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Abstract 

Obesity and related diseases of type 2 diabetes mellitus and non-alcoholic fatty liver disease are highly 

prevalent and responsible for a huge burden of morbidity and mortality. Better understanding of the 

signalling properties of endogenous metabolic mediators is key to the development of new drugs to treat 

these conditions. Bile acids and glucagon both regulate post-prandial metabolism, with diverse effects on 

many tissues and organ systems. Bile acids stimulate gut hormone secretion from the gut and have direct 

effects on hepatic and peripheral glucose and lipid processing. Glucagon has a particular role in the liver, 

where it increases endogenous glucose production and decreases lipid storage. 

 

In this thesis I firstly investigated the acute effect of two species of bile acid, ursodeoxycholic acid and 

chenodeoxycholic acid, on glucose homeostasis and circulating hormone levels after a meal. Both bile 

acids increased secretion of the anorectic hormones glucagon-like peptide 1 and peptide tyrosine 

tyrosine. This was associated with an increase in indices of insulin sensitivity. These findings suggest that 

manipulation of circulating bile acid levels during a meal could be helpful for the treatment of obesity and 

related diseases. 

 

Secondly, I studied the effect of an allosteric protein, Receptor Activity Modifying Protein 2 (RAMP2) on 

signalling of the glucagon receptor (GCGR). In human hepatocytes, RAMP2 decreases surface expression 

of GCGR, and this is associated with an increase in responsiveness to glucagon stimulation. These findings 

were not translated to differences in glucagon responsiveness in a mouse model of hepatic RAMP2 

upregulation. Further experiments in mouse hepatoma cells suggest that this discrepancy may be due to 

a species difference in activity of the GCGR and RAMP2 orthologs. This body of work improves our 

understanding of GCGR physiology and is relevant to the development of drugs that target the receptor. 
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1 General introduction 

1.1 Obesity and related diseases 

Obesity is a major public health problem of our times. Defined as a body mass index (BMI) of  more than 

30kg/m2, the worldwide prevalence of obesity nearly tripled between 1975 and 2016 (World Health 

Organization, 2018a). Today over 650 million adults are affected (World Health Organization, 2018a). In 

the UK, 30% of women and 27% of men have obesity, and 5% and 2% respectively have morbid obesity 

(BMI >40kg/m2) (National Statistics, 2018).  

 

Patients with obesity are at increased risk of a host of health problems and functional limitations 

(Aasheim, Aylwin, Radhakrishnan, et al., 2011). Notably, obesity is the biggest risk factor for type 2 

diabetes (T2DM), a health complication with particularly grave burden in terms of morbidity and early 

mortality (Diabetes UK, 2016). T2DM is defined by high circulating blood sugars (hyperglycaemia), caused 

by a combination of insulin resistance and relative insulin deficiency – that is, failure to compensate for 

insulin resistance with sufficient insulin secretion (American Diabetes Association, 2010). Chronic 

hyperglycaemia damages small blood vessels throughout the body and this leads to dysfunction of 

multiple organ systems: retinopathy and eventual blindness, kidney failure, hypertension, and peripheral 

neuropathy leading to limb amputation (American Diabetes Association, 2010). T2DM is estimated to 

affect over 4 million people living in the UK (Diabetes UK, 2019).  

 

Additionally, non-alcoholic fatty liver disease (NAFLD) is strongly associated with both obesity and T2DM 

and its prevalence is therefore rising in parallel with these conditions (Younossi, Koenig, Abdelatif, et al., 

2016; Diabetes UK, 2019); (Dai, Ye, Liu, et al., 2017) (figure 1.1). NAFLD is a spectrum of disorder, from 

simple fat deposition in hepatocytes (NAFL), to inflammation of hepatocytes and surrounding cells 

(steatohepatitis; NASH), to irreversible scarring and loss of normal function (cirrhosis) (Ekstedt, Nasr & 

Kechagias, 2017). Again, insulin resistance is central to the development of this condition (Samuel & 

Shulman, 2016). Insulin resistance of skeletal muscle prevents effective peripheral utilisation of circulating 

glucose, and insulin resistance in adipose tissue leads to inappropriately raised lipolysis: the net effect is 

increased delivery of glucose and free fatty acids to the liver (Samuel & Shulman, 2016). In hepatocytes, 

glucose is efficiently converted to fat via de novo lipogenesis and free fatty acids are esterified to 

triglyceride droplets. Eventually the toxic accumulation of fat in the liver leads to a range of secondary 
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insults, including oxidative stress and mitochondrial impairment, and inflammation and fibrosis ensue 

(Polyzos, Kountouras & Mantzoros, 2017). 

 

Figure 1.1: Approximate prevalence of obesity, type 2 diabetes mellitus (T2DM) and non-alcoholic fatty 

disease (NAFLD) in the UK.  

In the UK population of 53 million adults, approximately 4 million have T2DM, of which at least 2 million 

are likely to also have obesity and NAFLD: estimates based on data from (Diabetes UK, 2019; (Targher 

& Byrne, 2013) (Williams, Stengel, Asike, et al., 2011) 

 

NAFLD is associated with increased risks of mortality due to liver-specific causes (Vilar-Gomez, Calzadilla-

Bertot, Wai-Sun Wong, et al., 2018). The rapidly rising prevalence of NASH accounts for the fact that it has 

recently become the most common cause for liver transplantation in women (Noureddin, Vipani, Bresee, 

et al., 2018). In men, NASH is the second-most common cause for liver transplantation after alcoholic liver 

disease (Noureddin, Vipani, Bresee, et al., 2018). NAFLD is also associated with a high incidence of 

hepatocellular carcinoma, especially but not limited to patients with NAFLD-cirrhosis (Ekstedt, Nasr & 

Kechagias, 2017). 

 

NAFLD is also strongly associated with metabolic syndrome, a group of risk factors that increase the risk 

of heart disease: obesity, lipidaemia, insulin resistance and hypertension (Huang, 2009). Although NAFLD 
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is not technically included in the definition, its close association to the other components in terms of 

epidemiology and pathogenesis mean that it is often referred to as the ‘hepatic manifestation of 

metabolic syndrome’ (Kim & Younossi, 2008). Obesity, T2DM and NAFLD are major risk factors for 

ischaemic heart disease and stroke, the leading causes of death globally (World Health Organization, 

2018b). 

 

The financial cost of obesity is immense. The direct cost to the National Health Service (NHS) of ill health 

related to obesity and overweight is over £6 billion annually (Public Health England, 2017). In this country, 

obesity is associated with social deprivation, particularly amongst women and children (National Statistics, 

2018; The Marmot Review, 2010). Obesity is also associated with unemployment (British obesity and 

metabolic surgery society, 2017); and has a reciprocal relationship with clinical depression (Kizy, 

Jahansouz, Downey, et al., 2017). The indirect costs to society of obesity have been estimated at £27 

billion annually (Lemus, Karni, Hong, et al., 2018).  

 

To summarise, treatment of obesity and related diseases is a public health priority. In this thesis I will 

investigate two mediators of metabolic health, bile acids and glucagon, better understanding of which 

could assist with the development of new strategies to tackle metabolic syndrome diseases. In the rest of 

this introduction I will set the scene for the topic by briefly explaining what therapies are currently 

available, including the pre-eminent role of bariatric surgery and explain the rationale for increased 

interest in the metabolic actions of exogenous bile acids and the signalling properties of glucagon. 
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1.2 Treatment of obesity and related diseases 

1.2.1 Lifestyle modification 

The soaring prevalence of obesity is partly explained by the dearth of available treatments. Although 

calorie restriction can lead to small amounts of weight loss in the short-term (Stubbs, Morris, Pallister, et 

al., 2015) and in the context of clinical trials (Lean, Leslie, Barnes, et al., 2019), preventing weight regain 

is a major challenge (Weiss, Galuska, Kettel Khan, et al., 2007). Weight regain is mediated by a host of 

metabolic changes in response to dieting that increase hunger relative to energy expenditure (Melby, 

Paris, Foright, et al., 2017; MacLean, Higgins, Giles, et al., 2015). Increased physical activity in combination 

with dieting no doubt improves outcomes and may ameliorate weight regain (Ostendorf, Caldwell, Creasy, 

et al., 2019); as a treatment by itself, however, it rarely results in clinically significant weight loss (Swift, 

Johannsen, Lavie, et al., 2014). 

 

1.2.2 Pharmaceuticals 

Since the middle of last century, pharmaceutical companies have been developing and marketing drugs 

for weight loss (Rodgers, Tschöp & Wilding, 2012). Despite these efforts, at present there are only two 

medications licensed for treatment for obesity in the UK: orlistat, a pancreatic lipase inhibitor, and 

liraglutide, a glucagon-like peptide 1 analogue. Orlistat reduces fat absorption from the gut thereby 

leading to a small amount of weight loss (5.8kg in 4 years) (Torgerson, Hauptman, Boldrin, et al., 2004), 

and is associated with a high incidence of gastrointestinal side effects such as abdominal cramping and 

oily stools (Kelley, Bray, Pi-Sunyer, et al., 2002). Liraglutide is widely-prescribed for patients with T2DM, 

and at 3 milligrams each day (marketed as Saxenda, Novo Nordisk) also leads to a modest weight loss 

(6.5kg in 3 years); with the side-effect of nausea in some patients (le Roux, Astrup, Fujioka, et al., 2017). 

 

Previous drugs were mostly centrally-acting and have been withdrawn due to off-target effects. These 

include amphetamine derivatives, such as phentermine and diethylpropion, which are associated with 

cardiovascular risk and addiction; serotonin-releasing agents, such as fenfluramine and dexfenfluramine, 

which are linked with cardiac valvulopathy; and rimonabant, a cannabinoid antagonist, which was 

withdrawn due to reports of serious clinical depression and suicide (Rodgers, Tschöp & Wilding, 2012). 
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1.2.3 Bariatric or metabolic surgery 

Fortunately, there does exist a highly effective and durable treatment for obesity and its related 

conditions: bariatric or metabolic surgery (Colquitt, Pickett, Loveman, et al., 2014). Metabolic surgery 

encompasses a handful of procedures, of which the two currently most popular are Roux-en-Y gastric 

bypass (RYGB) and sleeve gastrectomy (SG) (Kizy, Jahansouz, Downey, et al., 2017; Welbourn, Sarela, 

Small, et al., 2014). The field is dynamic, with ongoing development, testing and refinement of techniques 

and operations  (Buchwald, 2014; Robert, Espalieu, Pelascini, et al., 2019).  

 

In RYGB the stomach is reduced to a small pouch and the proximal small bowel is bypassed, which reduces 

the length of small bowel for nutrient absorption. Sleeve gastrectomy involves resection of the majority 

of the stomach, leaving a tubular neo-stomach, without changes to the bowel. Although dissimilar in many 

respects, both operations involve resection or exclusion of the fundus of the stomach, and loss of the 

reservoir function of the stomach, leading to an enhanced rate of delivery of nutrients to the small bowel 

(Chambers, Smith, Begg, et al., 2014). They also both lead to similar metabolic changes, including increases 

in circulating gut hormones and bile acids; these changes do not occur following weight loss by calorie 

restriction or placement of an adjustable gastric band to reduce the volume of the stomach  (Miras & le 

Roux, 2013). 

 

1.2.3.1 Efficacy of surgery 

Metabolic surgery is associated with high rates of profound and sustained weight loss (Colquitt, Pickett, 

Loveman, et al., 2014); (Gloy, Briel, Bhatt, et al., 2013). In randomised controlled trials, both RYGB and SG 

are associated with far superior weight loss and improvement in glycaemia than medical management for 

at least five years (Schauer, Bhatt, Kirwan, et al., 2017; Mingrone, Panunzi, De Gaetano, et al., 2015). 

Metabolic surgery also reverses NAFLD in the majority of cases (Fakhry, Mhaskar, Schwitalla, et al., 2019) 

. There is mounting evidence that over a period of 10 to 15 years, metabolic surgery dramatically 

decreases mortality from all causes (Sjöström, 2013; Adams, Gress, Smith, et al., 2007). 

 

1.2.3.2 Mechanisms of action of metabolic surgery 

Metabolic surgery not only leads to weight loss, but also has weight loss-independent beneficial metabolic 

effects. In fact, one of the early metabolic operations, partial ileal bypass, was developed in the early 
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1960s specifically as a treatment for primary hypercholesterolaemia (Buchwald, Stoller, Campos, et al., 

1990). Following this operation, in which the last third of the length of the small bowel is bypassed, total 

plasma cholesterol is significantly reduced (30% at 20 year follow up), in the absence of any change in 

body weight (Buchwald, Stoller, Campos, et al., 1990). Today, a more commonplace example of the weight 

loss-independent effects of metabolic surgery is the effect on T2DM, which is well known to improve 

clinically far before any significant weight loss has occurred (Pories, Swanson, MacDonald, et al., 1995).  

 

There are multiple inter-linked mechanisms through which weight-loss independent improvements in 

metabolic health are thought to occur after surgery; these include changes in circulating hormones, bile 

acids, the gut microbiota and neural signalling (Miras & le Roux, 2013) (figure 1.2). 

 

 

 

 

Figure 1.2: Gastrointestinal changes 

following metabolic surgery which may 

mediate its positive effects  

HCl = hydrochloric acid; GLP-1  = glucagon-

like peptide 1; FXR = farnesoid X receptor; 

OXM = oxyntomodulin 

Reprinted by permission from Springer 

Nature: Springer Ebook “Global Bariatric 

Surgery” Eds. Lufti, Palermo, Cadiere. 

Copyright 2018 (Appendix). (McGlone & 

Ahmed, 2018) 
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Glucagon-like peptide 1 (GLP-1), oxyntomodulin (OXM) and peptide tyrosine tyrosine (PYY) are hormones 

secreted from the gut in elevated amounts after bariatric surgery. These hormones have central effects 

to reduce food intake and improve satiety; GLP-1 also augments pancreatic insulin secretion in response 

to food, assisting blood sugar control (Scott, Tan & Bloom, 2014; Jørgensen, Dirksen, Bojsen-Møller, et al., 

2013). Glucagon is a peptide hormone secreted from the pancreas that has various actions, including 

increasing satiety and energy expenditure, and contributing to regulation of hepatic lipid and glucose 

metabolism (Marroquí, Alonso-Magdalena, Merino, et al., 2014). Fasting glucagon is lowered after 

bariatric surgery and there is evidence that glucagon resistance may be alleviated (Silvestre, Goode, 

Vlaskovsky, et al., 2017). 

 

Bile acids are signalling molecules, which improve glycaemia via a number of mechanisms including 

augmentation of gut hormone secretion. They are dramatically increased after metabolic surgery and are 

likely to mediate some of its effects (McGlone, Tan, Bloom, et al., 2019; Pournaras, Glicksman, Vincent, et 

al., 2012). Bile acid homeostasis is in part dependent on the bacteria lining the lumen of the gut. After 

bariatric surgery, the gut microbiota shift towards higher levels of Proteobacteria and lower levels of 

Firmicutes (Wahlström, Sayin, Marschall, et al., 2016; Tremaroli, Karlsson, Werling, et al., 2015): this can 

assist metabolic health by altering food digestion and reducing the production and absorption of toxic 

metabolites (Stojsavljević, Gomerčić Palčić, Virović Jukić, et al., 2014). Furthermore, there are alterations 

in hypothalamic, vagal and central reward signalling pathways that all contribute to improvements in 

metabolic health after metabolic surgery (Miras & le Roux, 2013). 

 

The fact that calorie restriction is only one of several mechanisms through which metabolic surgery acts 

has several important ramifications. Firstly, weight regain, although present, is far less pronounced than 

that following dieting (Sjöström, 2013; Mingrone, Panunzi, De Gaetano, et al., 2015). Secondly, in certain 

circumstances surgery may be used for metabolic disease in the absence of obesity, for example in 

normal-weight patients with T2DM (Baskota, Li, Dhakal, et al., 2015). Thirdly, these alternative 

mechanisms open up potential new avenues for drug development.  

 

This latter point is critical because despite the efficacy of bariatric/ metabolic surgery there are limitations 

to its use. Although bariatric surgery is very safe in the short term (Welbourn, Sarela, Small, et al., 2014), 

there is a significant incidence of longer-term complications (Coblijn, Karres, de Raaff, et al., 2017). 
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Furthermore, it is impractical to perform surgery on the vast numbers of patients that are eligible: at 

present approximately 6000 operations a year take place in the UK (Welbourn, Sarela, Small, et al., 2014) 

in a population where more than 2 million are estimated to be eligible (Ahmad, Laverty, Aasheim, et al., 

2014). New pharmaceutical strategies to counter obesity and related conditions have the potential to 

improve health for vast numbers of people, and could have profound economic benefits for society as a 

whole. 

 

1.2.3.3  Understanding mechanisms of action of metabolic surgery leads to new drugs 

Recently there has been a surge in available drugs for T2DM, many of which are based on the gut 

hormones found in elevated concentrations after metabolic surgery (Alexiadou, Anyiam & Tan, 2018).   

This is an excellent example of how better understanding of metabolic changes following bariatric surgery 

can lead to development of effective new pharmaceuticals. Analogues of GLP-1, such as liraglutide 

mentioned above, now hold 17.2% of the North American diabetes drug market and have a compound 

annual growth rate forecast at 12.2% (GlobalData, 2016). The predominance of gut hormone modification 

as a pharmacological strategy is also reflected in the latest American Diabetes Association – European 

Association for the study of Diabetes (ADA-EASD) consensus guidelines, in which GLP-1R agonists and 

dipeptidyl peptidase-4 inhibitors (the enzyme that breaks down GLP-1) are recommended second-line 

options for most patients, unless they have heart failure or chronic kidney disease, or where cost is a 

major issue (Davies, D'Alessio, Fradkin, et al., 2018).  

 

 Glucagon signalling increases hepatic glucose output, which may contribute to hyperglycaemia in patients 

with T2DM, whilst having potentially beneficial effects on hepatic lipid metabolism, satiety, and energy 

expenditure (detailed in section 4.1.3). Accordingly new drugs are in development to either antagonise or 

increase its signalling (Scheen, Paquot & Lefèbvre, 2017) (Sánchez-Garrido, Brandt, Clemmensen, et al., 

2017). In particular, since the clinical effects of GLP-1 agonists are limited by their side effect of nausea (le 

Roux, Astrup, Fujioka, et al., 2017), there is great interest in dual therapies that would combine GLP-1 and 

GCG agonism (see section 4.1.3). 

 

Gut and pancreatic hormones are not the only mediators of metabolic surgery that are being exploited as 

drug targets. Another good example is Farnesoid X receptor (FXR) modulators; that is, synthetic bile acids 

and similar compounds, which are being developed as treatments for NAFLD (Sepe, Distrutti, Fiorucci, et 
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al., 2018). Probiotics, designed to remodel the gut microbiome so that it has a more metabolically healthy 

profile, are also in development as treatments for obesity and NAFLD (Kobyliak, Abenavoli, 

Mykhalchyshyn, et al., 2018) (Chen, Yang, Lin, et al., 2018).  

 

1.3 Summary and introduction to this thesis 

Obesity, T2DM and NAFLD are highly prevalent and inter-related conditions. There is a pressing need for 

better pharmaceutical treatments for these conditions. Effective new medications have been based on 

changes in circulating factors, for example gut-derived hormones, that are observed after metabolic 

surgery and are thought to mediate some of its beneficial effects.  

 

In this thesis I will investigate two mediators of metabolic health which change after bariatric surgery. 

Firstly I will observe and describe the effects of exogenous oral bile acids on glycaemia during a meal in 

healthy volunteers. Better delineation of these effects will be useful in the development of therapies that 

harness bile acids to help patients with metabolic syndrome disorders.  

 

In the second part of this thesis I will investigate glucagon signalling. The aim of these experiments is to 

understand more precisely how glucagon signals at its receptor and in particular the role of an interacting 

protein, Receptor Activity Modifying Protein 2 (RAMP2). For this section I will use molecular, cell biology 

and in vivo approaches.   

 

Tackling obesity and its related conditions is a priority for many governments (McKinseyCo, 2014). As 

scientists and clinicians, we find ourselves in a thriving period of research where we can investigate 

changes after metabolic surgery to improve understanding of mediators of metabolic health, and 

potentially harness these insights in drug development. The objective is to secure the middle ground 

between dieting, which is largely ineffective, and surgery, which is effective but impractical on a large 

scale. Better understanding of endogenous signalling pathways relevant to obesity and its related 

conditions is essential to this process. 
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1.4 Hypotheses 

The over-arching hypotheses of this thesis are as follows: 

1/ Exogenous oral bile acids can acutely improve glycaemia and increase gut hormone secretion in 

response to a meal 

2/ Receptor Activity Modifying Protein 2 (RAMP2) modulates the activity of GCGR in hepatocytes 

1.5 Aim and objectives 

The aim of this thesis is to investigate two mediators of metabolic health: bile acids and glucagon.  

Objective 1: 

To investigate the effects of a single dose of oral bile acids on glycaemia and gut hormone secretion during 

a meal in healthy volunteers. This section in introduced in full in chapter 2 and the project is presented in 

chapter 3.  

Objective 2: 

To investigate whether RAMP2 has an effect on hepatocyte GCGR activity in vitro and in vivo. The 

background to this section is described in chapter 4 and the project is presented in chapters 5 to 8 of this 

thesis. 
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2 Bile acids 

Circulating bile acids increase after bariatric surgery and are thought to mediate some of its beneficial 

metabolic effects (Penney, Kinross, Newton, et al., 2015). In recent years interest in their biology has 

surged, as part of the drive to better understand and tackle metabolic syndrome diseases.  

 

2.1 Structure, biosynthesis and cycling 

Bile acids are amphipathic molecules with a central sterol ring and carboxyl tail (Russell, 2003). On one 

side they project hydrophobic methyl groups and on the other hydrophilic hydroxyl groups. At low 

concentration they dissolve in an aqueous environment, whereas at high concentration they self-associate 

to form micelles, with the hydrophilic faces oriented externally and the hydrophobic surfaces hidden 

(Eggert, Bakonyi & Hummel, 2014). 

 

The majority of bile acids are synthesized from cholesterol, in the ‘classic pathway’ where hydroxylation 

of the cholesterol steroid nucleus is performed by hepatic cholesterol 7a-hydroxylase (Cyp7a1) (Zwicker 

& Agellon, 2013). There is also an ‘alternative’ pathway, which is mostly extra-hepatic and uses oxysterols 

as the starting substrate. The intermediates of either pathway are further modified in the liver and 

converted to either cholic acid (CA) or chenodeoxycholic acid (CDCA), the primary bile acids (Russell, 2003) 

(figure 2.1). 

 

Before excretion from the liver, bile acids undergo various modifications, including conjugation with 

glycine or taurine. Conjugation improves their solubility and increases their size: these modifications 

ensure that bile acids are retained at high concentration in the lumen of the upper small bowel (Sievänen, 

2007). Nonetheless, over the course of the small bowel the vast majority of bile acids are reabsorbed into 

the portal circulation and returned to the liver. Bile acids that reach the caecum are modified by bacterial 

enzymes to form secondary bile acids: for example, anaerobic bacteria remove the hydroxyl groups of 

CDCA and CA to form lithocholic acid (LCA) and deoxycholic acid (DCA), respectively (Hofmann & Hagey, 

2008). These may also be returned in the portal circulation to the liver, with a tiny fraction being excreted 

in the faeces. This highly efficient system of bile acid recycling is known as the enterohepatic circulation, 

and it repeats 4-10 times daily (Gälman, Angelin & Rudling, 2011). 
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Figure 2.1 Enterohepatic bile acid circulation in humans 

CDCA = chenodeoxycholic acid, CA = cholic acid; DCA = deoxycholic acid; LCA = lithocholic acid; UDCA = 

ursodeoxycholic acid; OH = hydroxyl group; BA = bile acid; SULT = sulfotransferases; BAT = BA-

CoA:amino acid N-acyltransferase; BSH = bile salt hydrolase. Filled arrows indicate direction in which 

majority of bile acids move, dashed arrows indicate movement of a small fraction. 

 

2.2 Metabolic actions of bile acids 

The classic function of bile acids is to emulsify dietary fats, which can then be digested by pancreatic 

enzymes and absorbed by the small intestine mucosa (Lombardo, 2001). This is important for nutritional 

health: it enables the conversion of dietary fat into energy stores and the absorption of fat-soluble 

vitamins (A,C,E,K) (Saeed, Hoekstra, Hoeke, et al., 2017).  

