.32E-14 Y 
Female  KO 4.13E-15 Y 
Female  KO 1.34E-06 Y 
Female KO 1.72E-10 Y 
Female KO <2.2e-16 Y 
Female KO 2.70E-14 Y 
Female KO 2.16E-05 Y 
Female KO 1.88E-06 Y 
Female KO 0.7307 N 
Female KO 0.000134 Y 
Female KO 8.87E-13 Y 
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5.3.2 No-choice week (week 1) results 
 
Total food intake: WT mice consume more total food than Mc4r–/– mice 
during the no-choice week (week 1) 
 
Total food intake, which consisted of solely the chow diet, was measured 

during week 1, the no-choice week.  

 
As shown in figure 5.6A, there were no significant differences between the 

food intake of male Mc4r–/– mice compared to female Mc4r–/– mice or 

between male WT mice compared to female WT mice. However, significant 

differences were found between male Mc4r–/– vs male WT mice where male 

WT mice consumed more (fold change: FC=2.2) food than male Mc4r–/– 

mice. There was also a significant difference found between female Mc4r–/– 

mice vs female WT mice where female WT mice consumed more (86.35%) 

food than female Mc4r–/–mice. This genotype difference is further shown in 

figure 5.6B which shows a significant difference of food intake overall 

between Mc4r–/– mice and WT mice, whereby WT mice consumed more 

(89.66%) food than the Mc4r–/– mice. There were no significant differences 

found between male and female mice overall, regardless of genotype (figure 

5.6C).  
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Figure 5.6: Total food intake no-choice week (week 1) 

 
Figure 5.6: Total food intake consumed by Mc4r–/– and WT mice during week 

1: no-choice week (n=34).  A: Average total chow intake per group (Male WT, 

n=7; Male Mc4r–/–, n=9; Female WT, n=9; Female Mc4r–/–, n=9). B: Average 

total chow intake WT vs Mc4r–/– (WT, n=16; Mc4r–/–, n=18). C: Average total 

chow intake male vs female (Male, n=16; Female, n=18). Data was tested 

using unpaired Welch Two sample T tests. Data found in appendix table 14, 

appendix 4. Relative total intake found in appendix table 15, appendix 4. 

 
 
 
 
 
 

C 

A 
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Body weight and body composition during week 1: the no-choice week  
 
Male Mc4r–/– mice lose body weight, including lean mass & fat mass. 
Female Mc4r–/– mice lose fat mass. 
 

Body weight and body composition were measured before and after each 5-

day PhenoMaster experiment (figure 5.7). There was a significant reduction 

(5.41%) in body weight in male Mc4r–/– mice from day 1 vs day 5. There were 

no significant differences in body weight within the female Mc4r–/–, female 

WT or male WT groups from day 1 vs day 5 of the study. Figure 5.7B shows 

that there was a significant decrease (3.34%) in lean mass of male Mc4r–/– 

mice from day 1 to day 5. There was no significant difference between lean 

mass from day 1 to day 5 within the other groups. Figure 5.7C shows that 

there was a significant decrease (12.43%) in fat mass in the male Mc4r–/– 

group from day 1 to day 5 and in the female Mc4r–/– group (6.53%) from day 

1 to day 5. No significant differences in fat mass were found in either of the 

wild type groups over time.  
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Figure 5.7: Body weight and body composition of Mc4r–/– and wild type 
mice during no-choice week (week 1) 

 
 

Figure 5.7: Body weight and body composition of male and female Mc4r–/– 

and wild type mice during week 1: the no-choice experiment (n=34). A: body 

weight, B: lean mass, C: fat mass (male WT, n=7; male Mc4r–/–, n=9; female 

WT, n=9; female Mc4r–/–, n=9). Body weight and body composition data can 

be found in appendix tables 16, 17 & 18, appendix 4. Data was tested using 

paired T tests.  
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Mc4r–/– mice lose weight and WT mice gain weight during the no-choice 
week 
 
Results in figure 5.8A show that there was a significant difference in body 

weight change between male Mc4r–/– mice and male wild-type mice. Male 

Mc4r–/– mice lost weight (average loss 2.4g), whilst male WT mice gained 

weight (average gain 0.7g). The same was seen in the female Mc4r–/– and 

female WT mice where there was significant difference in body weight 

change; female Mc4r–/– mice lost weight (average loss 1.6g), whilst female 

WT mice gained weight (average gain 0.8g). There were no significant 

differences in body weight change between male Mc4r–/– vs female Mc4r–/– or 

the male WT vs female WT groups. Figure 5.8B shows body weight 

differences of individual mice.  

 

Figure 5.8: Body weight differences during the no-choice week 

 

 

 

 

 

 

 

 
 
 
 
 

Figure 5.8: Change in body weight over 5 day period (Week 1: no-choice 

week) (n=34). A: average body weight differences between groups (male 

WT, n=7; male Mc4r–/–, n=9; female WT, n=9; female Mc4r–/–, n=9). B: body 

weight differences of individual mice during the no-choice week (male WT, 

n=7; male Mc4r–/–, n=9; female WT, n=9; female Mc4r–/–, n=9). Gaps exist 

within individual data in figure 5.8B if differences were close to zero. Data 
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was tested using unpaired T tests. Body weight change data can be found in 

appendix table 19, appendix 4.  

 

5.3.3 Choice week (week 2) results 
 
Total food intake: WT mice consume more total food than Mc4r–/– mice 
during the choice week (week 2)  
 
Total food intake of all 3 diets was measured during the food choice week. 

As shown in figure 5.9A, there was no significant difference between food 

intake in male Mc4r–/– mice compared to female Mc4r–/– mice or between 

male WT mice and female WT mice. There were significant differences 

between male Mc4r–/– vs male WT mice, where WT mice consumed more 

food (14.44%) and between female Mc4r–/– mice vs female WT mice, where 

WT mice consumed more food (41.01%).  

 

This genotype difference is further shown in figure 5.9B which shows a 

significantly higher food intake in WT mice compared to Mc4r–/– (34.78%). 

Figure 5.9C shows that there were no significant differences between male 

and female mice overall, regardless of genotype.  
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Figure 5.9: Total food intake consumed by Mc4r–/– and WT mice during 
week 2: choice week 

 

Figure 5.9: Total food intake consumed by Mc4r–/– and WT mice during week 

2: choice week (n=34). A: Average total food intake per group (Male WT, 

n=7; Male Mc4r–/–, n=9; Female WT, n=9; Female Mc4r–/–, n=9). B: Average 

total food intake WT vs Mc4r–/– (WT, n=16; Mc4r–/–, n=18). C: Average total 

food intake male vs female (Male, n=16; Female, n=18). Data was tested 

using unpaired Welch Two sample T tests and unpaired two-sample 

Wilcoxon tests (also known as Wilcoxon rank sum tests or Mann-Whitney 

tests). Data found in appendix table 22, appendix 4. 
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Chow intake: No differences found between Mc4r–/– and WT mice chow 
consumption during the choice week (week 2)  
 
Figure 5.10A shows minimal consumption of chow and there were no 

significant differences found between groups. Figure 5.10B shows total chow 

intake of Mc4r–/– mice compared to WT mice. No significant differences were 

found between these groups. Figure 5.10C shows total chow intake of male 

vs female mice regardless of genotype and no differences in intake were 

found.  

 

Figure 5.10: Total chow diet consumed by Mc4r–/– and WT mice during 
week 2: choice week 

 

Figure 5.10: Total chow diet consumed by Mc4r–/– and WT mice during week 

2: choice week (n=34). A: Average total chow intake per group (Male WT, 

n=7; Male Mc4r–/–, n=9; Female WT, n=9; Female Mc4r–/–, n=9). B: Average 

B C 

A 
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total chow intake WT vs Mc4r–/– (WT, n=16; Mc4r–/–, n=18). C: Average total 

chow intake male vs female (Male, n=16; Female, n=18). Data was tested 

using unpaired two-sample Wilcoxon tests. Data found in appendix table 22, 

appendix 4. 

 

Fat intake: Female WT mice consume more fat than female Mc4r–/– mice 
during the choice week (week 2)  
 
As shown in figure 5.11A, there was a significant difference in fat 

consumption between female Mc4r–/– and female WT mice, where female WT 

mice consumed more fat (48.48%). There were no significant differences 

found between male Mc4r–/– and male WT mice, male Mc4r–/– vs female 

Mc4r–/– or male WT vs female WT mice. As shown in figure 5.11B, there was 

a significant difference in fat intake between Mc4r–/– and WT mice overall, 

where WT mice consume more fat than the Mc4r–/– mice (29.01%). There 

were no significant differences of fat consumption found between male and 

female mice regardless of genotype (figure 5.11C).  
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Figure 5.11: Total fat-enriched diet consumed by Mc4r–/– and WT mice 
during week 2: choice week 

 

Figure 5.11: Total fat-enriched diet consumed by Mc4r–/– and WT mice during 

week 2: choice week (n=34). A: Average total fat intake per group (Male WT, 

n=7; Male Mc4r–/–, n=9; Female WT, n=9; Female Mc4r–/–, n=9). B: Average 

total fat intake WT vs Mc4r–/– (WT, n=16; Mc4r–/–, n=18). C: Average total fat 

intake male vs female (Male, n=16; Female, n=18). Data was tested using 

unpaired Welch Two sample T tests and unpaired two-sample Wilcoxon tests 

(also known as Wilcoxon rank sum tests or Mann-Whitney tests). Data found 

in appendix table 22, appendix 4. 
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Protein intake: No differences found between Mc4r–/– and WT mice 
protein consumption during the choice week (week 2)  
 
The protein-enriched diet was not highly preferred by mice and there were no 

significant differences found between groups (figure 5.12A). Figure 5.12B 

shows total protein intake of Mc4r–/– mice compared to WT mice. No 

significant differences were found between these groups. Figure 5.12C 

shows total protein intake of male vs female mice regardless of genotype and 

no differences in intake were found.  

 

Figure 5.12: Total protein-enriched diet consumed by Mc4r–/– and WT 
mice during week 2: choice week 

 

Figure 5.12: Total protein-enriched diet consumed by Mc4r–/– and WT mice 

during week 2: choice week (n=34). A: Average total protein intake per group 

(Male WT, n=7; Male Mc4r–/–, n=9; Female WT, n=9; Female Mc4r–/–, n=9). 

A 

B C 
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B: Average total protein intake WT vs Mc4r–/– (WT, n=16; Mc4r–/–, n=18). C: 

Average total protein intake male vs female (Male, n=16; Female, n=18). 

Data was tested using unpaired two-sample Wilcoxon tests. Data found in 

appendix table 22, appendix 4. 

 

Diet preference: Mice prefer to eat either a completely fat diet or a 
mixed choice diet 
 
When diet preferences were considered (figure 5.13), the fat-enriched diet 

contributed to the majority of calorie intake for mice from all groups. Shown in 

figure 5.13A, male WT mice primarily consumed the fat-enriched diet, 

however there were 2 mice who only consumed 30.3% and 50.1% of their 

total intake from this diet. Some mice also consumed the protein diet - one 

mouse consumed 69.5% of total intake from the protein-enriched diet and 

another consumed 17.1%. However, the remaining mice consumed <8.5%, 

including 3 mice consuming <0.3%. Chow intake was minimal for this group 

(<3%), except for one mouse that consumed 43.7% of their total intake from 

the chow diet.  

 

Figure 5.13B shows the proportions of food intake for the male Mc4r–/– group. 

Fat intake ranged from 16.7% to 99.9% and protein intake ranged from 

0.05% to 46%. The general preferred diet for this group was the fat-enriched 

diet. Chow intake was minimal (<3.5% of total intake), except for one male 

Mc4r–/– mouse that consumed 41.4% of their total intake.  

 

Figure 5.13C shows that the fat-enriched diet was the preferred diet for the 

female WT group. The group predominantly consumed fat, with 7 out of 9 

mice consuming >93.6% fat from their total intake. Of the remaining 2 mice, 1 

consumed a very minimal amount and another consumed 46%. Most mice 

consumed a small amount of protein-enriched diet, however 3 mice 

consumed 5.9%, 45.5% and 98.9% of their total intake from the protein-

enriched diet. As per the male WT and male Mc4r–/– groups, the female WT 
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group also consumed a minimal amount of the chow diet – the highest 

intakes were 4.2% and 8.5%.  

 

Figure 5.13D, shows the diet preference of female Mc4r–/– mice. This group 

generally preferred to eat the fat-enriched diet (>92.8% of their total intake), 

with 3 remaining mice consuming 6.2%, 30.3% and 66.6% of their total 

intake. Protein-enriched diet intake was low, ranging from a maximum of 

41% to low levels of intake. The chow intake of the female Mc4r–/– mice was 

the most variable of the groups, with 4 mice consuming 67.8%, 52.8%, 

16.3% and 7.2%, with the remainder of the group consuming <0.5% chow. 

No significant differences of dietary preference were found between the 

groups.  
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Figure 5.13: Mouse preference of protein-enriched diet, fat-enriched 
diet and standard chow diet 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.13: Mouse preference of protein-enriched diet, fat-enriched diet and 

standard chow diet (n=34). A: Male WT diet intake (% kcal) n=7. B: Male 

Mc4r–/– diet intake (% kcal) n=9. C: Female WT diet intake (% kcal) n=9. D: 

Female Mc4r–/– diet intake (% kcal) n=9. Relative food intake data can be 

found in appendix table 23, appendix 4. The data was tested for significant 

differences using unpaired two-sample Wilcoxon tests. 
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Body weight and body composition during week 2: the choice week 

 
Choice week: All mice gain body weight and fat mass, female WTs gain 
lean mass. 
 
During week 2, body weight and body composition were measured before 

and after each 5-day PhenoMaster experiment (figure 5.14). Results in figure 

5.14A show there was a significant increase in body weight of all groups from 

day 1 to day 5: male Mc4r–/– (3.93%) female Mc4r–/– (4.07%), male WT 

(4.57%) and female WT (6.87%). Figure 5.14B shows the lean mass of 

animals from day 1 to day 5. There was a significant increase in lean mass in 

the female WT group (2.23%) but no significant changes in the other groups. 

Significant increases in fat mass were found in all groups from day 1 to day 5 

(figure 5.14C): male WT (32.11%), female WT (18.96%), male Mc4r–/– 

(8.06%), female Mc4r–/– (4.18%). 
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Figure 5.14: Body weight and body composition of male and female 
Mc4r–/– and wild type mice during choice week (week 2) 

 

Figure 5.14: Body weight and body composition of male and female Mc4r–/– 

and wild type mice during week 2: the choice experiment (n=34). A: body 

weight, B: lean mass, C: fat mass (male WT, n=7; male Mc4r–/–, n=9; female 

WT, n=9; female Mc4r–/–, n=9). Body weight and body composition data can 

be found in appendix tables 24, 25, 26, appendix 4. Data was tested using 

paired T tests. 
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No significant differences in body weight change between groups 
during the choice week but most mice from all groups gain weight 
 
Results in figure 5.15A show that there was no significant difference in body 

weight change between groups. Figure 5.15B shows body weight differences 

of individual mice. Mice of both sexes and genotypes gained weight during 

this food choice week.  

 

Figure 5.15: Changes in body weight during week 2: choice week day 1 
to day 5 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.15: Changes in body weight during week 2: choice week from day 1 

to day 5 (n=34). A: average change in body weight between groups (male 

WT, n=7; male Mc4r–/–, n=9; female WT, n=9; female Mc4r–/–, n=9). B: 

changes in body weight of individual mice during the choice week (male WT, 

n=7; male Mc4r–/–, n=9; female WT, n=9; female Mc4r–/–, n=9). Gaps exist 

within individual data in 5.15B if differences were close to zero. Body weight 

change data can be found in appendix table 27, appendix 4. Data was tested 

using unpaired T tests. 
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5.3.4 Body weight comparison from the beginning to end of the study 
 
Male WT mice gained more body weight than male Mc4r–/– mice from 
the beginning to the end of the study 
 
Results in figure 5.16A show that there was a significantly larger increase in 

body weight in male WT mice (5.9% increase) compared to male Mc4r–/–  

mice (0.43% increase) from the beginning of the study to the end of the 

study. There were no significant differences in body weight change between 

other groups. Figure 5.16B shows body weight change of individual mice 

from the beginning of week 1 to the end of week 2. 9/34 mice lost weight 

during the study and 25/34 mice gained weight. 

 

Figure 5.16: Body weight change from the beginning of week 1: no-
choice week to the end of week 2: choice week 

 
Figure 5.16: Body weight change from the beginning of week 1: no-choice 

week to the end of week 2: choice week (n=34). A: overall body change 

between groups (male WT, n=7; male Mc4r–/–, n=9; female WT, n=9; female 

Mc4r–/–, n=9). B: overall body weight change of individual mice (male WT, 

n=7; male Mc4r–/–, n=9; female WT, n=9; female Mc4r–/–, n=9). Data was 
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tested using unpaired T tests. Body weight change data can be found in 

appendix table 28, appendix 4.  
 

5.3.5 Blood biochemistry results 
 
Female Mc4r–/– mice show higher glucose levels than male Mc4r–/– mice. 
Mc4r–/– mice show higher insulin levels than WT mice 
 

Results in figure 5.17A show that female Mc4r–/– mice had higher levels of 

blood glucose compared to male Mc4r–/– mice (18.7%). There were no 

significant differences between other groups.  

 

Figure 5.17B shows the insulin levels of mice following the completion of 

food choice experiment. Mc4r–/– mice of both sexes had higher plasma 

insulin levels than their WT equivalents (males, FC=5.33) (females, 

FC=9.58). There were no sex differences found between male Mc4r–/– vs 

female Mc4r–/– mice or male WT vs female WT mice.  

 

Figure 5.17C shows triglyceride levels of mice. No significant differences 

were found between groups.  
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Figure 5.17: Blood glucose, insulin and triglyceride levels in Mc4r–/– and 
WT mice 

 

Figure 5.17: Blood glucose, insulin and triglyceride levels in Mc4r–/– and WT 

mice. A: Glucose levels of Mc4r–/– and WT mice (n=33: male WT, n=7; male 

Mc4r–/–, n=8; female WT, n=9; female Mc4r–/–, n=9). B: Insulin levels of Mc4r–

/– and WT mice (n=30: male WT, n=6; male Mc4r–/–, n=8; female WT, n=7; 

female Mc4r–/–, n=9). C: Triglyceride levels of Mc4r–/– and WT mice (n=33: 

male WT, n=7; male Mc4r–/–, n=8; female WT, n=9; female Mc4r–/–, n=9). 

Data can be found in appendix tables 29, 30 & 31, appendix 4. Data was 

tested for normality using a Shapiro-Wilk test followed by the relevant 

unpaired T test or Mann-Whitney test. 
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5.4 Discussion  
 

In this chapter, I developed a novel 3-food preference study using Mc4r–/– 

and WT mice. The aims were to validate an experimental design and to 

develop a reference model for food preference. 

 

5.4.1 Week 1: no-choice week 

 

5.4.1.1 Exclusion of location bias 

 
The food hoppers in the PhenoMaster cages were randomly assigned to a 

starting location and were moved daily in a randomised pattern. The aim of 

this was to identify hopper preference. For example, if the mice 

demonstrated the same pattern of location intake between week 1 and week 

2, this could indicate that mice had not changed their dietary habits during 

week 2 i.e. that hopper location, and not diet preference, underlies their 

choices. If the mice demonstrated a different pattern of hopper preference 

between week 1 vs week 2, this indicated that mice made a choice to eat a 

particular diet in week 2 rather than to eat from their preferred hopper 

location. By comparing the number of times a mouse visited a particular 

location during week 1 when the diets were all the same vs week 2 when the 

diets were different, 5 mice were identified that to have a location bias. These 

mice were subsequently excluded from further analyses. This was necessary 

to ensure that the results were not confounded by mice expressing a hopper 

location bias. 

 

5.4.1.2 Mc4r–/– mice consumed less food than the WT mice and lost 
weight 
 

Impaired MC4R signalling causes hyperphagia (413-415), therefore the 

finding that Mc4r–/– mice consumed less total food than the WT mice during 

week 1 was unexpected. Given the lower level of food intake, male Mc4r–/– 
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mice lost weight, including both lean mass and fat mass, and female Mc4r–/– 

mice lost fat mass during week 1. WT mice gained body weight during this 

first week of the experiment.  

 

The impact of study design on potential stress 
 

The unexpectedly lower levels of food intake may be related to stress. It is 

possible that mice became stressed and anxious in the PhenoMaster 

system, despite the first week of habituation before the 3-choice arm of the 

study. Although the mice were singly housed for 5 days before the 

PhenoMaster, this may not have been long enough for them to become 

accustomed to being alone after standard group housing. In addition, being 

singly housed throughout the experiment (total of 17 days) would have been 

a stressor.  

 

Furthermore, the setup of the PhenoMaster system, including having the 3 

food hoppers freely hanging from the lid of the cage was different from the 

stationary overhead baskets that they were accustomed to in their normal 

home cages. The switching of the food hoppers daily (to determine any 

potential location bias) was not typical of a PhenoMaster study, which is 

primarily set up to have animals inside the system undisturbed for a 4/5 day 

period. This was likely to have been a stressor for the animals.  

 

The PhenoMaster system has space for 3 modules and these were taken up 

by the 3 diets, so mice were given a water bowl which was refilled and 

cleared of debris each day. This involved opening each cage daily and 

although this was carried out as quickly as possible, inevitably it disturbed 

the mice.  
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The impact of stress and the environment on food consumption of 
Mc4r–/– and WT mice 
 

The melanocortin system, through MC4R, is involved in response to stress, 

anxiety and depression (416). MC4R is found in areas of the brain involved in 

stress regulation: the paraventricular nucleus (PVN) of the hypothalamus 

(395) and the medial amygdala (MeA) (417), and is involved in regulation of 

the hypothalamic-pituitary-adrenal (HPA) axis (418). MC4R co-localises with 

corticotropin releasing hormone (CRH) in the paraventricular hypothalamus 

(PVH) (418). Activation of MC4R with MC4R agonists increases CRH mRNA, 

adrenocorticotropic hormone (ACTH) and corticosterone levels (419, 420). In 

addition, administration of an MC4R agonist activates MC4R in the MeA and 

increases corticosterone levels (421). POMC expressing neurons in the 

arcuate hypothalamus (ARC) also project to neurons expressing MC4R in 

the PVH and MeA (417). 

 

Furthermore, MC4R agonists increase anxious behaviour (421) and MC4R 

antagonists prevent anxious behaviour (388). When investigating Mc4r 

function on psychological stress in rats, the loss of Mc4r function did not 

change basal levels of ACTH or CORT (418). However, the response of 

these hormones was diminished following acute psychological stress and 

loss of function also hindered PVH and MeA stress-related neuronal activity 

(418). Therefore, there is evidence to support the idea that Mc4r–/– mice 

should, in theory, be less, not more susceptible to stressors than WT mice. 

Circulating adrenocorticotropic hormone (ACTH) or corticosterone was not 

measured in this study so I cannot definitively comment on whether changes 

in the physiological stress response were associated with behavioural food 

choices.  

 

It is interesting to note that the relationship between adiposity and 

psychological distress was recently studied in a human population using 

Mendelian randomization (422). In this case, Mc4r genotype was used as an 
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instrumental variable to test for a causal relationship between adiposity and 

psychological distress (422). Adiposity was inversely associated with distress 

(422), therefore indicating that a reduction in Mc4r function is associated with 

increased body weight and reduced stress (418). However, when 

multivariable methods were applied to this data, adiposity and distress were 

positively correlated (422), meaning that there could be confounders or 

reverse causality present affecting this association (422). Furthermore, some 

studies suggested an opposite effect where a higher BMI was associated 

with a higher cortisol level following psychological distress in older children 

(423, 424). It is possible that this is the association that was seen in the 

Mc4r–/– mice in the food preference study. 

 

There is some evidence to suggest that eating behaviour of Mc4r–/– mice is 

affected by their environment (425). For example, it is possible that voluntary 

exercise can circumvent or counterbalance the involvement of the MC4R 

pathway in food intake and obesity, though the details of these processes are 

currently unknown (426). One study showed that Mc4r–/– mice housed in 

cages with running wheels for access to voluntary exercise did not 

demonstrate any differences in food intake compared to WT mice in the 

same environment (426). (There was an exception during their first week 

when decreased food intake by the Mc4r–/– mice was linked to stress and 

during week 8 when increased food intake was linked to body weight) (426). 

This effect was reversed when housed without a running wheel, where food 

intake and body weight increased for 4 weeks until an apparent homeostatic 

set-point was reached (426). The decrease in food intake during the first 

week of the running wheel experiment is comparable to what was observed 

in the present study.  
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Future work on stress 
 

Further research is required to determine whether Mc4r–/– mice in the current 

study were stressed, thus causing them to consume less food than would 

have been expected, and causing weight loss.  

 

Future work could include investigating the anxiety and stress factors that 

could have affected this study. This could be carried out by using a Light-

Dark Test which is an unconditioned anxiety test (427), in an ActiMot2 

system (TSE systems). The basis of this test is the mouse’s innate aversion 

to brightly illuminated areas and when faced with mild stressors such as 

bright light and a new environment, assessing how much they will explore 

(428). A previous study, consisted of a light and a dark chamber connected 

by a doorway that allowed free access (429). Stressed mice spent less time 

in the light compartment than the dark compartment (429).  

 

Anxiety behaviours could also be studied using the elevated-plus maze 

(430). In this test, mice are positioned at the intersection of a four-arm maze 

(containing two open arms and two closed arms), in the direction of an open 

arm (430). The time spent in each arm and number of times each arm is 

entered are measured over a 5 minute period (430). The idea is that less 

anxious mice will spend more time in the open arms of the maze (430).  

 

The open field test could also be used (431). In this test, a mouse is placed 

into an enclosure (e.g. a box) and their movement is monitored over between 

a two - ten minute period (431). Increased thigmotaxis (when mice hug the 

sides of the box) and defecation can indicate anxiety (432). 

 

Stressors increase the activity of the hypothalamus-pituitary-adrenal (HPA) 

axis which causes the release of corticosteroids (corticosterone in the 

mouse) (399). Therefore, another option could be to measure serum 

corticosterone and/or ACTH levels in plasma. This could be done by 
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enzyme-linked immunosorbent assay (ELISA) or by using a Mass 

Spectrometry method such as High Performance Liquid Chromatography 

(HPLC) and electrospray ionization mass spectrometry (ESIMS) (399). 

However, invasive blood sampling for these assays may increase stress 

further and corticosterone may be affected by the environment, for example 

through oestrous cycle stage in females (433), circadian rhythm (434) or 

acute/chronic stressors (399) and so, would require careful sampling and 

interpretation of data. 

 

5.4.2 Week 2: choice week 
 

During week 2, WT mice consumed more total food than Mc4r–/– mice. Along 

with stress, it must be considered that the weight loss in week 1 may have 

influenced the eating behaviour in week 2, and may have had an effect on 

food preferences. Still, all mice gained weight and fat mass during week 2, 

with female WTs also gaining lean mass during this period.  

 

5.4.2.1 Mc4r–/– and WT mice consumed the fat diet or a mixed choice 
diet 
 
Caloric sensitivity 
 
During week 2, mice consumed either completely fat-enriched diet or a 

combination of all 3 diets (fat-enriched, protein-enriched, standard chow). 

This was the first time that mice were presented with a choice of 3 diets, and 

they tried all 3 diets. To obtain reasonable similarity between the diets, and 

with as similar texture as possible, diets were designed to contain 25% of 

total kcal from fat and 25% of total kcal from protein, along with a chow 

(control) diet. These experimental diets were designed to be approximately 

isocaloric, to reduce the likelihood that mice would express a diet preference 

based on the diet’s energy density. However, the energy density of the fat-

enriched diet was ~10% higher than the standard and protein-enriched diets 
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(table 5.2). It is generally accepted that rodents homeostatically control food 

intake by monitoring kcal intake, not the weight (g) of the food they eat. For 

example, mice can increase or decrease the amount of food they consume 

depending on the energy density of the diet (435). Because of this, the 

enriched diets were 25% of the specified macronutrient on a kcal basis and 

not on a gram basis (table 5.1). Because the energy densities of different 

macronutrients are different, it was impossible to match the % kcal from each 

macronutrient and the total energy density between the fat-enriched and 

protein-enriched diets. The higher energy density of fat resulted in the 

enriched-fat diet having a slightly higher overall energy density compared to 

other diets. With this in mind, it is possible that the mice that consumed 

mainly the fat-enriched diet, did so due to this reason. 

 

During week 2, there was no difference in protein or chow intake between 

WT and Mc4r–/– mice but female WT mice consumed more fat than female 

Mc4r–/– mice (figure 5.11), which drove an overall difference between the WT 

and the Mc4r–/– mice. One study showed a similar trend where Mc4r–/– mice 

demonstrated a reduced preference for fat diet compared to WT mice (413). 

However, in this case, Mc4r–/– mice consumed an overall higher total caloric 

intake compared to WT mice when faced with a choice of two diets (413). It 

was thought that the hyperphagia shown by Mc4r–/– mice in this study 

indicated that the reduced preference for fat diet did not arise due to 

anorexia-related stress (413). 

 

It is likely that in the current study, the Mc4r–/– mice consumed less fat than 

the WT mice due to their overall lower food intake, but fat was also the 

preferred diet for the Mc4r–/– mice over the protein and chow diets. This was 

unsurprising, considering that defects in MC4R signalling increase the 

reward value of fat (436). MC4R signalling is known to influence 

macronutrient preferences, shown through the application of a selective 

MC4R agonist, which caused a decrease in fat consumption in WT but not in 

Mc4r–/– mice (411).  
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Reward 
 

It is possible that the reward value of fat is reduced with MC4R activation 

(411) so it would have been expected that WT mice would have consumed 

less fat-enriched diet than the Mc4r–/– mice. Leptin acts on the brain reward 

pathway to decrease the reward value of food (437) and given that MC4R 

mediates leptin signalling, it has been suggested that mechanisms may have 

evolved to cause animals to refrain from consuming more fat if they already 

have existing fat stores (411).  

 

Furthermore, other factors should be considered such as aversion to either 

the fat-enriched or protein-enriched diets. It is not possible to know how the 

three diets were perceived by the mice or how much motivation they had to 

consume either of the diets because they did not have to work for them. It 

would be useful to measure the motivation for each diet using either a 

progressive ratio test (438) where mice are required to press a lever a certain 

number of times to obtain food (439). The breakpoint, i.e. the number of 

times the lever is pressed determines the strength of the reward (food) (438).  

 

Metabolic status  
 

Metabolic status was not controlled for in this study as the focus was to 

generate a novel 3-choice paradigm that could be used on a Crat–/– mouse 

model, whilst keeping in mind results of previous Mc4r–/– macronutrient 

choice studies. It should be noted however, that WT and Mc4r–/– mice had a 

different metabolic status at the beginning of the study. The WT mice were in 

a “normal”, lean state and the Mc4r–/– mice were obese and this may have 

affected their food preferences. Future work could include pair-feeding mice 

to match body-weight thus correcting for the effect of obesity on food 

choices. However, this study modification could stress the mice and so, 

introduce a further stress confounder.  
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Furthermore, in this study, genotype and obese/lean phenotypes were being 

compared at the same time. This was difficult to disentangle - for example, it 

is not known if Mc4r–/– mice chose their diet based on the fact that they were 

obese or due to their genotype. Therefore, to reduce this potential 

confounding, it would be useful to investigate their food preferences at an 

earlier stage i.e. prior to the Mc4r–/– mice becoming obese.   

 

5.4.3 Blood and plasma biomarkers 
 

Blood biochemistry results showed that there were no differences in glucose 

levels between Mc4r–/– and WT mice. The mean glucose levels for all 4 

groups of mice (7.6 mmol/L male WT; 6.8 mmol/L male Mc4r–/; female WT 

7.3 mmol/L; female Mc4r–/–; 8.1 mmol/L) were above the normal range of 80-

100mg/dL for fasting glucose (equivalent to 4.4 – 5.6 mmol/L) after a 4-6 

hour fast (440).  

 

In line with our results, studies have suggested that Mc4r–/– mice do not 

develop hyperglycaemia even on a high sugar diet (413) and that they are 

protected from hyperglycaemia even when consuming a standard chow diet 

through increased glycosuria (441).  

 

Furthermore, there was a significant difference between female Mc4r–/– mice 

and male Mc4r–/– mice, where the females had a higher mean glucose level 

of 8.1 mmol/L compared to 6.8 mmol/L for the males. This correlates with 

higher fat mass in the female Mc4r–/– mice compared to the male Mc4r–/–  

mice. Higher adiposity has been linked with higher fasting glucose levels in 

mice (442) and so, it is possible that female Mc4r–/– mice had less glucose 

control than male Mc4r–/– mice. 

 

Mc4r–/– mice showed profoundly higher insulin levels than the WT mice but 

there were no sex differences. Mc4r–/– mice typically demonstrate 

hyperinsulinemia (124) driven by defects in central melanocortin signalling 
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which can cause insulin hypersecretion (443) and insulin resistance (444). 

Hyperinsulinemia has also been linked to the increased linear growth seen 

with MC4R deficiency (373, 445). High levels of insulin can maintain normal 

glucose levels (446) which may explain why there is no significant difference 

seen between the Mc4r–/– and WT glucose levels.  

 

There were no significant differences found in triglyceride levels between 

Mc4r–/– and WT mice which concurs with one study (447) but is in contrast to 

other studies that saw increased total triglyceride levels in Mc4r–/– mice (448, 

449). 

 

It is possible that the blood biochemistry results may have been influenced 

by the weight loss during week 1 and subsequent weight gain during week 2. 

It would have been useful to measure glucose, insulin and triglycerides 

before as well as after the study to see if any changes had occurred. 

However, this could stress the mice prior to the start of the food preference 

study.  

 

5.5 Conclusion 
 

In conclusion, a novel 3-food preference study was developed to model the 

CRAT meat/fat GWAS association in Mc4r–/– mice and WT mice. High levels 

of conservation of the melanocortin pathway between human and mice make 

the Mc4r–/– mouse a relevant model for studying human eating behaviour. 

Despite having an increased body weight phenotype, analysis of food 

consumption data revealed that Mc4r–/–  mice did not demonstrate 

hyperphagia as expected. Furthermore, Mc4r–/– mice lost weight during week 

1 and it is possible that this may have occurred due to stress. All mice 

consumed either only the fat-enriched diet or a mixed choice diet. To 

eliminate food choices based upon hopper location of diet, mice that 

demonstrated hopper location bias were excluded from the study. It is 

possible that motivation or metabolic status may have played a role in food 
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preferences but further work is required to investigate this. There were no 

differences in glucose or triglyceride levels between Mc4r–/–  and WT mice, 

however Mc4r–/–  demonstrated hyperinsulinemia. There has been a lot of 

work carried out on the regulation of eating behaviour and the brain systems 

involved where no choices are given, however much less is known about 

how these systems operate in a more realistic setting where choices are 

available. More work is required in this field to further understand what 

underlies food preference. This information could be used to inform 

personalised diets or identify drug targets for obesity.  
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Chapter 6 In vivo modelling of DCAF12 salt association 
 
6.1 Introduction 
 
Following the 6-stage gene prioritisation strategy and allocation of points to 

genes, genes were ranked in order of preference for follow-up study (chapter 

4, section 4.3.1). DCAF12 (associated with salt) was identified as being one 

of the top ranked genes. This genetic association was identified from 

previous GWASs carried out by Pirastu et al. (274) on food consumption data 

from the UK Biobank study. This chapter will describe the modelling of this 

DCAF12 salt association in mice.  

 

6.1.1 DCAF12 
 

DDB1- and Cul-4 associated factor 12 (DCAF12) is a “Cul 4 ubiquitin ligase 

cofactor that promotes neurotransmitter release and homeostatic plasticity” 

(363). DCAF12 is expressed in humans and mice in a range of cells and 

tissues, including brain, bone marrow and immune cells (see below in 

sections 6.1.2 & 6.1.3).  

 

DCAF12 was originally found to control the growth of tissue and apoptosis in 

Drosophila melanogaster (450). Recently, it was found to play a role in the 

Hippo pathway and may show therapeutic implications for YAP/TAZ-driven 

cancer (451). Tumour development and size of organs are regulated by 

Hippo signalling (451) and YAP/TAZ are downstream Hippo pathway 

effectors (452). Changes in Hippo pathway activity have been linked to 

cancer in humans (453). In addition, the CRL4-DCAF12 E3 ubiquitin ligase 

controls degradation of MAGE-A3 and MAGE-A6 in cancer cells for 

starvation-induced autophagy (454). Still, little is known about overall 

DCAF12 function in vertebrates (455). Gene expression searches were 

carried out on DCAF12 to obtain further background information on this 

gene. The aim was to better understand DCAF12 function and so inform a 

hypothesis for in vivo study. 
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6.1.2 DCAF12 expression in humans 
 
DCAF12 is expressed in multiple human tissues, with highest protein 

expression in brain, kidney and urinary bladder, male tissues and skin (figure 

6.1) (364).  

 

Figure 6.1: DCAF12 expression in humans 

Figure 6.1: DCAF12 expression in humans. Image obtained from the Human 

Protein Atlas (364). Right hand side sliders indicate protein expression 

scores that are estimated from knowledge-based annotation. Left hand side 

sliders indicate RNA expression level from RNA-sequencing data from two 
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sources: the Human Protein Atlas and the Genotype-Tissue Expression 

(GTEx) project. Different colours indicate different tissue groups. 

 
6.1.3 Dcaf12 expression in mice 
 
Dcaf12 is expressed in various mouse tissues (figure 6.2), with highest 

expression in bone marrow, bone and spleen. It is also expressed in immune 

cells, including B cells, myeloid and dendritic cells. 

 

Figure 6.2: Dcaf12 expression in mice 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.2: Dcaf12 expression in mouse data obtained from BIOGPS, gene  
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annotation portal (365). Data includes a range of RNA expression data from 

microarrays. Dcaf12 expression shown in multiple tissues, organs and cell 

lines. Different colours indicate different tissue groups. 

 

Expression in immune cells was further supported following bioinformatic 

analysis using single cell mouse RNA sequencing data. Tabula Muris is a 

compendium of single cell mouse data (342). This included 53,760 cells from 

twenty tissues, from eight mice (342). As indicated in figure 6.3 below, in 

bone marrow at a single cell level, there is high expression of Dcaf12 in a 

range of immune cells such as basophils, granulocytes, monocytes and B 

cells. 

 

Figure 6.3: Dcaf12 expression in mouse bone marrow 

Figure 6.3: Violin plot showing expression of Dcaf12 in mouse bone marrow 

data from the Tabula Muris single cell RNA sequencing compendium (342, 

351). The area of each violin represents the distribution of cells with varying 



 174 

levels of Dcaf12 expression. Cell type is indicated by colour of violin. 

Normalised expression is quantified in ln(1+CPM). CPM: counts per million.  

 

6.1.3.1 Dcaf12 expression: Mouse brain 
 
When non-myeloid brain data from Tabula Muris was examined, expression 

in various mouse brain cells was observed including oligodendrocyte 

precursor cells, Bergmann glial cells and neurons (figure 6.4). 

 

Figure 6.4: Dcaf12 expression in mouse brain cells 

A B 

C 
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Figure 6.4: Dcaf12 expression in mouse data obtained from publicly available 

single cell RNA sequencing mouse consortium: Tabula Muris (342, 351). A: 

Mouse scRNA-seq data from non-myeloid brain cells visualised in two 

dimensions using t-distributed stochastic neighbor embedding (tSNE). Cells 

clustered based on similarity in gene expression profile with cell identities 

assigned based on marker gene expression within identified clusters. B: 

Dcaf12 expression visualised on tSNE plot of mouse brain non-myeloid cells 

from Figure 6.4A. C: Violin plot showing expression of Dcaf12 in mouse brain 

non-myeloid data from the Tabula Muris single cell RNA sequencing 

compendium. 

 
Additionally, as shown in figure 6.5 below, Dcaf12 is expressed in areas of 

the mouse brain such as cortex, olfactory areas, hippocampal formation, the 

cortical subplate and hypothalamus.  

Figure 6.5: Dcaf12 expression in mouse brain tissue 

 

Figure 6.5: Dcaf12 expression in mouse brain obtained from the Allen Brain 

Atlas (456). Expression determined using semi-quantitative analysis of in situ 

hybridisation data from mouse brain sections. OLF, olfactory areas; HPF, 

hippocampal formation; CTXsp, cortical subplate; STR, striatum; PAL, 

pallidum; TH, thalamus; HY, hypothalamus; MB, midbrain; P, pons; MY, 

medulla; CB, cerebellum. 

 

Previous genotype-phenotype associations for DCAF12 have included 

neutrophil, granulocyte and lymphocyte percentages of white blood cells, 

monocyte and lymphocyte counts, immature fraction of reticulocytes (a 

measurement used in haematology to quantify reticulocyte maturity (457)) 

and body mass index (BMI) (366). Following the food consumption GWASs 
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carried out by Pirastu et al. (274), this gene was associated with UK Biobank 

participants adding salt to their food (chapter 4, section 4.3.2).  

 

6.1.4 Salt  
 
Sodium is a major component of extracellular fluid that preserves volume and 

constituents of fluid within and outside of cells (458). Various physiological 

processes rely on sodium regulation, for example, glomerular filtration, blood 

pressure and excitability of neurons (458).  

 

6.1.4.1 Salt appetite 
 

Sodium deficit stimulates salt (sodium chloride) appetite (458) via three 

sensory feedback signals; aldosterone secretion, angiotensin II activation, 

and neural baroreceptor stimulation (459). This causes an increased 

palatability and intake of sodium (459). Salt appetite is innate, initiated by the 

first instance of salt depletion and no previous salt exposure is necessary for 

identification of the taste (64). Salt appetite plays a major role in body fluid 

homeostasis, but salt preference can also improve the palatability of foods, 

increasing salty food consumption (459).  

 

Sodium appetite is a motivated state where there is a change in hedonic 

evaluation of salty foods and fluids (460) and incentive value increases (461). 

Despite high salt concentrations often having an aversive effect, sodium 

deficit can alter this negative effect to become a rewarding (positive) value, 

and this increases preference for salty foods (460).  

 

Sodium appetite sensitisation is a type of simple, non-associative learning 

(460) demonstrated by unnecessary increased daily salt-intake (462). This 

sensitisation is thought to be caused by repeated instances of sodium 

depletion (462) and is facilitated by neuroplasticity (463).  

 



 177 

Various brain areas have been indicated to be involved in salt intake, 

including the hypothalamus, amygdala and hindbrain (464). Currently, 

Dcaf12 has no known role in salt appetite regulation, despite showing a low 

level of expression in the mouse hypothalamus (456). 

 

6.1.4.2 Salt preference 
 

Salt is a key component of many different food types (465). The World Health 

Organization recommends that a typical adult should consume less than 5g 

of salt per day (311), however adults currently consume 9-12g per day (311). 

There is an established relationship between salt and high blood pressure 

(466, 467) and an overconsumption of salt is one of the major risk factors for 

the development of chronic diseases such as cardiovascular disease (468), 

hypertension (469), stroke (470), gastric cancer (471) and kidney disease 

(472). Cardiovascular disease (CVD) is a major contributor to morbidity and 

mortality in developed countries (473).  

 

Salt taste is innately desirable to humans (474) and can enhance the flavour 

of foods (475). Salt is found in many aspects of our diet, including processed 

foods such as salami, ham, bread, cereals and through the addition of salt 

during cooking or at the table (311). In addition, there can be a high salt 

content in foods like certain meat and cheeses (476, 477) that do not taste 

particularly salty, so it is difficult for people to be aware of how much salt they 

are consuming. Food that the population consumes is a product of 

physiological, cultural, educational (478) or financial circumstances (479).  

 

A reduction in salt intake would be one of the most cost-effective solutions to 

improving public health (473). Governments and public health organisations 

worldwide have introduced programmes and policies to combat 

overconsumption of salt but there has been little to no change of intake (480, 

481). Thus, exploring the potential genetic influences that predispose to 

adding salt to food could be highly novel and therapeutically relevant.  
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6.1.5 Aim 
 
This chapter describes the attempt to functionally validate the DCAF12 salt 

association in vivo by developing a new Dcaf12–/– mouse line and carrying 

out a behavioural study to investigate if these mice have a preference for salt 

solutions of different concentrations.  

 

6.1.6 Hypothesis 
 

To inform the hypothesis for this study, the missense single nucleotide 

polymorphism from the salt association was investigated using the Combined 

Annotation Dependent Depletion (CADD) framework. CADD is a tool for 

scoring the deleteriousness of single nucleotide variants as well as 

insertion/deletions variants in the human genome (322). CADD works by 

“integrating multiple annotations into one metric by contrasting variants that 

survived natural selection with simulated mutations” (321). A scaled CADD 

score of 20 means that a variant is amongst the top 1% of deleterious 

variants in the human genome, a score of 30 means that the variant is in the 

top 0.1% (482). The maximum CADD score of missense SNP rs11557154 

was 25.2, shown in table 6.1. 

 

Table 6.1: Maximum CADD score of the DCAF12 missense SNP  

 

 

 

 

 

 

 

 

Table 6.1: Maximum CADD score of the DCAF12 missense rs11557154 SNP 

was 25.2 (321). CADD gives SNPs a deleteriousness score. Chrom, 
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chromosome; Pos, position; Ref, reference allele; Alt, alternative allele; 

RawScore, raw score; PHRED, PHRED-scaled score to indicate magnitude 

of CADD score. 

 

In terms of the UK Biobank salt-SNP association, the T allele was predicted 

to be deleterious to function. Thus it was assumed that deletion or knocking 

out the Dcaf12 gene would have a similar deleterious effect. This allowed the 

formulation of a hypothesis for the mouse study as below. 

 

Hypothesis: 

It was hypothesised that the Dcaf12–/– mice would have a higher preference 

for salt solutions compared to wild-type C57BL/6J mice. 
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6.2 Materials & Methods 
 
Details of the Dcaf12–/– mice and WT C57BL/6J mice used in this chapter can 

be found in chapter 2. 
 

6.2.1 Animals 
 

8-13 week old male and female Dcaf12–/– mice and C57BL/6J mice were 

used in this study (n=12 per group, n=24 total).  

 
Power calculation 
 

Two power calculations were carried out estimate how many mice would be 

required for the study. These calculations were based on data from the 

Tordoff et al. (483) study where they carried out a 48-hour test with various 

strains of mice who were given a choice of 225mM NaCl vs water. The 

smallest significant differences found between salt solution and water were 

found for two strains of mice, hence two power calculations were carried out 

using this data. Deposited data from Tordoff et al (483) was obtained from 

the Mouse Phenome Database at the Jackson Laboratory (484) (table 6.2) 

and a sample size calculator (485) was used to obtain required sample sizes 

of 10 or 12 mice (table 6.3). 