 

Furthermore, the synthesis and excretion of bile acids are homeostatic methods to dispose of excess 

cholesterol. In health, bile acid production and elimination increase with increased dietary cholesterol 

(Lofland, Clarkson, St Clair, et al., 1972). Coronary artery disease (CAD) is associated with diminished bile 

acid excretion, which has led some to suggest that decreased excretion of cholesterol in the form of bile 

acids may be causative in its pathogenesis (Charach, Argov, Geiger, et al., 2018). Low levels of faecal bile 

acids are an independent predictor of cardiovascular mortality in patients with or without a diagnosis of 

CAD (Charach, Argov, Geiger, et al., 2018). 
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Bile acids also contribute to metabolic health through their actions on multiple organs, primarily but not 

exclusively by activating the receptors Farnesoid X (FXR) and Takeda G-protein-receptor 5 (TGR5). The 

main effects mediated by these receptors are outline below and summarized in figure 2.2. 

 

Figure 2.2: Major metabolic effects of bile acids 

In green are effects mainly mediated by FXR; in red are those mediated by TGR5. FXR = farnesoid X 

receptor; TGR5 = takeda G protein receptor 5; FGF-19 = fibroblast growth factor 19; GLP-1 = glucagon-

like peptide 1; PYY = peptide tyrosine tyrosine. 

 

2.2.1 Takeda G-protein-receptor 5 (TGR5) 

TGR5 is a G-protein coupled receptor, which responds to bile acid stimulation with an increase in adenylyl 

cyclase activity and production of cyclic adenosine monophosphate (cAMP) (Kawamata, Fujii, Hosoya, et 

al., 2003). TGR5 is expressed ubiquitously, with particularly high levels in enteroendocrine L-cells of the 

gut, in the lung, liver, gallbladder, fat and central nervous system (Duboc, Taché & Hofmann, 2014). In 

vitro, TGR5 on L-cells is activated by LCA, DCA, CDCA and CA (Kuhre, Wewer Albrechtsen, Larsen, et al., 

2018). 
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2.2.1.1 Gut hormone secretion 

An important metabolic effect of TGR5 stimulation is release of gut hormones from enteroendocrine cells. 

The gut hormones include glucose-dependent insulinotropic peptide (GIP), GLP-1 and PYY, and their 

secretion is likely to occur secondary to intestinal absorption of bile acids, which stimulate TGR5 on the 

basolateral membrane (Kuhre, Wewer Albrechtsen, Larsen, et al., 2018). GLP-1 and GIP are incretin 

hormones, which increase insulin secretion from the pancreas in response to oral glucose. GLP-1 has 

various other actions which are beneficial for metabolic disease, including increased satiety (Andersen, 

Lund, Knop, et al., 2018). PYY is also a centrally anorectic hormone (Steinert, Feinle-Bisset, Asarian, et al., 

2017).   

 

2.2.1.2 Energy expenditure 

In mice, activation of TGR5 in brown adipose tissue increases energy expenditure, which is associated with 

resistance to diet-induced obesity and improved metabolic health (Watanabe, Houten, Mataki, et al., 

2006). This occurs via thyroid hormone activation. Although humans have very little brown adipose tissue, 

administration of bile acids to skeletal myocytes in vitro similarly increases energy expenditure 

(Watanabe, Houten, Mataki, et al., 2006). 

 

2.2.2 Farnesoid X receptor (FXR) 

FXR is a nuclear transcription factor, which binds to gene promoter regions in complex with retinoic X 

receptor (Noel, Still, Argyropoulos, et al., 2016). FXR is highly expressed in many tissues including liver, 

gut, smooth muscle, adipose tissue and immune cells. CDCA is an FXR agonist; CA, DCA and LCA also 

stimulate FXR at physiological concentrations (Lefebvre, Cariou, Lien, et al., 2009).  

 

2.2.2.1 Bile acid and cholesterol homeostasis 

FXR has a key role in homeostatic regulation of hepatocyte bile acid levels, preventing potential toxicity 

associated with their accumulation. When bile acids stimulate hepatic FXR, the following pathways are 

activated: reduced transcription of Cyp7a1, resulting in decreased bile acid synthesis (Russell, 2003); 

decreased uptake of bile acids from the portal circulation via reduced transcription of sodium 

taurocholate cotransporter (NTCP) (Zollner, Wagner, Fickert, et al., 2005); and increased excretion of bile 
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acids from the liver into the bile via increased Bile Salt Export pump (BSEP) expression (Plass, Mol, 

Heegsma, et al., 2002).  

 

In accordance with this role, FXR is also a major regulator of whole-body cholesterol homeostasis. FXR 

knockout mice have increased plasma HDL and non-HDL cholesterol and triglycerides (Lambert, Amar, 

Guo, et al., 2003). In humans, FXR appears to have a predominant effect on reducing HDL cholesterol: in 

a study in which patients with gallstones were given CDCA for four weeks, mean serum triglycerides and 

HDL fell, while the LDL: HDL cholesterol ratio rose (Leiss & Bergmann, 1982). Synthetic FXR agonists also 

cause a lowering of total and HDL cholesterol, and in animal models this is associated with a reduction in 

atherosclerotic plaque size (Hambruch, Miyazaki-Anzai, Hahn, et al., 2012).  

 

2.2.2.2 Hepatic and peripheral glucose and lipid metabolism 

Additionally, FXR is a master regulator of whole-body glucose and lipid disposal. FXR knockout mice 

demonstrate impaired glucose tolerance and insulin resistance (Ma, Saha, Chan, et al., 2006; Cariou, van 

Harmelen, Duran-Sandoval, et al., 2006).This is associated with hepatic insulin resistance (Ma, Saha, Chan, 

et al., 2006). FXR knock out mice also have increased susceptibility to hepatic steatosis (Kong, Luyendyk, 

Tawfik, et al., 2009; Ma, Saha, Chan, et al., 2006). FXR represses sterol regulatory binding protein 1c 

(Srebp1c), a key transcription factor regulating lipogenic genes (Watanabe, Houten, Wang, et al., 2004); it 

also activates peroxisome proliferator-activated receptor alpha, (Pparα), which increases fatty acid 

oxidation (Gadaleta, Cariello, Sabbà, et al., 2015). Furthermore, FXR activates anti-inflammatory pathways 

via nuclear factor κβ (Kim, Xiao, Kwon, et al., 2015) and FXR agonism attenuates hepatic inflammation in 

a mouse model of NASH (Zhang, Wang, Liu, et al., 2009).  FXR agonism in mice improves adipocyte glucose 

take up and insulin sensitivity (Cariou, van Harmelen, Duran-Sandoval, et al., 2006). FXR activation in 

adipocytes may also increase expression of anti-inflammatory adipokines (Shihabudeen, Roy, James, et 

al., 2015). 

 

2.2.2.3 FGF-19 and gut hormone secretion 

FXR activation in enterocytes and hepatocytes causes secretion of fibroblast growth factor 19 (15 in mice; 

FGF-19/15). This activates FGFR4 in the liver and decreases Cyp7a1, leading to decreased bile acid 

synthesis (Cicione, Degirolamo & Moschetta, 2012). Exogenous FGF-19 in mice with diet-induced obesity 
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increases energy expenditure, represses weight gain and improves glucose tolerance (Fu, John, Adams, et 

al., 2004). These effects are likely to be mediated through direct effects on the liver (Bhatnagar, Damron 

& Hillgartner, 2009) as well as on neuronal pathways (Lan, Morgan, Rahmouni, et al., 2017). 

 

Although TGR5 is considered to play a leading role in mediating bile acid-stimulated gut hormone 

secretion from enteroendocrine cells (Kuhre, Wewer Albrechtsen, Larsen, et al., 2018; Brighton, Rievaj, 

Kuhre, et al., 2015; Ullmer, Alvarez Sanchez, Sprecher, et al., 2013); the role of FXR is more controversial. 

In isolated perfused rat intestine, a specific FXR agonist had no effect on GLP-1 secretion (Kuhre, Wewer 

Albrechtsen, Larsen, et al., 2018). Administration of the intestine specific FXR agonist fexaramine over 

seven days, however, has been reported to increase GLP-1 secretion in mice in response to oral gavage of 

a standard meal (Pathak, Xie, Nichols, et al., 2018). Conversely, it has also been reported that intestinal 

FXR activation is associated with a decrease in proglucagon transcription in human and murine 

enteroendocrine cells; and reversing this brake, via genetic knock down of FXR, is associated with 

increased GLP-1 secretion in response to glucose ingestion (Trabelsi, Daoudi, Prawitt, et al., 2015). 

 

2.3 Bile acids in health and disease 

2.3.1 Health 

After eating, particularly after meals with a high fat content, there is an increase in bile acid delivery to 

the duodenum (Angelin, Björkhem, Einarsson, et al., 1982). These bile acids are then returned to 

hepatocytes via the portal circulation, from where they are either cleared into bile ducts or into the 

systemic blood (figure 2.1). Portal and peripheral blood concentrations of bile acids correlate well, with 

the former approximately 6 times higher than the latter (Angelin, Björkhem, Einarsson, et al., 1982).  

 

2.3.2 Obesity, T2DM and NAFLD 

Most studies examining circulating bile acid levels in patients with metabolic disease have involved small 

numbers of patients and can be difficult to interpret due to the overlap in prevalence of obesity, T2DM 

and NAFLD. Patients with obesity have been demonstrated to have an attenuated post-prandial rise in 

circulating bile acids (Glicksman, Pournaras, Wright, et al., 2010; Ahmad, Pfalzer & Kaplan, 2013). 

Conversely, patients with T2DM have been reported to have a higher post-prandial surge in total bile acids 
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(Sonne, van Nierop, Kulik, et al., 2016). In a study where patients with obesity and T2DM were matched 

with normoglycaemic patients with obesity, the former group exhibited a higher postprandial rise in bile 

acids (Vincent, Omar, Ghozlan, et al., 2013). Most studies report higher fasting bile acid concentrations in 

patients with insulin resistance (reviewed in (Chávez-Talavera, Tailleux, Lefebvre, et al., 2017)). The same 

has been found in patients with obesity in some studies (Cariou, Chetiveaux, Zaïr, et al., 2011) but not all 

(Ahmad, Pfalzer & Kaplan, 2013). Higher fasting and post-prandial bile acids have been reported in 

normoglycaemic patients with NAFLD in two studies (Kalhan, Guo, Edmison, et al., 2011; Ferslew, Xie, 

Johnston, et al., 2015), however in these studies the subjects with steatosis had higher BMI and greater 

indices of insulin resistance than controls. In patients with steatohepatitis regardless of cause, total 

hepatic bile acid content is higher than in controls (Aranha, Cortez-Pinto, Costa, et al., 2008). 

 

2.3.3 After bariatric/ metabolic surgery 

After Roux-en Y gastric bypass, fasting and post-prandial bile acid concentrations consistently increase 

(reviewed in (Chávez-Talavera, Tailleux, Lefebvre, et al., 2017)). These effects persist for as long as two 

years after surgery (Albaugh, Flynn, Cai, et al., 2015). It has been reported that patients experiencing 

remission of T2DM after surgery have higher fasting bile acid concentrations than non-responders, which 

could suggest that the increase in bile acids is causally related to improvements in glucose homeostasis 

(Gerhard, Styer, Wood, et al., 2013).  

 

It is, however, challenging to determine the specific contribution of bile acid changes to the beneficial 

metabolic effects of bariatric surgery for several reasons. Firstly, multiple other potential mediators also 

change after surgery, and many of these either regulate or are regulated by bile acids: these include gut 

hormones and the microbiome and were briefly outlined in Chapter 1. Secondly, there are multiple bile 

acid species, each possessing different activities at the main receptors and there is inconsistency in the 

reports regarding the relative increase in different bile acid species post-surgery (Albaugh, Flynn, Cai, et 

al., 2015; Chávez-Talavera, Tailleux, Lefebvre, et al., 2017). Thirdly, and related to the last point, bile acids 

circulate through and bind to receptors in various body compartments (enterohepatic circulation; figure 

2.1), which can be difficult to access for measurement, and in each of which the different bile acid species 

may present be in different proportions.  

 



 38 

Rodent models provide a useful tool for examining the role of changes in the enterohepatic circulation of 

bile acids after surgery. Bile diversion, for example via an anastomosis between the gallbladder and the 

distal small bowel, aims to isolate the change in bile delivery observed after RYGB from the other 

anatomical changes that occur with RYGB. In mice and rats, bile diversion from the gallbladder to the 

distal small bowel leads to weight loss and improvements in glucose tolerance (Pournaras, Glicksman, 

Vincent, et al., 2012; Flynn, Albaugh, Cai, et al., 2015; Albaugh, Banan, Antoun, et al., 2018). These findings 

suggest that changes in bile delivery during RYGB may independently contribute to beneficial effects on 

glucose control. Mice lacking the intestinal FXR receptor are resistant to the beneficial metabolic effects 

of bile diversion (Albaugh, Banan, Antoun, et al., 2018); similarly, FXR knock out mice experience less 

sustained weight loss following sleeve gastrectomy (Ryan, Tremaroli, Clemmensen, et al., 2014). Taken 

together, these findings suggest that changes in bile acid activity, mediated through the FXR receptor, 

make an important contribution to the beneficial metabolic effects of bariatric surgery. There are 

limitations, however, to the usefulness of these models. For example, the dominant bile acid post- 

bariatric surgery in mice is tauro beta-muricholic acid, which is notably an FXR antagonist and for which 

there is no equivalent in humans (McGlone, Tan, Bloom, et al., 2019).  

 

To summarise, the evidence suggests that fasting bile acids are increased in patients with metabolic 

disease. In obesity, the post-prandial elevation of bile acids is attenuated, whereas in T2DM it may be 

increased. After bariatric surgery both fasting and post-prandial bile acids are dramatically elevated. 

 

2.4 Therapeutic use of bile acids for metabolic disease  

Bile acids and related agents have been available as medications for many years but with the exception 

of UDCA for NASH, their use for metabolic syndrome diseases has not been well investigated. A potential 

problem with their use is that they interact with already highly complicated and dynamic physiological 

systems, including those responsible for homeostatic control of blood glucose and lipids. In some cases, 

the same medication has radically different clinical effects: for example, the synthetic FXR agonist 

GW4604 improves blood glucose and cholesterol in lean mice, whereas it causes worsening blood glucose 

and exacerbates weight gain in mice on a high fat diet (Düfer, Hörth, Krippeit-Drews, et al., 2012). 

Furthermore, the net effect of administration of exogenous bile acids on circulating bile acids is not always 

easy to predict: for example, in one study chronic administration of UDCA to healthy men led to increased 
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synthesis of CA and CDCA, with no effect on overall pool size; whereas administration of CDCA led to a 

decrease in pool size and a large reduction in synthesis of CA (Nilsell, Angelin, Leijd, et al., 1983). 

 

2.4.1 Bile acid sequestrants 

Bile acid sequestrants bind bile acids in the gut and decrease their reabsorption. Lack of hepatic FXR 

stimulation causes upregulation of bile acid synthesis genes and thereby increases cholesterol disposal 

(Staels, Handelsman & Fonseca, 2010). Several types of bile acid sequestrant are licensed for use to reduce 

hyperlipidaemia, and their use is associated with improvement in coronary artery disease-related 

outcomes (Insull, 2006). Colestimide has been demonstrated to improve steatosis in patients with NAFLD 

(Taniai, Hashimoto, Tobari, et al., 2009); in contrast, colesevelam is associated with an increase in liver fat 

in mice and patients with NASH (Herrema, Meissner, van Dijk, et al., 2010; Le, Chen, Changchien, et al., 

2012) . On the other hand, colesevelam as an adjunct to other therapies reduces glycaemia in patients 

with T2DM (Ooi & Loke, 2014). One of the mechanisms of action of bile acid sequestrants is that they 

retain bile acids in the gut, allowing greater stimulation of colonic TGR5 and therefore increasing gut 

hormone secretion (Harach, Pols, Nomura, et al., 2012; Beysen, Murphy, Deines, et al., 2012).  

 

2.4.2 Bile acid based therapies for T2DM and NAFLD 

UDCA has been used for many years as a treatment for gallstone dissolution and primary biliary cholangitis 

(PBC) (Rudic, Poropat, Krstic, et al., 2012). These are disorders of normal hepatic cholesterol and bile acid 

turnover: in PBC intrahepatic bile ducts are destroyed leading to accumulation of hepatic bile acids and 

resulting inflammation; gallstones are thought to form when they precipitate from bile that is 

supersaturated with cholesterol, and are associated with reduced bile acid synthesis (Chiang, 2017; Salen, 

1988). UDCA is thought to work via several mechanisms including the following: it increases the 

hydrophilicity of the bile acid pool, stimulates secretion of bile acids into ducts, is anti-inflammatory, and 

importantly it does not diminish endogenous bile acid synthesis as FXR agonists may (Simental-Mendía, 

Simental-Mendía, Sánchez-García, et al., 2019). Given these favourable properties, UDCA has been 

investigated as a treatment for NASH in several randomized control trials and has been shown to have 

some efficacy (Xiang, Chen, Ma, et al., 2013), albeit insufficient for its inclusion in any of the major practice 

guidelines (Sumida & Yoneda, 2018). 
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At present there is very little data regarding the use of bile acids as treatments for T2DM. A recent study 

in patients with T2DM and chronic liver disease reported an improvement in HbA1C and small decrease 

in weight in patients treated with daily UDCA for 12 weeks (Shima, Ota, Kato, et al., 2018). In pre-clinical 

trials, chronic CDCA treatment is associated with weight loss and an improvement in glycaemia in mice 

with diet induced obesity (Chen, Yan, Guo, et al., 2017). Obeticholic acid (OCA) is a synthetic FXR agonist 

that has been demonstrated to improve NASH and reduce body weight in a trial setting (Neuschwander-

Tetri, Loomba, Sanyal, et al., 2015). Its effects on glucose control are controversial: in one trial it was 

reported to increase metrics of insulin resistance (Neuschwander-Tetri, Loomba, Sanyal, et al., 2015), 

whereas in another study of patients with T2DM and NAFLD it improved insulin sensitivity as measured 

by hyperinsulinaemic euglycaemic clamps (Mudaliar, Henry, Sanyal, et al., 2013). There are several other 

FXR and TGR5 agonists in development, all at pre-clinical stages (Sepe, Distrutti, Fiorucci, et al., 2018; de 

Oliveira, Gilglioni, de Boer, et al., 2016). 

 

2.4.3 Acute effects of exogenous bile acids 

A handful of mechanistic studies indicate that exogenous bile acids can acutely affect glycaemia and gut 

hormone profile. Given rectally, taurocholic acid (TCA) stimulates GLP-1 and PYY secretion in healthy 

males (Wu, Bound, Standfield, et al., 2013a) and in patients with mild diabetes (Adrian, Gariballa, Parekh, 

et al., 2012); in the latter this is associated with an increase in circulating insulin and reduction in glucose 

lasting about one hour. Intra-jejunally in healthy males TCA increases GLP-1 and decreases circulating 

glucose, but only when administered with a glucose infusion (Wu, Bound, Standfield, et al., 2013b). A 

small number of studies have examined the effects of oral, intra-duodenal or intra-jejunal 

chenodeoxycholic acid or ursodeoxycholic acid in different demographic groups (Murakami, Une, 

Nishizawa, et al., 2013; Hansen, Scheltema, Sonne, et al., 2016; Meyer-Gerspach, Steinert, Keller, et al., 

2013; Nielsen, Svane, Kuhre, et al., 2017). Their findings will be outlined in the introduction to the next 

chapter. 

 

Overall, these studies are promising as they indicate that exogenous bile acids could be used to augment 

gut hormone secretion and improve glycaemia, although they illustrate that the type of bile acid and the 

circumstances of administration are likely to influence their effect. Increased understanding of acute 

effects of exogenous bile acids may repurpose existing therapies or help in the development of new 

targeted therapies for metabolic syndrome disorders. Since both glycaemia and gut hormone secretion 
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peak after eating meals (Vollmer, Holst, Baller, et al., 2008), the potential ability of exogenous bile acids 

to augment gut hormone secretion and glucose control post-prandially is of particular interest.  

 

2.5 Summary 

Bile acids act through the TGR5 and FXR receptors to stimulate various metabolic pathways post-

prandially. In the next chapter I will investigate the effects of two different bile acids, given orally before 

a meal, on glucose homeostasis and gut hormone secretion in healthy volunteers. 
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3 Effect of a single dose of pre-meal bile acids on glucose homeostasis 

and gut hormone secretion in healthy volunteers 

 

3.1 Introduction 

In patients after RYGB, plasma bile acids are increased (Albaugh, Banan, Ajouz, et al., 2017). It has been 

proposed that increased circulating bile acids contribute to the improved glucose control and augmented 

gut hormone secretion observed during meal times in such patients (Penney, Kinross, Newton, et al., 

2015). Oral or intra-duodenal bile acids can also stimulate an acute rise in plasma bile acid concentrations 

(Meyer-Gerspach, Steinert, Keller, et al., 2013; Nielsen, Svane, Kuhre, et al., 2017). Hence, oral bile acids 

could represent a non-surgical means of improving glucose tolerance and gut hormone secretion during 

a meal.  

 

Chenodeoxycholic acid (CDCA) and ursodeoxycholic acid (UDCA) are major human bile acids, both 

available in tablet form. They differ in their ability to stimulate the metabolic bile acid receptors farnesoid 

X receptor (FXR) and Takeda-G protein receptor (TGR5): given that these receptors mediate distinct 

metabolic effects (detailed in the last chapter), UDCA and CDCA may therefore have different effects on 

glucose tolerance and gut hormone secretion. CDCA is a highly potent FXR agonist (Makishima, Okamoto, 

Repa, et al., 1999), whereas UDCA and its conjugates have FXR antagonistic properties (Sun, Xie, Wang, 

et al., 2018; Mueller, Thorell, Claudel, et al., 2015). CDCA also stimulates human TGR5 in vitro, to a lesser 

extent than lithocholic acid (LCA) and deoxycholic acid (DCA); whereas UDCA and its conjugates do not 

(Kuhre, Wewer Albrechtsen, Larsen, et al., 2018). 

 

To date, there is very limited data regarding the acute effects of UDCA or CDCA on post-prandial glucose 

tolerance and gut hormone secretion. Only one study has investigated the effects of UDCA with a meal, 

and this study demonstrated increased GLP-1 secretion associated with decreased peak glucose in healthy 

volunteers (Murakami, Une, Nishizawa, et al., 2013). Administered as an intra-duodenal infusion to 

healthy volunteers, CDCA mildly attenuates insulin release in response to oral glucose (Meyer-Gerspach, 

Steinert, Keller, et al., 2013). Given without food via a nasogastric tube in healthy volunteers, CDCA was 

associated with an increase in GLP-1 secretion in both healthy volunteers and patients with type 2 
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diabetes, without altering glucose (Hansen, Scheltema, Sonne, et al., 2016). This effect is also seen in 

patients post-RYGB when given an oral dose of CDCA, but not UDCA (Nielsen, Svane, Kuhre, et al., 2017). 

 

The effects of orally-administered bile acids will depend on their absorption as well as any homeostatic 

feedback control of endogenous bile acid synthesis and secretion (Watanabe, Horai, Houten, et al., 2011). 

Acute oral administration of CDCA dramatically raises total serum bile acids, whereas UDCA is associated 

with a much smaller increase (Nielsen, Svane, Kuhre, et al., 2017). One study indicates that oral 

administration of CDCA over two days enriches CDCA with little effect on other bile acid species (Broeders, 

Nascimento, Havekes, et al., 2015); the effects of acute UDCA administration on different circulating bile 

acid species are to date unknown.   

 

Bariatric surgery is associated with post-prandial increases in peptide tyrosine tyrosine (PYY) and 

fibroblast growth factor 19 (FGF-19), as well as glucagon-like peptide 1 (GLP-1) (McGlone & Ahmed, 2018). 

FGF-19 expression is stimulated by bile acids acting through FXR (Holt, Luo, Billin, et al., 2003); and PYY is 

co-secreted with GLP-1 in response to bile acid stimulation in vitro and in animal models (Ullmer, Alvarez 

Sanchez, Sprecher, et al., 2013). To date the effects of oral UDCA and CDCA on secretion of PYY has not 

been characterised. 

 

The objective of this study was to determine the effects of pre-meal oral CDCA and UDCA on glucose 

homeostasis, and gut and pancreatic hormone secretion, in healthy volunteers.  