 

Table 6.2: Published data used in power calculation 

Mouse strain Smallest 
significant 
difference 
(483) 

No. of mice 
used (484) 

Mean (484) Standard 
deviation (484) 

BUBb/BBnJ 59 ± 2 19 59.19    10.63 
MOLF/EiJ 42 ± 2 19 42.18 8.75 

 

Table 6.2: Published data from Tordoff et al. (483) & raw data from the 

Jackson Laboratory Mouse Phenome Database (484). 
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Table 6.3: Values used in power calculation 

Mouse 
strain 

Known 
mean  

Mean of 
population 
to be 
sampled 

Sigma  Alpha Desired 
power 

Sample 
size 

BUBb/BBnJ 0.5 0.59 0.11 0.05 0.8 12 
MOLF/EiJ 0.5 0.42 0.088 0.05 0.8 10 

 

Table 6.3: Values used in power calculation. The known mean value (50% 

indicated from the Tordoff paper (483) was a baseline, the mean value to be 

sampled (59% or 42% as the salt solution preference scores obtained from 

the Tordoff paper (483) for the mouse strains with the smallest significant 

differences), sigma was the standard deviation of the sampled population 

taken from the Tordoff paper (483), alpha was the type I error rate set at a 

default of 0.05 and desired power was set at a default of 0.8. 

 

6.2.2 Experiment preparation 
 

Animals were individually housed for 2-3 weeks prior to the study in Con-M 

cages with AL access to standard chow and water. The Con-M cages had 

wire lids allowing two bottles to be available to the mice at a time. Due to 

their amenable size and shape, ‘classic mini pet water bottles’ (Dobbies, 

169076) were used for this study. These bottles had a twin-ball, non-leak 

design and a gnaw-resistant, angled cap suitable for fitting through the cage 

top lids (486).  

 

The evening before the study began, animals were given one standard water 

bottle containing DI water and one Dobbies bottle containing DI water 

overnight to become accustomed to drinking from the Dobbies bottle prior to 

the experiment.  
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6.2.3 Two-bottle choice experiment  
 

This study (outline shown in figure 6.6) was designed based on previous two-

bottle choice 48-hour salt preference studies (483, 487-491). Mice were 

housed in Con-M cages for 48 hours with a choice of 2 x Dobbies water 

bottles containing DI water (figure 6.7). Bottles were weighed to measure 

water intake and the location of these bottles was switched after 24 hours to 

avoid location bias. Mice were next given a choice of DI water and 0.4% 

(75mM) salt solution for 48 hours. The 0.4% (75mM) was chosen because it 

has been shown to be non-aversive and had been successfully used in other 

studies with mice (483, 492, 493). The bottles were weighed and switched 

after 24 hours to eliminate location bias. The starting position of these bottles 

was randomised for each mouse using ResearchRandomizer software (412).  

 

Figure 6.6: Two-bottle choice experiment schematic  

   
 
 
 
 
 
 
 

Figure 6.6: Salt preference experimental design. Mice were given a choice of 

2 x bottles of water for 48 hours, followed by a choice of 1 x salt water and 1 

x water for 48 hours. This was repeated using a higher concentration of salt 

water. 
 
 

 

 

 

Diet 

Water Water 

Diet 

Salt water Water 

48 hours 48 hours 

+ 

Cage design Cage design 
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Figure 6.7: Experiment cage setup  

Figure 6.7: Experiment cage setup showing mice individually housed in   

Con-M cages during the water vs water choice period and the salt vs water 

choice period. 

 

Animals underwent a wash-out period where they had a choice of 2 x DI 

water for 48 hours. The location of each bottle was switched after 24 hours 

and water intake and bottle choice were measured as before. Mice were then 

given a choice of DI water and 0.8% (150mM) salt solution for 48 hours. The 

0.8% (150mM) salt solution was chosen to explore the effects of offering a 

higher salt concentration that was still below concentrations known to be 

aversive (488). The bottles were weighed and switched after 24 hours. The 

starting position of these bottles was randomised per mouse as before. Food 

intake and body weight were measured at the beginning, middle and end of 

the study (figure 6.8). 

 

 

 

0-24 hours 24-48 hours 

Water vs Water 
 

24-48 hours 0-24 hours 

Salt vs Water 
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Figure 6.8: Salt preference study outline 

 

Figure 6.8: Salt preference study outline. Experiment 1: water vs water for 48 

hours then 0.4% salt solution vs water for 48 hours. Experiment 2: water vs 

water for 48 hours then 0.8% salt solution vs water for 48 hours. Body weight 

& food intake measured at beginning, middle and end of study.  

 

At the end of the salt preference study, animals were singly-housed in Con-M 

cages with AL access to food and water. Body composition was measured 8 

days after the salt preference study using TDNMR (details found in chapter 

2). Mice were culled at the end of the study and cerebral cortex dissection 

was carried out for quantification of Dcaf12 gene expression (details found in 

chapter 2).   

 

Diet 
 
Standard chow diet was provided ad libitum (Special Diet Services: RM1 P 

801151) in a bowl taped to the bottom of the cage. Water was provided AL. 

 

Stock salt solutions  
 
0.4% (75mM) and 0.8% (150mM) salt solutions were prepared using sodium 

chloride (AnalaR NORMAPUR® ACS, Reag. Ph. Eur. (VWR Chemicals)) in 

deionised water. Salt solutions were filtered using a 500ml sterile vacuum 

filtration system (Stericup® Quick Release Millipore Express® PLUS 0.22um 

PES). 
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6.3 Results 
 

6.3.1 Gene expression analysis 
 

Results were interpreted with the assistance of Thomas Macartney, Head of 

CRISPR Facility, MRC Protein Phosphorylation & Ubiquitylation Unit, 

University of Dundee. 

 

To confirm absence of Dcaf12 expression in Dcaf12–/– animals, qRT-PCR 

was performed to quantify expression in the cortex of 5 x Dcaf12–/– and 5 x 

WT mice. Three Taqman probes were used to assess Dcaf12 expression 

across different locations of the gene.  

 

As shown in figure 6.9, a ~50% decrease in Dcaf12 expression in the 

Dcaf12–/– animals compared to the WT animals was detected when using 

probe 1 (upstream of the targeted exon).  

 

When using probe 2, targeting exons 4 and 5, results showed a complete 

absence of Dcaf12 expression in knockout animals. This was to be expected 

given that this probe was designed within the exon targeted by the CRISPR 

KO strategy.  

 

However, when using probe 3 which was downstream of the targeted exon, 

there was only an ~80% reduction of Dcaf12 expression in the Dcaf12–/– 

animals compared to WT animals. No Dcaf12 mRNA expression was 

predicted given the creation of a premature stop codon in exon 5. Thus, 

alternative splicing or introduction of a downstream novel transcriptional start 

site may have occurred, allowing limited expression of downstream 

transcripts.  

 

Nevertheless, the absence of Dcaf12 gene expression when using probe 2, 

in addition to the sequencing of multiple positive clones verified that Dcaf12–/– 
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animals were not capable of expressing the full-length gene product and 

were therefore knockout for Dcaf12.  

 

Figure 6.9: Dcaf12 gene map showing Dcaf12 gene expression in 
Dcaf12–/–and WT mice 

 

          Probe 3  Probe 2                    Probe 1 
 
Figure 6.9: Dcaf12 gene map indicating Taqman probe locations and Dcaf12 

gene expression in Dcaf12–/– (n=5) and WT mice (n=5). RQ, relative 

quantification; TBP, TATA-Box Binding Protein. Probe details can be found in 

chapter 2. 

 
 
 
 
 
 
 
 
 
 
 
 

z 
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6.3.2 Phenotyping of Dcaf12–/– mice 
 
No significant differences of body weight or body composition found 
between Dcaf12–/– and WT mice 

 
As this was a new knockout mouse line, general phenotyping of the mice 

was performed. This included measuring body weight and body composition. 

As shown in figure 6.10 below, as expected, males were larger than the 

females regardless of genotype and had a larger amount of lean mass and 

fat mass. However, there were no significant differences of body weight, lean 

mass or fat mass between groups.  

 

Figure 6.10: Body weight and body composition of Dcaf12–/– and WT 
mice 

 

Figure 6.10: A: Average body weight of Dcaf12–/– and WT mice. B: Average 

lean mass of Dcaf12–/– and WT mice. C: Average fat mass of Dcaf12–/– and 

WT mice (n=6 per group, n=24 total). Data was tested in R using an unpaired 

Welch Two sample T test and an unpaired two-sample Wilcoxon test (also 

known as Wilcoxon rank sum test or Mann-Whitney test). Non-parametric 

and parametric tests were carried out on this data due to small sample sizes 

making it difficult to determine normal distribution of data. Data found in 

appendix tables 32, 33, 34, appendix 5. 

A B C 
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6.3.3 Experimental results 
 

6.3.3.1 Experiment 1: Water vs water 
 
Mice show a right-hand side preference during the water vs water 
period 
 
During the first 24 hours, mice from the male WT (median: 62.1%), male 

Dcaf12–/– (median: 54.4%) and female Dcaf12–/– (median: 57.4%) groups 

preferred to drink from the water bottle on the right hand side of their cage. 

Female WTs showed a slight preference for the bottle on their left-hand side 

(median: 52.5%) (figure 6.11). However, no significant differences between 

side preference were found between groups. During 24-48 hours, this right 

hand side preference continued for mice in the male WT (median: 64.4%), 

male Dcaf12–/– (median: 61.4%) and female Dcaf12–/– (median: 59.1%) 

groups, while a right hand side preference for the female WTs (median: 

67.2%) also emerged. No significant differences were found between groups 

on the second day. 

 

Figure 6.11: Relative intake water vs water: experiment 1 

 
Figure 6.11: Relative water intake during the water vs water part of 

experiment 1 for four groups of animals (n=6 per group, n=24 total). A: Water 

intake from 0-24 hours. B: Water intake from 24-48 hours. Relative intake 

data can be found in appendix table 35, appendix 5. Data was analysed in R 

A B
B 

Key 
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using unpaired Welch Two sample T tests and unpaired two-sample 

Wilcoxon tests (also known as Wilcoxon rank sum test or Mann-Whitney 

test). One-way Anova and a Kruskal-Wallis rank sum test were used to 

compare salt intake of all 4 groups. 

 

Individual mice demonstrate a right-hand side bottle drinking 
preference  
 
Figure 6.12 shows the relative water intakes of individual mice during 0-24 

hours experiment 1 and that all of the mice drank from both sides during the 

first day. The majority of animals consumed most of their water from the 

right-hand side, however there were six mice that preferred to drink from the 

left hand side. Three of these were female WT mice (55.0%, 63.6%, 74.3%) 

and there was one female WT mouse who demonstrated a 50:50 split 

between both sides. These results drove the slight left-hand side preference 

that was seen in figure 6.11A for the overall female WT group during 0-24 

hours. One male Dcaf12–/– mouse chose to consume 52.4% of its total intake 

from the left hand side. There were two female Dcaf12–/– mice that drank 

53.1% and 51.1% of their total intake from the left hand side. 

 

Figure 6.13 shows the relative water intakes of individual mice during 24-48 

hours of experiment 1. This figure shows that mice drank from both sides 

during this period. As in the first day, the majority of animals consumed most 

of their water from the right-hand side, however five mice preferred to drink 

from the left-hand side. The five mice that preferred to drink from the left-

hand side were different to those demonstrating this preference on day 1. 

These left side preferences included a male WT mouse (59.5%), a male 

Dcaf12–/– mouse (68.3%), a female WT mouse (69.8%) and two female 

Dcaf12–/– mice (57.5% & 51.2%). In contrast, there were 7 mice that drank 

over 70% of their water from the right-hand side. One male Dcaf12–/– mouse 

demonstrated a 50:50 split and this was the mouse that demonstrated a 

slight left-hand side preference on day 1.
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Figure 6.12: Relative water intake of individual mice during 0-24 hours of water vs water part of experiment 1 

Figure 6.12: Relative water intake of individual mice during 0-24 hours of water vs water part of experiment 1. Each lollipop 

(labelled W in a blue circle to indicate water) represents a single mouse. Lollipops in line with each other represent the left 

hand side and the right hand side intakes of a single mouse, therefore 2 lollipops in line with each other total 100% water 

intake. 
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Figure 6.13: Relative water intake of individual mice during 24-48 hours of water vs water part of experiment 1 

 
Figure 6.13: Relative water intake of individual mice during 24-48 hours of water vs water part of experiment 1. Each lollipop 

(labelled W in a blue circle to indicate water) represents a single mouse. Lollipops in line with each other represent the left 

hand side and the right hand side intakes of a single mouse, therefore 2 lollipops in line with each other total 100% water 

intake. 
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6.3.3.2 Experiment 1: 0.4% salt vs water 
 
Mice preferred to drink water compared to 0.4% salt solution 
 
During the first day of the salt vs water experiment, mice from all groups 

preferred the water compared to the 0.4% salt solution (figure 6.14). The salt 

solution made up 30.2% (median) of total fluid intake for male WT mice. This 

group preferred the salt solution the least out of all of the groups. Male 

Dcaf12–/– mice demonstrated a higher preference for the salt solution 

compared to the other groups where 44.5% (median) of their total fluid intake 

was the 0.4% salt solution. No significant differences were found during the 

first 0-24 hours of experiment 1 (0.4% salt vs water).  

 

Although there was variation within this group, salt and water intakes of the 

male Dcaf12–/– group diverged on day 2. The median 0.4% salt intake for all 

groups fell from 30.2% (male WT), 44.5% (male Dcaf12–/–), 40.8% (female 

WT) and 41% (female Dcaf12–/–) to 25.4% (male WT), 24.8% (male Dcaf12–/–

), 22.9% (female WT) and 23.0% (female Dcaf12–/–) on day 2. No significant 

differences were found between groups during 24-48 hours of experiment 1 

(0.4% salt vs water).  

 

Figure 6.14: Relative intake 0.4% salt solution vs water: experiment 1 

Figure 6.14: Relative fluid intake of 0.4% salt vs water for four groups of 

animals (n=6 per group, n=24 total). A: 0.4% salt vs water intake 0-24 hours. 

B: 0.4% salt vs water 24-48 hours. Relative intake data can be found in 

A 
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B
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appendix table 36, appendix 5. Data was analysed in R using unpaired 

Welch Two sample T tests and unpaired two-sample Wilcoxon tests (also 

known as Wilcoxon rank sum test or Mann-Whitney test) One-way Anova 

and a Kruskal-Wallis rank sum test were used to compare salt intake of all 4 

groups. 
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No differences of 0.4% salt solution intake between Dcaf12–/–  and WT 

mice 
 
Comparing 0.4% salt and water intakes of the Dcaf12–/– and WT groups, both 

groups preferred the water over the salt solution (figure 6.15). During 0-24 

hours, 42% (median) of total fluid intake for Dcaf12–/– mice was salt solution 

and 58% (median) was water. 37.6% (median) of total intake was salt 

solution for WT mice and 62.4% (median) was water. There was no 

significant difference of salt solution intake found between the Dcaf12–/– and 

the WT animal groups. During 24-48 hours, salt solution intake decreased for 

both groups - to 23% (median) of total intake for Dcaf12–/– mice and 23.5% 

(median) for WT mice. Dcaf12–/– mice had a water intake of 77% (median) 

and WT mice had 76.4% (median). No significant differences of salt intake 

between the Dcaf12–/– and the WT animal groups were found. 

Figure 6.15: Relative fluid intake of 0.4% salt vs water pooled data of 
Dcaf12–/–and WT mice 

 
Figure 6.15: Pooled data of Dcaf12–/– and WT mice. Relative fluid intake of 

0.4% salt vs water for Dcaf12–/– (n=12) and WT animals (n=12). A: 0.4% salt 

vs water intake 0-24 hours. B: 0.4% salt vs water 24-48 hours. Unpaired 

Welch Two sample T tests and unpaired two-sample Wilcoxon tests were 

carried out on this data. 
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The addition of a 0.4% salt solution choice removes the right-hand side 
drinking bottle preference  
 
Figures 6.16 & 6.17 show that if the water bottle started on the right hand 

side of the cage, all mice (except one male Dcaf12–/–) drank a higher 

percentage of their total intake from this side. However, once these bottles 

were switched after the 24-hour period, they switched to consuming most of 

their fluid intake from the left-hand side, thus following the water bottle. The 

male Dcaf12–/– mentioned, chose to drink most of its fluid from the salt bottle 

on the left-hand side (80.4%), despite the water bottle starting on the 

preferred right hand side. Then, despite the bottle switch after 24 hours, 

decided to stick to the left-hand side where the water bottle was then placed, 

taking 52.9% of its intake from the water bottle, thus showing a left side 

preference. 

 

If the water bottle started on the left-hand side of the cage, all mice except 

two (one male WT, one female WT) took most of their fluid intake from the 

water bottle on the left-hand side. Once these bottles were switched after 24 

hours, they continued to take the majority of their fluid intake from these 

water bottles that were now on the right-hand side.  

 

The male WT and female WT mentioned, drank the majority of their intake 

from the salt solution bottle (76.4% and 61.1% respectively) initially on the 

right-hand side, however following the bottle switch, the male WT still 

preferred to drink from the salt solution bottle which was now on the left-hand 

side (drinking 51.2% of salt). The female WT however, showed a potential 

right side bias. Although it started with the salt solution bottle on the generally 

preferred right-hand side during the first 24 hours, it then stuck to that right-

hand side following the bottle switch where it then drank 62.2% of water. This 

mouse did not actively switch sides and follow either the salt or the water. 

Due to it preferring to drink from the right-hand side regardless of what bottle 

was there at the time, it cannot be suggested that this female WT mouse 
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actively chose to drink the 0.4% salt water in the first 24 hours, but purely 

chose to drink from that bottle because it was on its preferred side. However, 

it should be noted that this was one of the female WT mice (shown in figure 

6.12) that had a greater preference for the left-hand side during 0-24 hours of 

the water vs water experiment, contributing to driving the slight left-hand side 

preference for the overall female WT group during 0-24 hours water vs water 

study. With this considered, if this mouse initially had a preference for the 

left-hand side at the beginning of the study, it could be suggested that this 

mouse did actively choose to drink from the right-hand side bottle containing 

the 0.4% salt during the first day of this experiment before then sticking to 

that side and drinking mostly water on the second day. This is a different 

tendency to the one that it showed during the water vs water experiment 

where it showed a left-side preference during the 0-24 hours water vs water 

study and then a right side preference during the 24-48 hour water vs water 

study.  

 

Additionally, one male Dcaf12–/– mouse drank 51.4% of water on the left-

hand side during 0-24 hours and then stuck to this side, drinking 58.5% of 

the salt water on the left hand side following the switch, indicating a slight 

left-hand side preference.  
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Figure 6.16: Relative 0.4% salt solution vs water intake of individual mice during 0-24 hours of experiment 1 

Figure 6.16: Lollipop plot showing which side individual mice drank from during the 0-24 hour period of experiment 1. An “S” 

and grey circle indicates that salt was at that location at that time. A “W” and blue circle indicates that water was at that 

position at that time. Two lollipops in line with each other total 100% fluid intake. Starting locations of salt and water were 

randomised per mouse as previously mentioned.  
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Figure 6.17: Relative 0.4% salt solution vs water intake of individual mice during 24-48 hours of experiment 1 

 
Figure 6.17: Lollipop plot showing which side individual mice drank from during the 24-48 hour period of experiment 1. An 

“S” and grey circle indicates that salt was at that location at that time. A “W” and blue circle indicates that water was at that 

position at that time. Two lollipops in line with each other total 100% fluid intake. Starting locations of salt and water were 

randomised per mouse as previously mentioned.  
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6.3.3.3 Experiment 2: Water vs water 
 
Mice show a right-hand side preference during the second water vs 
water period 
 

The same mice used in experiment 1, were used in experiment 2. During the 

first 24 hours, mice from all groups preferred to drink from the right hand 

side: male WT (median: 59.0%), male Dcaf12–/– (median: 64.8%), female WT 

(median: 56.2%) and female Dcaf12–/– (median: 56.6%) (figure 6.18). There 

were no significant differences found between groups. A right-hand side 

preference continued during the 24-48 hour period for mice from all groups: 

male WT (median 63.2%), male Dcaf12–/– (median: 70.7%), female WT 

(median 61.2%) and female Dcaf12–/– (59.4%). However, there were no 

significant differences found between groups. 

 

Figure 6.18: Relative water intake water vs water: experiment 2 

 
Figure 6.18: Relative water intake during the water vs water part of 

experiment 2 for four groups of animals (n=6 per group, n=24 total). A: Water 

intake from 0-24 hours. B: Water intake from 24-48 hours. Relative intake 

data can be found in appendix table 37, appendix 5. Data was analysed in R 

using unpaired Welch Two sample T tests and unpaired two-sample 

Wilcoxon tests (also known as Wilcoxon rank sum test or Mann-Whitney 
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test). One-way Anova and a Kruskal-Wallis rank sum test were used to 

compare salt intake of all 4 groups. 

 

Mice demonstrate a right-hand side bottle drinking preference once 
again 
 

Figure 6.19 shows the relative water intakes of individual mice during 0-24 

hours of experiment 2 and this figure shows that every mouse drank from 

both sides. There were only 3 mice that preferred to drink from the left-hand 

side (male WT (51.1%), two male Dcaf12–/– mice (58.1% and 52.4%) and one 

male WT mouse that drank 50% from each side), with the rest of the animals 

(n=20) consuming the majority of their water intake from the right-hand side.  

 

During the 24-48 hour period, shown in figure 6.20, the same male WT 

mentioned in the 0-24 hour period was one of only 3 mice who did not prefer 

to drink from the right-hand side (36.4%), as did one female WT (45.7%) and 

one female Dcaf12–/– (49%). There was also a female Dcaf12–/– animal who 

showed a right side preference during the 0-24 hours but then a 50:50 split 

during the 24-48 hour period. The remaining animals (n=20) demonstrated a 

right-hand side preference. 
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Figure 6.19: Relative water intake of individual mice during 0-24 hours of water vs water part of experiment 2 

 
Figure 6.19: Relative water intake of individual mice during the water vs water 0-24 hours of experiment 2. Each lollipop 

(labelled W in a blue circle to indicate water) represents a single mouse. Lollipops in line with each other represent the left 

hand side and the right hand side intakes of a single mouse, therefore two lollipops in line with each other total 100% water 

intake.  

 



 202 

Figure 6.20: Relative water intake of individual mice during 24-48 hours of water vs water part of experiment 2 

 

Figure 6.20: Relative water intake of individual mice during the water vs water 24-48 hours of experiment 2. Each lollipop 

(labelled W in a blue circle to indicate water) represents a single mouse. Lollipops in line with each other represent the left 

hand side and the right hand side intakes of a single mouse, therefore two lollipops in line with each other total 100% water 

intake.  
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6.3.3.4 Experiment 2: 0.8% salt vs water 
 
Mice preferred to drink water compared to 0.8% salt solution 
 
Mice from all groups preferred the water compared to the 0.8% salt solution 

(figure 6.21). During the first day of the experiment, mice from all groups 

showed a greater preference for water with a median of 72.2% (male WT), 

70.1% (male Dcaf12–/–), 69.2% (female WT) and 69.8% (female Dcaf12–/–) 

compared to a median salt solution intake of 27.8% (male WT), 29.9% (male 

Dcaf12–/–), 30.8% (female WT) and 30.2% (female Dcaf12–/–). There were no 

significant differences found between groups.  

 

During the 24-48 hour period, the preference for water was more marked. 

This was demonstrated by median water intakes of 80.2% (male WT), 79.4% 

(male Dcaf12–/–), 74.2% (female WT) and 78.0% female Dcaf12–/–). There 

was a decrease in relative salt intake for each group, with mice consuming a 

median of 19.8% (male WT), 20.6% (male Dcaf12–/–), 25.8% (female WT) 

and 22.0% (female Dcaf12–/–). 

 

Figure 6.21: Relative intake 0.8% salt solution vs water: experiment 2 

 
Figure 6.21: Relative fluid intake of 0.8% salt vs water for four groups of 

animals (n=6 per group, n=24 total). A: 0.8% salt vs water intake 0-24 hours. 

B: 0.8% salt vs water 24-48 hours. Relative intake data can be found in 
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appendix table 38, appendix 5. Data was tested in R using unpaired Welch 

Two sample T tests and unpaired two-sample Wilcoxon tests. One-way 

Anova and a Kruskal-Wallis rank sum test was used to compare salt intake of 

all 4 groups.  

 

No differences of 0.8% salt solution intake between Dcaf12–/– and WT 
mice 
 
Comparing 0.8% salt and water intake in Dcaf12–/– and WT groups, both 

groups preferred water (figure 6.22). During the first 24 hours, the median 

0.8% salt solution intake of both groups was similar: 30.2% (Dcaf12–/–) and 

30.3% (WT) of the total fluid intake. The median intakes of water were 69.8% 

(Dcaf12–/– ) and 69.7% (WT). During 24-48 hours, 0.8% salt solution intake 

decreased for both groups. For both groups, 21.1% (Dcaf12–/– ) vs 21.0% 

(WT) of total fluid intake was consumed from the salt solution and 78.9% of 

their total fluid intake was water. There were no significant differences of 

0.8% salt solution intake found between the Dcaf12–/– and the WT animal 

groups on either days.  

 

Figure 6.22: Relative fluid intake of 0.8% salt vs water pooled data of 
Dcaf12–/– and WT mice 

Figure 6.22: Pooled data of Dcaf12–/– and WT mice. Relative fluid intake of 

0.8% salt vs water for Dcaf12–/– (n=12) and WT animals (n=12). A: 0.8% salt 

vs water intake 0-24 hours. B: 0.8% salt vs water 24-48 hours. Data was 
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tested using unpaired Welch Two sample T tests and unpaired two-sample 

Wilcoxon tests. 

 

The addition of a 0.8% salt solution choice also removes the right-hand 
side drinking bottle preference  
 
Figures 6.23 & 6.24 show that if the water bottle started on the right-hand 

side of the cage, all mice (except one male Dcaf12–/– mouse) drank a higher 

percentage of their total intake from this side. Once these bottles were 

switched after the 24-hour period, they continued to drink from the water 

bottle and so, switched to drinking most of their fluid from the left-hand side. 

The male Dcaf12–/– mentioned, chose to consume slightly more from the salt 

bottle on the left-hand side (57.4%) during 0-24 hours, despite the water 

bottle starting on the preferred right-hand side. Following the switch after 24 

hours, this mouse followed the salt bottle, consuming 74.5% of the salt which 

was now on the right-hand side, thus indicating a salt preference for this 

mouse. This was the same mouse identified in experiment 1 (0.4% salt vs 

water) (see figure 6.16/6.17).  

 

If the water bottle started on the left-hand side of the cage, all mice except 

three (one male WT, one female WT, one female Dcaf12–/–) drank more from 

the water bottle on the left-hand side. Once these bottles were switched after 

24 hours, they continued to take the majority of their fluid intake from these 

water bottles that were now on the right-hand side. 

 

The female WT mentioned, drank 51.8% of its total intake from the salt bottle 

on the right-hand side and then after the bottle switch, continued to drink 

from the salt bottle (84.6%) which was now on the left-hand side, thus 

indicating a salt preference for this mouse. 

 

The male WT and female Dcaf12–/– mentioned, drank from the right-hand 

side during the 0-24 hour period, despite the salt bottle being in this position 
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(57.1% and 50.9% respectively). Following the bottle switch, these mice 

continued to drink mostly from the right-hand side despite the water bottle 

now being in this position (they drank 65.9% and 66.7% of water 

respectively). This demonstrated a right-hand side preference but whether 

these mice actively chose to drink the salt water when it was initially on their 

preferred side and then decided to choose to drink from the water bottle 

which was then also on their preferred side following the bottle switch, cannot 

be statistically disentangled. It should be noted that the female Dcaf12–/– 

mouse showed a 50:50 split in bottle preference during the 24-48 hour period 

of the water vs water study. However, taking into account the right side 

preference for both mice during the 0-24 hour period of the water vs water 

study, these mice show an overall right hand side preference. Therefore, as 

these mice chose to drink from their “preferred side”, bias cannot be ruled out 

in this case. It should be noted that these three standout mice mentioned, 

were not mice that stood out during experiment 1 (0.4% salt vs water).  
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Figure 6.23: Relative 0.8% salt solution vs water intake of individual mice during 0-24 hours of experiment 2 

Figure 6.23: Lollipop plot showing which side individual mice drank from during the 0-24 hour period of experiment 2. An “S” 

and grey circle indicates that salt was at that location at that time. A “W” and blue circle indicates that water was at that 

position at that time. Two lollipops in line with each other total 100% fluid intake. Starting locations of salt and water were 

randomised per mouse as mentioned previously. 
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Figure 6.24: Relative 0.8% salt solution vs water intake of individual mice during 24-48 hours of experiment 2 

Figure 6.24: Lollipop plot showing which side individual mice drank from during the 24-48 hour period of experiment 2. An “S” 

and grey circle indicates that salt was at that location at that time. A “W” and blue circle indicates that water was at that 

position at that time. Two lollipops in line with each other total 100% fluid intake. Starting locations of salt and water were 

randomised per mouse as mentioned previously. 
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Summary of water vs water results 
 
Right hand side preference prevails for Dcaf12–/– mice and WT mice 
during water vs water experiments 
 

Both groups of Dcaf12–/– and WT animals demonstrated an overall right-hand 

side preference during both experiment 1: Dcaf12–/– (median: 58.0%) and 

WT (median: 61.2%) and experiment 2: Dcaf12–/– (median: 60.4%) and WT 

(61.0%) when given the choice of two bottles of water (figure 6.25). However, 

no significant differences were found between side-preference of Dcaf12–/– vs 

WT mice during each experiment. 

 

Figure 6.25: Summary of relative water intake during water vs water 
experiments  

 
Figure 6.25: A: Pooled data of Dcaf12–/–and WT mice. Relative water intake 

during the water vs water experiments of male and female Dcaf12–/– mice 

(n=12) vs male and female WT mice (n=12) during experiment 1. B: Relative 

water intake during the water vs water experiments of male and female 

Dcaf12–/– mice (n=12) vs male and female WT mice (n=12) during 

experiment 2. Data was analysed in R using unpaired Welch Two sample T 

tests and unpaired two-sample Wilcoxon tests (also known as Wilcoxon rank 

sum test or Mann-Whitney test). 
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Summary of salt vs water results 
 
During experiment 1: 0.4% salt vs water, mice showed a 30.0% & 31.8% 
salt preference  
 

Results show that during experiment 1, both Dcaf12–/– and WT mice 

preferred the water over the 0.4% salt solution (figure 6.26A). A median 0.4% 

salt solution intake for Dcaf12–/– mice was 31.8% and for WT mice was 

30.0%. Median water intake for Dcaf12–/– mice was 68.2% and for WT mice 

was 70.0%. There was no significant difference between groups.  

 
During experiment 2: 0.8% salt vs water, mice showed a 27.2% & 25.2% 
salt preference 
 

During experiment 2, mice also preferred the water over the 0.8% salt 

solution (figure 6.26B). Median water intakes were 74.8% (Dcaf12–/– mice) 

and 72.8% (WT mice) and median 0.8% salt solution intakes were 25.2% 

(Dcaf12–/– mice) and 27.2% (WT mice). There were no significant differences 

found between groups.  

 

Salt preference of mice decreased as concentration of salt solution 
increased 
 

Mice preferred the 0.8% salt solution less than the 0.4% salt solution. Median 

intakes of the 0.4% salt solution in experiment 1: 31.8% (Dcaf12–/– mice) and 

30.0% (WT mice) compared to median intakes of the 0.8% salt solution in 

experiment 2 which were 25.2% (Dcaf12–/– mice) and 27.2% (WT mice). 

There was a significant difference in salt solution intake found between 

experiment 1 and experiment 2 for Dcaf12–/– mice (p=0.02821), however 

there was no significant difference found for WT mice.  
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Figure 6.26: Summary of relative intake during salt solution vs water 
experiments  

 
Figure 6.26: A: Relative intake of 0.4% salt and water during experiment 1 of 

male and female Dcaf12–/– mice (n=12) vs male and female WT mice (n=12). 

B: Relative intake of 0.8% salt and water during experiment 2 of male and 

female Dcaf12–/– mice (n=12) vs male and female WT mice (n=12). Data was 

tested in R using an unpaired Welch Two sample T test and an unpaired two-

sample Wilcoxon test. 

 

6.3.3.5 Body weight  
 

Body weight remained stable throughout the study  
 

Salt intake may increase blood osmolarity (494) which may inhibit food intake 

(495) therefore, body weight was measured during the study.  

 

Body weight of all groups did not change over time, in any of the water/salt 

solution choice conditions (figure 6.27). This was demonstrated by no 

significant differences found between body weights of male Dcaf12–/– vs male 

WTs or female Dcaf12–/– vs female WTs during experiment 1. There was no 

significant difference between body weights of male Dcaf12–/– vs male WTs 

during experiment 2. However, there was a significant difference in body 

weight between female Dcaf12–/– and female WTs (p=0.04577 T test, 

B                A            
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p=0.03035 Wilcoxon test) in experiment 2, with female Dcaf12–/– mice being 

slightly larger. No significant body weight differences were found within 

groups between experiment 1 compared to experiment 2.  

 

Figure 6.27: Average body weight of mice over experimental period 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.27: Line graph showing body weight of male and female Dcaf12–/– 

and WT mice (n=24). Body weight data was tested in R using an unpaired 

Welch Two sample T test and an unpaired two-sample Wilcoxon test (also 

known as Wilcoxon rank sum test or Mann-Whitney test). Data in appendix 

table 39, appendix 5. 
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6.3.3.6 Food intake: Experiment 1 
 
Female mice consumed more food than male mice during experiment 1 
 
Food intake was measured at the beginning, middle and end of the study for 

welfare reasons. Food intake was higher in females than males and knockout 

had no effect on food intake (figure 6.28). This was demonstrated by median 

food intakes during experiment 1: 2.28kcal (male WT), 2.24kcal (male 

Dcaf12–/–), 2.74kcal (female WT) and 2.84kcal (female Dcaf12–/–). Significant 

differences were found between male Dcaf12–/– vs female Dcaf12–/–, male 

WT vs female Dcaf12–/–, male Dcaf12–/– vs female WT and male WT vs 

female WT. There were no significant differences found between female WT 

vs female Dcaf12–/– and male WT vs male Dcaf12–/– groups.  

 

Figure 6.28: Absolute food intake: experiment 1 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.28: Absolute food intake of 4 groups of mice (n=6 per group, n=24 

total) during experiment 1 water vs water & 0.4% salt solution vs water 

period. Food intake data was tested in R using a Kruskal-Wallis rank sum 
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test and a one-way Anova followed by a Tukey multiple pairwise-comparison 

test. Data found in appendix table 40, appendix 5. 

 
Sex difference in food intake during experiment 1 was not dependent 
on genotype 
 
Figure 6.29 shows that there were significant differences of food intake found 

between female and male mice during experiment 1. Female mice consumed 

more food than male mice. In experiment 1: median intake for females was 

2.80kcal and median intake for males was 2.28kcal. Female mice consumed 

22.81% more food than male mice during this period. 

 

Figure 6.29: Absolute food intake: experiment 1 pooled by sex 

 
 

 
 
 
 
 
 
 
 
 
 
Figure 6.29: Absolute food intake of male and female mice (n=12 per group, 

n=24 total) during experiment 1 water vs water & 0.4% salt vs water period. 
Food intake was compared between males vs females using an unpaired 

Welch Two sample T test and an unpaired two-sample Wilcoxon test. 
 
 
 
 

p=3.616e-05 
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6.3.3.7 Food intake: Experiment 2 
 
Female mice consumed more food than male mice during experiment 2 
 
During experiment 2, food intake was also higher in females than males and 

knockout had no effect on food intake (figure 6.30). This was demonstrated 

by median food intakes during experiment 1: 2.09kcal (male WT), 2.16kcal 

(male Dcaf12–/–), 2.68kcal (female WT) and 2.72kcal (female Dcaf12–/–). 

Results were significant between male Dcaf12–/– vs female Dcaf12–/–, male 

WT vs female Dcaf12–/–, male Dcaf12–/– vs female WT and male WT vs 

female WT. There were no significant differences found between female WT 

vs female Dcaf12–/– and male WT vs male Dcaf12–/– groups. 

 
Figure 6.30: Absolute food intake: experiment 2 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.30: Absolute food intake of 4 groups of mice (n=6 per group, n=24 

total) during experiment 2 water vs water & 0.8% salt vs water period. Food 

intake was tested in R using a Kruskal-Wallis rank sum test and a one-way 

Anova followed by a Tukey multiple pairwise-comparison test. Data found in 

appendix table 40, appendix 5. 
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Sex difference in food intake during experiment 2 was not dependent 
on genotype 

 
Figure 6.31 shows that there were significant differences of food intake found 

between female and male mice during experiment 2. In experiment 2, the 

median intake for females was 2.69kcal and for males it was 2.12kcal. 

Female mice consumed 26.89% more food than male mice during 

experiment 2.  

 

Figure 6.31: Absolute food intake: experiment 2 pooled by sex 

 

 

 
 
 
 
 
 
 
 
 
 
Figure 6.31: Absolute food intake of male and female mice (n=12 per group, 

n=24 total) during experiment 2 water vs water & 0.8% salt vs water period. 
Food intake was compared between males vs females using an unpaired 

Welch Two sample T test and an unpaired two-sample Wilcoxon test.  
 

 

 

 

p=3.644e-05 
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No genotype differences found between food intake of mice during 
experiment 1 or experiment 2 and no differences found between 
experiments for each genotype 
 
The median food intakes during experiment 1 were 2.54kcal (Dcaf12–/– mice) 

and 2.47kcal (WT mice). The median food intakes during experiment 2 were 

2.34kcal (Dcaf12–/– mice) and 2.38kcal (WT mice). When comparing food 

intake between Dcaf12–/– mice and WT mice in experiment 1 and Dcaf12–/– 

mice and WT mice in experiment 2, no significant differences were found 

between genotypes (figure 6.32). There were no differences found between 

food intake of Dcaf12–/– mice during experiment 1 vs experiment 2 or WT 

mice during experiment 1 vs experiment 2.  

 

Figure 6.32: Experiment 1 vs experiment 2 food intake by genotype 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.32: Absolute food intake of Dcaf12–/– and WT animals (n=12 per 

group, n=24 total) during experiment 1 and experiment 2 by genotype. Food 

intake was compared between Dcaf12–/– and WT mice unpaired Welch Two 

sample T tests and unpaired two-sample Wilcoxon tests.  
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6.3.3.8 Food intake during experiment 1 compared to experiment 2 
 
Mice consumed less food when faced with a higher concentration of 
salt  
 
As shown in figure 6.33, mice consumed less food during experiment 2 

(0.8% salt) than in experiment 1 (0.4% salt). On average, male WT mice 

consumed 6.58% less, male Dcaf12–/– mice consumed 5.12% less, female 

WT mice consumed 2.04% less and female Dcaf12–/– mice consumed 5.21% 

less.  

 

Figure 6.33: Average food intake experiment 1 vs experiment 2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 6.33: Average food intake of male and female Dcaf12–/– and WT mice 

during experiment 1 (water vs water & 0.4% salt vs water) and experiment 2 

(water vs water & 0.8% salt vs water). 
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A linear regression model in R was used to test for differences between food 

intake during experiment 1 vs experiment 2.  

 

Model:  
lm(Food_intake ~ Experiment + Sex, data = DCAF12_food_intake) 

 

Results 

Table 6.4: Residuals of regression analysis 

Minimum       1Q Median 3Q Maximum 
-0.33187 -0.10906   0.00937   0.09344   0.22813 

 

Table 6.5: Coefficients of regression analysis  

 Estimate Std. Error T value      Pr(>|t|)     
(Intercept) 2.9160      0.0650   44.864   < 2e-16 *** 

Experiment -0.1171      0.0392   -2.987   0.00455 ** 
SexMale -0.5596      0.0392 -14.277   < 2e-16 *** 

 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 

 

Residual standard error: 0.1358 on 45 degrees of freedom 

Multiple R-squared:  0.8254, Adjusted R-squared:  0.8177  

F-statistic: 106.4 on 2 and 45 DF,  p-value: < 2.2e-16 

 

These results corresponded with data shown in figure 6.33 indicating that 

there was a significant difference of food intake between experiments 1 & 2 

(p=0.00455) and there was a sex difference whereby males consumed less 

than females (p=<2e-16). 
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6.4 Discussion  

 
In this chapter, I sought to functionally validate the DCAF12 salt association 

in vivo by developing a new Dcaf12–/– mouse line and carrying out a 

behavioural study to investigate salt preference.  

 

Results from this behavioural salt preference study were not as expected. 

The Dcaf12–/– mice did not prefer salt more than the WT mice, and 

preference for salt decreased for all mice as concentration of salt solution 

increased. As such, data from this study did not support the hypothesis.  

 

6.4.1 Water vs water experiments 
 
The water vs water 48-hour choice studies were carried out to rule out any 

potential side bias and obtain a baseline water intake prior to the salt intake 

assessment. Unexpectedly, mice exhibited an overall right-hand side 

preference during this habituation period. One explanation may be the 

overnight training prior to this study. The evening before the study began, 

animals were made accustomed to drinking from the Dobbies bottle. During 

this overnight period, this new bottle was always on the right-hand side of the 

cage. Even though the training was short, this could have influenced their 

preference throughout the water vs water investigation. This could be 

considered an imprinting effect where the mice had remembered the location 

that they had learnt to drink from the initial Dobbies bottle. 

 

6.4.2 Salt vs water experiments 
 

6.4.2.1 0.4% salt vs water preference  
 

Findings from experiment 1, during the 0.4% salt solution vs water choice 

indicated that mice did not prefer the 0.4% salt solution over water. Only 

31.8% (median value for Dcaf12–/– mice) and 30.0% (median value for WT 
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mice) of total fluid intake consumed was salt solution. Results showed that 

there were no significant differences between salt intake of Dcaf12–/– vs WT 

mice. However, what was interesting to note, was that on the first day, male 

Dcaf12–/– mice demonstrated a higher preference for the 0.4% salt solution 

than the other groups (median: 44.5%). Still, there was no significant 

difference found between the salt intake of the male Dcaf12–/– group 

compared to the male WT group during this time.  

 

It is possible that a limited sample size (n=6 per group) means that there may 

not be enough power to see an effect in this case. Following a power 

calculation, (see table 6.6 below), it was estimated that n=14 mice would be 

required to have a chance of seeing any possible effect between the male 

Dcaf12–/– and male WT groups. However, effect sizes from human GWASs 

are very small because they only represent a small proportion of variation in 

traits (496) and even if they are significant, may not affect behaviour as 

anticipated.  

 

Table 6.6: Values used in power calculation for potential effect between 
Dcaf12–/– and male WT groups for 0.4% salt solution vs water 0-24 hours 

Mean of salt 
intake WT 0-24 
hrs (Known mean) 

Mean of salt 
intake male 
Dcaf12–/– 0-24 
hours (Mean of 
population to 
be sampled) 

Sigma  Alpha Desired 
power 

Sample 
size 

36.95 49.2 15.86 0.05 0.8 14 
 
Table 6.6: Values used for power calculation (485). Sigma is the standard 

deviation of the sampled population, α is the type I error rate set at a default 

of 0.05 and desired power is set at a default of 0.8. 
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6.4.2.2 0.8% salt vs water preference  
 
During experiment 2, mice were given a choice of 0.8% salt vs water. All 

groups preferred to drink the water over the salt. It must be considered 

whether the concentration of the 0.8% salt solution was too high. What is 

interesting to note however, is that mice did not find either salt solution 

completely aversive as they did drink the salt solutions in both cases. It is 

possible, that perhaps once the mice had consumed the 0.8% salt water, that 

they then became thirsty and needed to drink more water to defend their 

electrolyte balance. This is demonstrated by a male WT mouse and female 

Dcaf12–/– mouse who initially preferred to drink from the 0.8% salt bottle 

during the 0-24 hour period (57.1% and 50.9% respectively). However, 

following the bottle switch, these mice then drank more from the water bottle 

(65.9% and 66.7% of water respectively) during the 24-48 hour period. 

 

Furthermore, the mice preferred the 0.8% salt solution less than they 

preferred the 0.4% solution. The mice had already been exposed to a salt 

solution in the first 0.4% salt experiment. This could have driven a preference 

towards or created a physiological response for them to drink water in 

preference to a salt solution, especially a salt solution with a relatively high 

salt concentration. Salt intake can increase blood osmolarity (494). When 

blood osmolarity increases, vasopressin, a peptide hormone is released 

(497). This causes reduction of water loss via the kidneys and an increased 

proportion of filtered water goes back into the blood (497). Furthermore, 

higher blood osmolarity stimulates thirst (497). 

 

It would have been useful to have been able to collect fluid intake 

measurements more regularly i.e. every hour to see at which times of the 

day/night mice tried the salt solutions and how long for, and whether the mice 

then switched to the water bottles after this period or if they drank from both 

bottles in parallel.  
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6.4.3 Food intake  
 
An interesting point to note is that mice consumed less chow during 

experiment 2 (0.8% salt) than in experiment 1 (0.4% salt). Central oxytocin 

could play a role in osmolarity-associated salt appetite inhibition (498) and 

oxytocin inhibits food consumption (495). Salt and food intake can be 

inhibited by central oxytocinergic neurons (499). If osmotic dehydration 

occurs, oxytocinergic neurons become activated, inhibiting intake of salt and 

food, preventing hyperosmolarity (500).  

 
It would have been useful to have measured the food intake daily so that 

food intake during the water vs water experiments could be compared to the 

salt vs water experiments to investigate this further. However, this would 

have been difficult as it would have caused disruption to the fluid intake 

measurements when bottles were removed from the cages, risking further 

chance of spillage or leakage. Mice would have also had to be removed from 

the cage whilst food was collected from the cage floor which would have 

been disruptive and stressful and so, could have introduced a number of 

confounders.  

 

During this study, food was placed into a bowl inside the cage for the mice to 

have ad libitum access. Mice distributed the food pellets around their cages 

throughout the study which meant that food intake measurement was only 

appropriate at the beginning, after experiment 1/prior to experiment 2 (during 

the middle of the whole investigation) and after experiment 2 had been 

completed. Prior to using Con-M cages, this study was initially modelled in a 

PhenoMaster, TSE Systems, where it is possible to obtain accurate and 

consistent measurements of food intake, however this proved impossible 

because the water hoppers were not robust enough for switching positions. 
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6.4.4 Generation of new Dcaf12–/– mouse line 
 

Results were interpreted with the assistance of Thomas Macartney, Head of 

CRISPR Facility, MRC Protein Phosphorylation & Ubiquitylation Unit, 

University of Dundee. 

 

Although sequencing of the selected founder mouse demonstrated the 

deletion of exon 4, it cannot be excluded that the CRISPR targeting strategy 

led to the generation of a hypomorphic allele, allowing for some retention of 

normal gene function (501). This may explain the lack of salt-preference seen 

in Dcaf12–/– mice.  