3.2 Hypothesis and aims 

3.2.1 Hypothesis 

I hypothesised that administration of a single oral dose of CDCA or UDCA prior to a meal would increase 

circulating levels of GLP-1 and PYY and improve glucose tolerance in healthy volunteers. The effects of 

CDCA were expected to be greater than those of UDCA, due to CDCA’s greater agonism of both FXR and 

TGR5.  
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3.2.2 Aims 

To examine the effects of a single oral dose of UDCA and CDCA in healthy volunteers on the following 

outcomes during a meal: 

• Glucose homeostasis 

• Gut and pancreatic hormone levels 

• Bile acid levels 

 

3.3 Materials and methods 

3.3.1 Study protocol 

Ethical approval for this study was obtained from the West London Research Ethics Committee (reference 

17/LO/0126) and the study was performed in accordance with Good Clinical Practice principles. The study 

design was randomized crossover, with each participant attending for three visits spaced approximately 

one week apart. At each visit, in a random order, they ingested one of the two bile acids or no bile acid, 

followed by a mixed meal tolerance test (MMT) (Table 3.1). Prior to each visit the participant was asked 

to refrain from alcohol and strenuous exercise, and to consume a similar evening meal. They were 

instructed to fast for at least 10 hours prior to the visit, with water to be freely consumed throughout. 

 

Time Week 1 Week 2 Week 3 

Study visit MMT  MMT with UDCA  MMT with CDCA 

Table 3.1 Example of study visit schedule.  

 

The schedule of each visit was as follows: 

• Volunteer arrives between 7 and 10am 

• Investigator confirms that volunteer is well, has complied with pre-visit instructions, and weighs 

volunteer. Pregnancy test performed for female volunteers 

• Peripheral venous cannula inserted, and baseline bloods taken  

• For bile acid visits, participant given bile acid tablets to swallow with water 

• One hour later, blood sample taken; immediately afterwards test meal consumed within no more 

than 10 minutes 
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• Further blood samples taken at 15, 30, 60, 120, 180 and 240 minutes after start of the test meal 

• Following the final blood sample, cannula is removed and the participant served lunch 

• Participant discharged from the Clinical Research Facility 

 

3.3.2 Participants  

Healthy volunteers were recruited via the NIHR/ Wellcome Imperial Clinical Research Facility (CRF) healthy 

volunteer database. I sent a volunteer information leaflet to those who responded to the advertisement 

and invited them to the CRF for a short screening visit. This comprised description and explanation of the 

study visit, medical history and routine physical examination, electrocardiogram and routine blood tests 

(including full blood count, urea and electrolytes, fasting glucose and HbA1C). Female volunteers 

underwent a pregnancy test, because there is limited data regarding the safety of CDCA and UDCA during 

pregnancy. Participants were recruited in accordance with the following criteria: 

 

Inclusion criteria: 

• 18 to 65 years 

• BMI 18.5 – 35 kg/m2 

• Normal blood glucose control (HbA1C <5.7% and fasting glucose <5.6mmol/L) (American Diabetes 

Association, 2019) 

• Able to give full and informed consent 

 

Exclusion criteria: 

• Pregnant or breast feeding 

• On medications which interact with UDCA and/or CDCA 

• History of hypersensitivity to paracetamol, UDCA and/or CDCA 

• Has current or history of any medical, psychological or other condition, or use of any medications, 

including over the counter products, which, in the opinion of the investigators, would either 

interfere with the study or potentially cause harm to the participant 

• Previous gastrointestinal surgery (bar e.g. appendicectomy) 
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3.3.3 Sample size  

The power calculation was based on work from another group, in which GLP-1 area under the curve from 

0 to 60 minutes was increased following administration of 200mg of UDCA with a test meal (Murakami, 

Une, Nishizawa, et al., 2013), from 450 +/-162 pmol*min/l to 649+/-232 pmol*min/l. For my test, in which 

a higher dose of UDCA would be given, I calculated the required sample size for a two-sample paired-

means test using the following assumptions: difference in means of 300 pmol*min/l, with standard 

deviation of difference 250. Input parameters were as follows: alpha 0.05, power 0.95. The estimated 

sample size was 10 (G*Power V3.1.9.4, Heinreich Heine Universitat) (Faul, Erdfelder, Lang, et al., 2007).  I 

aimed to recruit 12 to allow for dropouts. 

 

3.3.4 Bile acids  

The bile acids were administered in the form of tablets (500mg or 250mg). For the MMT with UDCA visits, 

the participant consumed 12-16mg/kg of UDCA one hour before the test meal. For the MMT with CDCA 

visits, the participant consumed 13-16mg/kg of CDCA one hour before the test meal. These doses were 

chosen because they are the maximum recommended daily dose and are in line with other similar studies 

(Broeders, Nascimento, Havekes, et al., 2015; Nielsen, Svane, Kuhre, et al., 2017). 

 

3.3.5 Mixed meal 

The purpose of the mixed meal was to allow investigation of whether oral bile acids change the normal 

physiological response to food intake. This response consists of a rise in glucose, which stimulates and is 

limited by a surge in insulin. Oral intake also stimulates the release of gut hormones from enteroendocrine 

cells, which themselves contribute to the return to baseline glucose. A meal with fat and protein content 

is associated with greater secretion of gut hormones (Vollmer, Holst, Baller, et al., 2008; van der Klaauw, 

Keogh, Henning, et al., 2013), and it is also more physiological than an oral glucose tolerance test 

(Greenbaum, Harrison Immunology of Diabetes Society, 2003). Use of milkshake to comprise the mixed 

meal is a standardized easily reproducible method that facilitates rapid intake of the nutrient load.  
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At the start of the study, volunteers were given one Ensure Plus, Abbott nutrition (220ml). My interim 

analysis of gut hormone levels demonstrated only a minor deviation from baseline with this meal stimulus. 

I therefore amended the protocol to increase the caloric load and thereby accentuate the gut hormone 

response. With ethical approval obtained, I restarted recruitment and all volunteers included in the data 

presented here consumed mixed meals consisting of two Ensure plus (440ml): equivalent to 700 calories, 

of which 29% of the calories are from fat; 15% from protein and 57% from carbohydrate.  

 

3.3.6 Blood sampling and assays 

Venous blood was taken from a peripheral cannula at the time points indicated above (section 3.3.1, Study 

Protocol). Samples for glucose were collected into fluoride oxalate tubes and placed immediately on ice. 

Samples for glucagon and gut hormones were collected in lithium heparin tubes containing 1000 kallikrein 

inhibitor units of aprotinin (Bayer, Newbury, UK) and diprotin A (dipeptidylpeptidase-4 (DPP4) inhibitor) 

at a final dose of 30µM (Enzo Life Sciences, New York, USA), to minimise proteolytic degradation; or tubes 

containing ethylene tetra-acetic acid (EDTA), to minimize clotting, and placed immediately on ice. Samples 

for bile acid analysis were collected in lithium heparin tubes and placed on ice. Serum samples for insulin 

and FGF-19 were collected into serum separator tubes and allowed to clot at room temperature for 10 

minutes. 

 

All samples were centrifuged for 10 minutes at 2500xg at 4°C. Serum and plasma was stored in aliquots 

at -80°C pending assays.  

 

All assays have coefficient of variation (C.Vs) of <10% across the working range.  

 

3.3.6.1 Glucose and insulin assays 

Plasma glucose was assayed using an automated hexokinase/ glucose-6-phospate dehydrogenase method 

(Abbott Architect analyser, Abbott reagents). Serum insulin was assayed with an automated microparticle 

enzyme immunoassay (Abbott Axsym, Abbott reagents) 
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3.3.6.2 Glucagon assay 

Glucagon was assayed using the Mercodia glucagon enzyme linked immunosorbent assay (ELISA) with 

samples collected in EDTA tubes, according to the manufacturer’s instructions (Mercodia, Uppsala, 

Sweden). Briefly, this is a sandwich ELISA using two monoclonal antibodies. The assay plate is supplied 

with highly-specific and sensitive anti-glucagon antibodies pre-bound to the base of the wells. Samples 

and standards are added, followed by a reagent containing horseradish peroxidase-conjugated anti-

glucagon antibodies, and binding occurs at 4°C overnight. The following day after washing, 3,3’,5,5’-

tetramethylbenzidene (TMB) solution is added. TMB is oxidized by peroxidase activity, which causes it to 

change from clear to blue colour. The reaction is terminated by adding a strong acid, which further 

oxidizes the intermediate to form a yellow coloured diamine derivative. This final stage stabilizes the 

reaction to allow absorbance measurement at 450nm (Bally & Gribnau, 1989). Concentrations of samples 

were interpolated from a curve constructed with the values obtained from standards of a known 

concentration. 

 

3.3.6.3 GLP-1 assay 

Total GLP-1 was assayed from samples collected in lithium heparin tubes with inhibitors, using the 

Mercodia total GLP-1 NL-ELISA according to manufacturer’s instructions (Mercodia, Uppsala, Sweden). 

This assay measures several species of GLP-1 including active GLP-1 7-36 and GLP-1 9-36, the predominant 

amide formed when DPP4 cleaves GLP-1 7-36. This is also a two-site sandwich ELISA. 

 

3.3.6.4 Glucose-dependent insulinotropic peptide and ghrelin multiplex immunoassay 

Glucose-dependent insulinotropic peptide (GIP) and ghrelin were assayed from samples collected in 

lithium heparin tubes with inhibitors, using the Milliplex human metabolic hormone magnetic bead panel 

(Millipore, MA, USA). This is also an ELISA, but it allows the simultaneous detection of more than one 

analyte. Highly specific capture antibodies are attached to magnetic microspheres, which are coated with 

fluorescent reporter molecules according to which antibody they carry. After incubation with sample, a 

biotinylated detection antibody is added, followed by the enzyme conjugate. The results of the bioassay 

from each microsphere are grouped according to the fluorescent label of the microsphere. In this way 

multiple analytes may be detected from the same sample. 
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3.3.6.5 PYY radioimmunoassay (RIA) 

PYY was assayed using our in-house RIA, with samples collected in lithium heparin tubes containing 

inhibitors. I125 PYY1-36 was made in the department using direct iodination and purified by reverse phase 

high-pressure liquid chromatography. The anti-PYY antibody which cross-reacts for both full-length 

human PYY and human PYY3-36 was raised in sheep and used at a dilution of 1:70000. Human PYY3-36 

standard was purchased from Bachem (Bubendorf, Switzerland). 

 

The assay was performed in a total volume of 700µl, including 100µl of radiolabelled PYY, 100µl of 

antibody to PYY and made up with 0.06M phosphate EDTA buffer containing 0.3% bovine serum albumin 

at pH7.4. I included controls without antibody to measure non-specific binding and measured all samples 

in duplicate. After incubating the assay at 4°C for 72 hours dextran-coated charcoal solution was added 

to each tube to adsorb free peptide. Samples were centrifuged at 1500rpm for 20 minutes at 4°C, prior to 

separating the supernatant from the charcoal pellet. Radioactivity of both components was measured 

using a gamma-counter for 180 seconds (model NE1600, NE Technology Ltd, Reading UK). I read the ratio 

of free to bound label from a standard curve generated from the standards. 

 

3.3.6.6 Bile acid assay 

Bile acid species were measured using fractionated liquid chromatography mass spectrometry (LCMS). 

This assay was outsourced (Kings College London). 

 

3.3.6.7 FGF-19 assay 

FGF-19 was assayed from serum samples using the Biovendor human FGF-19 ELISA kit (Biovendor, 

Karasek, Czech Republic). 

 

3.3.7 Indices of insulin sensitivity 

Homeostatic model assessment of insulin resistance (HOMA IR), was calculated using fasting values from 

the screening visit, using the following formula (Wallace, Levy & Matthews, 2004): 

HOMA IR (arbitrary units) = FBG (mmol/l) * FBI (mU/l) / 22.5 
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Matsuda’s ISI is used as an indicator of insulin sensitivity during a stimulation test. It was developed for 

use with an oral glucose tolerance test but it has also been validated for use with mixed meal tolerance 

test (Selimoglu, Duran, Kiyici, et al., 2009). It is calculated using the following formula:  

10000/(FBG mg/dl* FBI mM/ml* mean glucose during MMT * mean insulin during MMT)0.5, 

In these formulae FBG = fasting blood glucose and FBI = fasting blood insulin. 

 

3.3.8 Statistical analysis 

Statistical analysis was performed using GraphPad Prism 8.1.2 for Mac OS X (GraphPad Software, San 

Diego, CA). Data is reported as mean with standard error of the mean (SEM) unless otherwise stated. 

Differences between the bile acid treatments at each time point were analysed using repeated measures 

two-way ANOVA with Dunnett’s multiple comparisons test, or a mixed-effects model if there were missing 

values. Area under the curve (AUC) was calculated using the trapezoid rule, with baseline as y=0. AUCs 

were compared between treatments using repeated measure one-way ANOVA with Geisser-Greenhouse 

correction and Dunnett’s multiple comparison test. p< 0.05 is considered statistically significant. 
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3.4 Results  

Thirteen volunteers commenced study visits; one dropped out after one visit due to a change in 

employment circumstances and twelve completed all three visits of the study. The twelve participants 

that completed all visits were included for analysis. 

 

3.4.1 Demographics 

The baseline demographics of the 12 included participants are summarized in Table 3.2. Glucose, HbA1c 

and insulin values were collected at the screening visit. No volunteers were taking any regular 

medications. 

Age (years)  38.5 (14.7) 

Female: male 8:4 

BMI (kg/m2) 24.8 (3.9) 

Caucasian: Asian: 
Afro-Caribbean 

7: 4: 1 

Fasting plasma 
glucose (mmol/L) 

4.7 (0.4) 

Fasting plasma insulin 
(µU/ml) 

5.7 (2.8) 

HbA1C (mmol/mol) 32.7 (2.8) 

Insulin resistance 
(HOMA-IR) 

1.2 (0.7) 

 

Table 3.2 Baseline demographics of healthy volunteers (mean and SD)  

 

3.4.2 Glucose homeostasis 

3.4.2.1 Glucose 

Ingestion of bile acid did not affect plasma glucose before the meal (figure 3.1.A). Without any bile acid, 

after the meal there was an increase in plasma glucose with a bimodal peak at 30 and 120 minutes. With 

pre-meal UDCA, the second peak was attenuated; with CDCA both peaks were flattened. Repeated 

measures two-way ANOVA demonstrated statistically significant differences between no bile acid and 
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CDCA only, at 120 minutes post-meal. When expressed as AUC (figure 3.1.B) there were no differences 

between the treatments. 

 

 

Figure 3.1 Plasma glucose levels (A) and area under the curve (B) with no bile acid (nil), UDCA or CDCA  

Mean and SEM illustrated; n=12. *p<0.05 nil compared with CDCA 

 

3.4.2.2 Insulin 

Plasma insulin was not affected by ingestion of bile acid before the meal (figure 3.2.A). Without any bile 

acid, following the meal there was a rise in plasma insulin which peaked at 30 minutes and had returned 

to baseline by t=240. This rise was attenuated by both bile acids; to a greater extent by CDCA than UDCA. 

When expressed as AUC, pre-meal CDCA was associated with lower plasma insulin (p=0.03) and pre-meal 

UDCA with a trend towards lower plasma insulin (p=0.08). 

 

Figure 3.2 Plasma insulin levels (A) and area under the curve (B) with no bile acid (nil), UDCA or CDCA 

Mean and SEM illustrated; n=12. *p<0.05, **p<0.01, ****p<0.0001 nil compared with CDCA; $p<0.05 nil 

compared with UDCA 
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3.4.2.3 Insulin: glucose ratio 

Following the meal, insulin: glucose ratio was significantly lower in the presence of either bile acid than 

no bile acid, at 30 and 60 minutes post-meal. When expressed as AUC, pre-meal bile acid was associated 

with lower insulin: glucose ratio both for CDCA (p=0.022) and UDCA (p=0.049). 

  

Figure 3.3 Insulin: glucose ratio (A) and area under the curve (B) with no bile acid (nil), UDCA or CDCA  

Mean and SEM illustrated; n=12. *p<0.05, ***p<0.001, ****p<0.0001 nil compared with CDCA; $p<0.05, 
$$p<0.01  nil compared with UDCA 

 

3.4.2.4 Matsuda’s Insulin Sensitivity Index (ISI) 

Pre-meal CDCA significantly increased Matsuda’s ISI (p=0.002) and pre-meal UDCA was associated with a 

trend to increase (p=0.065) 

 

 

Figure 3.4 Matsuda’s ISI with no bile acid (nil), UDCA or CDCA.  

Mean and SEM illustrated; n=12. **p<0.01 nil compared with CDCA 
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3.4.2.5 Glucagon 

There was a minor rise in plasma glucagon following the meal ingestion (figure 3.5.A). At 4 hours after the 

MMT, plasma glucagon increased without the bile acid; this was not the case when either pre-meal bile 

acid had been ingested. There was a trend to lower AUC for glucagon with UDCA (p=0.091) but not CDCA.  

 

Figure 3.5 Plasma glucagon levels (A) and area under the curve (B) with no bile acid (nil), UDCA or CDCA 

as indicated  

Mean and SEM illustrated; n=12 
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3.4.3 Gut hormone levels 

3.4.3.1 GLP-1 

Plasma GLP-1 increased in the first 60 minutes after CDCA ingestion, but not after UDCA (figure 3.6.A; p= 

0.009 at time point 0 for CDCA versus nil bile acid, just before the meal). After the meal, with all conditions 

tested there was a rise in GLP-1 which peaked at 30 minutes. Pre-meal CDCA and UDCA both augmented 

the maximum plasma GLP-1 when compared to no bile acid. CDCA additionally was associated with a late 

rise in GLP-1 relative to UDCA or no bile acid (at 120 and 180 minutes after the meal). When expressed as 

AUC, pre-meal CDCA was associated with higher overall GLP-1 levels compared to no bile acid (p=0.009; 

figure 3.6.B).  

 

Figure 3.6 Plasma GLP-1 levels (A) and area under the curve (B) with no bile acid (nil), UDCA or CDCA 

Mean and SEM illustrated; n=12. **p<0.01, ****p<0.0001 nil compared with CDCA; $$p<0.01 nil 

compared with UDCA 
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3.4.3.2 PYY 

There was a greater rise in PYY when either bile acid had been ingested, although there is considerable 

variability in PYY levels between individuals (figure 3.7.A). When expressed as AUC, pre-meal CDCA and 

UDCA were associated with higher overall PYY levels compared to no bile acid (p=0.044 for both; figure 

3.7.B).  

 
Figure 3.7 Plasma PYY levels (A) and area under the curve (B) with no bile acid (nil), UDCA or CDCA 

Mean and SEM illustrated; n=12. *p<0.05, ***p<0.001 nil compared with CDCA;$p<0.05 nil compared 

with UDCA 

 

3.4.3.3 GIP 

Plasma GIP rose following the meal ingestion, however the rise was significantly attenuated with pre-meal 

CDCA (figure 3.8.A). This was observed at the early time-points and reflected in a lower overall AUC for 

GIP with CDCA (p=0.04; figure 3.8.B). 

  

Figure 3.8 Plasma GIP levels (A) and area under the curve (B) with no bile acid (nil), UDCA or CDCA  
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Mean and SEM illustrated; n=11. *p<0.05, **p<0.01, ***p<0.001 nil compared with CDCA 

 
3.4.3.4 Ghrelin 

Plasma ghrelin transiently fell after ingestion of the meal; there were no differences in trajectory of 

change or AUC in the presence of pre-meal bile acids (figure 3.9). 

 

Figure 3.9 Plasma ghrelin levels (A) and area under the curve (B) with no bile acid (nil), UDCA or CDCA  

Mean and SEM illustrated; n=12.  
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3.4.4 Bile acid levels 

Following ingestion of the bile acid tablets, circulating bile acid species were enriched with the relevant 

bile acid and its amidated forms (figure 3.10). CDCA and its conjugates peaked at 30 minutes; with UDCA, 

the peaks occurred a little later, at around 60 minutes;.  

 

 

Figure 3.10: Plasma bile acid levels with no bile acid (nil), UDCA or CDCA  

Mean and SEM illustrated; n=4. “G-” = glycine conjugated and “T-” = taurine conjugated 
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3.4.5 FGF-19 

CDCA, but not UDCA, was associated with a dramatic rise in FGF-19 which was statistically significant at 

time point 120 minutes after the meal onwards (figure 3.11.A). When expressed as AUC, CDCA was 

associated with significantly higher overall FGF-19 (p=0.0009; figure 3.11.B). 

 

Figure 3.11 Serum FGF-19 levels (A) and area under the curve (B) with no bile acid (nil), UDCA or CDCA 

Mean and SEM illustrated; n=12. ***p<0.001, ****p<0.0001 nil compared with CDCA 
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3.5 Discussion 

Although pre-meal bile acids did not change glucose trajectory in response to a meal in healthy volunteers, 

their use was associated with a reduction in insulin levels during the meal. This was particularly the case 

with CDCA, which was associated with a statistically significant reduction in insulin AUC, and an apparent 

increase in insulin sensitivity according to Matsuda’s ISI calculation. Both bile acids decreased the insulin: 

glucose ratio over the course of the MMT. 

 

These findings are similar to those made by another group, who investigated the effect of intra-duodenal 

infusion of CDCA on glucose tolerance in response to an oral glucose tolerance test (OGTT) commenced 

60 minutes after start of the infusion (Meyer-Gerspach, Steinert, Keller, et al., 2013). They similarly found 

no difference in glucose levels but an attenuated release of insulin and C-peptide in response to the 

glucose load. Without a meal, however, a single dose of CDCA has been shown by another group to make 

no difference to plasma glucose or insulin compared to no bile acid, albeit mildly increasing the insulin: 

glucose ratio in healthy volunteers (Hansen, Scheltema, Sonne, et al., 2016). In our study and that by 

Meyer-Gerspach et al the bile acid was given 60 minutes before the meal/ OGTT, to allow absorption. Our 

plasma bile acid measurements reveal that by 60 minutes after ingestion, both bile acids had been 

enriched. In a study in which UDCA was given to healthy volunteers immediately after a meal, a slight 

reduction in glucose was reported, with a non-significant trend to higher insulin (Murakami, Une, 

Nishizawa, et al., 2013). This study did not report on bile acid levels. 

 

Also in line with our findings, 6 weeks of treatment with obeticholic acid (a synthetic FXR agonist based 

on CDCA), led to an improvement in insulin sensitivity in patients with NAFLD and T2DM, as measured by 

a hyperinsulinaemic euglycaemic clamp (Mudaliar, Henry, Sanyal, et al., 2013). It is worth noting, however, 

that the patients in this study lost weight over the 6 weeks and had elevated FGF-19 levels, both of which 

could have been indirect causes of improved insulin sensitivity. Indeed, FGF-19 is known to have beneficial 

metabolic effects independent of incretins, including improved insulin sensitivity when administered to 

DIO mice (Lan, Morgan, Rahmouni, et al., 2017). In the present study, we saw a dramatic increase in 

circulating FGF-19 after CDCA, however reduced insulin: glucose ratio was apparent at earlier timepoints 

and therefore unlikely to be secondary to raised FGF-19. Interestingly, although UDCA has been proposed 

to be a FXR antagonist (Mueller, Thorell, Claudel, et al., 2015), we did not see any reduction in FGF-19 

with UDCA administration in this study. 
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Oral CDCA has been demonstrated to increase GLP-1 secretion in the absence of a meal in healthy 

volunteers, patients with T2DM and patients post-RYGB (Hansen, Scheltema, Sonne, et al., 2016; Nielsen, 

Svane, Kuhre, et al., 2017). Here we demonstrate that it also dramatically augments GLP-1 secretion when 

given prior to a meal. GIP and GLP-1 are both insulinotropic in healthy volunteers, and have additive 

effects (Seino, Fukushima & Yabe, 2010). In the present study, although following CDCA ingestion the 

post-meal rise in GLP-1 was exaggerated, the rise in GIP was attenuated. The attenuation in GIP occurred 

early whereas the increase in GLP-1 was sustained at later timepoints following the meal.  The relative 

decrease in insulin levels with CDCA compared to no bile acid in this study also occurred at early time-

points. As the reduction in insulin was appropriate to an unchanged glucose, it is unlikely that it was 

secondary to the relative decrease in GIP. 

 

In our study UDCA was also associated with a statistically significantly higher GLP-1 level at 15 minutes, 

although there was no difference in AUC for GLP-1 when compared with no bile acid. In fasted patients 

post-RYGB, oral UDCA had no effect on GLP-1 levels (Nielsen, Svane, Kuhre, et al., 2017); however given 

with a meal, oral UDCA has been reported in a previous study to increase GLP-1 (Murakami, Une, 

Nishizawa, et al., 2013).  

 

Pre-meal UDCA and CDCA were both associated with a rise in PYY secretion in response to a meal, with 

CDCA leading to a more dramatic rise. This finding is novel, but perhaps not surprising given that PYY and 

GLP-1 are thought to be co-secreted in response to TGR5 stimulation in the bowel (Ullmer, Alvarez 

Sanchez, Sprecher, et al., 2013). 