 

Although qRT-PCR using a probe targeting an exon downstream of the 

deleted exon indicated a low level of expression, it is possible that some level 

of transcription may have still been able to occur, leading to the synthesis of 

a truncated transcript. These products would typically be turned over by 

nonsense-mediated decay (501) but may be present for long enough to be 

detected by qRT-PCR. However, future work to validate the absence of full 

length or truncated DCAF12 protein expression by immunoblotting would 

confirm the presence of a null mutation in the Dcaf12–/–  mice.  

 

6.4.5 Salt preference study design 
 
This study was designed based on previous two-bottle choice 48-hour salt 

preference studies (483, 487-491). The 0.4% and 0.8% concentrations of salt 

were chosen in line with relevant literature. The 0.4% (75mM) was chosen 

because it has been shown to be non-aversive and has been successfully 

used in other studies with mice (483, 492, 493). The 0.8% (150mM) was 

chosen to explore the effects of offering a higher salt concentration that was 

still below concentrations known to be aversive (488). However, it should be 

considered that these concentrations could still have been too high or too low 

to see a Dcaf12-related effect.  
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This study did not investigate salt perception in Dcaf12–/– mice and the effect 

of DCAF12 variation in humans on salt taste perception is not known. It 

would have been useful to carry out a salt taste perception study as per 

Ishiwatari & Bachmanov 2012. (492) prior to the 2-bottle choice tests to 

understand if Dcaf12–/– mice could taste the salt at the chosen concentrations 

and enable a more informed decision about the salt concentrations used in 

this study.  

 

A further limitation could be the duration of the study. Although modelled 

from existing literature, the current study may have had insufficient data 

points collected across the course of the 48-hour periods. Preference could 

be short-lasting or be a long-term development and this study could have 

been too short to capture this. 

 
The position of the water & salt bottles were switched every 24 hours to 

explore the possibility of side bias as per Bachmanov et al. (488) but it 

should be noted that switching positions of the bottles increases the chance 

of bottle spillage (491). Although the experiment was carried out with due 

care and attention, there will still have been a small chance of error due to 

spillage. It has been suggested that spillage may account for 20-30% of the 

magnitude of effects seen in mouse bottle choice studies (491).  

 

The starting positions of the salt and water bottles were randomised per 

mouse to eliminate any potential bias. A “wash out period” in the form of the 

water vs water choice was included in between the 0.4% salt vs water and 

0.8% salt vs water studies to reset and reduce chance of bias over the 

second salt vs water choice period. 

 

6.5 Conclusion 
 
In conclusion, functional validation work was carried out to investigate the 

DCAF12 salt association obtained from UK Biobank food consumption data. 
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However, Dcaf12–/– mice did not show a preference for salt as hypothesised 

and preference decreased as concentration of salt solution increased. This 

may have occurred due to a number of reasons such as the selection of salt 

solution concentrations or unknown perception of salt taste in Dcaf12–/– mice. 

Furthermore, it is important to note that effect sizes from GWASs will always 

be very small due to the nature of the salt preference trait and may not have 

a huge impact on behaviour even if significant. Still, the current work has 

been valuable to develop and phenotype a novel Dcaf12–/– mouse line, and in 

informing the intricacies that come with trying to translate human effects to 

mouse models. In humans, by taking a more personalised genetics-based 

approach to reducing salt intake, the hope is to make people aware of the 

impact of their actions and encourage them to make healthier choices.  
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Chapter 7 Discussion 
 
This project used data from previous work by Pirastu et al. (274) who 

identified 302 loci to be associated with food consumption in the UK Biobank 

study. The aims of this PhD project were to: 

 

7.1 Aims 
 

1) Integrate genetic knowledge and bioinformatics to understand which 

gene, in each locus is responsible for the observed association. 

 

2) Identify and prioritise valid targets from genetic loci associated with 

food consumption that would be feasible and informative for animal 

study.  

 

3) To design appropriate in vivo studies and understand the function of 

prioritised genes through the use of mouse in vivo models. 

 

7.2 Summary of results  
 

In chapter 3, I statistically identified bias in the UK Biobank food frequency 

questionnaire responses using Mendelian randomization. This work 

consisted of investigating the causal effect of health-related traits for which 

dietary advice is typically given, on reported food intake. Results reflected 

known intake-related bias in food frequency questionnaires, but this was the 

first time that an estimate of this bias was identified using a large sample 

size. This bias was subsequently corrected by Pirastu et al. (274) using a 

bespoke method. 

 

In chapter 4, I developed a 6-stage gene prioritisation strategy to identify a 

candidate gene for functional validation in vivo. I allocated genes points 

based on three main components: anatomical gene expression pattern, 
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conservation of the gene product across species using pairwise protein 

alignments, and knockout and phenotype details from available animal 

models. I then ranked genes in order of preference for functional follow-up. 

The top two genes identified were IER5L (associated with meat/fat) and 

DCAF12 (associated with salt), however it was difficult to identify a coherent 

role for IER5L in food consumption from its putative roles in disparate 

biological processes. The top SNP that mapped to the IER5L gene was 

explored in further detail and was found to be in an eQTL with two other 

genes: CRAT and PPP2R4. It was not possible to exclude any of the three 

genes from the meat/fat association, but there were clear links in the 

literature between CRAT and food intake. Therefore, CRAT was the gene 

selected for functional follow-up, along with the candidate gene for salt 

consumption, DCAF12. However, it was not possible to functionally follow-up 

CRAT in vivo due to logistical issues. I decided to progress to the in vivo 

stage of my project using the well-known MC4R appetite regulatory gene to 

develop a robust model of food preference that could be used in the future 

with Crat–/– mice.  

 

In chapter 5, I developed a novel 3-food preference model using Mc4r–/– and 

WT mice. Mice were given a choice of protein-enriched diet (to model CRAT 

meat association), fat-enriched diet (to model CRAT fat association) and 

standard chow. Mc4r–/– mice had an increased body weight phenotype, 

however they were not hyperphagic as expected from previous studies. All 

mice consumed either the fat diet or a mixed choice diet. Mc4r–/–  mice 

demonstrated hyperinsulinemia but there were no differences in glucose or 

triglyceride levels between Mc4r–/–  and WT mice.  

 

In chapter 6, I carried out a behavioural study to investigate Dcaf12–/– and 

WT mouse salt preference using two concentrations of salt solutions (0.4% 

and 0.8%) which had been shown by other studies to be non-aversive in 

mice of the same genetic strain. Dcaf12–/–  mice did not show a preference for 

salt as expected and mice unexpectedly demonstrated a preference for their 
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cage’s right-hand side bottle during the water vs water part of the study. 

However, the work was useful through developing and learning about a new 

Dcaf12–/– mouse line and intricacies that are associated with translating 

human genetic effects into mouse models.  

 

Figure 7.1: PhD project outline schematic 

 

Figure 7.1: Summary of PhD project. Food consumption GWAS data was 

used in the project. Mendelian randomization, a statistical genetics method 

was applied to this data to identify bias. Bioinformatics was used to prioritise 

genes for functional validation studies in vivo. Food preference models were 

developed to study preferences of Mc4r–/– mice (fat/protein/chow) and 

Dcaf12–/– mice (salt).  

 

7.3 Implications of work 
 

7.3.1 Reporting biases 
 
It is well-known that food frequency questionnaires suffer from reporting 

biases (237, 238). This makes nutritional research difficult because it is 

reliant on self-reported data where food intake may not be completely 

accurate. It is known that obese individuals under-report total food intake 
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(246, 290). In addition, people who consume high amounts of unhealthy 

foods, under-report intake of unhealthy foods and people who consume low 

amounts of healthy foods, over-report intake of healthy foods (244). 

Reporting biases can occur due to social desirability or misunderstanding 

and responses can also change throughout a study (252).  

 

Using Mendelian randomization to statistically identify bias in food frequency 

questionnaire responses corresponds with previous epidemiological studies 

on FFQ reporting. Identifying this bias allowed for correction of the GWAS 

data which is paramount to correctly identify causal relationships between 

food and health. It is difficult to generate robust causal relationships between 

food and health because foods and behaviour-related traits can be 

interconnected (275). Previous GWASs did not statistically consider reporting 

biases, therefore studies such as those by Meddens et al. (276) and Cole et 

al. (275) could be called into dispute. It is important that these self-reported 

associated biases are identified and corrected so that the correct dietary 

advice is given to inform public health policies.  

 

Additionally, this work is not limited to nutritional data – it could be applied to 

other fields that rely on self-reported data to identify bias and subsequently 

correct datasets.  

 

7.3.2 Gene prioritisation 
 
Given the vast array of genetic associations identified through GWAS, there 

is a critical need to identify which genetic variants and genes are involved in 

the associations. This is difficult because genetic variants can be in linkage 

disequilibrium (LD) with each other (319), so it can be difficult to decipher 

which is the causal genetic variant (263). It can be time-consuming and 

expensive if the wrong gene or variant is selected for functional follow-up. 

This highlights the need for robust gene prioritisation strategies. 
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7.3.3 Development of a novel 3-food preference study 
 

This work involved the development of a novel 3-choice paradigm where 

mice were given a choice of protein-enriched, fat-enriched and standard 

chow inside a PhenoMaster system. It is possible that this study design could 

be applied to Crat–/– mice to investigate the meat/fat association from the UK 

Biobank study or to investigate other research questions using different 

mouse lines.  
 

There has been limited food preference research carried out on the Mc4r 

gene; studies have primarily focused on macronutrient intake or overall food 

intake (124, 413, 502). Results from the current study did not show a short-

term preference for the fat-enriched, protein-enriched or the standard chow, 

indicated by mice from all groups choosing to eat only the fat diet or a mixed 

choice diet.  

 

There was also no increased food intake by the Mc4r–/–  mice, as would have 

been expected from previous studies, but these mice had an obesity 

phenotype which demonstrates that they had an energy imbalance. It is 

possible that the energy imbalance shown in this study could be a long-term 

effect that may not be readily detectable over the short-term length of the 

current food preference experiment. 

 

For example, a study investigating the spatial expression of c-Fos, a known 

marker of neuronal activation (503), was carried out by undergraduate 

students Nicholas Moore and Jon Yoldi Roberts using brains from the Mc4r–/– 

and WT mice from the food preference study described in chapter 5. This 

study investigated if the Mc4r knockout affected the pattern or quantity of     

c-Fos expression in key appetite-related brain regions (arcuate nucleus, 

ventromedial hypothalamic nucleus, supraoptic nucleus and the 

paraventricular nucleus) during re-feeding following an overnight fast. There 

were no differences in density of c-Fos positive cells (per mm2) found 
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between Mc4r–/– and WT mice in any of the brain areas. There were also no 

differences in food intake found between Mc4r–/– and WT mice during the 

refeed. This work suggested that Mc4r deficiency may not be involved in 

acute food intake, but rather longer-term appetite regulation.  

 

Furthermore, it is possible that stress played a role in both studies, 

demonstrated by the absence of hyperphagia but further work would be 

required to investigate this. For example, plasma measurements of 

corticosterone and ACTH could be taken to determine whether the HPA axis 

was activated to different extents in the Mc4r–/– and WT mice. 

 

The leptin-melanocortin system is highly conserved between humans and 

mice (397), therefore studying food preference in Mc4r–/– mouse models is an 

important contribution to the overall understanding of human eating 

behaviour.   

 

7.3.4 In vivo modelling of salt association 
 

Dcaf12–/– mice not demonstrating a salt preference as expected highlights 

the challenges associated with translating human genetic effects into mouse 

models. For example, the UK Biobank food frequency questionnaires asked 

participants if they added salt to food, but it is difficult to model this 

phenotype in a mouse. It is not possible to design a robust study where a 

mouse has a choice to add salt to food prior to consumption. Therefore, to 

offer a salt solution vs water in an established 2-bottle choice study design 

seemed an appropriate way to capture a salt preference phenotype.  

 

Furthermore, the inclusion of two different concentrations of salt aimed to 

provide an increased chance of capturing a phenotype in mice. However, it 

must be considered that comparing humans adding salt to food and mice 

drinking a salt solution are not equivalent, but this was the simplest way of 

modelling the phenotype without introducing potential confounders. 
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Furthermore, effect sizes from human food preference GWASs are very 

small because they account for just a portion of trait variation (496) and may 

not influence behaviour in the way that may be expected, further highlighting 

how challenging translational work can be. 

 

Although plagued by difficulty, food preference research and in particular, 

salt preference is important because high salt intake is associated with the 

development of chronic diseases such as cardiovascular disease, 

hypertension and stroke (468-470). 

 

7.4 Translational applications of work 
 

Research into the genetics of eating behaviour can pave the way for tailored 

treatments and interventions, targeting particular genetic mutations to 

change behaviours (67). If we can understand the function of genetic variants 

in eating behaviour or food response pathways, then it may be possible to 

change unhealthy food choices and develop treatments to alter responses 

such as comfort eating, binge eating, food addition, cravings etc (67).  

 

7.4.1 Personalised nutrition 
 

Despite dietary advice given by public health bodies, eating behaviours do 

not always reflect these guidelines (504). Furthermore, using a “one-size fits 

all” approach can be detrimental to the health of certain groups within a 

population (505). Personalised dietary advice is an effective method to 

change eating habits (506) and this can be developed based on an 

individual’s genetics. For example, individuals may be encouraged to choose 

more pleasant healthy foods or be advised of alternative cooking methods to 

make healthy foods more palatable (67).  

 

There are high expectations for this type of dietary intervention (506), 

however it has been suggested that more robust, interdisciplinary studies are 
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required (506) to consider multifactorial disease risk and how and if 

individuals will respond to this (506). There is a huge market for personalised 

nutrition as people look to improve their lifestyles whether they are currently 

healthy or have underlying health issues (506). However, evidence provided 

by companies who currently offer a direct-to-consumer service for this is not 

convincing (507) and unsuitable dietary recommendations may cause 

detrimental health effects for individuals (506). Further research will be 

required to establish if personalised nutrition will be able to take a prominent 

role in society (508). 

 

7.4.2 Drug targets 
 

It may also be possible to generate drug targets to alter molecular 

mechanisms that are involved in eating behaviours or responses to foods 

(67). For example, Setmelanotide (IMCIVREE™, Rhythm Pharmaceuticals), 

a melanocortin-receptor 4 agonist, is a drug that has been approved for use 

in patients with obesity due to LEPR, POMC or PCSK1 deficiency (509). This 

drug effectively reinstates the MC4 pathway, decreasing hunger and food 

intake, and increasing energy expenditure and weight loss (510). 

Recombinant leptin has also been used in treatment of leptin deficiency 

(511). Setmelanotide and leptin have produced varying effects when applied 

to common obesity (512, 513). It has been suggested that detection of SNPs 

with similar effects could mean that Setmelanotide and leptin could also be 

used to treat people with common obesity (514). Furthermore, Semaglutide, 

(Ozempic™, Novo Nordisk) is a GLP-1 agonist that is approved for treatment 

of type 2 diabetes (515) and has recently been approved for obesity 

treatment (Wegovy™, Novo Nordisk) (516). This drug acts by increasing 

release of insulin, inhibiting glucagon secretion and slowing down gastric 

emptying (517).  
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7.5 Future work 
 

7.5.1 Food-liking instead of food consumption 
 

This study involved the use of food consumption data obtained from a food 

frequency questionnaire, to investigate food preferences. However, over the 

course of this PhD project, a specific food preferences questionnaire was 

developed and rolled out to participants in the UK Biobank study. Food 

preference questionnaires consist of a 9-point hedonic scale to assess food 

liking (518) and they are less likely to be affected by reporting biases (519). 

May-Wilson et al. have recently carried out GWAS on food liking and have 

identified 1401 significant food-liking associations (520), therefore it would be 

interesting to follow-up some of this work in mouse models.  

 

7.5.2 In vivo work 
 
Work in this thesis included the development of a 3-food preference 

paradigm where mice were offered a choice of protein-enriched, fat-enriched 

and standard chow diets. This model was developed based on the CRAT 

gene association with meat/fat from the UK Biobank food consumption data. 

Therefore, the long-term aim of this work was to apply this to AgRP Crat–/– 

mice to validate this association in vivo. Due to the possibility that Mc4r–/–  

mice suffered from stress during this study, future work should include 

measuring corticosterone levels at the beginning and end of the study to 

consider the impact of potential stress on food intake. 

 

If the Mc4r–/–  mice were to be further investigated for food preference (as 

mentioned in chapter 5, section 5.4.2.1), it would be useful to start the 

preference study much earlier in life, prior to the onset of obesity in Mc4r–/–  

mice or to pair-feed animals so that results are not affected by confounding 

differences in the metabolic statuses of the mice.  
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Further work on the Dcaf12 study could include extending the length of the 

study to identify if the current study was too short to capture a salt 

preference. Furthermore, lowering the concentrations of salt solutions offered 

may increase the chance of capturing a salt preference because in the 

current study, preference for salt decreased as salt concentration increased. 

 

7.6 Conclusion 
 

In conclusion, this PhD project combined statistical genetics, bioinformatics 

and animal behaviour research to investigate genetic associations with food 

consumption. Work highlighted reporting biases associated with food 

frequency questionnaires and prioritised genes for food preference in vivo 

studies. Food preference studies in mice highlighted the complexities of 

animal behaviour and the challenges of translating human genetic effects 

into mice. Still, it is important that food preference research continues so that 

we can understand the biological drivers of individual food choices and use 

this information to guide people towards a healthier lifestyle. 
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Appendices 
 
Appendix 1 – Related to Chapter 2 
 
Appendix Figure 1: Mc4r sequence details 

 
atgaactccacccaccaccatggcatgtatacttccctccacctctggaaccgcagcagc 
 M  N  S  T  H  H  H  G  M  Y  T  S  L  H  L  W  N  R  S  S  
tacgggctgcacggcaatgccagcgagtcgctggggaagggccacccggacggaggatgc 
 Y  G  L  H  G  N  A  S  E  S  L  G  K  G  H  P  D  G  G  C  
tatgagcaactttttgtttcccccgaggtgtttgtgactctgggtgtcataagcctgttg 
 Y  E  Q  L  F  V  S  P  E  V  F  V  T  L  G  V  I  S  L  L  
gagaacattctagtgatcgtggcgatagccaagaacaagaacctgcactcacccatgtac 
 E  N  I  L  V  I  V  A  I  A  K  N  K  N  L  H  S  P  M  Y  
tttttcatctgtagcctggctgtggcagatatgctggtgagcgtttcgaatgggtcggaa 
 F  F  I  C  S  L  A  V  A  D  M  L  V  S  V  S  N  G  S  E  
accatcgtcattaccctgttaaacagtacggatacggatgcccagagcttcaccgtgaac 
 T  I  V  I  T  L  L  N  S  T  D  T  D  A  Q  S  F  T  V  N  
attgataatgtcattgactctgtgatctgtagctccttgctcgcatccatttgcagcctg 
 I  D  N  V  I  D  S  V  I  C  S  S  L  L  A  S  I  C  S  L  
ctttccattgcggtggacaggtatttcactatcttttacgcgctccagtaccataacatc 
 L  S  I  A  V  D  R  Y  F  T  I  F  Y  A  L  Q  Y  H  N  I  
atgacggttaggcgggtcgggatcatcataagttgtatctgggcagcttgcactgtgtca 
 M  T  V  R  R  V  G  I  I  I  S  C  I  W  A  A  C  T  V  S  
ggcgtcctcttcatcatttactcggacagcagcgctgtcatcatctgcctcatttccatg 
 G  V  L  F  I  I  Y  S  D  S  S  A  V  I  I  C  L  I  S  M  
ttcttcactatgctagttctcatggcctctctctatgtccacatgttcctgatggcgagg 
 F  F  T  M  L  V  L  M  A  S  L  Y  V  H  M  F  L  M  A  R  
cttcacattaagaggattgctgtcctcccaggcacagggaccatccgccagggtaccaac 
 L  H  I  K  R  I  A  V  L  P  G  T  G  T  I  R  Q  G  T  N  
atgaagggggcgattaccttgaccatcctgattggagtctttgttgtctgctgggccccg 
 M  K  G  A  I  T  L  T  I  L  I  G  V  F  V  V  C  W  A  P  
ttctttctccatttactgttctacatctcttgccctcagaatccatactgcgtgtgcttc 
 F  F  L  H  L  L  F  Y  I  S  C  P  Q  N  P  Y  C  V  C  F  
atgtctcattttaatttgtatctcatactgatcatgtgtaacgccgtcatcgaccctctc 
 M  S  H  F  N  L  Y  L  I  L  I  M  C  N  A  V  I  D  P  L  
atttatgccctccggagtcaagaactgaggaaaactttcaaagagatcatctgtttctat 
 I  Y  A  L  R  S  Q  E  L  R  K  T  F  K  E  I  I  C  F  Y  
cctctgggaggcatctgtgagttgtctagcaggtattaa 
 P  L  G  G  I  C  E  L  S  S  R  Y  - 
 
 
Appendix figure 1: Mc4r sequence details - Wild Type Transcript. 5bp 

deletion site shown in red) and new frameshift stop codon in green. 
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Appendix Figure 2: WT and Mc4r mutant predicted proteins 

 
MVNSTHRGMHTSLHLWNRSSYRLHSNASESLGKGYSDGGCYEQLFVSPEVFVTLGVISLL 
MNSTHHHGMYTSLHLWNRSSYGLHGNASESLGKGHPDGGCYEQLFVSPEVFVTLGVISLL 
 
ENILVIVAIAKNKNLHSPMYFFICSLAVADMLVSVSNGSETIVITLLNSTDTDAQSFTVN 
ENILVIVAIAKNKNLHSPMYFFICSLAVADMLVSVSNGSETIVITLLNSTDTDAQSFTVN 
 
IDNVIDSVICSSLLASICSLLSIAVDRYFTIFYALQYHNIMTVKRVGIIISCIWAACTVS 
IDNVIDSVICSSLLASICSLLSIAVDRYFTIFYALQYHNIMTAGRDHHKLYLGSLHCVRR 
 
GILFIIYSDSSAVIICLITMFFTMLALMASLYVHMFLMARLHIKRIAVLPGTGAIRQGAN 
PLHHLLGQQRCHHLPHFHVLHYASSHGLSLCPHVPDGEASH! 
 
MKGAITLTILIGVFVVCWAPFFLHLIFYISCPQNPYCVCFMSHFNLYLILIMCNSIIDPL 
 
IYALRSQELRKTFKEIICCYPLGGLCDLSSRY 
 
 

Appendix figure 2: WT and mutant predicted proteins shown below in yellow 

and pink for frameshifted residues. Presume nonsense mediated decay will 

ensue. 