 

The finding of decreased GIP following CDCA with a meal is also novel. In the absence of a meal, CDCA 

does not make any difference to GIP levels in healthy volunteers, patients with T2DM (Hansen, Scheltema, 

Sonne, et al., 2016) or patients post-RYGB (Nielsen, Svane, Kuhre, et al., 2017). The best studied and most 

robust pathway for GIP secretion from enteroendocrine K cells in the duodenum is through carbohydrate 

sensing via sodium-coupled glucose uptake through the sodium glucose cotransporter (SGLT1) (Ezcurra, 

Reimann, Gribble, et al., 2013). Bile acids independently also stimulate secretion of GIP and GLP-1 (Kuhre, 

Wewer Albrechtsen, Larsen, et al., 2018). It therefore is unexpected that pre-meal CDCA ingestion would 

decrease GIP secretion when compared to no bile acid. A possible explanation, which would explain both 
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a relative decrease in GIP and improvement in insulin sensitivity, could be delayed gastric emptying. This 

would decrease the rate of glucose uptake in the early intestine and reduce stimulus to GIP secretion. 

There is some evidence that CDCA (Hansen, Scheltema, Sonne, et al., 2016), but not UDCA (Colecchia, 

Mazzella, Sandri, et al., 2006), may delay gastric emptying.  

 

The finding that pre-meal CDCA differentially affects GIP and GLP-1 compared to no bile acid is interesting 

given that the main stimulus for both is the same (food ingestion) and therefore they usually both rise in 

tandem (Seino, Fukushima & Yabe, 2010). Although the effects of these two hormones is similar with 

respect to promoting insulin release and ß cell proliferation, there are differences. GIP stimulates glucagon 

release from the pancreas while GLP-1 reduces it; and GIP but not GLP-1 promotes fat deposition. Both of 

these effects of GIP may be considered negative for patients with obesity and T2DM. If pre-meal CDCA 

has similar effects on gut hormone secretion in patients with T2DM, this relative reduction in GIP and 

increase in GLP-1 could be favourable. On the other hand, patients with T2DM have been shown to be 

less sensitive to the effects of exogenous GIP (Nauck, Heimesaat, Orskov, et al., 1993), so potentially any 

effects of a reduction in GIP would be negligible.  

 

In the present study, a mild increase in glucagon was observed with the meal stimulus, which is known to 

occur after ingestion of mixed meals (i.e. containing protein and/or fat) (Unger & Orci, 1976). In this study, 

the rise in glucagon at four hours after the mixed meal without a bile acid is difficult to explain. Apart from 

this time-point, glucagon trajectory was no different with pre-meal CDCA or UDCA. 

 

3.5.1 Conclusion 

This study demonstrates that pre-meal CDCA and UDCA in healthy volunteers are associated with 

attenuation of insulin and insulin: glucose ratio during the meal. CDCA is also associated with an 

exaggerated rise in GLP-1 and attenuation of GIP secretion in response to a meal. Both bile acids lead to 

an exaggerated rise in PYY following the meal, with CDCA having a greater effect. CDCA also increases 

serum FGF-19 after the meal. 
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This evidence would support the notion that the increase in circulating bile acids seen after bariatric 

surgery may independently contribute to improvements in metabolic health, both directly and via 

increases in GLP-1 and PYY. 

 

These effects could make CDCA a useful pre-meal treatment in patients with T2DM, helping to improve 

insulin sensitivity and potentially providing other metabolic benefits via a post-meal surge in GLP-1, PYY 

and FGF-19 (e.g. increased duration of satiety).  

 

3.5.2 Future work 

This study will be repeated in patients with T2DM to see if pre-meal bile acids are associated with an 

improvement in glucose homeostasis and to examine the effect on gut hormone secretion. In addition, 

gastric emptying will be measured by including paracetamol in the MMT and measuring bloods levels of 

paracetamol at intervals. We will also provide visual analogue scale questionnaires to assess satiety in the 

period following the meal.  

 

  



 64 

4 Interaction between the Glucagon receptor and Receptor-Activity 

Modifying Protein 2 (RAMP2) 

Diseases of insulin resistance (T2DM and NAFLD) are also characterised by high circulating glucagon levels 

and evidence of glucagon resistance (Færch, Vistisen, Pacini, et al., 2016; Knop, Vilsbøll, Madsbad, et al., 

2007; Demant, Bagger, Suppli, et al., 2018). Fasting glucagon levels fall after bariatric surgery (Silvestre, 

Goode, Vlaskovsky, et al., 2017). Glucagon actions are diverse and can make positive and negative 

contributions to metabolic health, depending on circumstance, as will be outlined in this section. For these 

reasons, there is great interest in pharmaceutical manipulation of glucagon signalling. Key to this process 

is a greater understanding of how signalling occurs at the glucagon receptor, including how this can be 

modified by other molecules. 

 

4.1 Glucagon 

4.1.1 The secretin-like family of GPCRs and peptides 

The glucagon receptor belongs to the secretin-like or class B family of G-protein coupled receptors (GPCR). 

This represents a structurally similar group of receptors, which are highly distinguishable from other 

GPCRs, such as the class A rhodopsin-like receptors (Hwang, Moon, Park, et al., 2013; de Graaf, Song, Cao, 

et al., 2017). Secretin-like receptors, which are classified into groups A to E, bind to ligands that are critical 

for neuroendocrine homeostasis (table 4.1). Understanding their function is therefore of clinical and 

therapeutic utility; furthermore, insights gained from the study of one receptor can inform research into 

sister receptors (Hollenstein, de Graaf, Bortolato, et al., 2014).  
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 Group A Group B Group C Group D Group E 

Receptors 
(15 in 
total) 

Corticotrophin
-releasing 
hormone 
receptors 1 
and 2 

Calcitonin 
receptor 
(CTR) and 
calcitonin 
receptor like 
receptor 
(CRLR) 

Parathyroid 
hormone 
receptors 1 
and 2 

Glucagon receptor 
(GCGR), glucagon-
like peptide 1 and 
2 receptors (GLP-
1R and GLP-2R) 
and glucose-
dependent 
insulinotropic 
polypeptide 
receptor (GIPR) 

Vasoactive intestinal 
peptide receptor 1 
and 2, growth 
hormone-releasing 
hormone receptor, 
secretin receptor, 
pituitary adenylate 
cyclase-activating 
polypeptide 
receptor 

Ligands 
(include) 

Corticotropin 
releasing 
hormone 

Calcitonin, 
calcitonin 
gene related 
peptide 
(CGRP), 
adrenomed
ullin 

Parathyroid 
hormone 1 
and 2 

Glucagon (GCG), 
glucagon-like 
peptide 1 and 2 
(GLP-1 and GLP-2), 
glucose- 
dependent 
insulinotropic 
peptide (GIP), 
oxyntomodulin 
(OXM) 

Secretin, vasoactive 
intestinal peptide 

Table 4.1: The secretin-like or class B family of GPCR receptors and their peptides  

Compiled from (Hwang, Moon, Park, et al., 2013; Hollenstein, de Graaf, Bortolato, et al., 2014) 

 

The group D or glucagon sub-family of the secretin family includes several peptides that are produced by 

differential processing of the proglucagon gene (table 4.1 and figure 4.1). In the brain and intestinal L cells, 

the enzyme prohormone convertase 1 (PC1) cleaves the precursor peptide into GLP-1, GLP-2 and 

oxyntomodulin; whereas in the pancreas prohormone convertase 2 (PC2) cleaves the peptide to form 

glucagon (Müller, Finan, Clemmensen, et al., 2017).  Glucose-dependent insulinotropic peptide (GIP) is 

encoded by its own gene, which is expressed in the stomach and intestinal K cells (Baggio & Drucker, 

2007). 
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Figure 4.1 Post-translational processing of the proglucagon peptide 

The proglucagon peptide (shown on the left) is converted to glucagon-like peptides 1 and 2 (GLP-1 and 

GLP-2) and oxyntomodulin (OXM) in the gut, by prohormone convertase 1 (PC1). In the pancreas, 

glucagon (GCG) and major proglucagon fragment (MPGF) are formed by prohormone convertase 2 

(PC2). GRPP: glicentin-related peptide; IP: intervening peptide. 

 

4.1.2 Secretion of glucagon 

Glucagon is stored in secretory vesicles in alpha cells in the pancreas ready for secretion via exocytosis 

(Quesada, Tudurí, Ripoll, et al., 2008). Alpha cells directly respond to hypoglycaemia via an elevation in 

cyclic adenosine monophosphate (cAMP), which stimulates glucagon secretion (Yu, Shuai, 

Ahooghalandari, et al., 2019). Alpha cells are also well innervated by autonomous nerves that stimulate 

glucagon secretion particularly in response to neuroglycopaenia, as well as during times of metabolic 

stress such as sepsis (Ahrén, 2000). Autonomic signals are mediated by catecholamines as well as 

neuropeptides (for example neuropeptide Y) (Hughes & Narendran, 2014). The secretion of glucagon is 

inhibited by paracrine signals from neighbouring beta cells, via insulin, amylin and zinc; and from 

somatostatin secreted from delta cells (Gromada, Franklin & Wollheim, 2007). Post-prandially, circulating 

GLP-1 from the gut and leptin from adipose tissue inhibit glucagon secretion (Hughes & Narendran, 2014). 

Nutritional status is further integrated into the control of glucagon secretion via circulating fatty acids, 

which have predominantly stimulatory effects on glucagon secretion (Quesada, Tudurí, Ripoll, et al., 

2008); and plasma amino acids, which also powerfully stimulate alpha cell release of glucagon (Holst, 

Wewer Albrechtsen, Pedersen, et al., 2017). 

 

4.1.3 Actions of glucagon 

Glucagon’s best-known function is to raise blood glucose at times of hypoglycaemia by increasing hepatic 

glucose production. It does this via stimulation of hepatic gluconeogenesis and glycogenolysis alongside 
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inhibition of glycogenesis and glycolysis (Marroquí, Alonso-Magdalena, Merino, et al., 2014). Glucagon 

also has profound, if less well studied, effects on hepatic lipid processing. In animal models (Penhos, Wu, 

Daunas, et al., 1966; De Oya, Prigge & Grande, 1971; Guettet, Rostaqui, Mathe, et al., 1991) and in man 

(Xiao, Pavlic, Szeto, et al., 2011; Aubry, Marcel & Davignon, 1974) exogenous glucagon administration 

decreases serum lipoproteins, cholesterol and triglycerides. This occurs alongside a decrease in hepatic 

triglyceride content (Penhos, Wu, Daunas, et al., 1966; Nafikov, Ametaj, Bobe, et al., 2006). These effects 

are likely due to a combination of mechanisms: glucagon decreases hepatic lipoprotein production (Eaton, 

1973; Xiao, Pavlic, Szeto, et al., 2011), increases catabolism of triglycerol-rich lipoproteins (Guettet, 

Rostaqui, Mathe, et al., 1991; Guettet, Rostaqui, Navarro, et al., 1991), stimulates hepatic fatty acid 

oxidation (Longuet, Sinclair, Maida, et al., 2008) and decreases de novo lipogenesis (Wang, Zhao, Sud, et 

al., 2016). Exogenous glucagon also promotes protein catabolism via increased hepatic take up of plasma 

amino acids and increased ureagenesis (Suppli, Bagger, Lund, et al., 2018).  

 

As well as its rich expression in hepatocytes, the glucagon receptor is expressed in many other tissues and 

organ systems including kidney, pancreas, various locations in the brain including the hypothalmus, heart, 

gastrointestinal tract, placenta and adipose tissue (Authier & Desbuquois, 2008; Charron & Vuguin, 2015; 

Marroquí, Alonso-Magdalena, Merino, et al., 2014). Glucagon administration decreases food intake in 

animal models (Geary, Le Sauter & Noh, 1993; Le Sauter, Noh & Geary, 1991) and in man (Geary, Kissileff, 

Pi-Sunyer, et al., 1992; Penick & Hinkle, 1961); in rats, this effect is dependent on hepatic vagal afferents 

(Geary & Smith, 1983). Glucagon also increases energy expenditure (Tan, Field, McCullough, et al., 2013; 

Filali-Zegzouti, Abdelmelek, Rouanet, et al., 2005; Billington, Bartness, Briggs, et al., 1987). In animals, but 

not humans, this is at least partially dependent on an increase in circulating catecholamines and brown 

adipose fat activity (Billington, Bartness, Briggs, et al., 1987) (Filali-Zegzouti, Abdelmelek, Rouanet, et al., 

2005; Salem, Izzi-Engbeaya, Coello, et al., 2016). Other actions of glucagon include relaxation of the 

sphincter of Oddi (Tabak, Tuxen, Bruce, et al., 1983), stimulation of cardiac contractility, reduction in small 

intestine motility and renal water conservation (Marroquí, Alonso-Magdalena, Merino, et al., 2014). 

 

Mice lacking a glucagon receptor exhibit alpha cell hyperplasia and hyperglucagonaemia (Gelling, Du, 

Dichmann, et al., 2003; Conarello, Jiang, Mu, et al., 2007). Interestingly, this phenotype is conserved when 

the glucagon receptor deficit is limited to the liver, which suggests that alpha cell proliferation occurs due 

to an indirect effect (Longuet, Robledo, Dean, et al., 2013; Suppli, Lund, Bagger, et al., 2016). Some other 
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manifestations of the phenotype may be predicted by the actions of glucagon outlined above: for 

example, GCGR knockout mice have lower fasting blood glucose, propensity to hypoglycaemia during a 

prolonged fast, and improved glucose tolerance (Gelling, Du, Dichmann, et al., 2003; Conarello, Jiang, Mu, 

et al., 2007). Less intuitively, when challenged with a high fat diet, GCGR knockout mice eat less than 

wildtype controls and gain less weight (Conarello, Jiang, Mu, et al., 2007; Longuet, Sinclair, Maida, et al., 

2008)1. This may be explained by a dramatic increase in circulating GLP-1, which occurs alongside 

hyperglucagonaemia when glucagon signalling is blocked and is presumably due to compensatory 

mechanisms leading to increased transcription of the preproglucagon gene (Sloop, Cao, Siesky, et al., 

2004). In terms of lipid metabolism, GCGR knockout mice show an impaired response to fasting (when 

endogenous glucagon is elevated) in the form of inappropriately high plasma triglycerides and free fatty 

acids, and failure to activate hepatic fatty acid oxidation pathways (Longuet, Sinclair, Maida, et al., 2008). 

Blocking the actions of glucagon on lipid metabolism in the liver has been associated with increased 

propensity to development of hepatic steatosis in some studies (Longuet, Sinclair, Maida, et al., 2008); 

but not all (Conarello, Jiang, Mu, et al., 2007), which could be because the reduction in overall body fat 

mass in GCGR knockout mice is a major confounder.  

 

4.1.4 Glucagon in health and disease 

In healthy volunteers circulating glucagon levels transiently rise after ingestion of a meal, although the 

extent of the rise and the temporal pattern is highly variable depending on the macronutrient content of 

the meal (Day, Johansen, Ganda, et al., 1978). High protein meals result in a particularly high glucagon 

response (Day, Johansen, Ganda, et al., 1978; Muller, Faloona & Unger, 1971). In contrast, pure 

carbohydrate, for example in the form of an oral glucose tolerance test (OGTT), results in a transient 

decrease in circulating glucagon, presumably due to the inhibitory effect of insulin (Day, Johansen, Ganda, 

et al., 1978; Knop, Vilsbøll, Madsbad, et al., 2007).  

 

Patients with type 2 diabetes mellitus exhibit higher fasting glucagon levels and fail to suppress circulating 

glucagon in response to oral glucose (Færch, Vistisen, Pacini, et al., 2016; Knop, Vilsbøll, Madsbad, et al., 

2007; Demant, Bagger, Suppli, et al., 2018). This failure to suppress glucagon is likely to contribute to 

postprandial hyperglycaemia (Shah, Vella, Basu, et al., 2000). Interestingly, suppression of glucagon in 

response to intravenous glucose remains intact in patients with T2DM, which suggests that gut-derived 

hormones following meals may mediate the difference seen after OGTT (Knop, Vilsbøll, Madsbad, et al., 
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2007; Grøndahl, Keating, Vilsbøll, et al., 2017). A possible contender is GIP, which when administered to 

patients with T2DM is associated with hypersecretion of glucagon (Lund, Vilsbøll, Bagger, et al., 2011; 

Chia, Carlson, Kim, et al., 2009). 

 

Patients with NAFLD also exhibit fasting hyperglucagonaemia, even when they have normal glucose 

tolerance (Junker, Gluud, van Hall, et al., 2016; Junker, Gluud, Holst, et al., 2016). NAFLD and obesity are 

associated with glucagon resistance in rodent models, as illustrated by reduced hepatic glucose output in 

response to exogenous glucagon (Charbonneau, Couturier, Gauthier, et al., 2005) and reduced hepatic 

binding to glucagon (Bhathena, Aparicio, Revett, et al., 1987). Similarly in clinical trials, NAFLD is 

associated with blunted endogenous glucose output in response to glucagon infusion (Suppli, Bagger, 

Lund, et al., 2018). This may be due to a reduction in hepatocyte plasma membrane expression of the 

glucagon receptor (Charbonneau, Unson & Lavoie, 2007; Charbonneau, Melancon, Lavoie, et al., 2005; 

Bhathena, Aparicio, Revett, et al., 1987). The phenomenon of glucagon resistance may not be confined to 

the liver: there is some evidence that patients with obesity are also resistant to the satiety-inducing effects 

of glucagon (Arafat, Weickert, Adamidou, et al., 2013).   

 

It has been proposed that a reduction in hepatic glucagon sensitivity in patients with NAFLD is relayed via 

a feedback mechanism to the pancreatic alpha cells, and that this causes them to hypersecrete glucagon 

(Suppli, Lund, Bagger, et al., 2016). Potentially this could be a precursor or contributing factor to 

development of T2DM in some patients, explaining both the very high co-incidence of the two conditions, 

and the fact that hyperglucagonaenia is more variable amongst patients with T2DM than in those with 

NAFLD (Suppli, Lund, Bagger, et al., 2016). This theory is supported by the phenotype seen in GCGR 

hepatocyte specific knockout mice, mentioned above, which demonstrate profound hyperglucagonaemia 

(Longuet, Robledo, Dean, et al., 2013). There is mounting evidence that a hepatic-alpha cell feedback loop 

may be mediated by plasma amino acids: these are both consumed by the hepatic actions of glucagon 

and are powerful stimuli to alpha cell secretion of glucagon (Holst, Wewer Albrechtsen, Pedersen, et al., 

2017; Galsgaard, Winther-Sørensen, Ørskov, et al., 2017). 

 

Chronic training is associated with adaptations that increase blood glucose during exercise (Podolin, Wills, 

Wood, et al., 2001). These include an increase in glucagon sensitivity, which occurs via an increase in 

hepatic plasma membrane glucagon receptor density (Légaré, Drouin, Milot, et al., 2001). After weight 
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loss, including that caused by metabolic surgery, fasting glucagon levels fall (Silvestre, Goode, Vlaskovsky, 

et al., 2017); it remains to be seen if this is consistent with improved hepatic glucagon sensitivity. Although 

there is a transient augmentation in post-prandial area under the curve for plasma glucagon after bariatric 

surgery, by one year the trajectory of glucagon in response to OGTT or mixed meal tolerance test is similar 

to the pre-operative profile (Nannipieri, Baldi, Mari, et al., 2013; Tsoli, Chronaiou, Kehagias, et al., 2013). 

 

4.2 Glucagon receptor 

The glucagon receptor is a prototypical secretin family G-protein coupled receptor, which is 477 amino 

acids long in humans (485 in rodents) and localized to chromosome 17 (Mayo, Miller, Bataille, et al., 2003; 

Marroquí, Alonso-Magdalena, Merino, et al., 2014). Glucagon is the native ligand for the glucagon 

receptor and binds with high affinity. GLP-1 and oxyntomodulin are structurally similar to glucagon and 

they also activate the GCGR albeit with lower affinity (Baldissera, Holst, Knuhtsen, et al., 1988; Cegla, 

Jones, Gardiner, et al., 2017). Similarly, GCG binds and activates the GLP-1 receptor (GLP-1R) with binding 

affinity 100-1000 fold less than GLP-1 (Kieffer & Habener, 1999). Oxyntomodulin also binds to GLP-1R with 

an affinity somewhere between GCG and GLP-1 (Marie, Boissard, Skoglund, et al., 1996). 

 mGCGR mGLP-1R 

GCG 0.5 41 

OXM 6.2 2.5 

GLP-1 >1000 0.09 

Table 4.1: Representative EC50 for cAMP production (nM) at the murine glucagon and GLP-1 

receptors.  

GCG = glucagon, OXM = oxyntomodulin, GLP-1 = glucagon-like peptide 1. Values taken from (Pocai, 

Carrington, Adams, et al., 2009) 

 

4.2.1 GCGR structure 

The receptor has a large extra-cellular domain, connected by a short stalk to a transmembrane domain 

which consists of seven helices bundled together and connected by three extracellular loops and three 

intracellular loops. Beyond this, there is a short intracellular C-terminal domain, which is constitutively 

bound to a G protein. The GCGR structure bound to two different ligands has been solved with protein 
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crystallography, and this demonstrates that the conformation of the receptor differs considerably 

according to whether it is bound in an active or inactive state (Zhang, Qiao, Yang, et al., 2017; 2018).  

 

4.2.2 GCGR signalling 

Bound to the inner surface of the cell membrane and associated with the glucagon receptor are receptor-

activated G proteins (figure 4.2). These heterotrimeric proteins consist of three subunits: G alpha (which 

has a guanidine nucleotide binding site), beta and gamma. There are several subtypes of each of these 

subunits, for example Gαs, Gαi and Gαq; each is activated in the same way but they have different tissue 

distributions and different modes of action (Syrovatkina, Alegre, Dey, et al., 2016). When activated by a 

ligand, the GCGR undergoes conformational change which causes it to function as a guanine nucleotide 

exchange factor and convert GDP to GTP (Rodbell, Birnbaumer, Pohl, et al., 1971). This leads to 

dissociation of Gα from Gβγ.  

 

Following GCGR activation, Gαs stimulates adenylyl cyclase, the enzyme that converts adenosine 

triphosphate (ATP) to cyclic adenomonophosphate (cAMP) (Weinstein, Yu, Warner, et al., 2001). cAMP is 

an intracellular messenger which activates several pathways including via cAMP-dependent protein 

kinase (also known as Protein Kinase A; PKA) and exchange factor directly activated by cAMP (EPAC). GCGR 

may also be coupled to Gαi, which inhibits adenylyl cyclase: the relative proportions of the two in the cell 

will determine the overall cAMP output (Weston, Lu, Li, et al., 2015). 

 

PKA is a constitutively inactive tetramer, consisting of two regulatory and two catalytic subunits. When 

cAMP binds to the regulatory subunits the catalytic subunits are released; they then phosphorylate cAMP 

response element binding protein (CREB), a transcription factor (Gaudy, Clementi, Campbell, et al., 2010). 

CREB interacts with CREB-regulated transcription coactivator 2 (CRTC2), facilitating its binding to cAMP-

response elements (CREs) which are found in the promoter regions of gluconeogenic genes (Jitrapakdee, 

2012). In hepatocytes, CREB stimulates transcription of phosphoenolpyruvate carboxykinase (PEPCK1) 

and glucose-6-phosphatase (G6Pase) directly; it also upregulates the key metabolic nuclear transcription 

factor peroxisome proliferator-activated receptor- gamma coactivator 1alpha (PGC1α) (Herzig, Long, 

Jhala, et al., 2001). PGC1α itself further potentiates PEPCK and G6Pase via activation of hepatocyte nuclear 

factor 4-alpha (HNF-4α) and forkhead box O (FOXO) 1 (Wu, Deng, Shi, et al., 2016). EPAC induces 
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expression of Suppressor of Cytokine Signalling-3 (SOCS3), which itself decreases PKA phosphorylation of 

CREB and the induction of gluconeogenic genes (Gaudy, Clementi, Campbell, et al., 2010). 

 

GCGR activation also increases intracellular calcium. In the unstimulated state, Gγβ may contribute to 

inhibition of the cell membrane calcium pump (Lotersztajn, Pavoine, Deterre, et al., 1992). EPAC increases 

glucagon-stimulated calcium flux across the cell membrane (Aromataris, Roberts, Barritt, et al., 2006). 

Additionally, at physiological doses GCGR activation releases Gαq which activates the phospholipase C/ 

inositol phosphate pathway and causes release of calcium from intracellular stores independently of 

cAMP (Wakelam, Murphy, Hruby, et al., 1986; Buggy, Heurich, MacDougall, et al., 1997). Additional 

signalling pathways stimulated by GCGR are p38 MAPK, c-Jun N-terminal kinase (JNK) and ERK1 (Marroquí, 

Alonso-Magdalena, Merino, et al., 2014). 
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Figure 4.2: Intra-cellular signalling following glucagon receptor (GCGR) stimulation 

Glucagon (GCG) activates GCGR which causes Gα to dissociate from Gβγ and activate adenylyl cyclase 

(AC). AC catalyses production of cyclic adenosine monophosphate (cAMP) which activates protein 

kinase A (PKA) to phosphorylate cAMP response element binding protein (CREB). CREB interacts with 

CREB-regulated transcription coactivator 2 (CRTC2), and they both bind to the promoter regions of 

cAMP response elements (CRE) which leads to increased transcription of gluconeogenic enzyme genes. 

cAMP also activates exchange factor directly activated by cAMP (EPAC). EPAC’s actions include 

downregulation of PKA signalling and increased calcium entry into the cell. Gα also activates the 

phospholipase C/ inositol phosphate (PLC/IP3) pathway which increases intracellular calcium. 
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4.2.3 Desensitisation and internalization of GCGR 

The glucagon receptor becomes less sensitive to glucagon after prolonged stimulation by glucagon, known 

as homologous desensitization, and also in response to other hormonal stimuli, known as heterologous 

desensitization (Murphy, Hruby, Trivedi, et al., 1987; Ikegami, Krilov, Meng, et al., 2006). This process is 

initiated by the binding of GPCR kinases (GRKs) to the activated Gβγ complex and its subsequent 

phosphorylation (Ribas, Penela, Murga, et al., 2007). Beta arrestins are recruited to the receptor in 

response to GRK-mediated phosphorylation of the agonist-bound receptor; they are also recruited 

independently of GRKs via a conformational change in the agonist-bound GPCR (Reiter, Ayoub, Pellissier, 

et al., 2017). 

 

β arrestins cause desensitisation of GPCRs in two main ways. Firstly they promote decoupling of G 

proteins, because their binding site to the core of the GPCR overlaps with the G-protein binding site (steric 

hindrance) (Thomsen, Plouffe, Cahill, et al., 2016). Secondly they relocate cAMP phosphodiesterases to 

the GPCR, thereby causing secondary messenger degradation (Reiter, Ayoub, Pellissier, et al., 2017).   

 

Additionally β arrestins initiate GCGR internalisation by interacting with endocytic mediators including 

clathrin and adaptin-2 (Krilov, Nguyen, Miyazaki, et al., 2011). After internalisation, the GPCRs may be 

rapidly recycled to the plasma membrane, sequestered in endosomes where in some cases they may 

continue to signal, or targeted into lysosomes for destruction (Calebiro & Godbole, 2018). Classically, 

receptor internalisation was associated with its desensitisation as internalised ligand was not thought to 

continue stimulating its receptor. In recent years, however, this view has been challenged with evidence 

that internalised receptor may form complexes with G proteins that allow endosomal signalling (Jong, 

Harmon & O'Malley, 2018; Thomsen, Plouffe, Cahill, et al., 2016).    

 

4.3 Manipulation of glucagon signalling to treat metabolic disease   

Over the last decades, many attempts have been made to improve blood glucose control with the use of 

molecule that block the glucagon receptor (Sloop, Michael & Moyers, 2005). Although these have mostly 

succeeded in their primary objective in clinical trials, none have made it to the clinic. Examples of small 

molecules GCGR antagonists include MK-0893 and LY2409021, both of which were demonstrated to have 

favourable effects on fasting blood glucose in patients with T2DM (Sammons & Lee, 2015). Their 
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development has, however, been limited by their side-effects: notably, increases in plasma lipids and liver 

enzymes (Christensen, Bagger, Vilsbøll, et al., 2011). A recent trial of a GCGR monoclonal antibody, 

REGN1193, also demonstrated three-fold rises in hepatic transaminases in healthy volunteers treated 

over 106 days (Kostic, King, Yang, et al., 2018). More significantly, use of LY2409021 in patients with T2DM 

over 6 months was associated with increases in liver fat (Guzman, Zhang, Liu, et al., 2017). Given the 

consistency of these adverse effects, and the known actions of glucagon on hepatic lipid metabolism, it is 

likely that they are ‘on-target’ effects of blocking hepatic glucagon signalling (Kostic, King, Yang, et al., 

2018; Christensen, Bagger, Vilsbøll, et al., 2011). 

 

Conversely, in recent years, glucagon receptor agonism has also been exploited as a treatment for 

metabolic syndrome due to its favourable effects on energy expenditure and satiety. In order to 

counteract its glucose-raising properties, it can be co-administered with GLP-1 (Tan, Field, McCullough, et 

al., 2013; Cegla, Troke, Jones, et al., 2014). A related strategy is to create unimolecular novel synthetic 

peptides, which are dual agonists at both receptors (Sánchez-Garrido, Brandt, Clemmensen, et al., 2017). 

Such compounds improve obesity in pre-clinical trials (Day, Ottaway, Patterson, et al., 2009; Pocai, 

Carrington, Adams, et al., 2009), and unlike GCGR antagonists they may also be beneficial for hepatic 

steatosis (More, Lao, McLaren, et al., 2017). In animal models, glucagon alone has been used to both treat 

and prevent hepatic steatosis (Bobe, Ametaj, Young, et al., 2007) (Nafikov, Ametaj, Bobe, et al., 2006). 

Multiple clinical trials of dual agonists are currently underway (reviewed in (Sánchez-Garrido, Brandt, 

Clemmensen, et al., 2017)).  

 

In summary, the diverse metabolic effects of glucagon signalling, with both desirable and undesirable 

effects for patients with metabolic disease, mean that simple agonists or antagonists are likely to be 

limited in their usefulness. As described in section 4.1.4, fasting glucagon falls following metabolic surgery 

(Silvestre, Goode, Vlaskovsky, et al., 2017). Metabolic surgery additionally has a dynamic effect on post-

prandial glucagon excursion: in the early weeks and months post-prandial glucagon secretion is 

exaggerated, whereas by one year post-surgery the levels revert to pre-surgical values (Falkén, Hellström, 

Holst, et al., 2011; Tsoli, Chronaiou, Kehagias, et al., 2013) (Nannipieri, Baldi, Mari, et al., 2013). As 

glucagon resistance has been reported in obesity and related conditions, this phenomenon might be 

indicative of an improvement in glucagon sensitivity. Targeted modification of GCGR signalling pathways 

could be a useful pharmacological approach, even more so if this could be conferred in a physiologically 
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sensitive manner, that is, dynamically responsive to spatial and temporal circumstances (Abdel-Magid, 

2015). For example, it might be therapeutically beneficial to decrease GCG responsiveness in situations 

where GCG is elevated (after a meal in patients with T2DM, to prevent hyperglycaemia), but not when 

GCG is at basal levels (to promote hepatic lipid breakdown). Or, it might be beneficial in certain situations 

to shift the balance of intra-cellular signalling to favour β arrestin recruitment and subsequent 

internalization of the receptor over coupling to G proteins at the cell surface membrane: this would be an 

example of biased agonism (reviewed in (Rajagopal, Rajagopal & Lefkowitz, 2010)). In order to achieve 

this, it would be helpful to have a more complete understanding of GCGR signalling, including the ways 

that receptor activity may be modulated by other interacting proteins, so called allosteric modulation.  

 

4.4 Allosteric modulation  

GPCRs such as the glucagon receptor are embedded within the cell membrane, a fluid bilayer lipid matrix 

(Locatelli-Hoops, Yeliseev, Gawrisch, et al., 2013). Their ligand binding properties and activity are 

modulated by their environment, including membrane phospholipid and cholesterol composition (Guixà-

González, Albasanz, Rodriguez-Espigares, et al., 2017). Modulation of receptor physiology may occur 

indirectly, via changes in regional membrane properties that affect the manner in which the GPCR is held 

in the membrane; and also directly, if cholesterol or other membrane components bind to the GPCR and 

alter its conformation and therefore its propensity to bind to other ligands (Gimpl, 2016). As well as lipids, 

GPCRs are also dependent on a network of other proteins, the so-called ‘interactome’. The proteins that 

interact with the GCGR differ according to whether the receptor is bound to glucagon or not; and in turn, 

the binding of several of these proteins itself affects the efficacy of glucagon at its receptor (Han, Zhang, 

Froese, et al., 2015). Molecules that bind directly to the GPCR at a non-orthosteric site and modify its 

function are known as allosteric modulators. They can increase the affinity and/or efficacy of the 

orthosteric ligand for its receptor (positive allosteric modulation) or decrease it (negative allosteric 

modulation) (Wootten, Christopoulos & Sexton, 2013). 

 

Allosteric modulation is an exciting emerging field in drug discovery and many GPCR allosteric modulators 

are in early clinical trials (Hauser, Attwood, Rask-Andersen, et al., 2017). Allosteric modulators have 

several therapeutically useful features when compared to conventional agonists or antagonists that bind 

to the orthosteric site. For example, since they do not compete with the orthosteric ligand for the same 

binding site, their effects are readily saturable: when all allosteric sites are occupied the effect on receptor 
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modification will be maximal (Kenakin & Miller, 2010). Unlike a conventional competitive antagonist, 

which results in complete block of the receptor if given at high enough concentrations, the maximal effect 

of an allosteric ligand is a fold change in orthosteric binding affinity/ efficacy which cannot be surpassed. 

In other words, whereas an orthosteric antagonist switches the receptor off, a negative allosteric 

modulator is analogous to a dimmer switch (Abdel-Magid, 2015). Secondly, allosteric modulators exhibit 

probe dependence: providing they have no intrinsic efficacy they only have an effect in the presence of 

the agonist (Wootten, Christopoulos & Sexton, 2013). This is highly useful in the treatment of T2DM, since 

inappropriate antagonism of the GCGR could lead to dangerous hypoglycaemia: better to dim the switch 

only when GCG is excessively high. Another advantage is that they offer the possibility of high selectivity 

at the target receptor (avoiding the cross-reactivity exhibited by GCG and related peptides), because they 

can bind to receptor sites distinct from the well-conserved and usually smaller orthosteric site (Wootten, 

Christopoulos & Sexton, 2013). They could be targeted to receptor sub-types, or receptors in complex 

with other proteins/ lipids thus giving them spatial selectivity. 

 

4.4.1 Receptor Activity Modifying Proteins (RAMPs) 

Receptor Activity Modifying Proteins (RAMPs) were identified and named by McLatchie et al in 1998 

(McLatchie, Fraser, Main, et al., 1998). Prior to this seminal work, the calcitonin-receptor like receptor 

(CRLR) had been observed to bind to calcitonin-gene related peptide (CGRP) in some cell types but not 

others. McLatchie et al determined that CRLR required co-expression of RAMP1 to bind CGRP; and 

furthermore, that in the presence of RAMP2 rather than RAMP1, the CRLR lost its responsiveness to CGRP 

in preference for the structurally related peptide adrenomedullin (McLatchie, Fraser, Main, et al., 1998). 

Since their discovery, the known roles of RAMPs have expanded: from their ability to convert the 

calcitonin receptor into high affinity amylin receptors (Christopoulos, Perry, Morfis, et al., 1999); to their 

co-localisation with several more members of the secretin family receptors, including parathyroid 

hormone receptor (PTHR) and GCGR (Christopoulos, Christopoulos, Morfis, et al., 2003); to their essential 

trafficking roles for some non-secretin GPCRs, such as the calcium-sensing receptor (Bouschet, Martin & 

Henley, 2005); to most recently the finding that RAMPs are likely to interact with the vast majority of 

GPCRs (Lorenzen, Dodig-Crnkovic, Kotliar, et al., 2019). 

 

There are three known mammalian RAMPs which are ubiquitously distributed. They have a similar 

structure: for RAMP2 this is a 102 residue extracellular domain, a single transmembrane domain of 22 
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residues and a short cytoplasmic domain of 9 residues (Hay & Pioszak, 2016). The extracellular domain 

structure of ligand- bound CRLR/RAMP1 and CRLR/RAMP2 have been solved and suggest that RAMPs 

contribute directly to the orthosteric binding site as well as subtly altering the conformation of the CRLR 

itself (Booe, Warner, Roehrkasse, et al., 2018).  

 

The action of RAMPs on GPCRs depend on the RAMP, the GPCR and the cell type (Tilakaratne, 

Christopoulos, Zumpe, et al., 2000a). Potential roles include the following: chaperoning of the GPCR to 

the cell membrane; determining ligand specificity; modulation of pharmacological response to ligand; and 

G protein specificity – that is, biased agonism. RAMPs are thought to interact with certain GPCRs in the 

endoplasmic reticulum, from where they move together to the cell membrane: thus the cell surface 

expression of RAMPs and GPCRs are in some cases co-dependent (Flahaut, Rossier & Firsov, 2002; Hay & 

Pioszak, 2016). An example of where different RAMPs modulate both ligand specificity and the 

pharmacological response to different ligands is at the calcitonin receptor, for amylin and CGRP (Udawela, 

Christopoulos, Tilakaratne, et al., 2006). Also at the calcitonin receptor, the association of different RAMPs 

has divergent effects on intracellular signalling pathways; for example, when compared with CTR, 

CTR/RAMP1 is associated with 20x higher cAMP production but only 2x greater calcium production 

(Morfis, Tilakaratne, Furness, et al., 2008). This is likely due to RAMPs modulating the subtype of G 

proteins coupling to the relevant GPCR, as has been shown for the vasoactive intestinal peptide 2 receptor 

(Wootten, Lindmark, Kadmiel, et al., 2013). 

 

4.4.2 RAMPs and GCGR 

The interaction between the glucagon receptor and RAMPs has been investigated in immortalized cell 

lines using tagged receptors (Christopoulos, Christopoulos, Morfis, et al., 2003; Weston, Lu, Li, et al., 2015; 

Cegla, Jones, Gardiner, et al., 2017). The quantity of RAMP2 present at the cell surface membrane of COS 

or human embryonic kidney (HEK) cells is greater when it is co-expressed with GCGR, whereas this is not 

observed with RAMP1 or 3 (Christopoulos, Christopoulos, Morfis, et al., 2003; Weston, Lu, Li, et al., 2015). 

This suggests that GCGR and RAMP2 translocate to the cell surface membrane and that RAMP2 is 

stabilized by the interaction. Interestingly, in CHO but not HEK cells it has been reported that GCGR surface 

expression is decreased in the presence of RAMP2 (Cegla, Jones, Gardiner, et al., 2017; Weston, Lu, Li, et 

al., 2015). 
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RAMP2 has also been reported to modify the pharmacology of GCG at its receptor: in the presence of 

RAMP2, glucagon has a greater maximal cAMP response, although reports differ regarding whether 

RAMP2 changes the potency of GCG for cAMP production (divergent EC50s) (Cegla, Jones, Gardiner, et 

al., 2017; Weston, Lu, Li, et al., 2015). Oxyntomodulin, which also binds the GCGR with low affinity, may 

also generate a greater maximal cAMP response in the presence of RAMP2 (Cegla, Jones, Gardiner, et al., 

2017); whereas activity of GLP-1 at the GCGR has been reported to be entirely abrogated in the presence 

of RAMP2 (Weston, Lu, Li, et al., 2015).The increased cAMP response in the presence of RAMP2 is 

proposed to occur due to decreased receptor affinity for Gαi (Weston, Lu, Li, et al., 2015).  

 

In summary, limited evidence from immortalised cell lines using primarily tagged receptors suggests that 

RAMP2 may alter trafficking, ligand specificity, pharmacological properties and G protein coupling of the 

GCGR. 

 

4.4.3 RAMPs for therapy 

Understanding how RAMP2 interacts with the GCGR and affects its pharmacology could have therapeutic 

traction, particularly in the liver where GCGR is a major regulator of fuel metabolism. Scientists’ 

understanding of the interaction between RAMPs and the CRLR is more advanced, and this has led to the 

development of small molecules which bind to the RAMP1-CLR interface, including olcegepant and 

telcagepant. These prevent CGRP binding and have proven efficacy in treatment of migraine symptoms 

(Yao, Yu, Han, et al., 2013). They interact with the receptor only when RAMP1 is bound, thus are specific 

for the high CGRP-affinity CRLR:RAMP1 receptor whilst leaving the adrenomedullin-sensitive CRLR:RAMP2 

receptor active (Conn, Lindsley, Meiler, et al., 2014). This paradigm could be exploited in the case of 

RAMP:GCGR; for example, if RAMP2 modifies the activity of the GCGR in hepatocytes, there is the 

potential for the design of small molecules that could block the interaction. 

 

4.5 Summary 

To summarise, glucagon has important effects on hepatic glucose and lipid metabolism. Obesity, NAFLD 

and T2DM are associated with hyperglucagonaemia and possible glucagon resistance. The glucagon 

receptor is a prototypical G-protein coupled receptor, and there is evidence that its activity may be 

modulated by RAMP2. To date, this has not been investigated in hepatocytes. If RAMP2 does modulate 
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hepatic GCGR activity, this would be highly relevant to the development of therapies that target the 

glucagon receptor. 

 

In the following chapters I will investigate how RAMP2 affects the binding and activity of GCGR in the liver 

using in vitro and in vivo methods.   
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5 General methods and materials for in vitro and in vivo work 

5.1 Peptides 

Glucagon and GLP-1 were purchased from Bachem Ltd. (Merseyside, UK). GLP-1 (7-36)-NH2, the 

predominant bioactive form of secreted GLP-1, was used for all assays (Orskov, Rabenhøj, Wettergren, et 

al., 1994). Two GCG molecules were designed with the addition of fluorescein isothiocyanate (FITC) in 

different locations and they were custom made by Insight Biotechnology Ltd. (Wembley, UK), using an 

automated fluorenylmethyloxycarbonyl solid phase peptide synthesis method. After trialling them, the 

one with comparable potency for cyclic adenosine monophosphate (cAMP) production as GCG at the 

GCGR (log EC50 -8.8 vs -9.1 for cAMP in CHO cells) was chosen for subsequent experiments. This is referred 

to as FITC-GCG. 

 

Despite the use of protease inhibitor, in pilot experiments I125 GCG was degrading excessively at 37°C, 

especially with longer durations of incubation. A GCG analogue (#2367) was therefore used for the 

internalisation experiments presented in figure 6.3. This analogue has undergone an amino acid 

substitution near the C-terminal so that it is less susceptible to oxidative damage during the labelling 

process. It has comparable potency for the GCGR as GCG when tested in cAMP production assays. All 

other experiments were performed with native GCG. 

 

The glucagon and GLP-1 sequences are given in table 5.1; sequences of FITC-GCG and 2367 cannot be 

disclosed in this thesis because they are intellectual property of Imperial College London. 

 

Peptide Sequence 

Glucagon 

(GCG) 

His Ser Gln Gly Thr Phe Thr Ser Asp Tyr Ser
 Lys Tyr Leu Asp Ser Arg Arg Ala Gln Asp
 Phe Val Gln Trp Leu Met Asn Thr 

GLP-1 (7-

36)-NH2 

His Ala Glu Gly Thr Phe Thr Ser Asp Val Ser
 Ser Tyr Leu Glu Gly Gln Ala Ala Lys Glu
 Phe Ile Ala Trp Leu Val Lys Gly Arg
 NH2 

Table 5.1: Amino acid sequences of glucagon and GLP-1 (7-36) 
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5.2 Transfecting cells 

In order to study the interaction between GCGR and RAMP2, cells were transfected with plasmids 

containing the DNA vector.  

5.2.1 Plasmids  

In these experiments the promoter in all plasmids was cytomegalovirus promoter which is associated with 

high levels of expression across most mammalian cell types (Xia, Bringmann, McClary, et al., 2006). Further 

details of the plasmids used are given in table 5.2.  

 

Name Description Source 

hRAMP2 Untagged human RAMP2 construct Origene (Rockville, USA) 

pcDNA3 Control vector for control 
transfections 

Invitrogen 

hRAMP2-CFP Cyan fluorescent protein construct at 
the C terminus of human RAMP2 

GeneCopoeia (purchased from Tebu-bio Ltd, 
UK) 

EV-CFP  Control vector for hRAMP2-CFP 
(identical except lacks RAMP2) 

GeneCopoeia (purchased from Tebu-bio Ltd, 
UK) 

Puromycin 
resistance 

Confers puromycin resistance Origene (Rockville, USA) 

SNAP-GCGR SNAP-tagTM at the N-terminus of 
human GCGR: allows labelling with a 
fluorescent ligand 

Cisbio bioassays (Codolet, France) 

 

mRAMP2 Untagged mouse Ramp2 construct Gift of Professor Firsov* 

FLAG-
mRAMP2 

Mouse Ramp2 construct with FLAG 
tag at N-terminus  

Gift of Professor Firsov* 

mGCGR Untagged mouse Gcgr construct  

(clone MmCD00318008) 

Harvard medical school 

 

Table 5.2: Details of plasmids used to study interaction between GCGR and RAMP2 

CFP= cyan fluorescent protein. *Professor Dmitri Firsov, Institut de Pharmacologie et de Toxicologie, 

Universite de Lausanne. Construction and validation of the FLAG-tagged RAMP has been previously 

reported (Flahaut, Rossier & Firsov, 2002) 
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5.2.2 Basic protocol for forward transfection  

A cationic lipid mediated system (LipofectamineTM 2000, Thermo Fisher Scientific, Massachusetts USA) 

was used for transfection (Dalby, Cates, Harris, et al., 2004). After trialling different conditions, the 

following optimum conditions were used in cells at 70-80% confluency on the day of transfection. DNA-

lipid complex was prepared in serum-free Opti-MEMTM media (Thermo Fisher Scientific, Massachusetts 

USA), according to table 5.3. DNA-complex was incubated at room temperature for 5 minutes before 

adding to the wells. Experiments were performed 48 hours later. 

 

Number of wells in 
plate 

LipofectamineTM 2000 
per well (µl) 

DNA per well (µg) Total volume of Opti-
MEMTM per well (µl) 

96 0.2 0.1 10 

24 1 0.5 50 

6 4 2 200 

Table 5.3: Ingredients for transfection (may be scaled up or down for different size wells) 

 

5.2.3 Control transfections 

For all experiments using transfected cells, control cells were transfected in parallel to the treatment cells 

with a control or ‘empty vector’ plasmid, using the same transfection conditions. Control vectors were 

pcDNA 3.1 (Invitrogen) and EV-CFP (table 5.2). 

 

5.2.4 Transfecting more than one plasmid 

For co-transfection, the total amount of DNA added to each well was as per table 5.3. The quantity of each 

DNA plasmid was constant between treatment and control cells, so any deficit was made up with control 

plasmid pcDNA3. 

 

5.2.5 Reverse transfection for small interfering RNA (siRNA) 

In order to silence RAMP2, small interfering RNA against RAMP2 (Ambion) was used (Dana, Chalbatani, 

Mahmoodzadeh, et al., 2017). Control cells were transfected with Silencer select negative control 

(Ambion), which is a siRNA with a sequence that does not target any known gene product. For these 
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experiments, the protocol was the same as that described for forward transfection, except that the siRNA-

lipofectamine complex was added at the same time as plating the cells (0.1µl of 5µM siRNA per well in a 

96 well plate).  

 

5.2.6 Stable transfections 

For stable transfections a plasmid conferring puromycin resistance was co-transfected with the gene of 

interest at a ratio of 1:7 (to increase the chance that any cell that integrated the selection marker would 

also take up the gene of interest). After 48 hours puromycin was added, initially at high dose (10µg/µl 

puromycin). This dose of antibiotic had previously been established to be the lowest dose at which all 

non-transfected cells die. After approximately a week almost all the cells died: the ones that had 

integrated the new plasmids into their genome survived (Kim & Eberwine, 2010). Selection was 

maintained with a lower dose (2µg/µl puromycin) of the selection antibiotic during subsequent passaging. 

 

5.2.7 Fluorescent activated cell sorter (FACS) selection of a clonal population 

Stably transfected cells were sorted according to their fluorescence (where they had been transfected 

with RAMP-CFP) or by their binding to FITC-GCG (where they had been transfected with GCGR). This was 

performed with the help of the staff at the MRC-BRC-IC Flow Cytometry Facility, using a BD FACS Diva 

8.0.1 machine. The principle of this procedure is that cell fluorescence is proportionate to the amount of 

surface receptor in each cell. In brief, live cells were passed individually through a nozzle after which they 

were interrogated by a laser emitting light at a certain wavelength. Their fluorescent properties were 

detected, analysed, and then a charge was selectively applied to cells fulfilling the desired criteria. The 

cells then passed between electromagnetic plates and their path deviated according to the charge 

applied. They were then seeded individually into the wells of a 96-well plate, from which a clonal 

population with the desired properties was grown. 