 
Appendix Table 1: PCR reagent list 

Volume Reagent 
5µl Buffer 
5µl dNTPs 
3µl MgSO4 
3µl Dimethyl sulfoxide (DMSO) 
1.5µl Forward primer 
1.5µl Reverse primer 
1µl Genomic DNA (200ng) 
1µl KOD Hot Start DNA Polymerase 
29µl dH20 
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Appendix Table 2: RNA sample calculations for DNA elimination 
reaction 

Mouse  
Concentration of RNA 
(ng/µl) 

RNA sample 
(µl) 

Water 
(µl) 

78 121.51 8.2 3.8 
79 152.84 6.5 5.5 
80 184.92 5.4 6.6 
81 227.26 4.4 7.6 
85 204.75 4.9 7.1 
87 211.52 4.7 7.3 
107 193.79 5.2 6.8 
108 225.29 4.4 7.6 
126 231.76 4.3 7.7 
140 242.11 4.1 7.9 
minus RT 
control NA 4.1 7.9 
Water control NA 0 12 

 

Appendix Table 3: Taqman® Gene Expression Assay probes 

Gene Assay ID 
DCAF12 Mm90546679_m1 (Probe 1) 
DCAF12 Mm00546682_m1 (Probe 2) 

DCAF12 Mm01211369_m1 (Probe 3) 

TBP Mm00446971_m1 
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Appendix 2 – Related to Chapter 3  
 
Appendix Table 4: Exposure details used in Univariate MR Analysis  

Author Consortium 
No. of 
SNPs Population 

Sample 
size Trait Unit Year 

Locke AE GIANT 
2,555,5
11 Mixed 339224 

Body 
mass 
index 

SD 
(kg/
m^2) 2015 

Willer CJ GLGC 
2,437,7
52 Mixed 173,082 

LDL 
choles
terol 

SD 
(mg/
dL) 2013 

Willer CJ GLGC 
2,446,9
82 Mixed 187,365 

Total 
choles
terol 

SD 
(mg/
dL) 2013 

Willer CJ GLGC 
2,447,4
42 Mixed 187,167 

HDL 
choles
terol 

SD 
(mg/
dL) 2013 

Willer CJ GLGC 
2,439,4
33 Mixed 177,861 

Triglyc
erides 

SD 
(mg/
dL) 2013 

Ehret GB ICBP 
2,650,2
87 European 74,064 

Diasto
lic 
blood 
pressu
re SD 2011 

Ehret GB ICBP 
2,673,1
26 European 74,064 

Systoli
c 
blood 
pressu
re SD 2011 

 
Appendix Table 5: Full significant MR results 

No.  
Outcom
e 

Exposu
re Method 

No. of 
SNPs 

Effect 
size 

Standar
d Error P value 

P value 
adjuste
d 

1 Beef BMI 
MR 
Egger 70 

-
0.03127 

0.00782
8 

0.00016
2 

0.00139
7 

2 
Beer/Ci
der Y/N BMI 

Inverse 
varianc
e 
weighte
d 77 

-
0.02534 

0.00624
7 

4.98E-
05 

0.00053
1 

3 
Coffee 
Y/N BMI 

MR 
Egger 63 

0.11731
7 

0.02044
8 

3.21E-
07 

6.93E-
06 

4 

Decaf 
coffee 
Y/N BMI 

Inverse 
varianc
e 
weighte
d 74 

0.08641
5 

0.01158
5 

8.72E-
14 

3.76E-
12 

5 
Spread 
Y/N BMI 

Inverse 
varianc
e 
weighte
d 74 

-
0.03353 

0.00405
3 

1.30E-
16 

8.40E-
15 

6 
Tea 
Y/N BMI 

Inverse 
varianc 68 

-
0.01462 

0.00512
1 

0.00430
6 

0.02230
3 
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e 
weighte
d 

7 Bread BMI 

Inverse 
varianc
e 
weighte
d 64 

-
0.08924 

0.01725
5 

2.32E-
07 

6.00E-
06 

8 
Cooked 
veg BMI 

MR 
Egger 71 0.03934 

0.00897
7 

4.11E-
05 

0.00048
3 

9 
Decaf 
coffee  BMI 

Inverse 
varianc
e 
weighte
d 76 

0.00585
9 0.00174 

0.00075
8 0.00566 

10 
Fresh 
fruit BMI 

MR 
Egger 64 

0.05306
3 

0.01268
7 

9.24E-
05 

0.00085
4 

11 
Ground 
coffee BMI 

Inverse 
varianc
e 
weighte
d 76 

0.00673
3 0.00154 

1.23E-
05 

0.00016
8 

12 
Instant 
coffee BMI 

Inverse 
varianc
e 
weighte
d 75 

0.00870
4 

0.00105
7 

1.83E-
16 

9.47E-
15 

13 

Fat 
content 
milk  BMI 

Inverse 
varianc
e 
weighte
d 70 

-
0.01216 0.00093 

4.68E-
39 

1.21E-
36 

14 
Non-
oily fish BMI 

Inverse 
varianc
e 
weighte
d 77 

0.02036
5 

0.00683
8 

0.00290
1 

0.01707
5 

15 Oily fish BMI 

Inverse 
varianc
e 
weighte
d 62 

0.02933
9 

0.01060
1 

0.00564
6 

0.02734
5 

16 Poultry BMI 

Inverse 
varianc
e 
weighte
d 74 

0.01232
1 

0.00259
4 

2.04E-
06 

3.69E-
05 

17 
Process
ed meat BMI 

MR 
Egger 69 

-
0.02491 

0.00814
8 

0.00320
6 

0.01805
2 

18 Salad BMI 

Inverse 
varianc
e 
weighte
d 68 

0.02487
7 

0.00614
3 

5.12E-
05 

0.00053
1 

19 Beef LDL   

Inverse 
varianc
e 
weighte
d 80 

-
0.00488 0.00145 

0.00076
5 0.00566 

20 
Salt 
Y/N LDL   

Inverse 
varianc
e 
weighte
d 76 

-
0.01492 

0.00289
7 

2.61E-
07 

6.15E-
06 
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21 
Spread 
Y/N LDL   

MR 
Egger 80 

-
0.00979 

0.00253
6 

0.00023
1 

0.00193
4 

22 Cheese LDL   

Inverse 
varianc
e 
weighte
d 79 

-
0.00864 

0.00132
7 

7.38E-
11 

2.39E-
09 

23 
Dried 
fruit LDL   

MR 
Egger 76 

0.02253
4 0.00494 

1.97E-
05 

0.00024
3 

24 
Fresh 
fruit LDL   

Inverse 
varianc
e 
weighte
d 68 0.0113 

0.00222
5 

3.80E-
07 

7.56E-
06 

25 Lamb LDL   

Inverse 
varianc
e 
weighte
d 79 

-
0.00538 

0.00148
6 

0.00029
3 

0.00236
9 

26 

Fat 
content 
milk  LDL   

Inverse 
varianc
e 
weighte
d 78 

-
0.00435 

0.00038
3 

6.61E-
30 

5.70E-
28 

27 Oily fish LDL   

Inverse 
varianc
e 
weighte
d 75 

0.01315
7 

0.00412
4 

0.00142
1 

0.00920
3 

28 Salad LDL   
MR 
Egger 74 

0.00984
8 

0.00375
8 

0.01071
4 

0.04784
2 

29 

Decaf 
coffee 
Y/N HDL   

Inverse 
varianc
e 
weighte
d 84 

0.01834
2 

0.00644
6 

0.00443
3 

0.02251
3 

30 
Cooked 
veg HDL   

Inverse 
varianc
e 
weighte
d 85 

-
0.00664 

0.00227
8 

0.00354
6 

0.01919
8 

31 
Coffee 
Y/N DBP 

Inverse 
varianc
e 
weighte
d 7 

-
0.00312 

0.00117
2 

0.00780
8 

0.03611
4 

32 
Salt 
Y/N DBP 

Inverse 
varianc
e 
weighte
d 8 

-
0.00337 

0.00123
5 

0.00641
4 

0.03020
4 

33 Lamb DBP 

Inverse 
varianc
e 
weighte
d 8 

-
0.00189 

0.00062
3 

0.00242
7 

0.01496
9 

34 
Ground 
coffee SBP 

Inverse 
varianc
e 
weighte
d 6 

-5.00E-
04 

0.00019
1 

0.00869
2 

0.03949
6 

35 
Instant 
coffee SBP 

Inverse 
varianc
e 6 

-
0.00041 0.00013 

0.00141
9 

0.00920
3 



 276 

weighte
d 

36 Pork SBP 

Inverse 
varianc
e 
weighte
d 7 

-
0.00108 

0.00042
6 

0.01147
5 

0.04953
2 

37 
Red 
wine SBP 

Inverse 
varianc
e 
weighte
d 7 

-
0.00061 

0.00022
1 

0.00570
1 

0.02734
5 

38 
Water|
Coffee SBP 

Inverse 
varianc
e 
weighte
d 7 

0.00458
2 

0.00162
9 0.00491 

0.02445
4 

39 Beef 

Total 
cholest
erol    

Inverse 
varianc
e 
weighte
d 86 

-
0.00403 

0.00159
7 

0.01166
8 

0.04954
2 

40 
Salt 
Y/N 

Total 
cholest
erol    

Inverse 
varianc
e 
weighte
d 83 

-
0.01418 

0.00309
2 

4.53E-
06 

7.33E-
05 

41 
Spread 
Y/N 

Total 
cholest
erol    

Inverse 
varianc
e 
weighte
d 85 

-
0.00727 

0.00184
6 

8.27E-
05 

0.00079
3 

42 Cheese 

Total 
cholest
erol    

Inverse 
varianc
e 
weighte
d 85 

-
0.00963 

0.00141
5 

1.02E-
11 

3.79E-
10 

43 
Fresh 
fruit 

Total 
cholest
erol    

Inverse 
varianc
e 
weighte
d 70 

0.01036
6 

0.00260
5 

6.90E-
05 

0.00068
8 

44 Lamb 

Total 
cholest
erol    

Inverse 
varianc
e 
weighte
d 85 

-
0.00778 

0.00164
1 

2.14E-
06 

3.69E-
05 

45 

Fat 
content 
milk  

Total 
cholest
erol    

Inverse 
varianc
e 
weighte
d 83 

-
0.00464 

0.00040
8 

6.24E-
30 

5.70E-
28 

46 Oily fish 

Total 
cholest
erol    

MR 
Egger 79 

0.02199
5 

0.00683
6 

0.00189
3 

0.01195
8 

47 
Process
ed meat 

Total 
cholest
erol    

MR 
Egger 85 

-
0.00773 

0.00252
8 

0.00300
6 

0.01730
3 

48 Salad 

Total 
cholest
erol    

MR 
Egger 78 

0.01432
9 

0.00430
2 

0.00133
9 

0.00912
7 

49 

Decaf 
coffee 
Y/N 

Triglyce
rides    

Inverse 
varianc
e 53 

-
0.02185 

0.00759
2 

0.00400
3 

0.02115
7 
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weighte
d 

50 
Salt 
Y/N 

Triglyce
rides    

Inverse 
varianc
e 
weighte
d 46 

-
0.01416 

0.00485
9 

0.00355
8 

0.01919
8 

51 

Champ
agne/W
hite 
wine 

Triglyce
rides    

Inverse 
varianc
e 
weighte
d 51 -0.0184 

0.00450
6 

4.44E-
05 

5.00E-
04 

52 Cheese 
Triglyce
rides    

Inverse 
varianc
e 
weighte
d 49 

-
0.01274 

0.00238
7 

9.33E-
08 

2.69E-
06 

53 
Fresh 
fruit 

Triglyce
rides    

Inverse 
varianc
e 
weighte
d 46 

0.01283
4 

0.00426
7 

0.00263
1 

0.01584
5 

54 
Ground 
coffee 

Triglyce
rides    

Inverse 
varianc
e 
weighte
d 53 

-
0.00388 0.00112 

0.00053
8 

0.00421
9 

55 

Fat 
content 
milk  

Triglyce
rides    

Inverse 
varianc
e 
weighte
d 50 

-
0.00264 

0.00060
5 

1.30E-
05 

0.00016
8 

56 
Non-
oily fish 

Triglyce
rides    

Inverse 
varianc
e 
weighte
d 52 

0.01528
1 

0.00462
1 

0.00094
3 

0.00660
2 

57 Oily fish 
Triglyce
rides    

Inverse 
varianc
e 
weighte
d 50 

0.01700
5 

0.00670
7 

0.01122
8 

0.04928
8 

58 Poultry 
Triglyce
rides    

Inverse 
varianc
e 
weighte
d 52 

0.00751
5 

0.00171
2 

1.14E-
05 

0.00016
3 

59 
Process
ed meat 

Triglyce
rides    

Inverse 
varianc
e 
weighte
d 51 

0.00941
3 

0.00246
7 

0.00013
6 

0.00121
5 

60 Tea    
Triglyce
rides    

Inverse 
varianc
e 
weighte
d 41 

-
0.01444 

0.00325
5 

9.21E-
06 0.00014 

61 Water   
Triglyce
rides    

Inverse 
varianc
e 
weighte
d 42 

0.02283
9 

0.00685
9 

0.00086
9 0.00625 
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Appendix 3 – Related to Chapter 4 
 

Appendix Table 6: Stage 1 results: 50 genes mapped to NSMs 
Locus.
N Chr Trait rsid a0 a1 Beta 

Corr.
Beta p 

Corr.
p CRR Gene 

1 1 
 Drink 
Temp.  

rs247
4459 C T 0.0011 

0.00
12 

1.24
E-08 

5.76
E-11 1.15 

TMEM52 Non-
synonymous 

6 1  Salt  
rs803
379 G T 

-
0.0023 

-
0.00

21 
1.81
E-13 

3.05
E-11 0.90 

KLF17 Non-
synonymous 

18 1 
 Dried 
Fruit  

rs120
46747 A G 

-
0.0094 

-
0.00

61 
2.82
E-10 

4.10
E-05 0.65 

LRRN2 Non-
synonimous 

18 1 
 Fresh 
Fruit  

rs120
44599 G A 

-
0.0071 

-
0.00

59 
8.95
E-14 

4.61
E-10 0.84 

LRRN2 Non-
synonimous 

18 1 

Health
y 
Foods 

rs455
01495 

#N/
A 

#N
/A #N/A #N/A 

2.54
E-15 

2.41
E-09 0.75 

LRRN2 Non-
synonimous 

18 1 
 Oily 
Fish  

rs455
01495 T C 

-
0.0102 

-
0.00

75 
2.86
E-09 

1.20
E-05 0.74 

LRRN2 Non-
synonimous 

19 1 

 
Water|
Coffee  

rs349
67813 G A 0.0264 

0.02
59 

2.36
E-09 

4.33
E-09 0.98 

RYR2 Non-
synonimous 

24 2 
Psych
oactive 

rs126
0326 

#N/
A 

#N
/A #N/A #N/A 

1.89
E-25 

4.08
E-18 0.83 

GCKR Non-
synonimous 

24 2 
 Red 
Wine  

rs126
0326 C T 

-
0.0071 

-
0.00

60 
3.72
E-14 

1.59
E-10 0.84 

GCKR Non-
synonimous 

24 2 

 
Cham
p/Wh 
wine  

rs126
0326 C T 

-
0.0070 

-
0.00

60 
3.97
E-12 

1.83
E-09 0.87 

GCKR Non-
synonimous 

24 2 

Health
y 
Foods 

rs126
0326 

#N/
A 

#N
/A #N/A #N/A 

1.90
E-14 

1.12
E-09 0.80 

GCKR Non-
synonimous 

24 2  Beer  
rs126
0326 C T 

-
0.0071 

-
0.00

69 
2.49
E-11 

9.45
E-11 0.97 

GCKR Non-
synonimous 

24 2 
 Drink 
Temp.  

rs126
0326 C T 

-
0.0014 

-
0.00

11 
1.18
E-13 

7.76
E-09 0.78 

GCKR Non-
synonimous 

39 2 
 Dried 
Fruit  

rs654
2942 T G 

-
0.0082 

-
0.00

57 
2.66
E-11 

3.02
E-06 0.70 

LONRF2 Non-
synonimous 

40 2 
 Drink 
Temp.  

rs111
23834 C T 

-
0.0013 

-
0.00

14 
1.76
E-09 

3.95
E-10 1.04 

NMS Non-
synonimous 

55 2 

Health
y 
Foods 

rs174
00325 

#N/
A 

#N
/A #N/A #N/A 

6.78
E-08 

8.85
E-09 1.07 

PDE11A Non-
synonimous 

68 3  Tea  
rs574
62170 A G 

-
0.0129 

-
0.01

27 
2.08
E-11 

5.03
E-11 0.98 

RASSF1 Non-
synonimous 

75 3  Tea  
rs211
7137 G A 

-
0.0085 

-
0.00

83 
4.07
E-12 

9.85
E-12 0.98 

EPHA3 Non-
synonymous 

83 3 

Health
y 
Foods 

rs412
9073 

#N/
A 

#N
/A #N/A #N/A 

2.81
E-12 

1.54
E-12 1.01 

WDR49;SERPIN
I2 Non-
synonimous 

86 3  Salt  
rs762
7615 A G 0.0023 

0.00
23 

4.10
E-13 

5.57
E-13 0.99 

HTR3E Non-
synonimous 

90 4 
 Oily 
Fish  

rs231
5507 A G 

-
0.0091 

-
0.00

81 
3.06
E-09 

1.09
E-07 0.90 

CPEB2 Non-
synonimous 

100 4 

 
Instant 
Coffee  

rs148
1012 G A 0.0092 

0.00
90 

3.79
E-11 

8.75
E-11 0.98 

ABCG2 Non-
synonimous 
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102 4  Beer  
rs122
9984 C T 

-
0.0542 

-
0.05

25 
2.06
E-51 

2.54
E-48 0.97 

ADH1B Non-
synonimous 

102 4 
 Red 
Wine  

rs122
9984 C T 

-
0.0520 

-
0.05

18 
2.59
E-60 

9.12
E-60 1.00 

ADH1B Non-
synonimous 

102 4 
Psych
oactive 

rs122
9984 

#N/
A 

#N
/A #N/A #N/A 

1.96
E-

109 

3.60
E-

107 0.99 
ADH1B Non-
synonimous 

102 4 

 
Cham
p/Wh 
wine  

rs122
9984 C T 

-
0.0481 

-
0.04

80 
1.84
E-45 

2.79
E-45 1.00 

ADH1B Non-
synonimous 

102 4  Spirits  
rs122
9984 C T 

-
0.0343 

-
0.03

29 
2.42
E-15 

2.99
E-14 0.96 

ADH1B Non-
synonimous 

104 4  Beer  
rs131
07325 T C 0.0119 

0.01
22 

2.42
E-09 

9.98
E-10 1.02 

SLC39A8 Non-
synonimous 

104 4 
Psych
oactive 

rs131
07325 

#N/
A 

#N
/A #N/A #N/A 

2.77
E-10 

1.40
E-12 1.12 

SLC39A8 Non-
synonimous 

125 6 Beef  
rs937
9833 A C 0.0041 

0.00
39 

7.59
E-11 

5.23
E-10 0.95 

HIST1H2BE 
Non-synonimous 

125 6 
Meat 
Fat 

rs937
9833 

#N/
A 

#N
/A #N/A #N/A 

5.33
E-11 

1.64
E-09 0.92 

HIST1H2BE 
Non-synonimous 

125 6 
 Oily 
Fish  

rs728
43784 T G 0.0202 

0.02
05 

4.65
E-18 

1.45
E-18 1.02 

BTN2A1;BTN1A
1;BTN3A1 Non-
synonimous 

142 7 

 
Instant 
Coffee  

rs340
60476 G A 

-
0.0090 

-
0.00

75 
3.34
E-12 

4.42
E-09 0.84 

MLXIPL Non-
synonimous 

142 7 
Psych
oactive 

rs340
60476 

#N/
A 

#N
/A #N/A #N/A 

9.03
E-16 

1.07
E-10 0.80 

MLXIPL Non-
synonymous 

143 7 
Psych
oactive 

rs105
7868 

#N/
A 

#N
/A #N/A #N/A 

4.48
E-24 

2.25
E-20 0.91 

POR Non-
synonymous 

143 7 

 
Instant 
Coffee  

rs176
85 A G 

-
0.0088 

-
0.00

83 
3.16
E-19 

2.10
E-17 0.95 

POR Non-
synonymous 

143 7 

 
Groun
d 
Coffee  

rs105
7868 T C 

-
0.0080 

-
0.00

76 
7.14
E-09 

4.05
E-08 0.95 

POR Non-
synonymous 

152 7  Salt  
rs102
46939 C T 0.0042 

0.00
44 

1.42
E-41 

2.59
E-45 1.05 

TAS2R38 Non-
synonymous 

152 7  Tea  
rs472
6481 T G 

-
0.0071 

-
0.00

71 
7.19
E-09 

8.19
E-09 1.00 

TAS2R38 Non-
synonymous 

165 9 Beef  
rs109
62121 T G 

-
0.0042 

-
0.00

43 
1.76
E-14 

4.07
E-15 1.02 

C9orf93 Non-
synonimous 

169 9  Salt  
rs109
71930 C T 

-
0.0027 

-
0.00

26 
5.93
E-09 

1.83
E-08 0.97 

DCAF12 Non-
synonymous 

173 9 
 Fresh 
Fruit  

rs474
4240 T C 

-
0.0050 

-
0.00

43 
9.98
E-10 

1.49
E-07 0.86 

FAM120AOS 
Non-
synonymous 

178 9 
Meat 
Fat 

rs107
39743 

#N/
A 

#N
/A #N/A #N/A 

2.88
E-09 

2.74
E-09 1.00 

IER5L Non-
synonymous 

201 11  Tea  
rs154
2329 A G 0.0081 

0.00
81 

2.85
E-10 

3.12
E-10 1.00 

OR4D6;OR5A1 
Non-synonimous 

208 11  Beer  
rs350
23999 C A 0.0061 

0.00
60 

4.31
E-09 

6.34
E-09 0.99 

ANKK1 Non-
synonymous 

215 12  Tea  
rs977
474 T C 

-
0.0132 

-
0.01

32 
4.21
E-16 

3.57
E-16 1.00 

TAS2R42 Non-
synonymous 

219 12 
 Fresh 
Fruit  

rs224
1726 A G 

-
0.0046 

-
0.00

35 
8.52
E-09 

9.82
E-06 0.77 

DDN Non-
synonymous 

231 14  Salad  
rs932
3534 T C 0.0054 

0.00
53 

8.45
E-09 

2.26
E-08 0.97 

OR4K17 Non-
synonymous 

231 14 

Health
y 
Foods 

rs188
8369 

#N/
A 

#N
/A #N/A #N/A 

4.14
E-11 

3.98
E-11 1.00 

OR4K17 Non-
synonymous 

232 14 
 Fresh 
Fruit  

rs341
62196 T C 0.0115 

0.01
16 

5.65
E-19 

1.50
E-19 1.02 

OR10G3 Non-
synonymous 
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232 14 

Health
y 
Foods 

rs341
62196 

#N/
A 

#N
/A #N/A #N/A 

7.77
E-25 

2.51
E-25 1.01 

OR10G3 Non-
synonymous 

237 14  Beer  
rs289
29474 T C 0.0217 

0.02
00 

8.57
E-09 

1.17
E-07 0.92 

SERPINA1 Non-
synonymous 

252 16 

Health
y 
Foods 

rs116
49274 

#N/
A 

#N
/A #N/A #N/A 

1.58
E-10 

7.89
E-10 0.96 

DOC2A Non-
synonymous 

253 16 

Health
y 
Foods 

rs104
6276 

#N/
A 

#N
/A #N/A #N/A 

3.25
E-07 

3.41
E-09 1.16 

HSD3B7 Non-
synonymous 

262 17 

 
Cham
p/Wh 
wine  

rs773
01847 G A 0.0095 

0.00
96 

1.86
E-15 

1.21
E-15 1.01 

IMP5;CRHR1;L
OC100130148 
Non-
synonymous 

262 17 

Health
y 
Foods 

rs113
17362
8 

#N/
A 

#N
/A #N/A #N/A 

2.75
E-31 

2.72
E-31 1.00 

IMP5;CRHR1;L
OC100130148 
Non-
synonymous 

262 17 
Psych
oactive 

rs773
01847 

#N/
A 

#N
/A #N/A #N/A 

1.94
E-15 

2.67
E-19 1.13 

IMP5;CRHR1;L
OC100130148 
Non-
synonymous 

262 17  Beer  
rs172
4400 C A 

-
0.0054 

-
0.00

73 
7.47
E-06 

1.18
E-09 1.36 

CRHR1 Non-
synonymous 

262 17 

 
Water|
Coffee  

rs345
79536 G A 

-
0.0356 

-
0.03

86 
4.23
E-13 

3.87
E-15 1.08 

MAPT;KIAA1267
;STH Non-
synonymous 

266 18 

 
Chees
e  

rs296
0578 G T 

-
0.0027 

-
0.00

16 
7.18
E-09 

6.07
E-04 0.59 

NPC1 Non-
synonymous 

266 18 
 Dried 
Fruit  

rs124
57261 T C 

-
0.0084 

-
0.00

71 
9.36
E-12 

9.84
E-09 0.84 

NPC1 Non-
synonymous 

285 19 
 Dried 
Fruit  

rs429
358 C T 

-
0.0159 

-
0.01

36 
1.06
E-20 

1.43
E-15 0.86 

APOE Non-
synonymous 

285 19 
 %Fat 
in Milk  

rs741
2 T C 

-
0.0045 

-
0.00

18 
5.08
E-10 

1.16
E-02 0.41 

APOE Non-
synonymous 

285 19  Lamb  
rs429
358 C T 0.0061 

0.00
56 

5.84
E-15 

1.06
E-12 0.91 

APOE Non-
synonymous 

285 19  Pork  
rs429
358 C T 0.0052 

0.00
43 

2.72
E-10 

1.79
E-07 0.83 

APOE Non-
synonymous 

285 19 

Health
y 
Foods 

rs429
358 

#N/
A 

#N
/A #N/A #N/A 

5.39
E-24 

1.18
E-18 0.87 

APOE Non-
synonymous 

285 19 
Meat 
Fat 

rs429
358 

#N/
A 

#N
/A #N/A #N/A 

9.58
E-22 

9.47
E-14 0.78 

APOE Non-
synonymous 

287 19 
 Oily 
Fish  

rs116
66792 A G 0.0110 

0.01
19 

6.40
E-14 

5.67
E-16 1.08 

RASIP1 Non-
synonymous 

287 19 

 
Cham
p/Wh 
wine  

rs602
662 A G 

-
0.0055 

-
0.00

57 
2.04
E-08 

5.79
E-09 1.04 

FUT2 Non-
synonymous 

288 20 
 Drink 
Temp.  

rs613
6375 T C 

-
0.0011 

-
0.00

11 
1.55
E-09 

1.29
E-08 0.94 

SIRPA Non-
synonymous 

302 22 
 Drink 
Temp.  

rs133
064 G A 

-
0.0014 

-
0.00

15 
3.35
E-14 

8.37
E-15 1.02 

MCHR1 Non-
synonymous 
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Appendix Table 7: Stage 2: 31 genes met Corrected Raw Ratio 
Threshold 

Trait rsid a0 a1 Beta Corr.Beta p Corr.p Gene 
 
Water|C
offee  

rs34967
813 G A 0.0264 0.0259 

2.36
E-09 

4.33E-
09 

RYR2 Non-
synonimous 

 Beer  
rs12603
26 C T -0.0071 -0.0069 

2.49
E-11 

9.45E-
11 

GCKR Non-
synonimous 

 Drink 
Temp.  

rs11123
834 C T -0.0013 -0.0014 

1.76
E-09 

3.95E-
10 

NMS Non-
synonimous 

 Tea  
rs57462
170 A G -0.0129 -0.0127 

2.08
E-11 

5.03E-
11 

RASSF1 Non-
synonimous 

 Tea  
rs21171
37 G A -0.0085 -0.0083 

4.07
E-12 

9.85E-
12 

EPHA3 Non-
synonymous 

Healthy 
Foods 

rs41290
73 #N/A #N/A #N/A #N/A 

2.81
E-12 

1.54E-
12 

WDR49;SERPINI2 
Non-synonimous 

 Salt  
rs76276
15 A G 0.0023 0.0023 

4.10
E-13 

5.57E-
13 

HTR3E Non-
synonimous 

 Instant 
Coffee  

rs14810
12 G A 0.0092 0.0090 

3.79
E-11 

8.75E-
11 

ABCG2 Non-
synonimous 

 Beer  
rs12299
84 C T -0.0542 -0.0525 

2.06
E-51 

2.54E-
48 

ADH1B Non-
synonimous 

 Red 
Wine  

rs12299
84 C T -0.0520 -0.0518 

2.59
E-60 

9.12E-
60 

ADH1B Non-
synonimous 

Psychoa
ctive 

rs12299
84 #N/A #N/A #N/A #N/A 

1.96
E-

109 
3.60E-

107 
ADH1B Non-
synonimous 

Champ/
Wh wine  

rs12299
84 C T -0.0481 -0.0480 

1.84
E-45 

2.79E-
45 

ADH1B Non-
synonimous 

 Spirits  
rs12299
84 C T -0.0343 -0.0329 

2.42
E-15 

2.99E-
14 

ADH1B Non-
synonimous 

 Beer  
rs13107
325 T C 0.0119 0.0122 

2.42
E-09 

9.98E-
10 

SLC39A8 Non-
synonimous 

Beef  
rs93798
33 A C 0.0041 0.0039 

7.59
E-11 

5.23E-
10 

HIST1H2BE Non-
synonimous 

 Oily 
Fish  

rs72843
784 T G 0.0202 0.0205 

4.65
E-18 

1.45E-
18 

BTN2A1;BTN1A1;B
TN3A1 Non-
synonimous 

 Salt  
rs10246
939 C T 0.0042 0.0044 

1.42
E-41 

2.59E-
45 

TAS2R38 Non-
synonymous 

 Tea  
rs47264
81 T G -0.0071 -0.0071 

7.19
E-09 

8.19E-
09 

TAS2R38 Non-
synonymous 

Beef  
rs10962
121 T G -0.0042 -0.0043 

1.76
E-14 

4.07E-
15 

C9orf93 Non-
synonimous 

 Salt  
rs10971
930 C T -0.0027 -0.0026 

5.93
E-09 

1.83E-
08 

DCAF12 Non-
synonymous 

Meat Fat 
rs10739
743 #N/A #N/A #N/A #N/A 

2.88
E-09 

2.74E-
09 

IER5L Non-
synonymous 

 Tea  
rs15423
29 A G 0.0081 0.0081 

2.85
E-10 

3.12E-
10 

OR4D6;OR5A1 
Non-synonimous 

 Beer  
rs35023
999 C A 0.0061 0.0060 

4.31
E-09 

6.34E-
09 

ANKK1 Non-
synonymous 

 Tea  
rs97747
4 T C -0.0132 -0.0132 

4.21
E-16 

3.57E-
16 

TAS2R42 Non-
synonymous 

 Salad  
rs93235
34 T C 0.0054 0.0053 

8.45
E-09 

2.26E-
08 

OR4K17 Non-
synonymous 

Healthy 
Foods 

rs18883
69 #N/A #N/A #N/A #N/A 

4.14
E-11 

3.98E-
11 

OR4K17 Non-
synonymous 

 Fresh 
Fruit  

rs34162
196 T C 0.0115 0.0116 

5.65
E-19 

1.50E-
19 

OR10G3 Non-
synonymous 

Healthy 
Foods 

rs34162
196 #N/A #N/A #N/A #N/A 

7.77
E-25 

2.51E-
25 

OR10G3 Non-
synonymous 

Healthy 
Foods 

rs11649
274 #N/A #N/A #N/A #N/A 

1.58
E-10 

7.89E-
10 

DOC2A Non-
synonymous 

 
Champ/
Wh wine  

rs77301
847 G A 0.0095 0.0096 

1.86
E-15 

1.21E-
15 

IMP5;CRHR1;LOC1
00130148 Non-
synonymous 
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Healthy 
Foods 

rs11317
3628 #N/A #N/A #N/A #N/A 

2.75
E-31 

2.72E-
31 

IMP5;CRHR1;LOC1
00130148 Non-
synonymous 

 
Champ/
Wh wine  

rs60266
2 A G -0.0055 -0.0057 

2.04
E-08 

5.79E-
09 

FUT2 Non-
synonymous 

 Drink 
Temp.  

rs13306
4 G A -0.0014 -0.0015 

3.35
E-14 

8.37E-
15 

MCHR1 Non-
synonymous 

 

Appendix Table 8: Stage 3: 15 genes excluded  

Gene Reason for exclusion 

OR4D6 Olfactory receptor gene 

OR5A1 Olfactory receptor gene 

OR4K17 Olfactory receptor gene 

OR10G3 Olfactory receptor gene 

TAS2R38 Taste receptor gene 

TAS2R42 Taste receptor gene 

ADH1B Associated with alcohol intake 

GCKR Associated with energy balance 

IMP5 Located on chromosome 17 

LOC100130148 Located on chromosome 17 

CRHR1 Located on chromosome 17 

NMS Low percentage of conservation in mice, no gene 
expression in brain. 

HTR3E No sequence data for mice found, no conservation in 
mice, no gene expression in brain. 

BTN2A1 No sequence data for mice found, no conservation in 
mice, no gene expression in brain. 

BTN3A1 No sequence data for mice found, no conservation in 
mice. 
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Appendix Table 9: Stage 4: 4 genes excluded  

Gene Reason for exclusion 
RYR2 Homozygous pre-weaning lethality in mice, complete 

penetrance. Undesirable water trait. 
SLC39A8 Homozygous pre-weaning lethality in mice, complete 

penetrance. 
FUT2 Homozygous mice viable but have increased 

susceptibility to colitis induced morbidity/mortality. 
Previously studied. 

MCHR1 Undesirable trait: drink temperature difficult to model. 

 

Appendix Table 10: Replication food consumption GWAS results 

Gene Trait 
P 
value 

Effect 
size 

Direc
tion 

Effec
t 
allele 

Rep 
p 
valu
e 

Rep 
effect 
size 

Rep 
directio
n 

Rep 
Effect 
Allele 

DCAF12 Salt 
5.93E

-09 -0.0027 Neg T 0.05 
-

0.0033 Negative T 
HIST1H2
BE Beef 

7.59E
-11 0.0041 Pos C 0.08 

-
0.0037 Negative A 

BTN1A1 
Oily 
fish 

4.65E
-18 0.0202 Pos G 0.09 

-
0.0169 Negative T 

IER5L Pork 
5.00E

-05 -0.0026 Neg C 0.05 0.0035 Positive A 

IER5L 
Vegeta
rian 

9.12E
-05 0.0012 Pos C 0.06 

-
0.0035 Negative A 

DOC2A 
Fresh 
fruit 

2.98E
-07 -0.0041 Neg G 0.03 0.0057 Positive A 

DOC2A 
Dried 
fruit 

1.64E
-04 -0.0047 Neg G 0.01 0.0087 Positive A 

 
 
Appendix Table 11: Information on deleteriousness of mutations 

Gene Protein mutation 
IER5L No structural template 

DCAF12 Nothing obvious at structural level but can be modelled 
HIST1H2BE Most interesting 

DOC2A No structural template 

C9orf93 - 

ANKK1 Potentially interesting 

WDR49 Potentially interesting 
SERPINI2 Least interesting 

BTN1A1 - 
 
(Information in appendix table 11 obtained from Dr Joe Marsh). 
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Appendix 4 – Related to Chapter 5  
 

Appendix Table 12: MC4R genetic variants of food preference study 
participants 

Test Variant Number of participants 
Fat preference G252S 2 

Y80X 1 
R236C 1 
I125K 4 
C271Y 3 
Y35X; D37V 2 
I137T 1 

Sucrose preference I125K 2 
E61K 2 
C271Y 2 
A144S 1 
Y35X; D37V 2 
F280AfsX12 1 

 
(Data in appendix table 12 obtained from van der Klaauw et al. (406)). 
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Appendix Table 13: ResearchRandomizer results for diet location 
pattern switches during week 1: no-choice week 

Start date Day 1 Day 2 Day 3 Day 4 Day 5 

17/01/2020 

1 3 3 2 1 
2 2 1 3 2 
3 1 2 1 3 

09/03/2020 

1 2 3 1 3 
2 3 2 3 2 
3 1 1 2 1 

06/07/2020 

1 2 1 2 1 
2 3 2 1 3 
3 1 3 3 2 

27/07/2020 

1 3 1 3 2 
2 1 3 2 3 
3 2 2 1 1 

17/08/2020 

1 1 3 2 2 
3 3 2 3 3 
2 2 1 1 1 

12/10/2020 

3 2 3 2 1 
2 3 1 3 2 
1 1 2 1 3 

23/11/2020 

2 2 2 2 1 
3 3 1 3 3 
1 1 3 1 2 

 

Appendix table 13: ResearchRandomizer results generated 5 Sets of 3 
numbers with each number in the set remaining unique. Range: From 1 
to 3. 
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Appendix Table 14: Total food intake (kcal) during week 1 no-choice  

Mouse Group Sex Genotype 
Location 
1 

Location 
2 

Location 
3 

Total 
intake 

1 Male_WT Male WT 0.96 1.20 0 2.16 

2 Male_WT Male WT 0.06 0.75 1.45 2.26 

3 Male_WT Male WT 0.08 1.78 0.68 2.54 

4 Male_WT Male WT 0.45 0.68 0.27 1.40 

5 Male_WT Male WT 0.33 0.01 1.18 1.52 

6 Male_WT Male WT 0.19 0.86 0.27 1.32 

7 Male_WT Male WT 0.58 1.02 0.66 2.27 

8 Male_KO Male KO 0.02 0.73 0.46 1.21 

9 Male_KO Male KO 0.00 0.89 0.65 1.54 

10 Male_KO Male KO 0.38 0.45 0.54 1.38 

11 Male_KO Male KO 0.34 0.54 0.08 0.96 

12 Male_KO Male KO 0.33 0.13 0.37 0.82 

13 Male_KO Male KO 0.79 0.17 0.00 0.96 

14 Male_KO Male KO 0 1.31 0.07 1.38 

15 Male_KO Male KO 0.48 0.04 0.05 0.57 

16 Male_KO Male KO 0.09 0.44 0.46 0.99 

17 Female_WT Female WT 0.28 0.56 0.35 1.19 

18 Female_WT Female WT 1.32 0.56 0.08 1.95 

19 Female_WT Female WT 0.04 0.30 1.50 1.83 

20 Female_WT Female WT 0.21 0.96 1.18 2.34 

21 Female_WT Female WT 1.57 0.83 0.54 2.94 

22 Female_WT Female WT 1.07 0.15 0.09 1.31 

23 Female_WT Female WT 0.23 0.13 0.89 1.24 

24 Female_WT Female WT 0.48 0.01 0.97 1.46 

25 Female_WT Female WT 0.64 0.14 1.13 1.91 

26 Female_KO Female KO 0.00 0.80 0.47 1.27 

27 Female_KO Female KO 0.58 0.25 0.24 1.07 

28 Female_KO Female KO 0.15 0.08 0.39 0.62 

29 Female_KO Female KO 0.60 0.15 0.24 0.98 

30 Female_KO Female KO 0.01 0.97 0 0.98 

31 Female_KO Female KO 0.08 0.23 0 0.31 

32 Female_KO Female KO 0.24 0.09 0.49 0.82 

33 Female_KO Female KO 0.01 0.08 1.34 1.43 

34 Female_KO Female KO 0.60 0.81 0.06 1.47 
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Appendix Table 15: Relative food intake (%) during week 1 no-choice  

Mouse Group Sex Genotype 
Location 1 
(%) 

Location 2 
(%) 

Location 3 
(%) 

Total 
intake (%) 

1 Male_WT Male WT 44.36 55.64 0 100 

2 Male_WT Male WT 2.64 33.00 64.36 100 

3 Male_WT Male WT 3.16 70.08 26.76 100 

4 Male_WT Male WT 32.40 48.56 19.03 100 

5 Male_WT Male WT 21.50 0.49 78.01 100 

6 Male_WT Male WT 14.32 65.09 20.58 100 

7 Male_WT Male WT 25.70 45.08 29.22 100 

8 Male_KO Male KO 1.83 60.39 37.77 100 

9 Male_KO Male KO 0.11 57.73 42.16 100 

10 Male_KO Male KO 27.66 32.91 39.43 100 

11 Male_KO Male KO 35.90 55.85 8.24 100 

12 Male_KO Male KO 39.87 15.32 44.81 100 

13 Male_KO Male KO 82.06 17.74 0.19 100 

14 Male_KO Male KO 0.16 94.65 5.19 100 

15 Male_KO Male KO 85.16 6.34 8.50 100 

16 Male_KO Male KO 9.14 44.54 46.32 100 

17 Female_WT Female WT 23.60 47.20 29.20 100 

18 Female_WT Female WT 67.63 28.42 3.94 100 

19 Female_WT Female WT 1.92 16.12 81.96 100 

20 Female_WT Female WT 8.81 40.94 50.25 100 

21 Female_WT Female WT 53.37 28.16 18.47 100 

22 Female_WT Female WT 81.70 11.15 7.16 100 

23 Female_WT Female WT 18.43 10.33 71.24 100 

24 Female_WT Female WT 32.75 0.58 66.67 100 

25 Female_WT Female WT 33.77 7.21 59.02 100 

26 Female_KO Female KO 0 63.16 36.84 100 

27 Female_KO Female KO 54.71 23.00 22.29 100 

28 Female_KO Female KO 23.61 13.05 63.34 100 

29 Female_KO Female KO 60.67 15.10 24.23 100 

30 Female_KO Female KO 0.60 99.40 0 100 

31 Female_KO Female KO 26.02 73.68 0.29 100 

32 Female_KO Female KO 28.79 11.39 59.82 100 

33 Female_KO Female KO 0.89 5.40 93.71 100 

34 Female_KO Female KO 40.57 55.30 4.13 100 
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Appendix Table 16: Body weight week 1 

Group Body weight Day 1 (g) Body weight Day 5 (g) 
Male WT 29.13 27.25 
Male WT 29.38 32.06 
Male WT 30.55 31.88 
Male WT 33.47 35.77 
Male WT 32.65 31.92 
Male WT 29.48 30.22 
Male WT 28.69 29.03 
Male KO 37.93 32.89 
Male KO 40.76 38.47 
Male KO 44.23 41.90 
Male KO 50.75 44.59 
Male KO 48.83 46.70 
Male KO 42.34 41.47 
Male KO 44.82 44.20 
Male KO 41.63 41.09 
Male KO 49.75 48.06 
Female WT  23.61 28.56 
Female WT  20.97 22.30 
Female WT  23.27 23.50 
Female WT  26.38 25.60 
Female WT  25.95 24.20 
Female WT  24.99 24.81 
Female WT  26.48 25.12 
Female WT  24.48 25.90 
Female WT  27.24 27.38 
Female KO  41.82 40.64 
Female KO  42.06 38.19 
Female KO  45.88 46.30 
Female KO  34.40 35.58 
Female KO  43.08 37.12 
Female KO  51.04 48.60 
Female KO  48.72 47.33 
Female KO  43.83 43.76 
Female KO  37.66 36.55 
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Appendix Table 17: Lean mass week 1  

Group Lean Mass Day 1 (g) Lean Mass Day 5 (g) 
Male WT 17.992 18.364 
Male WT 22.380 22.962 
Male WT 21.764 21.819 
Male WT 24.136 24.285 
Male WT 18.089 17.965 
Male WT 20.660 20.284 
Male WT 19.653 19.482 
Male KO 19.756 18.815 
Male KO 21.239 21.027 
Male KO 23.001 22.311 
Male KO 22.363 20.405 
Male KO 23.987 22.456 
Male KO 22.338 22.436 
Male KO 20.910 20.114 
Male KO 21.386 21.266 
Male KO 23.510 22.959 
Female WT  17.411 17.666 
Female WT  15.005 14.580 
Female WT  15.952 15.536 
Female WT  14.156 14.042 
Female WT  15.103 15.389 
Female WT  14.605 15.132 
Female WT  16.469 16.170 
Female WT  15.709 16.335 
Female WT  14.675 14.680 
Female KO  15.454 15.925 
Female KO  16.917 16.532 
Female KO  18.101 17.973 
Female KO  15.143 15.428 
Female KO  17.050 15.325 
Female KO  20.367 20.110 
Female KO  18.718 17.430 
Female KO  16.643 16.078 
Female KO  14.600 14.058 
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Appendix Table 18: Fat mass week 1 

Group Fat Mass Day 1 (g) Fat Mass Day 5 (g) 
Male WT 5.051 3.221 
Male WT 1.612 1.994 
Male WT 2.668 3.509 
Male WT 1.832 3.838 
Male WT 9.286 9.121 
Male WT 3.230 4.116 
Male WT 3.487 4.324 
Male KO 12.376 7.951 
Male KO 13.595 10.661 
Male KO 14.854 12.387 
Male KO 23.134 19.065 
Male KO 19.239 17.635 
Male KO 14.289 13.117 
Male KO 18.705 19.035 
Male KO 14.982 14.346 
Male KO 20.121 18.311 
Female WT  2.757 5.777 
Female WT  2.560 3.214 
Female WT  3.044 3.102 
Female WT  8.500 7.523 
Female WT  6.781 4.534 
Female WT  6.090 5.778 
Female WT  5.630 4.243 
Female WT  4.551 4.732 
Female WT  8.929 8.057 
Female KO  22.765 20.348 
Female KO  20.766 16.771 
Female KO  23.429 23.653 
Female KO  15.640 16.267 
Female KO  22.471 18.183 
Female KO  26.066 23.875 
Female KO  26.094 25.900 
Female KO  23.807 24.082 
Female KO  20.129 18.910 
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Appendix Table 19: Body weight differences week 1 day 1 to day 5 

Group 
Male WT Male KO  Female WT Female KO  

Body weight difference (g) 
2.68 -0.54 4.95 1.18 
2.3 -0.62 1.47 0.42 

1.33 -0.87 1.42 -0.07 
0.74 -1.69 1.33 -1.11 

0.34 -2.13 0.23 -1.18 
-0.73 -2.29 0.14 -1.39 

-1.88 -2.33 -0.18 -2.44 

 -5.04 -0.78 -3.87 

 -6.16 -1.36 -5.96 
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Appendix Table 20: ResearchRandomizer results for 3 diet allocation at 
start of week 2: choice week 

Starting Location: Day 1 Diet Date 

1 CH 24/01/2020 

3 P 

2 F 

3 CH 16/03/2020 

2 P 

1 F 

2 CH 13/07/2020 

1 P 

3 F 

1 CH 03/08/2020 

3 P 

2 F 

3 CH 24/08/2020 

2 P 

1 F 

3 CH 19/10/2020 

1 P 

2 F 

1 CH 30/11/2020 

3 P 

2 F 
 

Appendix table 20: ResearchRandomizer results generated 1 Set of 3 

numbers with each number in the set remaining unique. Range: From 1 to 3. 