 

5.2.8 Propagation of plasmids 

Competent bacteria can take up foreign DNA, which is then integrated into the genome. This horizontal 

gene transfer is known as transformation (Avery, Macleod & McCarty, 1944). This property of bacteria 

can be used as a tool to multiply plasmid DNA. The stages of this process are briefly as follows: transform 

competent bacteria with plasmid of interest; kill bacteria that have not been transformed by use of a 
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selection antibiotic; select one colony of transformed bacteria and encourage them to multiply; harvest, 

disrupt bacteria and extract DNA; purify DNA.  

 

5.2.9 Procedure 

Day 1: Prepare liquid broth (LB) and LB agar plates. For LB, add 10g tryptone, 5g yeast extract and 10g 

NaCl (Sigma) to distilled water (final volume 1 litre). Autoclave in a 2 litre bottle with a loose cap. Allow to 

cool to <37°C before adding antibiotics. Add the antibiotic that transformed bacteria will be resistant to 

e.g. ampicillin at 100µg/ml. For LB agar plates, the recipe is the same but with the addition of 15g agar 

(Sigma). While the LB agar is still melted, carefully pour it into plates. Once these have set they can be 

stored in a refrigerator. 

Day 2: Divide one vial of Transform One ShotTM chemically competent E.coli (Invitrogen) into two. Add 1µl 

of plasmid DNA to one and nothing to the other (control). Incubate both on ice for 30 minutes and then 

for exactly 30 seconds in a pre-warmed water bath at 42°C. Add 25µl SOC to each (manufacturer’s culture 

media) and shake at 225 rotations per minute (rpm) for 1 hour at 37°C . After this time, take 30µl of each 

and spread onto agar plates. Incubate inverted plates overnight at 37°C. 

Day 3: Inspect the plates. There should be no sign of growth on the control plate. If there is the process 

should be restarted. On the other plate, take a single colony on a sterile pipette tip, and drop it into a 

falcon tube with 15ml of LB. Shake at 225rpm at 37°C for a few hours (it should begin to look cloudy); 

transfer to a wide-bottomed conical flask for shaking overnight.  

Day 4: Make a bacterial glycerol stock for future use (add 500µl of the cloudy LB to 50% glycerol in a 

cryovial, mix, and immediately store at -80°C. This can be used directly on an agar plate in the future, with 

no need to transform a fresh vial of One ShotTM cells). Centrifuge remaining bacterial culture at 6000G for 

15 minutes, and proceed using the Qiagen Plasmid Mini or Maxi kit according to instructions (Qiagen). 

Briefly, the steps of the kit involve lysis of the bacteria, collection of DNA on a column, washing of the 

DNA, elution of the DNA into a clean vessel and precipitation of the DNA with ethanol. 

 

5.2.10 Validation 

Having propagated the plasmid, it was sequenced it to ensure that there had been no mutations to the 

DNA during the process (Genewiz, NJ, USA).  
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5.3 Cell culture  

 

5.3.1 Cell lines 

5.3.1.1 CHO-GCGR-CFP-RAMP2  

This stable cell line was made by co- transfecting CHO-hGCGR cells (GeneBLAzer® (K1855A), Invitrogen) 

with a plasmid containing RAMP2-CFP and a plasmid conferring puromycin resistance. A control line was 

make in parallel by transfecting a flask of the same cells with pcDNA3 and puromycin resistance. These 

cells do not express native Ramp2 (Cegla, Jones, Gardiner, et al., 2017), as determined by negligible gene 

expression using a probe to Chinese hamster Ramp2 (Thermofisher). 

 

5.3.1.2 Huh7-GCGR  

The Huh7 cell line was derived from a human hepatoma cancer (Nakabayashi, Taketa, Miyano, et al., 

1982). Although Huh7 are a human liver line, they express very little native GCGR which can be inferred 

from their lack of cyclic AMP production in response to GCG stimulation (figure 5.1.A). Huh7 hepatoma 

cells (gift from Dr. Claire Byrne, Faculty of Medicine, Imperial College) had previously been stably 

transfected with the human GCGR plasmid (University Missouri Rolla cDNA Resource Center) under 

geneticin selection (by Dr. Ben Jones, Faculty of Medicine, Imperial College). I used FITC-GCG and FACS 

sorting to establish clones. After several weeks, several clonal populations had grown. The clone ‘Huh-

GCGR 3’ with the highest cAMP response to GCG stimulation (figure 5.1.A) and homogenous binding of 

FITC-GCG on confocal microscopy was chosen (figure 5.1.B). Huh7-GCGR ‘3’ was maintained and used for 

experiments, and will be referred to as Huh7-GCGR onwards in this thesis.  

 

Figure 5.1: Selection of Huh7-GCGR clone.  
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cAMP response to GCG in two clonal populations, with Huh7 response for reference, (A): mean and SEM 

of triplicates. Confocal images of cells in the two populations after incubation with 100nM FITC-GCG for 

4 hours at 4°C and fixation; FITC-GCG in green. (B). Huh7-GCGR 3 has a greater expression of receptor, 

consistent with a higher Emax for cAMP 

 

Huh7 express a small amount of endogenous RAMP2 so for these experiments human RAMP2 was 

transiently upregulated or downregulated. 

 

5.3.1.3 HEK293 

Human embryonic cells (HEK293) 293 (Sigma) are a cell line of epithelial origin, which are convenient for 

the expression of recombinant proteins (Thomas & Smart, 2005). 

 

5.3.1.4 HEPA 1-6 

The HEPA 1-6 cell line was derived from a tumour in a C57L mouse (Darlington, Bernhard, Miller, et al., 

1980) (ECCAC, Public Health England). For all experiments, Gcgr was co-transfected along with Ramp2 or 

pcDNA into the cells since the cells were poorly responsive to GCG in its absence (no cAMP response up 

to 500µM). 

 

5.3.1.5 CHO 

The CHO cell line was originally derived from Chinese Hamster Ovarian cells (Puck, Cieciura & Robinson, 

1958) (ECCAC, Public Health England).  

 

5.3.2 Maintenance of cells 

Huh7, HEK293 and HEPA cell lines were maintained in Dulbecco’s Modified Eagle Medium (DMEM) 

containing 25mM (4.5g/l) glucose and 1mM sodium pyruvate supplemented with 10% foetal bovine 

serum (FBS) and 100IU/ml penicillin, 100µg/ml streptomycin (Gibco). CHO cell lines were maintained in 

media as for Huh7 but additionally supplemented with 25mM HEPES (pH 7.3) and 0.1mM non-essential 

amino acids (Sigma). 
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Relevant selection antibiotic were used for maintenance as required: G418 (geneticin) at a final 

concentration of 500µg/ml and puromycin at 2µg/ml. 

 

Two to three times a week the cells were passaged. Media was discarded, and the cells were rinsed with 

warm phosphate buffer solution (PBS). The dissociation agent 0.25% trypsin-EDTA (ethylenediamine 

tetra-acetic acid) (Gibco) was added to the flask (2ml/50cm2 flask surface area), which was returned to 

the incubator for a few minutes until the cells became detached from the base of the flask. Fresh media 

was added to quench the dissociation reaction, then the entire volume was centrifuged for 5 minutes at 

800 x g. The pellet of cells was resuspended in fresh media and a proportion was transferred to a new 

flask at a suitable dilution (between 1:3 and 1:10).  Cells were kept in an incubator at 37°C and 5% carbon 

dioxide. Passaging and plating was performed under aseptic conditions. 

 

5.4 Measuring gene expression 

To measure gene expression, RNA was extracted from cells or tissue, reverse transcribed and then cDNA 

was amplified using quantitative polymerase chain reaction (RT-qPCR). 

 

5.4.1 RNA extraction  

For experiments performed in 96-well plates with Huh7, RNA extraction and reverse transcription were 

performed using the TaqMan™ Gene Expression Cells-to-CT™ Kit (Thermo Fisher Scientific, Massachusetts 

USA). Briefly, after washing the cells with cold PBS, lysis solution containing DNase was added. After 5 

minutes incubation on a plate shaker, ‘stop’ solution’ was added to terminate the reaction. At this stage, 

the plate was either be left on ice while preparing for immediate reverse transcription or frozen at -20°C 

for longer-term storage. 

 

For experiments with CHO or HEPA cell lines, RNA extraction was performed according to manufacturer’s 

instructions using RNeasy mini kit (Qiagen), with cells that had been plated in 6 or 12 well plates. After 

lysis with RLT lysis buffer added directly to the wells, the lysed cells and buffer were transferred to a safe-

lock Eppendorf containing a metallic bead and homogenised using the TissueLyser homogeniser machine 

(Qiagen). For snap-frozen liver tissue, approximately 10mg was homogenised in the same way. For 

primary hepatocytes lysed with TrizolTM lysis reagent (Invitrogen) and frozen in 6 well plates, when ready 
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to extract RNA, the plate was thawed on a plate shaker over 10-15 minutes and the contents of each well 

transferred into an Eppendorf. 100µl chloroform (Sigma) was added to each tube, which was shaken 

vigorously by hand for 15 seconds and then incubated for 2-3 minutes at room temperature. Lysed 

samples were centrifuged at 12000 x g for 15 minutes at 4°C and the supernatant was transferred to fresh 

Eppendorfs. 

 

An equal volume of 70% ethanol was added to each Eppendorf, mixed well, and then the sample was 

centrifuged in an RNeasy spin column (Qiagen). The ethanol optimises binding of RNA to the membrane. 

DNAase digestion was performed while RNA was on the column, to digest any genomic DNA which could 

contaminate the sample (RNase-free DNase Set, Qiagen). A series wash steps cleans the bound RNA of 

decontaminants, then RNA was eluted in 30-50µl water, quantified using a spectrophotometer (Nanodrop 

lite, Thermo Fisher) and stored at -20°C. 

 

5.4.2 Reverse transcription 

Reverse transcription produces complementary single DNA strands from RNA, in preparation for 

quantification of RNA expression by quantitative polymerase chain reaction (qPCR).  

 

For RNA harvested using the TaqMan™ Gene Expression Cells-to-CT™ system, a proportion of the lysate 

was transferred to a suitable plate and mixed with reverse transcriptase and buffer according to 

manufacturer’s instructions. 

 

For RNA extracted using spin columns, reverse transcription was performed using Applied Biosystems 

High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher). Briefly, deoxyribonecleotide triphosphate 

molecules (a mixture of dATP, dTTP, dCTP and dGTP) were mixed with reverse transcriptase enzyme and 

random primers in buffer. The random primers are short oligonucleotides with random base sequences, 

which can bind to any RNA sequence. They initiate DNA polymerization, which occurs via the enzyme 

reverse transcription, with the dNTPs as substrates. 1.5µg of RNA was added per sample.  

 

The plate was then incubated in a thermal cycler at the settings recommended by the manufacturer (Veriti 

96-well thermal cycler, Applied Biosystems, Massachusetts, USA). The main stages of incubation are a 
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prolonged period of DNA polymerisation at around 37°C followed by a short burst at high temperature 

(e.g. 85°C for 5 minutes) to deactivate the enzyme. The samples were then maintained at 4°C until storage 

at -20 or used directly for polymerase chain reaction. 

 

5.4.3 Quantitative polymerase chain reaction (qPCR) 

The TaqmanTM probe system for amplification of cDNA was used to determine the relative expression level 

of the gene in question. In this system, the cDNA is mixed with a specific probe that binds to the sequence 

of interest. The probe has a fluorescent dye at the 5’ end but a quencher on the 3’, which means that the 

dye will not fluoresce unless the probe is cleaved. Nonspecific primers are also added to the mix, along 

with DNA polymerase. The mixture is placed in a thermal cycler (CFX384 real-time system, Biorad, 

Hertfordshire, UK) and the temperature is cycled between 60°C for 1 minute and 95°C for 15 secs, fifty 

times. At 60°C, the probe and primers anneal to the single-stranded DNA, and the strand is replicated via 

the action of DNA polymerase. When the probe is reached, the DNA polymerase cleaves the 5’ end of the 

probe, which contains the fluorescent dye. This is released into the media, and now since it is no longer 

in proximity to the quencher it fluoresces. The temperature increases to 95°C which causes the newly 

synthesised strand to break away from the original strand, and then the process repeats on both strands 

when the temperature again falls to 60°C. The dye therefore accumulates with each cycle. 

 

After a certain number of cycles, the fluorescence may supersede background fluorescence: the number 

of cycles is the ‘threshold’ or ‘Ct’ value. The fewer cycles required to supersede background, the lower the 

Ct and the greater the expression of the gene. In parallel to measuring the Ct for the gene of expression, 

each sample was also measured for expression of a ‘house-keeping’ gene, ribosomal RNA gene 18S. This 

gene is highly expressed, and shows very little variance of expression across treatment conditions: it can 

be assumed to be unchanged between control and treatment.  

 

5.4.4 Probes 

The probes used for qPCR were as follows (Thermofisher): 

RAMP2  Hs00359352_m1 

Glucagon receptor (GCGR) Hs01026189_g1 
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Mouse Ramp2 Mm00490256_g1 

Enhanced green fluorescent protein (GFP) Mr04097229 

Mouse glucose 6 phosphatase (G6pc) Mm00839363_m1 

Mouse phosphoenolpyruvate carboxykinase (Pck1) Mm01247058_m1 

Mouse glucagon receptor (Gcgr) Mm00433546_m1 

18S Eukaryotic 18S rRNA Endogenous Control 

Table 5.4: Probes used for quantitative polymerase chain reaction  

5.4.5 Analysis 

To determine the relative expression of the gene of interest, the ‘double delta Ct’ (∆∆Ct) method was used 

(Livak & Schmittgen, 2001). This normalises the expression of the gene of interest to the expression of 

18S for each sample, which is equivalent to normalising for any differences in the quantity of cDNA loaded 

to each well. Each cDNA sample was run through qPCR in triplicate and the mean of each triplicate was 

used to perform the following calculation: 

 

1/ ∆Ct = Ct (18S) - Ct (gene of interest)  

This results in one value for each of the different biological replicates, which represents the level of 

expression of the gene of interest in each sample compared to 18S in the same sample. 

2/ ∆Ct (Control average) = mean of ∆Ct for the control (treated with vehicle) samples 

This provides a gene expression level to which all the samples can be normalised 

3/ ∆∆Ct = ∆Ct (Sample) – ∆Ct (Control average)  

All samples (treated and untreated) are now normalised to the control average 

4/ Fold gene expression = 2^(∆∆Ct) 

This step is necessary because the qPCR reaction is assumed to be exponential, i.e. a doubling of the 

amount of template is equivalent to an increase in Ct of 1. 
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5.5 Radioligand binding experiments 

The purpose of these experiments was to determine if modification of cellular RAMP2 was associated with 

any change in GCGR binding affinity or GCGR availability for binding.  

5.5.1 Basic premise and assumptions 

All experiments are based on the concept that the ligand binds to the receptor reversibly according to the 

law of mass action (Salahudeen & Nishtala, 2017), which can be expressed as follows: 

[L] + [R] ↔ [LR] 

Where [L] = free concentration of ligand; [R] = free concentration of receptor and [RL] = free concentration 

of ligand-receptor complex. 

Assumptions made during these experiments include the following (Salahudeen & Nishtala, 2017; 

Sittampalam, Coussens, Brimacombe, et al., 2004): 

• Iodination of GCG does not change the binding properties of GCG.  Previous experiments have 

demonstrated comparable biological activity and binding properties of labelled and unlabeled 

glucagon (Rodbell, Krans, Pohl, et al., 1971).  

• Ligand is added in excess so that the free concentration is only negligibly affected even at maximal 

receptor binding 

• Ligand binds reversibly to the receptor, and after dissociation neither are altered 

 

5.5.2 Radiolabel 

Glucagon was iodinated in-house using the direct iodination method and purified using reversed-phase 

high performance liquid chromatography (described in (Owji, Smith, Coppock, et al., 1995)): I125 GCG.  

 

5.5.3 Non-specific binding 

Non-specific binding (NSB) was determined using an excess of non-labelled GCG (at least 3 µM) to occupy 

all available receptor. Radioactivity after washing in the presence of excess GCG indicates label that is 

either bound to the components of the assay system (e.g. walls of the tubes) or non-specifically to the 

cell. To minimise non-specific binding, siliconized tubes were used and the assay buffer included Tween 

20 and BSA which both help decrease non-specific binding (Sittampalam, Coussens, Brimacombe, et al., 

2004).  
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5.5.4 Procedure 

The assay was performed in assay buffer (25mM HEPES pH7.4, 2mM magnesium chloride hexahydrate 

powder and 0.05% Tween 20, 1% bovine serum albumin (BSA) and 0.5% protease inhibitor; Sigma). I125 

GCG was diluted to desired activity and then 50µl was mixed with a 50µl aliquot of freshly suspended 

cells, with or without unlabelled GCG in excess for non-specific binding. Assay buffer was added to a final 

volume of 500µl. An aliquot of cells was reserved in assay buffer without BSA for protein quantification. 

After gently vortexing, tubes were incubated for indicated duration. Ninety minutes is sufficient to reach 

binding equilibrium at room temperature (Levey, Fletcher, Klein, et al., 1974); at 4°C 4 hours is ample 

(Bharucha & Tager, 1990). After incubation tubes were centrifuged at 15000 x g at 4°C for 3 min, 

supernatant was aspirated, and then cells were washed in assay buffer. γ radiation was measured for 240 

seconds (Gamma counter, NE1600, NE technology Ltd, UK). All conditions were performed in triplicate. 

 

5.5.5 Types of experiments and analysis 

Two types of binding equilibrium experiment were performed: saturation binding and homologous 

competition binding. Saturation binding assays involve measuring total binding and non-specific binding 

after equilibrium has been reached at various radio-ligand concentrations. Specific binding at different 

concentrations of label can be calculated.  

Specific binding = total binding - NSB 

Specific binding was normalised to protein content of the cells to allow comparison across cells lines (see 

section ‘Protein quantification’, 5.7.2).  

 

For homologous competition binding assays a fixed activity of labelled ligand was used (1000 counts per 

second (cps), or approximately 5.6nM), combined with ascending concentrations of unlabelled GCG. For 

all conditions tested, non-specific binding was subtracted from total bound radioligand to obtain specific 

binding. Specific binding at each concentration was normalised to maximal specific binding (when no 

unlabelled peptide was present).  

 

This enabled estimation of the concentration at which the unlabelled ligand displaces 50% of the I125 GCG 

(IC50) (Hulme & Trevethick, 2010). Data was plotted as follows -  Y (% specific binding) against X 

(concentration of the unlabelled agonist) – and then fit to the following curve: 
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Y= Bottom +( Top – bottom)/ (1+10^(X-LogIC50)) 

Bmax was additionally calculated using the following regression fit curve, where [Hot] is the concentration 

of labelled ligand in nM: 

Y= (Bmax*[Hot])/ ([Hot]+[Cold]+Kd)+ NSB (Sittampalam, Coussens, Brimacombe, et al., 2004) 

 

To investigate binding of GLP-1 to the GCGR, a heterologous competition equilibrium binding assay was 

performed in which cells were incubated with unlabelled GLP-1  and I125 GCG. Two concentrations of GLP-

1, in the µM range to account for the low affinity of GLP-1 for GCGR, were tested, and binding in their 

presence was expressed as a proportion to binding in the presence of I125 GCG alone.  

 

To investigate internalisation, cells were incubated in Eppendorfs with radiolabelled ligand for the 

indicated duration at 37°C, then the mixture was centrifuged at 4°C and the supernatant discarded. 

Surface bound ligand was then dissociated by adding acetic acid (50mM, pH 2.8) and incubating on ice for 

6 minutes, after which the mixture was centrifuged and separated. γ radiation of both the supernatant 

and the pellet was measured over 240 seconds: the former is a measure of surface receptor and the latter 

a measure of internalised receptor. Percentage receptor internalised is expressed as:  

%internalised receptor = pellet count/ (pellet count + surface count) 
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5.6 Cyclic adenosine monophosphate (cAMP) assay 

cAMP is produced in the cell immediately downstream of adenylyl cyclase stimulation. When glucagon is 

added, an increase in the level of cAMP in the cell provides a sensitive output of GCGR activity. The Cisbio 

assay for cAMP uses Förster resonance energy transfer (FRET) to generate a quantitative fluorescent 

signal. In brief, the process is as follows: cells are stimulated with glucagon under test conditions; cells are 

lysed to terminate the reaction; cAMP molecules coupled to acceptor fluorophores (D) are added to the 

lysate; an anti-cAMP antibody labelled with a donor fluorophore (K) is added to the mix. There is 

competition between the endogenous unlabelled cAMP and the fluorophore-bound cAMP (D) to bind 

with K. When D binds with K, the acceptor and donor fluorophores are sufficiently close that energy 

transfer occurs between the two. This generates a fluorescent readout: the higher the readout the lower 

the endogenous cAMP level. 

 

One key benefit of using FRET is that the biomolecules have to be extremely close for energy transfer to 

occur: in other words, they have to bind. This means that there is no need to wash off unbound 

fluorophore. A further potential source of non-specific signal is from the background fluorescence of 

proteins, chemicals and buffers in the wells. A way of distinguishing background fluorescence from the 

signal fluorescence is that the former is very short-lived. The Cisbio assay uses homogenous time-resolved 

fluorescence (HRTF) to distinguish and record only long-lived emissions.  

 

5.6.1 Protocol for cAMP assay for plated cells  

All additives were made up in serum free DMEM containing 100µM 3-isobutyl-1-methylxanthine (IBMX, 

Sigma). IBMX is a phosphodiesterase inhibitor which prevents the degradation of cAMP and therefore 

maximises the measurable response. Serial dilutions were made of the stimulating peptide, with top 

concentration of 500 or 100nM. Forskolin was also prepared at 25µM (Sigma). Forskolin is a direct adenylyl 

cyclase activator and therefore acts as a positive control. Peptides or forskolin were added to each well, 

covered and incubated at 37°C for the indicated duration. Following this, 40µl neat lysis and detection 

buffer was added to each well, and 25µl of the lysate added to a white 96-well plate. 12µl D was added, 

followed by 12µl K, and the reaction was incubated at room temperature for one hour. HTRF ratio was 

determined using a plate reader (SoftMax Pro 6.1). 
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5.6.2 Protocol for cAMP assay for cells in suspension 

For CHO and HEPA assays, cells that had been transfected in 6 well plates 48 hours earlier were freshly 

resuspended and used at an approximate concentration of 0.5 million/ ml. Peptides were made up in 

IBMX at twice the desired final concentration. Forskolin was prepared at 50µM (2X the desired final 

concentration). 12µl of cell suspension was added to each well of an opaque 96-well plate, followed by 

12µl of peptide or forskolin. Following incubation, 12µl D was added to each well, followed by 12µl K. 

After one hour, HTRF ratio was read. 

 

5.6.3 Analysis of cAMP assays 

Raw data was interpolated against a standard curve made from known cAMP concentrations, using a four-

parameter logistic curve. Results were normalised to the mean readout from the positive control forskolin 

treated wells for each cell type or condition. The purpose of this step is to correct for any small differences 

in cell density between the different conditions tested, or the different days of the experiment. Data was 

then fit to a variable slope log (agonist) versus response curve, which allows estimation of Emax and EC50 

for the conditions tested.  

 

Y=Bottom + (Top-Bottom)/(1+10^((LogEC50-X)*HillSlope)) 

 

Emax indicates the maximum response possible, or pharmacological efficacy; EC50 is the dose required to 

produce half-maximal response, or pharmacological potency. All cAMP experiments were performed 

three to five times, each time in triplicate. The normalised forskolin responses on each day were combined 

to produce the graphs presented. Emax and logEC50s from different days were listed and compared. 
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5.7 Protein analysis 

SDS polyacrylamide gel electrophoresis (SDS-PAGE) and Western blot were used to investigate the 

expression of specific proteins in samples. This involves the following steps: extracting protein from the 

samples, quantifying total protein in each sample, separating the individual proteins in each sample 

according to their weight by gel electrophoresis, transferring these proteins to a membrane, ‘blocking’ 

the membrane to reduce non-specific binding of antibody, binding the antibody of interest with a specific 

antibody, detecting the antibody and then imaging to capture the results.  