CH represents Chow diet, F represents Fat diet and P represents Protein 

diet. 
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Appendix Table 21: Research Randomizer Results for diet location 
switches during week 2: choice week 

Start date Day 2 Day 3 Day 4 

24/01/2020 

2 1 3 
3 2 2 
1 3 1 

16/03/2020 

2 1 2 
3 3 1 
1 2 3 

13/07/2020 

1 1 1 
2 2 3 
3 3 2 

03/08/2020 

2 2 3 
3 1 2 
1 3 1 

24/08/2020 

2 1 1 
3 2 3 
1 3 2 

19/10/2020 

3 3 3 
2 1 1 
1 2 2 

30/11/2020 

3 2 3 
2 1 1 
1 3 2 

 
Appendix table 21: ResearchRandomizer results generated 3 Sets of 3 
numbers with each number in the set remaining unique. Range: From 1 
to 3. 
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Appendix Table 22: Total food intake (kcal) during week 2 choice  

Mouse Group Sex Genotype Protein Fat Chow 
Total 
intake 

1 Male_WT Male WT 1.44 0.63 0 2.07 

2 Male_WT Male WT 0.01 2.68 0 2.69 

3 Male_WT Male WT 0.19 1.52 1.33 3.04 

4 Male_WT Male WT 0.37 1.72 0.06 2.14 

5 Male_WT Male WT 0.16 1.79 0 1.96 

6 Male_WT Male WT 0.01 1.99 0.02 2.01 

7 Male_WT Male WT 0.01 2.60 0.01 2.62 

8 Male_KO Male KO 0.03 1.61 0.03 1.67 

9 Male_KO Male KO 0.75 0.30 0.74 1.79 

10 Male_KO Male KO 0.82 1.17 0.03 2.02 

11 Male_KO Male KO 0.12 1.88 0.07 2.07 

12 Male_KO Male KO 1.14 1.33 0 2.48 

13 Male_KO Male KO 0.04 2.29 0.02 2.35 

14 Male_KO Male KO 0.19 1.63 0.04 1.87 

15 Male_KO Male KO 0 1.68 0 1.69 

16 Male_KO Male KO 0.02 1.78 0.02 1.81 

17 Female_WT Female WT 0.02 2.39 0.11 2.51 

18 Female_WT Female WT 0 2.57 0 2.58 

19 Female_WT Female WT 0.12 1.96 0.01 2.09 

20 Female_WT Female WT 0.01 2.43 0 2.45 

21 Female_WT Female WT 1.87 1.89 0.35 4.11 

22 Female_WT Female WT 0 2.73 0 2.73 

23 Female_WT Female WT 0.02 2.19 0.03 2.24 

24 Female_WT Female WT 0.05 2.71 0.07 2.83 

25 Female_WT Female WT 2.13 0.01 0.02 2.15 

26 Female_KO Female KO 0 1.78 0 1.78 

27 Female_KO Female KO 0 1.76 0.01 1.77 

28 Female_KO Female KO 0.04 0.62 1.39 2.06 

29 Female_KO Female KO 0.59 0.09 0.76 1.44 

30 Female_KO Female KO 0.00 1.91 0 1.92 

31 Female_KO Female KO 0 1.99 0.16 2.15 

32 Female_KO Female KO 0 1.61 0.00 1.61 

33 Female_KO Female KO 0.09 1.56 0.03 1.68 

34 Female_KO Female KO 0.38 1.50 0.37 2.25 
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Appendix Table 23: Relative food intake (%) during week 2 choice  

Mouse Group Sex Genotype Protein (%) Fat (%) Chow (%) Total (%) 

1 Male_WT Male WT 69.49 30.28 0.23 100 

2 Male_WT Male WT 0.25 99.71 0.04 100 

3 Male_WT Male WT 6.23 50.11 43.65 100 

4 Male_WT Male WT 17.14 80.07 2.79 100 

5 Male_WT Male WT 8.27 91.54 0.18 100 

6 Male_WT Male WT 0.27 98.76 0.97 100 

7 Male_WT Male WT 0.29 99.41 0.29 100 

8 Male_KO Male KO 1.75 96.64 1.61 100 

9 Male_KO Male KO 41.91 16.73 41.37 100 

10 Male_KO Male KO 40.80 57.92 1.28 100 

11 Male_KO Male KO 5.93 90.61 3.47 100 

12 Male_KO Male KO 46.08 53.76 0.16 100 

13 Male_KO Male KO 1.90 97.36 0.74 100 

14 Male_KO Male KO 10.30 87.32 2.38 100 

15 Male_KO Male KO 0.05 99.86 0.09 100 

16 Male_KO Male KO 1.16 98.01 0.83 100 

17 Female_WT Female WT 0.64 95.17 4.19 100 

18 Female_WT Female WT 0.16 99.78 0.05 100 

19 Female_WT Female WT 5.91 93.60 0.49 100 

20 Female_WT Female WT 0.49 99.44 0.07 100 

21 Female_WT Female WT 45.51 46.01 8.48 100 

22 Female_WT Female WT 0.14 99.86 0 100 

23 Female_WT Female WT 0.95 97.91 1.15 100 

24 Female_WT Female WT 1.65 95.85 2.50 100 

25 Female_WT Female WT 98.95 0.24 0.81 100 

26 Female_KO Female KO 0.14 99.77 0.09 100 

27 Female_KO Female KO 0.13 99.40 0.47 100 

28 Female_KO Female KO 1.88 30.32 67.80 100 

29 Female_KO Female KO 41.02 6.19 52.78 100 

30 Female_KO Female KO 0.15 99.85 0.00 100 

31 Female_KO Female KO 0 92.77 7.23 100 

32 Female_KO Female KO 0 100 0 100 

33 Female_KO Female KO 5.24 92.79 1.97 100 

34 Female_KO Female KO 17.05 66.62 16.33 100 
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Appendix Table 24: Body weight week 2 

Group Body Weight Day 1 (g) Body Weight Day 5 (g) 
Male WT 28.54 29.06 
Male WT 31.60 35.04 
Male WT 30.80 30.96 
Male WT 34.50 35.14 
Male WT 32.82 34.61 
Male WT 30.18 31.21 
Male WT 27.48 29.83 
Male KO 35.78 38.49 
Male KO 39.05 41.40 
Male KO 41.40 43.27 
Male KO 47.08 48.92 
Male KO 48.36 48.69 
Male KO 41.78 43.36 
Male KO 44.33 45.68 
Male KO 41.41 41.89 
Male KO 48.02 50.72 
Female WT  25.10 26.11 
Female WT  20.80 22.16 
Female WT  22.64 23.59 
Female WT  26.15 28.82 
Female WT  23.35 25.06 
Female WT  24.88 24.87 
Female WT  26.82 27.45 
Female WT  24.88 27.47 
Female WT  25.65 29.84 
Female KO  43.24 42.23 
Female KO  39.02 40.66 
Female KO  45.73 47.46 
Female KO  34.39 38.00 
Female KO  39.54 42.88 
Female KO  48.80 49.56 
Female KO  47.55 48.89 
Female KO  43.93 45.44 
Female KO  37.75 40.38 
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Appendix Table 25: Lean mass week 2 

Group Lean Mass Day 1 (g) Lean Mass Day 5 (g) 
Male WT 18.040 18.416 
Male WT 22.603 22.910 
Male WT 21.460 20.982 
Male WT 23.932 23.760 
Male WT 17.953 18.033 
Male WT 20.567 20.696 
Male WT 19.080 19.850 
Male KO 19.804 20.424 
Male KO 20.644 20.625 
Male KO 21.784 21.531 
Male KO 20.699 21.041 
Male KO 23.538 23.465 
Male KO 21.399 21.845 
Male KO 20.169 20.183 
Male KO 21.181 21.532 
Male KO 22.691 23.140 
Female WT  16.804 16.825 
Female WT  14.630 14.888 
Female WT  15.812 16.213 
Female WT  13.633 14.161 
Female WT  14.816 15.123 
Female WT  14.679 14.654 
Female WT  16.246 16.966 
Female WT  15.588 16.560 
Female WT  14.955 14.821 
Female KO  16.701 16.260 
Female KO  16.611 17.301 
Female KO  18.354 18.656 
Female KO  15.265 16.519 
Female KO  16.246 16.834 
Female KO  19.794 19.672 
Female KO  17.585 17.100 
Female KO  16.003 16.094 
Female KO  14.582 14.903 
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Appendix Table 26: Fat mass week 2 

Group Fat Mass Day 1 (g) Fat Mass Day 5 (g) 
Male WT 4.385 4.748 
Male WT 2.185 4.819 
Male WT 3.276 4.250 
Male WT 3.217 5.125 
Male WT 9.764 11.401 
Male WT 4.085 5.091 
Male WT 3.542 4.799 
Male KO 9.629 11.534 
Male KO 11.387 14.148 
Male KO 13.270 16.108 
Male KO 21.900 22.262 
Male KO 18.987 19.356 
Male KO 14.902 15.887 
Male KO 19.105 19.478 
Male KO 14.698 14.752 
Male KO 19.017 20.950 
Female WT  3.535 4.317 
Female WT  2.032 2.918 
Female WT  2.422 2.611 
Female WT  8.557 10.323 
Female WT  4.443 4.978 
Female WT  6.520 6.324 
Female WT  5.091 5.808 
Female WT  4.857 6.059 
Female WT  6.782 9.283 
Female KO  22.019 21.367 
Female KO  17.356 18.168 
Female KO  23.569 24.161 
Female KO  15.600 17.181 
Female KO  19.542 21.615 
Female KO  24.964 25.306 
Female KO  26.306 27.799 
Female KO  24.797 25.149 
Female KO  19.780 21.295 
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Appendix Table 27: Body weight differences week 2 day 1 to day 5 

Group 
Male WT Male KO  Female WT Female KO  

Body weight difference (g) 
3.44 2.71 4.19 3.61 
2.35 2.7 2.67 3.34 
1.79 2.35 2.59 2.63 
1.03 1.87 1.71 1.73 
0.64 1.84 1.36 1.64 
0.52 1.58 1.01 1.51 
0.16 1.35 0.95 1.34 

 0.48 0.63 0.76 
 0.33 -0.01 -1.01 

 
 
Appendix Table 28: Overall body weight change from week 1 to week 2  

Group 
Male WT Male KO  Female WT Female KO  

Body weight change (%) 
-0.24 1.48 10.59 0.98 
19.26 1.57 5.67 -3.33 
1.34 -2.17 1.38 3.44 
4.99 -3.61 9.25 10.47 
6.00 -0.29 -3.43 -0.46 
5.87 2.41 -0.48 -2.90 
3.97 1.92 3.66 0.35 

  0.62 12.21 3.67 
  1.95 9.54 7.22 
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Appendix Table 29: Glucose levels 

Group Glucose (mmol/L) 
Male WT 7.2 
Male WT 9.8 
Male WT 4.8 
Male WT 9.5 
Male WT 8.4 
Male WT 7.8 
Male WT 6.0 
Male KO 6.5 
Male KO 7.0 
Male KO 9.5 
Male KO 7.2 
Male KO 5.8 
Male KO 6.4 
Male KO 6.7 
Male KO 5.2 
Female WT  7.0 
Female WT  9.3 
Female WT  5.9 
Female WT  8.7 
Female WT  6.2 
Female WT  7.4 
Female WT  7.9 
Female WT  6.6 
Female WT  6.3 
Female KO  7.2 
Female KO  5.7 
Female KO  8.4 
Female KO  8.4 
Female KO  8.5 
Female KO  10.0 
Female KO  7.6 
Female KO  8.0 
Female KO  8.7 
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Appendix Table 30: Triglycerides levels 

Group Triglycerides (mg/dL) 
Male WT 85.11 
Male WT 51.18 
Male WT 77.93 
Male WT 63.65 
Male WT 58.53 
Male WT 78.01 
Male WT 65.13 
Male KO  80.49 
Male KO  67.20 
Male KO  84.78 
Male KO  50.93 
Male KO  45.16 
Male KO  54.07 
Male KO  46.39 
Male KO  57.29 
Female WT 79.58 
Female WT 52.01 
Female WT 81.07 
Female WT 94.19 
Female WT 46.15 
Female WT 57.37 
Female WT 62.74 
Female WT 57.13 
Female WT 51.10 
Female KO  70.75 
Female KO  88.41 
Female KO  69.26 
Female KO  67.61 
Female KO  96.34 
Female KO  49.12 
Female KO  42.76 
Female KO  53.49 
Female KO  68.19 
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Appendix Table 31: Insulin levels 

Group Insulin (ng/ml) 
Male WT 0.15 
Male WT 0.72 
Male WT 0.48 
Male WT 2.13 
Male WT 0.57 
Male WT 0.43 
Male KO  2.70 
Male KO  2.77 
Male KO  3.33 
Male KO  6.64 
Male KO  6.01 
Male KO  4.32 
Male KO  4.55 
Male KO  1.58 
Female WT 0.14 
Female WT 0.70 
Female WT 0.79 
Female WT 0.06 
Female WT 0.32 
Female WT 0.65 
Female WT 0.25 
Female KO  3.49 
Female KO  4.12 
Female KO  5.79 
Female KO  1.67 
Female KO  6.91 
Female KO  5.75 
Female KO  3.01 
Female KO  2.98 
Female KO  2.28 
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Appendix 5 – Related to Chapter 6  
 
 
Appendix Table 32: Body weights of mice for phenotyping 

Group Body weight (g) 
Male WT 26.3 
Male WT 28.8 
Male WT 27.4 
Male WT 28.6 
Male WT 22.9 
Male WT 25.9 
Male KO 26.9 
Male KO 29.5 
Male KO 27.9 
Male KO 27.4 
Male KO 29.0 
Male KO 26.9 
Female WT 19.0 
Female WT 18.0 
Female WT 20.9 
Female WT 20.7 
Female WT 20.9 
Female WT 18.1 
Female KO 21.6 
Female KO 20.4 
Female KO 20.7 
Female KO 21.7 
Female KO 22.0 
Female KO 19.6 
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Appendix Table 33: Lean mass of mice for phenotyping 

Group Lean mass (g) 
Male WT 19.191 
Male WT 20.329 
Male WT 19.964 
Male WT 19.591 
Male WT 16.231 
Male WT 18.115 
Male KO 19.126 
Male KO 20.356 
Male KO 18.774 
Male KO 18.464 
Male KO 20.51 
Male KO 18.997 
Female WT  13.639 
Female WT 12.843 
Female WT 15.015 
Female WT 15.056 
Female WT 14.996 
Female WT 13.197 
Female KO 15.119 
Female KO 14.777 
Female KO 14.948 
Female KO 15.674 
Female KO 15.866 
Female KO 14.784 
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Appendix Table 34: Fat mass of mice for phenotyping 

Group Fat mass (g) 
Male WT 1.261 
Male WT 2.035 
Male WT 1.55 
Male WT 2.298 
Male WT 1.45 
Male WT 1.724 
Male KO 1.842 
Male KO 2.079 
Male KO 2.544 
Male KO 2.524 
Male KO 1.617 
Male KO 1.615 
Female WT 0.584 
Female WT 0.999 
Female WT 0.644 
Female WT 1.043 
Female WT 0.93 
Female WT 0.505 
Female KO 1.636 
Female KO 0.492 
Female KO 0.961 
Female KO 0.812 
Female KO 0.849 
Female KO 0.343 
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Appendix Table 35: Relative intake of water during experiment 1: water 
vs water 

  0-24 hours 0-24 hours 24-48 hours 24-48 hours 
Mouse Group Left side Right side Left side Right side 
1 Male WT 39.6 60.4 32.6 67.4 
2 Male WT 42.4 57.6 59.5 40.5 
3 Male WT 30.0 70.0 37.1 62.9 
4 Male WT 36.2 63.8 39.4 60.6 
5 Male WT 40.0 60.0 34.1 65.9 
6 Male WT 33.3 66.7 28.1 71.9 
7 Male KO 52.4 47.6 50.0 50.0 
8 Male KO 45.6 54.4 36.8 63.2 
9 Male KO 21.7 78.3 34.1 65.9 
10 Male KO 45.5 54.5 23.3 76.7 
11 Male KO 32.7 67.3 68.3 31.7 
12 Male KO 46.3 53.7 40.5 59.5 
13 Female WT 55.0 45.0 45.7 54.3 
14 Female WT 42.2 57.8 37.1 62.9 
15 Female WT 34.1 65.9 69.8 30.2 
16 Female WT 63.6 36.4 20.9 79.1 
17 Female WT 50.0 50.0 22.0 78.0 
18 Female WT 74.3 25.7 28.6 71.4 
19 Female KO 38.1 61.9 43.6 56.4 
20 Female KO 30.9 69.1 22.5 77.5 
21 Female KO 47.1 52.9 57.5 42.5 
22 Female KO 53.1 46.9 29.5 70.5 
23 Female KO 30.6 69.4 51.2 48.8 
24 Female KO 51.1 48.9 38.2 61.8 
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Appendix Table 36: Relative intake of salt & water during experiment 1: 
salt vs water 

  0-24 hours 0-24 hours 24-48 hours 24-48 hours 
Mouse Group Salt intake Water intake Salt intake  Water intake 
1 Male WT 27.1 72.9 27.9 72.1 
2 Male WT 21.7 78.3 14.9 85.1 
3 Male WT 22.2 77.8 27.0 73.0 
4 Male WT 33.3 66.7 22.2 77.8 
5 Male WT 41.0 59.0 23.7 76.3 
6 Male WT 76.4 23.6 51.2 48.8 
7 Male KO 42.1 57.9 27.3 72.7 
8 Male KO 48.6 51.4 58.5 41.5 
9 Male KO 80.4 19.6 47.1 52.9 
10 Male KO 46.9 53.1 13.7 86.3 
11 Male KO 37.2 62.8 20.5 79.5 
12 Male KO 40.0 60.0 22.4 77.6 
13 Female WT 37.8 62.2 20.5 79.5 
14 Female WT 37.5 62.5 19.4 80.6 
15 Female WT 48.8 51.2 22.4 77.6 
16 Female WT 43.9 56.1 29.7 70.3 
17 Female WT 37.0 63.0 23.4 76.6 
18 Female WT 61.1 38.9 37.8 62.2 
19 Female KO 33.3 66.7 23.3 76.7 
20 Female KO 38.6 61.4 20.4 79.6 
21 Female KO 40.0 60.0 29.5 70.5 
22 Female KO 41.9 58.1 15.6 84.4 
23 Female KO 43.5 56.5 22.7 77.3 
24 Female KO 42.9 57.1 45.2 54.8 
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Appendix Table 37: Relative intake of water during experiment 2: water 
vs water 

  0-24 hours 0-24 hours 24-48 hours 24-48 hours 
Mouse Group Left Right Left Right 
1 Male WT 37.3 62.7 37.5 62.5 
2 Male WT 50.0 50.0 36.2 63.8 
3 Male WT 43.2 56.8 22.2 77.8 
4 Male WT 28.6 71.4 30.6 69.4 
5 Male WT 38.9 61.1 37.8 62.2 
6 Male WT 51.1 48.9 63.6 36.4 
7 Male KO 58.1 41.9 42.2 57.8 
8 Male KO 34.0 66.0 18.6 81.4 
9 Male KO 19.2 80.8 30.0 70.0 
10 Male KO 29.4 70.6 28.3 71.7 
11 Male KO 52.4 47.6 33.3 66.7 
12 Male KO 36.4 63.6 28.6 71.4 
13 Female WT 45.0 55.0 54.3 45.7 
14 Female WT 45.0 55.0 42.1 57.9 
15 Female WT 40.4 59.6 42.6 57.4 
16 Female WT 37.5 62.5 31.0 69.0 
17 Female WT 43.7 56.3 28.8 71.2 
18 Female WT 43.9 56.1 35.6 64.4 
19 Female KO 46.0 54.0 44.0 56.0 
20 Female KO 34.9 65.1 30.2 69.8 
21 Female KO 48.7 51.3 37.1 62.9 
22 Female KO 39.5 60.5 32.4 67.6 
23 Female KO 44.4 55.6 51.0 49.0 
24 Female KO 42.5 57.5 50.0 50.0 
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Appendix Table 38: Relative intake of salt & water during experiment 2: 
salt vs water 

  0-24 hours 0-24 hours 24-48 hours 24-48 hours 
Mouse Group Salt intake Water intake Salt intake Water intake 
1 Male WT 29.8 70.2 19.6 80.4 
2 Male WT 25.9 74.1 16.7 83.3 
3 Male WT 14.6 85.4 13.9 86.1 
4 Male WT 24.2 75.8 20.0 80.0 
5 Male WT 57.1 42.9 34.1 65.9 
6 Male WT 45.7 54.3 38.2 61.8 
7 Male KO 34.8 65.2 22.2 77.8 
8 Male KO 38.3 61.7 19.0 81.0 
9 Male KO 57.4 42.6 74.5 25.5 
10 Male KO 14.6 85.4 9.8 90.2 
11 Male KO 23.4 76.6 16.3 83.7 
12 Male KO 25.0 75.0 23.3 76.7 
13 Female WT 24.4 75.6 30.4 69.6 
14 Female WT 31.0 69.0 20.9 79.1 
15 Female WT 39.3 60.7 16.3 83.7 
16 Female WT 30.0 70.0 33.3 66.7 
17 Female WT 51.8 48.2 84.6 15.4 
18 Female WT 30.6 69.4 21.2 78.8 
19 Female KO 25.5 74.5 23.9 76.1 
20 Female KO 30.4 69.6 19.6 80.4 
21 Female KO 32.6 67.4 31.9 68.1 
22 Female KO 19.5 80.5 19.1 80.9 
23 Female KO 30.0 70.0 20.0 80.0 
24 Female KO 50.9 49.1 33.3 66.7 
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Appendix Table 39: Body weights of mice during experiment 1 & 2 

Mouse Group 

Weight at 
beginning of 
exp 1  

Weight at end of 
exp 1 & start of 
exp 2  

Weight at end of 
exp 2  

1 Male WT 27.9 27.3 27.3 
2 Male WT 26.9 27.2 26.9 
3 Male WT 20.7 21.2 21.3 
4 Male WT 23.6 24.5 24.6 
5 Male WT 24.8 25.0 25.9 
6 Male WT 27.4 28.8 28.7 
7 Male KO 26.5 26.9 27.2 
8 Male KO 29.4 29.1 28.9 
9 Male KO 26.6 27.0 26.6 
10 Male KO 26.6 26.6 26.0 
11 Male KO 26.2 27.7 28.3 
12 Male KO 25.6 26.5 26.1 
13 Female WT 18.5 19.4 19.4 
14 Female WT 17.5 18.1 18.2 
15 Female WT 20.4 20.4 20.3 
16 Female WT 21.2 20.8 20.4 
17 Female WT 21.0 20.8 20.4 
18 Female WT 17.9 17.4 17.8 
19 Female KO 18.7 18.8 19.1 
20 Female KO 20.3 20.9 21.4 
21 Female KO 19.8 21.4 21.2 
22 Female KO 19.6 21.2 21.0 
23 Female KO 21.9 21.7 21.4 
24 Female KO 22.1 22.4 22.3 
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Appendix Table 40: Absolute food intake of animals during experiment 
1 & 2 

Mouse Group 
Food intake during 
experiment 1 (kcal) 

Food intake during 
experiment 2 (kcal) 

1 Male WT 2.28 2.15 
2 Male WT 2.15 2.24 
3 Male WT 2.29 2.11 
4 Male WT 2.13 2.05 
5 Male WT 2.30 2.08 
6 Male WT 2.34 1.97 
7 Male KO 2.17 1.82 
8 Male KO 2.09 1.99 
9 Male KO 2.42 2.31 
10 Male KO 2.13 2.13 
11 Male KO 2.36 2.20 
12 Male KO 2.30 2.33 
13 Female WT 2.69 2.56 
14 Female WT 2.81 2.77 
15 Female WT 2.89 2.91 
16 Female WT 2.60 2.51 
17 Female WT 2.80 2.62 
18 Female WT 2.67 2.75 
19 Female KO 2.95 2.88 
20 Female KO 2.97 2.80 
21 Female KO 2.86 2.63 
22 Female KO 2.82 2.35 
23 Female KO 2.67 2.63 
24 Female KO 2.77 2.86 
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