 

5.7.1 Extracting protein 

Tissue samples were snap-frozen at -80’C at the time of harvest. For protein extraction, 10mg pieces were 

lysed with 500µl of ice-cold RIPA lysis buffer (Sigma) containing protease inhibitor cocktail (Promega, 

Southampton, UK) using TissueLyser machine (Qiagen). The samples then underwent constant agitation 

for 2 hours at 4°C to allow proteins to dissolve in the buffer. Following this, samples were centrifuged at 

12,000 x g at 4°C for 10 minutes. The pellet was discarded and the protein extract stored at -20°C. 

 

For cells plated in a 12- or 6- well plate, the cells were washed with cold PBS and then RIPA lysis buffer 

(Sigma) with protease inhibitor (Promega, Southampton, UK) was added to cover the base of the well. The 

base of the well was scraped and the contents aspirated. Samples then underwent constant agitation for 

2 hours at 4°C to allow proteins to dissolve in the buffer. Following centrifugation at 12,000 x g at 4°C for 

10 minutes, the supernatant was collected.  

 

5.7.2 Protein quantification 

A bicinchoninic acid (BCA) assay was used to determine the protein concentration of each sample, with 

bovine serum albumin (BSA) as the standard (Sigma). This assay relies on the properties of proteins to 

reduce Cu2+ to Cu+ in a concentration dependent manner. Bicinchoninic acid is a highly-specific 

chromogenic reagent for Cu+: they bind to form a purple complex. The intensity of the purple is 

proportional to the protein concentration of the sample. 
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For each assay, a standard curve was included, with BSA at a top concentration of 2mg/ml, sequentially 

diluted 1 in 2 with RIPA buffer. A blank (RIPA only) was also included. Samples were diluted with RIPA as 

necessary (to ensure that final concentration fell within the standard curve – usually for liver samples 1 in 

10 dilution is appropriate). 10µl diluted sample or standard was mixed with 90µl protein determinant 

reagent. The reagent is formed just before use by mixing 49 parts BCA solution with 1-part copper 

sulphate 4% (Sigma). After incubation for 30 minutes at room temperature, absorbance of the samples 

was measured at 562nm (SpectraMaxi3X). The protein concentrations of the diluted samples were 

interpolated from the standard curve, and multiplied by the dilution factor to give the estimated protein 

concentration of the original sample in mg/ml. 

 

5.7.3 SDS-PAGE 

12% SDS gels were prepared in casettes (Novex, California, USA) using the recipes in table 5.5. After the 

resolving gel set, the stacking gel was poured on top with a comb placed into it to form wells. The stacking 

gel is slightly more acidic and has a lower concentration of acrylamide than the running gel, which causes 

the proteins in each sample to be condensed into one tight band during the beginning of electrophoresis, 

before they enter the running gel. 

 Running gel (per gel) Stacking gel (per gel) 

40% acrylamide/bis solution 37.5:1 (Biorad, 
California, USA) 

3ml  222ul 

1M Tris HCl pH 8.8 (Sigma) 3.75ml  

1M Tris HCl pH 6.8 (Sigma)  250µl 

Distilled water 3.1ml 1.5ml 

10% Sodium dodecyl sulfate (SDS)  

(Sigma) 

100µl 20µl 

10% Ammonium persulfate (APs) (Thermo 
Fisher) 

50µl 10µl 

Tetramethylethylene-diamine (TEMED) 
(Sigma) 

5µl 1µl 

Table 5.5: Recipe for 12% running and stacking gels 
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30µg of protein was loaded into each well. Protein was prepared by incubating at 95°C for 5 minutes with 

loading buffer (4X Laemmli sample buffer (Biorad, California, USA) with 10% β-mercaptoethanol (Sigma)) 

in a heat block (VWR). Alongside the samples, one well was loaded with Precision plus protein dual Xtra 

protein standards (Biorad, California, USA). 

 

Gels were placed in a  tank (XCell Sure LockTM, Thermo Fisher), along with 1X Running buffer (table 5.6) 

and a current applied for approximately 1 hour until the dye fronts had reached the bottom of the gel 

(Cleaver Scientific, Rugby, UK). As the proteins are negatively charged, they migrate towards the positive 

(lower) pole of the gel. Smaller proteins move more quickly, and this results in the proteins being 

separated by size, with the smaller proteins at the lower end. The protein standard contains proteins of 

known molecular weight, which are stained blue or pink. As these separate alongside the samples, they 

can be used as a guide to the molecular weight of the individual proteins in the samples. 

 

 10X Running 
buffer 

10X Transfer 
buffer 

20X Wash buffer (TBS) 

Tris base (Sigma) 30g 30.3g 48.4g 

Glycine (Sigma) 144g 144g  

Sodium dodecyl sulfate (SDS)  

(Sigma) 

10g   

Sodium chloride (Sigma)   160g 

Other 

 

  pH to 7.6 with 
hydrochloric acid (VWR) 

Distilled water Make up to 
1000ml 

Make up to 
1000ml 

Make up to 1000ml 

To make 1X buffer Add 9 parts water  Add 2 parts 
methanol (VWR) 
and 7 parts cold 
water 

Add 19 parts water and 
Tween 20 (VWR) if 
desired (e.g. 0.2%)  

Table 5.6: Recipes for buffers for Western blot 
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5.7.4 Western blotting 

Proteins were transferred from the gel to a 0.45µm pore size nitrocellulose membrane (GE Healthcare) 

using a semi-dry system. Before starting, membrane and filter papers (Whatman 3MM) were briefly 

soaked in cold transfer buffer. This buffer contains methanol which helps to strip SDS from the proteins 

and facilitates their binding to the membrane. Filter paper, membrane and gel were layered in the 

TransblotR SD electrophoretic transfer cell (Biorad, California, USA) and transfer took place at 12V for 32 

minutes at room temperature. During this time the negatively charged proteins move towards the positive 

anode, and settle on the membrane. A Ponceau S solution (Sigma) was applied to the membrane to check 

the protein had transferred and enable the membrane to be trimmed as required. 

 

The membrane was blocked with buffer containing 2.5% skim milk powder and 2.5% BSA (Sigma) in TBS 

buffer with 0.01% Tween 20 (VWR), with gentle rocking for 1 hour at room temperature. Antibodies were 

made up in blocking buffer and rotated at the indicated temperature for the indicated duration. In 

between application of primary and secondary antibodies, the membrane was washed thoroughly using 

TBS buffer with 0.2% Tween 20 (at least 3 washes for 5-10 minutes each). 

 

Prior to development, enhanced chemiluminescence (ECL) substrate (Biorad, California, USA) was added. 

This substrate is metabolised by the horseradish peroxidase to which the antibody is conjugated. The 

product of the reaction emits a luminescent signal which was detected by a specialised photosensitive 

film (GE Healthcare, Hatfield, UK) or a ChemiDoc digital imaging system (Biorad, California, USA). 

 

5.7.5 Antibodies and controls 

For assessment of the presence of RAMP2, mouse brain was used as a positive control as it expresses high 

levels of RAMP2 (Igarashi, Sakurai, Kamiyoshi, et al., 2014). Unfortunately, as it is likely that all tissues 

express at least a small amount of RAMP2, and I did not have tissue from a complete knock-out, I was 

unable to include a negative control. For quantification purposes I subsequently used the same membrane 

to stain for glyceraldehyde 3-phosphate dehydrogenase (GAPDH), which is ubiquitously expressed in 

eukaryotic tissues and therefore can be used as an estimate of the protein content of each lane (Wu, Wu, 

He, et al., 2012). 

 



 101 

Anti-RAMP2: sc-365240 at 1/500 dilution overnight at 4°C; secondary sc-516102 (mouse IgG kappa 

binding protein conjugated with HRP) at 1/1000 for one hour at room temperature (both antibodies from 

Santa Cruz Biotechnology, California, USA).  

 

Anti-GAPDH: mab374 at 1/500 dilution overnight at 4°C (Merck, Feltham, UK); secondary #15014 (anti-

mouse conjugated with HRP) at 1/10 000 for one hour at room temperature (Active Motif, California, 

USA). 

 

Anti-GFP: A6455 1/1000 at room temperature for 1 hour (Invitrogen); secondary #15015 (anti-rabbit 

conjugated with HRP) at 1/10 000 for one hour at room temperature (Active Motif, California, USA). 

 

Anti-FLAG: ab49763 at 1/1000 dilution for 1 hour at room temperature (Abcam, Cambridge UK).  

 

5.8 Statistical analysis 

All quantitative analysis was performed using Prism 8.1.2 for Mac OS X (Graph Pad). Radioligand binding 

assays, gene expression and cAMP experiments were performed in triplicate in each experiment, and the 

mean and standard error of mean (SEM) of the results of each separate experiment are presented.  

 

Comparisons were performed using Student’s t test or one-way ANOVA with Tukey’s multiple 

comparisons where appropriate. p<0.05 is considered statistically significant and these results have been 

labelled with asterisks in the graphs.  
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6 Manipulation of RAMP2 in human hepatocytes: effects on glucagon 

receptor distribution and activity 

6.1 Introduction 

As introduced in the Chapter 4, previous data regarding the effect of Receptor Activity Modifying Protein 

2 (RAMP2) upregulation on glucagon receptor (GCGR) activity are conflicting. Notably, in Chinese Hamster 

Ovarian (CHO) cells, we demonstrated that in the presence of RAMP2, GCGR surface expression is 

decreased (Cegla, Jones, Gardiner, et al., 2017). In Human Embryonic Kidney (HEK293) cells, however, co-

transfection of RAMP2 with GCGR was reported no make no difference to surface expression of GCGR 

(Weston, Lu, Li, et al., 2015). Furthermore, although in both cell lines efficacy of GCG for cAMP production 

was greater in the presence of RAMP2, there were divergent findings regarding potency. In CHO cells we 

found that potency of GCG for cAMP production was lower in the presence of RAMP2 (Cegla, Jones, 

Gardiner, et al., 2017), whereas in HEK293 cells it was reported as higher in the presence of RAMP2 

(Weston, Lu, Li, et al., 2015).   

 

These disparate findings are consistent with the notion that RAMP activity is dependent on cellular 

context (Tilakaratne, Christopoulos, Zumpe, et al., 2000b). As non-hepatocyte cells, neither CHO nor 

HEK293 findings are well suited to predict the presence of an interaction between RAMP2 and GCGR in 

liver. The main aim of this chapter was to examine the effect of upregulating RAMP2 on GCGR surface 

expression and activity in human hepatocytes.  

 

I also created another stable CHO-RAMP2 cell line, to determine if our previous finding of decreased 

surface binding to GCG in the presence of RAMP2 was reproducible. This had been requested by reviewers 

of the manuscript, which was subsequently published (Cegla, Jones, Gardiner, et al., 2017).   
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6.2 Hypotheses and aims 

 

6.2.1 Hypotheses 

Upregulation of RAMP2 in CHO cells is consistently associated with decreased surface binding to GCG. 

Upregulation of RAMP2 in human hepatoma cells decreases surface expression of GCGR, and is associated 

with an increase in responsiveness to GCG stimulation.  

 

6.2.2 Aims 

1/ Investigate RAMP2 binding affinity in a new stable CHO cell line with upregulated human RAMP2  

2/ Describe effects of human RAMP2 on human GCGR cellular distribution, binding affinity and function 

in human hepatoma cells 
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6.3 Methods  

General methods and materials including cell lines, cell transfections, gene expression, radioligand binding 

experiments and cyclic AMP assays are described in Chapter 5. 

 

6.3.1 Confocal microscopy 

The aim of these experiments was to visualise GCGR in the cell and determine if upregulation of RAMP2 

altered its distribution. These experiments involved transient transfections, which is of variable efficiency 

(Kim & Eberwine, 2010). RAMP2-CFP (with EV-CFP as control) was used in order to allow visualisation of 

transfected cells (table 5.2). 

 

6.3.1.1 Procedure 

Cells were transfected 24 hours after plating onto coverslips in a 24 well plate. 48 hours later, experiments 

were performed. Where SNAP-GCGR was used, cells were incubated with SNAP-Surface 649 fluorescent 

probe (New England Biolabs, USA) at 1µM made up in media containing 1% BSA, for 30 minutes at 37°C. 

Cells were then washed three times with cold PBS to remove any unbound probe. Where FITC-GCG was 

used, this was made up in serum-free medium and applied for 4 hours at 4°C in the dark. Cells were then 

washed three times with cold PBS to remove any unbound probe. After all treatments, cells were fixed 

with 2% paraformaldehyde (PFA) for 30 minutes at 4°C. They were mounted using mounting media 

(ProLong diamond antifade mountant, with or without DAPI; Thermofisher). 

 

6.3.1.2 Imaging and analysis  

Slides were imaged using Zeiss LSM-780 inverted confocal laser-scanning microscope in a 63x/1.4 

numerical aperture oil-immersion objective from the Facility for Imaging by Light Microscopy (FILM) at 

Imperial College London. Images were taken randomly from areas where cells were lying in a single plane. 

These images were analysed using Fiji (Image J) (Schindelin, Arganda-Carreras, Frise, et al., 2012). Briefly, 

cells expressing CFP were identified and drawn around them by hand. A bespoke macro was used to 

calculate the density of the GCGR (as indicated either by FITC-GCG or SNAP-GCGR) in the total cell, the 

border of the cell (a depth of one micron), and the remaining inner portion of the cell. To gauge proportion 

of internalised receptor, density of receptor inside the cell was expressed as a ratio of its density in the 
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cell as a whole. Density of the internal FITC-GCG signal was also quantified. All receptor and ligand 

densities are in arbitrary units.  

 

When performing experiments with FITC-GCG the control for non-specific binding was included in which 

1µM GCG was included in the media. This confirmed that there was minimal non-specific binding of FITC-

GCG and that the washes included in the procedure described above were sufficient. 

 

6.3.2 Statistical analysis 

All quantitative analysis was performed using Prism 8.1.2 for Mac OS X (Graph Pad). Radioligand binding 

assays, gene expression and cAMP experiments were performed in triplicate in each experiment, and the 

mean and standard error of mean (SEM) of the results of each separate experiment are presented. 

Quantification of confocal experiments is given as the mean and SEM of 8-12 cells for each condition 

across at least 2 experiments. 

 

Comparisons were performed using Student’s t test or one-way ANOVA with Tukey’s multiple 

comparisons where appropriate. p<0.05 is considered statistically significant and these results have been 

labelled with asterisks in the graphs.  
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6.4 Results 

 

6.4.1 Confirmation of upregulation/ silencing 

 

6.4.1.1 CHO-GCGR-CFP-RAMP2 

Gene expression of RAMP2 was undetectable in control cells but present in cells transfected with CFP-

RAMP2 (Cts of approximately 45 and 30 respectively). 

 

6.4.1.2 Huh7-GCGR 

siRNA against RAMP2 decreased levels of RAMP2 to approximately one-fifth compared to control (figure 

6.1.A). Transient upregulation of RAMP2 was also effective: baseline Cts for RAMP2 in Huh7-GCGR cells 

were around 35, and 48 hours after transfection they had increased dramatically, to absolute values of 

20-25 (figure 6.1.B). To check that the manipulation did not affect the cells’ ability to express GCGR, I 

checked expression of GCGR: there was no difference between the treatments (figure 6.1.C).  

 

Figure 6.1: Silencing (A) and upregulation of RAMP2 (B) in Huh7-GCGR cells is effective and has no effect 

on expression of GCGR (C).  

Transfections for 48 hours. Gene expression is expressed as fold change to control for each condition. 

Mean and SEM of at least three experiments, each performed in triplicate. *p<0.05; ****p<0.0001 
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6.4.2 Radioligand binding assays 

 

6.4.2.1 CHO-GCGR-CFP-RAMP2 

In a saturation equilibrium binding experiment, specific binding in control cells was higher than in RAMP2 

upregulated cells at the top concentrations (figure 6.2.A). In a homologous competition binding assay 

(Sittampalam, Coussens, Brimacombe, et al., 2004), control cells bound with comparable affinity to GCG 

as RAMP2 upregulated cells (logIC50 -8.3 and -8.4 respectively, figure 6.2.B); however derived Bmax was 

greater in the control cells each time the experiment was performed (p=0.02) (figure 6.2.C). 

 

Figure 6.2: Specific binding to I125 GCG of CHO-GCGR-CFP-RAMP2 and control cells. 

Specific binding is greater in control cells, incubated for 4 hours at 4°C (A). In a competitive assay, 

binding affinity is comparable (B) while derived Bmax is greater in control cells (C), incubated at room 

temperature for 90 minutes. Mean and SEM of n= 3-4 experiments, normalised to protein 

content.*p<0.05; **p<0.01; ****p<0.0001 
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Ligand internalised expressed as a proportion of total bound after 10 minutes was greater in the presence 

of RAMP2 (figure 6.3; p=0.01).  This suggests that RAMP2 facilitates internalisation of GCG.  

 

Figure 6.3: Internalisation of glucagon analogue I125 #2367 in CHO-GCGR-CFP-RAMP2 and control cells.  

Internalised ligand after incubation at 37°C for 10 minutes expressed as % of total bound. Mean and 

SEM of three experiments; *p<0.05 

 

6.4.2.2 Huh7-GCGR 

Similarly to CHO cells, Huh7-GCGR cells bound less ligand in the presence of RAMP2 during a saturation 
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5.6nmol), specific binding was reduced when RAMP2 was upregulated (figure 6.4.B); whereas it was 

increased when RAMP2 was selectively silenced (figure 6.4.C). These findings suggest that manipulation 

of RAMP2 affects GCGR surface density in Huh cells as well as in CHO cells.

 

Figure 6.4: Specific binding to I125 GCG in Huh7-GCGR with RAMP2 upregulated (A, B) or silenced (C) 

Incubation at 4°C for 4 hours: variable concentrations of I125 GCG (A) or 5.6nM (B and C).Mean and SEM 

of 3-4 experiments, normalised to protein; *p<0.05; **p<0.01; ***p<0.001 

CHO-G
CGR-pcD

NA

CHO-G
CGR-C

FP-R
2

0

20

40

60

80

%
 I12

5  #
23

67
 in

te
rn

al
is

ed
 

*

0 5 10 15 20 25
0

10000

20000

30000

40000

[I125 GCG] nM

S
pe

ci
fic

 b
in

di
ng

 (c
ou

nt
s/

24
0s

)

pcDNA3

RAMP2

* ** ***

pcD
NA

RAMP2
0

10000

20000

30000

40000

S
pe

ci
fic

 b
in

di
ng

 (c
ou

nt
s/

24
0s

) *

A B

siR
NA co

ntro
l

siR
NA R

AMP2
0

5000

10000

15000

20000

25000

S
pe

ci
fic

 b
in

di
ng

 (c
ou

nt
s/

24
0s

)

*

C



 109 

GLP-1 binds with low affinity to GCGR. Previous reports have suggested that the upregulation of RAMP2 

prevents glucagon-like peptide 1 (GLP-1) binding to the glucagon receptor  (Weston, Lu, Li, et al., 2015). 

In Huh7-GCGR cells, GLP-1 displaced I125 GCG at both concentrations: by about 50% at 3µM (figure 6.5.A) 

and 65% at 10µM (figure 6.5.B). There was no consistent effect of upregulating or silencing RAMP2. This 

would suggest that in this system, RAMP2 does not prevent GLP-1 binding to the GCGR. 

 

Figure 6.5: Proportion of I125 GCG bound in the presence of 3𝛍M (A) or 10𝛍M (B) GLP-1 in Huh7-GCGR 

with RAMP2 upregulated or silenced.  

Incubation at 4°C for 4 hours with 3𝛍M (A) or 10𝛍M (B) GLP-1. Means of two experiments illustrated, 

each performed in triplicate 
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6.4.3 Cellular distribution of GCGR 

 

6.4.3.1 Huh cells 

Huh7-GCGR cells were transfected with either empty-vector cyan fluorescent peptide (EV-CFP) or RAMP2-

CFP (green in figure 6.6.B and C), and then incubated with 100nM FITC-GCG for 4 hours at 4°C (figure 6.6). 

The fluorescent glucagon reaches binding equilibrium with the receptor at the surface of the cell, and one 

would expect negligible internalisation of GCGR at this low temperature (Penheiter, Mitchell, Garamszegi, 

et al., 2002). It can be visualised (red in figure 6.6.B and C), and its location is an indirect marker of the 

location of the GCGR. More GCGR was observed at the border of control cells compared to RAMP2-

upregulated cells (quantified in figure 6.6.A, with representative cells illustrated in figure 6.6.B and C).  

 

Figure 6.6 Surface density of GCG in Huh7-GCGR cells transfected with control (EV-CFP) and RAMP2-CFP 

(A); representative images of EV-CFP (B) and RAMP2 (C). 

Cells incubated with FITC-GCG for 4 hours at 4°C. Surface density of GCGR is greater in the control 

transfected cells (A). Mean and SEM of 8-12 cells for each condition across 2 experiments; **p<0.01. B 

and C: CFP in green; FITC-GCG in red. 
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trafficking to the cell surface membrane after synthesis, internalisation after stimulation and/or recycling 

after internalisation. Since RAMPs have been demonstrated to be crucial for internalisation in other 

settings: for example, RAMP3 is necessary for adrenomedullin-stimulated internalisation of the AM2 
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(adrenomedullin) receptor (Bomberger, Parameswaran, Hall, et al., 2005), I next investigated constitutive 

and agonist-stimulated internalisation of GCGR in the presence of RAMP2. 

 

In order to directly visualise the GCGR, I used Huh7 cells into which I co-transfected a tagged glucagon 

receptor (SNAP-GCGR) and either EV-CFP or RAMP2-CFP. As the SNAP-tag can be irreversibly labelled with 

a fluorescent small molecule, the GCGR may be directly visualised. Total GCGR expression was comparable 

between control and RAMP2 cells, indicating that upregulation of RAMP2 is unlikely to decrease 

biosynthesis of GCGR (figure 6.7.A). As with Huh-GCGR cells, the appearance of receptor distribution 

differed: GCGR is mostly located at the cell surface membrane in the control cells (figure 6.7.C), whereas 

when RAMP2 is upregulated, GCGR appears to be concentrated in endosomes within the cell (figure 

6.7.D). When quantified, (figure 6.7.B), there is a greater proportion of GCGR in the internal part of the 

cell in RAMP2-CFP cells both constitutively and when stimulated by ligand. The finding that the relative 

density of internal receptor decreased after GCG stimulation was surprising and may be an artefact due 

to the fact that the cells are very flat: it is difficult to visualise the inside of the cell, avoiding its surfaces, 

using confocal. Nonetheless, these findings raise the possibility that GCGR undergoes either greater 

constitutive and ligand-stimulated internalisation at 37°C in the presence of RAMP2, or a reduction in 

recycling to the plasma membrane.  
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Figure 6.7 Constitutive and ligand stimulated internalisation of GCGR in Huh7 cells transfected with 

SNAP-GCGR and RAMP2-CFP or control (EV-CFP). 

Labelled with SNAP probe prior to incubation with either 100nM FITC-GCG (‘GCG’) or vehicle for 1 hour 

at 37°C. Despite similar total cellular GCGR density (A), both constitutive and stimulated fraction of 

GCGR inside the cell is greater in RAMP2 upregulated cells (B). Mean and SEM of 8-12 cells for each 

condition across 2 experiments; *p<0.05; D and E: images of representative unstimulated cells with 

GCGR in white (C= control; D= RAMP2-CFP).  

 

6.4.3.2 HEK293 cells 

In order to further investigate the effect of RAMP2 on constitutive and stimulated GCGR distribution, I 

used HEK293 cells as these are less flat than Huh7 so it is easier to visualise receptor distribution with 

confocal microscopy. Again, there was comparable density of GCGR across the cells as a whole (figure 

6.8.A). Again, there was an appearance of more GCGR inside the cells when upregulated with RAMP2, 

constitutively and on stimulation, though this did not reach quantitative statistical significance when the 

cells were unstimulated (figure 6.8.B and D-G). Upon stimulation, the FITC-GCG is internalised both with 

and without RAMP2, with no difference in the intensity of internalised ligand (figure 6.8.C, E,G). In the 
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control cells, there is no change in relative fraction of internal GCGR, suggesting that the receptor has only 

transiently internalised, deposited the ligand, and then recycled to the cell membrane; whereas in RAMP2 

upregulated cells, stimulation leads to an increase in the proportion of receptor that is inside the cell 

(figure 6.8.B). This could suggest a decrease in receptor recycling in the presence of RAMP2. 

 

Figure 6.8  Constitutive and ligand stimulated internalisation of GCGR in HEK293 cells transfected with 

SNAP-GCGR and RAMP2-CFP or control (EV-CFP). 

Labelled with SNAP probe prior to incubation with either 100nM FITC-GCG (‘GCG’) or vehicle for 1 hour 

at 37°C. Despite similar total cellular GCGR density (A), both constitutive and stimulated fraction of 

GCGR inside the cell is greater in RAMP2 upregulated cells (B). Density of FITC-GCG inside stimulated 

cells (C). Mean and SEM of 8-12 cells for each condition across 2 experiments; *p<0.05; ***p<0.001. D-

G: images of representative cells (D= control vehicle; E= control FITC-GCG; F = RAMP2-CFP vehicle; G= 

RAMP2-CFP FITC-GCG). CFP is blue; GCGR is red and FITC-GCG is green. 

 

Together with the radioligand binding experiments presented earlier in this chapter, these microscopy 

experiments support and develop the findings in CHO cells previously published by our group (Cegla, 

Jones, Gardiner, et al., 2017): in several cell types including hepatocytes, an increase in RAMP2 is 

associated with decreased surface GCGR density. Although upregulation of RAMP2 was associated with 
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an increase in agonist-stimulated internalisation as measured by RBA after 10 minutes stimulation in CHO 

cells, there was no apparent difference in internalised ligand in HEK cells after 1 hour stimulation as 

measured by microscopy; there was, however, an increase in the amount of GCGR retained inside the cell 

following agonist stimulation. This could be the result of increased internalisation, or decreased recycling, 

in the presence of RAMP2. 

 

6.4.4 Cyclic AMP production 

In CHO and HEK293 cells, upregulation of RAMP2 leads to an increase in efficacy for the production of 

cAMP (Cegla, Jones, Gardiner, et al., 2017; Weston, Lu, Li, et al., 2015). I investigated the effect of RAMP2 

manipulation in Huh7-GCGR cells and found a similar trend. When RAMP2 was upregulated there was an 

increase in efficacy for cAMP production (Emax), with no change in potency (EC50; figure 6.9.A and C). 

When RAMP2 was silenced, there was a trend to reduction of Emax, although this was not statistically 

significant (figure 6.9.B and C).  

 

 pcDNA3 RAMP2 P value siRNA 
control 

siRNA 
RAMP2 

P value 

Emax 162.5+/- 8.6 217.4+/- 9.6 0.005 348.9+/-49 271.0+/-25 0.09 

Log EC50 -10.4+/- 0.1 -10.2+/-0.2 ns -9.2+/- 0.06 -9.1+/-0.06 ns 

Figure 6.9 cAMP response to glucagon in Huh7-GCGR cells with RAMP2 upregulated (A) or silenced (B).  

Stimulation for 10 minutes at 37°C. Mean and SEM of 3-4 experiments 
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6.5 Discussion 

The main findings of this chapter are as follows: firstly, increased RAMP2 is associated with decreased 

surface GCGR; secondly, increased RAMP2 is associated with greater hepatocyte responsiveness to 

glucagon for cAMP production. 

 

In both CHO and Huh7 cells, RAMP2 upregulation reduces GCGR binding site availability as assessed by 

radioimmunoassay, without affecting binding affinity. Conversely, RAMP2 silencing is associated with an 

increase in binding site density in Huh7 cells. In stimulated Huh7 and HEK293cells, RAMP2 upregulation is 

associated with lower GCGR density at the surface of membranes and a greater proportion of GCGR inside 

the cell, as assessed by confocal microscopy. As previously demonstrated in CHO and HEK293 cells (Cegla, 

Jones, Gardiner, et al., 2017; Weston, Lu, Li, et al., 2015), RAMP2 upregulation is associated with greater 

efficacy for cAMP production in response to glucagon in Huh7 cells. The converse finding holds true, with 

silencing of RAMP2 associated with a trend to reduction in efficacy.  

 

These findings at first glance seem paradoxical, as it is not intuitive that a reduction in GCGR surface 

density marries with an increase in glucagon responsiveness. It is now recognised, however, that many 

GPCRs can continue to signal from endosomes after internalisation, including via adenylyl cyclase (Jong, 

Harmon & O'Malley, 2018). When compared to canonical stimulation of the receptor at the cell surface 

membrane, there are differences in the pattern and outcomes of signalling from the internalised receptor: 

for example, signalling from the internalised receptor is often persistent (that is, continues in the absence 

of ligand stimulation), may lead to activation of different intracellular pathways, for example mitogen-

activated protein kinase (MAPK) (Calebiro & Godbole, 2018) and may be more closely coupled to 

downstream activators, for example PKA (Calebiro, Nikolaev, Persani, et al., 2010). Although this 

phenomenon has not yet been explored in the case of the glucagon receptor, intracellular signalling has 

been clearly demonstrated for the parathyroid hormone receptor type 1 (Ferrandon, Feinstein, Castro, et 

al., 2009), which is also a secretin family GPCR known to co-localise with RAMP2 (Christopoulos, 

Christopoulos, Morfis, et al., 2003). G-protein dependent endosomal signalling also occurs with the 

glucagon-like peptide 1 receptor (Girada, Kuna, Bele, et al., 2017), and may well represent a family effect 

for these receptors (Vilardaga, Romero, Friedman, et al., 2011).  
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There are several underlying mechanisms that could explain a reduction in GCGR surface density in the 

presence of RAMP2. Firstly, the presence of RAMP2 may decrease trafficking of GCGR to the membrane 

from the endoplasmic reticulum. RAMPs and GPCRs are widely believed to co-traffic to the cell surface 

membrane, and there are several examples where RAMPs require co-expression of a  GPCR for their cell 

surface expression (Flahaut, Rossier & Firsov, 2002; Weston, Lu, Li, et al., 2015; Christopoulos, 

Christopoulos, Morfis, et al., 2003). If the two proteins interact in this way, it is feasible that RAMP2 could 

prevent GCGR from accessing the cell membrane, although at present there are no other examples of 

RAMPs behaving in this way. Secondly, the presence of RAMP2 may increase internalisation or decrease 

recycling of the GCGR to the cell surface membrane: regulation of GPCRs via alteration in endocytic 

pathways is a major contributor to their overall biological function (Hanyaloglu & Zastrow, 2008). The 

microscopy experiments conducted in this chapter suggest that there is greater constitutive and agonist-

stimulated internalisation/ retainment of GCGR in the cell in the presence of RAMP2. Constitutive 

internalisation of GPCRs is a widespread phenomenon, and has been well demonstrated for example with 

the secretin family receptor GIPR (Abdullah, Beg, Soares, et al., 2016).  An increase in constitutive 

internalisation of GCGR in the presence of RAMP2 could account for a reduction in basal levels of surface 

GCGR, as seen in the Huh-GCGR microscopy experiments. 

 

The internalisation and recycling of GPCRs is regulated by their binding to accessory proteins, including ß 

arrestins and GPCR kinases (GRKs) (Krilov, Nguyen, Miyazaki, et al., 2011), and oligomerisation with other 

GPCRs (Roed, Nøhr, Wismann, et al., 2015). In the presence of RAMP2, ß arrestin recruitment to the 

glucagon receptor is reduced (Cegla, Jones, Gardiner, et al., 2017). This could decrease recycling of the 

receptor back to the cell membrane, thereby providing a molecular mechanism for a reduction in cell 

surface density. The reduction in ß arrestin binding may occur because RAMP2 binding with the glucagon 

receptor directly interferes its binding site, or due to conformational changes in the glucagon receptor 

structure which indirectly decrease the likelihood of ß arrestin binding. 

 

To further understand how RAMP2 may modify GCGR trafficking, there are several recent technological 

advances which will allow dynamic and quantitative analysis, for example labelling with luminescent 

molecules that allow monitoring of changes in energy transfer with acceptor moieties in different cellular 

compartments (Levoye, Zwier, Jaracz-Ros, et al., 2015). Electron microscopy of GCGR labelled with gold 

or with a nanobody allows precise and direct visualisation of its localisation within the cell, constitutively 
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and with stimulation (Kijanka, van Donselaar, Müller, et al., 2017). Further elucidation of the structure of 

the GCGR bound to relevant proteins including RAMP2 and ß arrestins will facilitate our understanding of 

the molecular interactions of GCGR and their relevance (Booe, Warner, Roehrkasse, et al., 2018).  

 

Aside from understanding the mechanism by which upregulation of RAMP2 decreases GCGR surface 

expression and increases efficacy for cAMP production in hepatocytes, another key question is whether 

this relationship has any physiological relevance in health and disease. The following chapter investigates 

whether upregulation of RAMP2 is also associated with changes in glucagon receptor signalling in vivo. 
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7 Upregulation of hepatic RAMP2 in vivo: effects on glucagon 

responsiveness 

7.1 Introduction 

As demonstrated in the last chapter, upregulating RAMP2 in human hepatocytes is associated with a 

reduction in GCGR surface expression and increased efficacy for cAMP production in response to 

glucagon. The aim of this chapter was to determine if upregulating hepatic RAMP2 in vivo in a mouse 

model affects glucagon responsiveness. 

 

Several groups have studied the function of RAMP2 using phenotypic-driven studies in which Ramp2 gene 

expression is modified in mice (reviewed in (Kadmiel, Fritz-Six & Caron, 2012)). RAMP2 whole body knock 

out is embryonically lethal, with severe vascular disease. This phenotype is very similar to that of calcitonin 

receptor like receptor (CRLR) or adrenomedullin (AM) knockout mice, which implies that RAMP2’s role in 

the formation of a functional adrenomedullin receptor is essential to life (Ichikawa-Shindo, Sakurai, 

Kamiyoshi, et al., 2008). This key relationship does not, however, preclude RAMP2 from functionally 

interacting with other receptors. Mice heterozygous for Ramp2 survive, but have reduced fertility, 

hyperprolactinaemia and skeletal abnormalities (Kadmiel, Fritz-Six, Pacharne, et al., 2011). These changes 

are not seen in mice heterozygous for Crlr, suggesting that they may be mediated through other receptors; 

for example, the parathyroid hormone receptor (PTHR) which is known to interact with RAMP2 and is 

important in bone homeostasis. Indeed, heterozygous Ramp2 mice exhibit a reduced response to 

exogenous PTH (Kadmiel, Matson, Espenschied, et al., 2017). Few groups have studied in vivo the 

functional effect of increasing RAMP2; one group that overexpressed Ramp2 selectively in smooth muscle 

of mice found that this was associated with increased sensitivity to exogenous AM (Tam, Husmann, Clark, 

et al., 2006). 

 

To date, there is no direct in vivo evidence that RAMP2 modifies GCGR activity. In a placenta-specific 

Ramp2 knockout mouse model, increased expression of placental Gcgr was reported (Kadmiel, Matson, 

Espenschied, et al., 2017). In contrast, when Ramp2 was deleted from all tissues apart from endothelium, 

cardiac Gcgr was noted to be downregulated (Kechele, Dunworth, Trincot, et al., 2016). In both these 

situations, target organs were abnormal (thin placenta, cardiomyopathic heart), thus it is not clear that 

changes in Gcgr expression were a direct effect of Ramp2 modulation. 
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In the liver, GCG is a master regulator of glucose and lipid metabolism. If the activity of GCGR in the liver 

were modulated by RAMP2, this could be therapeutically tractable in the context of metabolic disease. 

The aim of this chapter was to assess the effect of hepatocyte-specific upregulation of RAMP2 on glucagon 

responsiveness in vivo. The expression of other secretin-family GPCRs known to interact with RAMP2 (CTR, 

CRLR, PTHR1 and VPAC1) is low in hepatocytes (Uhlen, Fagerberg, Hallstrom, et al., 2018); and GLP-1R is 

likely not expressed at all (Panjwani, Mulvihill, Longuet, et al., 2013). To ensure that any observed in vivo 

metabolic differences were not mediated through other RAMP2-binding receptors, however, a set of 

experiments using primary hepatocytes harvested from treated mice was also performed. These 

experiments allow the direct stimulation of isolated hepatocytes with glucagon (GCG) and observation of 

markers immediately downstream of GCGR. GCG does not bind to the other receptors that are known to 

interact with RAMP2 and that are expressed in hepatocytes: thus any changes in GCG responsiveness in 

this system may be assumed to be due to RAMP2: GCGR interaction. 

 

In health or early stages of metabolic disease, levels of another hormone (for example insulin) could adjust 

to compensate for a minor reduction in glucagon response. In an attempt to reveal any glucagon signalling 

abnormalities, the physiological tests were performed in healthy mice and then repeated in the same 

mice after a period of high fat feeding to induce glucose intolerance. 

 

7.2 Hypothesis and aims 

7.2.1 Hypothesis:  

Increasing hepatic RAMP2 increases glucagon responsiveness in mice. 

7.2.2 Aims: 

1/ Investigate the effect of increasing hepatic RAMP2 on glucagon responsiveness in lean mice  

2/ Investigate the effect of increasing hepatic RAMP2 on glucagon signalling pathways in murine primary 

hepatocytes 

3/ Investigate the effect of increasing hepatic RAMP2 on glucagon responsiveness in mice with diet 

induced obesity  

4/ Investigate the effect of upregulating RAMP2 on hepatocyte GCGR expression in mice 
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7.3 Methods  

General methods, including gene expression quantification, cyclic AMP assays and protein analysis are 

described in Chapter 5. 

 

7.3.1 Genetic upregulation of hepatic RAMP2 

Adeno-associated virus (AAV) was used to upregulate hepatic murine RAMP2 in vivo. AAV is a human DNA 

virus that can be used to transduce foreign DNA into cellular or whole animal systems (Hermonat & 

Muzyczka, 1984). Serotype AAV2 is the best studied vector and is associated with very low toxicity (around 

50% of adults are seropositive with AAV2 and its infection is not associated with any pathology or 

symptoms) (Kattenhorn, Tipper, Stoica, et al., 2016). AAVs contain linear single-stranded DNA of 

approximately 4.7 kilobases which comprises coding for two genes, Rep (for proteins involved in 

replication) and Cap (for proteins that compose the capsid), flanked by inverted terminal repeats (ITR) at 

each end (figure 7.1A). Here, a AAV2/8 pseudotyped virus was chosen (with the AAV8 capsid gene in place 

of the AAV2 capsid gene) because it results in very high liver transduction (Gao, Alvira, Wang, et al., 2002), 

with >95% hepatocytes transduced (Nakai, Fuess, Storm, et al., 2005). The viral particles are made in a 

convenient cell line (e.g. HEK293) after the co-transfection of the transgene flanked by ITRs, a plasmid 

containing the AAV Rep and Cap genes and a further plasmid containing necessary adenovirus helper 

genes (McClure, Cole, Wulff, et al., 2011). 

 

To limit gene expression to hepatocytes only, the virus was constructed with an albumin promoter. This 

ensures that Ramp2 expression is only increased in cells in which albumin is produced: that is, 

hepatocytes. In particular, it prevents the expression of transduced genes in hepatic Kupffer 

macrophages, and thereby dramatically decreases the immune response to the protein (Sands, 2011). 

This extends the lifespan of the transduced protein. In this case, a synthetic promoter based on the human 

albumin promoter called Alb(1.9) was used, which is associated with very high, long-term, liver-specific 

transgene expression (Vector biolabs, available at www.vectorbiolabs.com; accessed on 9th April 2019). 

This was positioned before the transgene mouse Ramp2 (figure 7.1.B). A control virus was also 

constructed which was exactly the same except for exchange of the Ramp2 gene for a gene encoding 

extended green fluorescent protein (noted here for simplicity as GFP). AAV vectors are non-integrating, 

but since mature hepatocytes have an average lifespan of 200-300 days, the effects of a single injection 
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may last several years (Nathwani, Reiss, Tuddenham, et al., 2014). The AAV constructs were purchased 

from Vector biolabs, Pennsylvania USA. 

 

Figure 7.1: Adeno-associated virus (AAV; A) and recombinant AAV vector (B) 

Hybrid AAV2/8 virus (A), comprising replication gene (Rep) and inverted terminal repeats (ITR) from 

AAV2, and capsid proteins from AAV8, contained in AAV8 capsid. Recombinant AAV2/8-derived vector 

for this study (B), containing Alb (1.9) promoter and gene encoding murine Ramp2 (AAV-alb-RAMP2). 

A control AAV was also produced (not shown), with green fluorescent protein (GFP) in place of mRAMP2 

(AAV-alb-GFP). 

 

7.3.2 Mice and diets 

Adult male C57BL/6J mice (Charles River, Margate, UK) were group housed (5 mice per cage) under 

controlled temperature environment (21-23°C) with a 12-hour light-dark cycle (lights on at 7am). After 

acclimatisation of one week, at age 6 weeks, they were ear notched for identification and given an 

intravenous injection (tail vein) of 1x1011 gene count of AAV-alb-GFP, AAV-alb-RAMP2 or saline (see 

section 7.3.1 ‘Genetic upregulation of hepatic Ramp2’ above). Tail vein injections of recombinant AAV 

have been previously shown to have excellent hepatic transduction efficiency (Nakai, Fuess, Storm, et al., 

2005). For the main study, mice were injected in a random order and returned to their original cage: that 

is, mice with hepatic Ramp2 upregulation were co-housed with control mice. 

Mice were given ad libitum access to water and to pelleted standard chow (11% kcal from fat and 62% 

from carbohydrate, SDS Rm3) or high fat diet (60% kcal from fat, Research diets D12492), as indicated. 

High fat diet for 8 weeks was used to induce obesity, fatty liver disease and glucose intolerance (Hughey, 
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Wasserman, Lee-Young, et al., 2014). Prior to the physiological tests, mice were handled and acclimatised 

to intra-peritoneal injections, in order to limit any effects of stress on the results. 

Mice were culled after a 5 hour fast. The cull method used was decapitation, as this is humane, very quick 

and avoids drugs that could cause liver toxicity. The liver was immediately harvested, divided into pieces 

and snap frozen in liquid nitrogen. Samples were stored at –80°C until required. 

 

7.3.3 Physiological tests 

All tests were performed in mice that had been fasted for the indicated time periods, with free access to 

water. Lean mice were weighed the morning of the test and doses were calculated accordingly. Obese 

mice were dosed according to estimated lean weight of the same strain, sex and age of mouse maintained 

on standard chow (31g). The reason for this is that lean tissue is the primary site of glucose disposal and 

insulin action, and when mice become obese their fat mass increases to a greater extent than their lean 

mass: dosing to body weight can therefore exaggerate glucose intolerance and insulin resistance 

(Andrikopoulos, Blair, Deluca, et al., 2008; McGuinness, Ayala, Laughlin, et al., 2009). Peptides were 

resuspended in saline; vehicle refers to an equivalent volume of saline. Blood was sampled from a small 

incision in the tail, and glucose assayed using a handheld glucometer (Nexus, GlucoRx).  

 

7.3.3.1 Glucose tolerance test 

This test measures how quickly exogenous glucose is removed from the circulation. Excessively high values 

of circulating glucose, or a prolonged duration before return to baseline, can indicate an abnormality with 

glucose homeostasis such as insulin resistance. Glucagon stimulates hepatic glucose production; lack of 

glucagon signalling is associated with decreased circulating glucose area under the curve during a glucose 

tolerance test (Gelling, Du, Dichmann, et al., 2003). After taking a baseline blood sample, fasted mice were 

given an intraperitoneal injection of glucose 2g/kg body weight (Andrikopoulos, Blair, Deluca, et al., 2008). 

This was performed using a 20% solution of glucose (Fresenius Kabi, Cheshire UK) according to the 

following formula: 

Volume of 20% glucose solution (µl) = 10 x body weight (g) 

Blood samples were taken at intervals, until glucose returned to baseline.  
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7.3.3.2 Glucagon challenge test 

This test is used to assess glucagon sensitivity in mice with suspected abnormalities of glucagon receptor 

signalling (Gelling, Du, Dichmann, et al., 2003; Rossi, Zhu, McMillin, et al., 2018). A glucagon injection is 

expected to result in a rise in circulating glucose, since glucagon acts on the liver to stimulate glucose 

production. This test was performed after a short fast of 5 hours, so as not to deplete liver glycogen stores 

(Pacini, Omar & Ahrén, 2013). After taking a baseline blood sample, fasted mice were given an 

intraperitoneal injection of intraperitoneal injection of glucagon 10nmol/kg body weight. Blood samples 

were taken at intervals, until glucose returned to baseline.  

 

7.3.3.3 Insulin tolerance test 

Insulin tolerance tests provide a measure of insulin sensitivity by recording how endogenous glucose falls 

in response to an injection of insulin (Vinué & González-Navarro, 2015). When glucose falls, endogenous 

glucagon secretion increases as a counter-regulatory mechanism. The speed at which circulating levels of 

glucose return to baseline may therefore provide information about glucagon signalling; glucose remains 

low for longer when glucagon signalling is disrupted (Gelling, Du, Dichmann, et al., 2003). For this test, 

mice were fasted for five hours. After a baseline blood sample, 0.5 or 1U/kg of Actrapid human insulin 

(Novo Nordisk, Bagsværd, Denmark) was administered. Blood samples were taken at intervals, until 

glucose returned to baseline.  

 

7.3.3.4 Pyruvate tolerance test 

24 hour fasted mice were injected with 2g/kg pyruvate and circulating glucose was measured at intervals. 

Pyruvate is an early substrate for gluconeogenesis, and can be converted via multiple hepatic enzymes to 

glucose. The pyruvate tolerance test is a measure of activity of gluconeogenic enzymes, which include 

PEPCK and G6Pase, so this in turn is a measure of glucagon action. In a mouse with deceased glucagon 

responsiveness, one might expect less of a glucose surge following a bolus of pyruvate (Hughey, 

Wasserman, Lee-Young, et al., 2014). 
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7.3.4 Primary hepatocyte experiments 

7.3.4.1 Harvest 

Primary hepatocytes were harvested from anaesthetised mice that had been injected with AAV-alb-

RAMP2 or AAV-alb-GFP at least 3 weeks earlier, using collagenase perfusion (Woods, Heslegrave, Muckett, 

et al., 2011). These mice had been maintained on standard chow. After isolation, cells were washed in 

cold washing media twice (Table 7.1). An aliquot of resuspended cells were mixed with Trypan blue 

solution 0.2% (Sigma) before assessing viability and counting cells using a haemocytometer.  

 Washing 
media 

Plating 
media 

Serum-free 
media 

Glucose 
production 
media 

Medium 199 with Earl’s Salts and 
L-glutamine (0.68mM) (Gibco) 

    

Phenol red and glucose free 
Dulbecco's Modified Eagle 
Medium (DMEM) (Gibco) 

    

Penicillin 10000IU/ml, 
streptomycin 10mg/ml (Gibco) 

1% 1% 1%  

Fresh calf serum (Gibco)  10%   

Bovine serum albumin (Sigma)  0.1%   

Tri-iodothyronine (Sigma) 

 

 100nM   

Dexamethasone (Sigma)  100nM 100nM  

Insulin (Gibco)  100nM 1nM  

Sodium pyruvate (Gibco)    1mM 

Sodium lactate (Sigma)    20mM 

Table 7.1: Media recipes for primary hepatocyte experiments 

 

Providing viability was over 80%, cells were plated at a viable cell density of 3x105/ml in plating media 

(table 7.1), in plates that had previously been coated with collagen solution (rat tail collagen I 10% (Sigma) 

in 25mM acetic acid (VWR)).  
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7.3.4.2 Maintenance 

After five hours, cells were washed using warm PBS to gently remove dead cells and serum free media 

was applied (table 7.1). After 16 hours serum starvation experiments were performed. Cells were 

maintained in an incubator at 37°C with 5% carbon dioxide. 

 

7.3.4.3 Experiments 

7.3.4.3.1 CYCLIC AMP PRODUCTION 

cAMP assays were performed using the Cisbio kit as described in Chapter 5 (section 5.6) but adapted for 

use with primary hepatocytes plated in a 12 well plate. Briefly, after aspirating serum free media from the 

wells, peptides and forskolin were added in IBMX 100µM. Plates were incubated for 30 minutes at 37°C, 

after which media was aspirated and discarded. 300µl lysis and detection buffer was added to each well 

and the plates were gently shaken for 10 minutes at 4°C to encourage lysis. 25ul of lysate from each well 

was transferred to a white plate and D and K added as described in Chapter 5. 

 

7.3.4.3.2 GLUCOSE PRODUCTION 

Primary hepatocytes were plated in a 6 or 12 well plate, serum starved overnight and then washed to 

remove any phenol-red containing media. Phenol-red free glucose production media was added to the 

wells; this is supplemented with pyruvate and lactate, substrates for gluconeogenesis, to maximise the 

response to glucagon receptor stimulation (table 7.1). After taking a baseline sample, peptides were 

added as indicated to different wells. The plate was returned to the incubator and at time intervals a small 

amount of media was sampled. Samples were stored at -20°C until ready to assay.  

 

At 24 hours, all media was removed from the wells, and protein extraction and quantification was 

performed as described in section 5.7. 

 

To quantify glucose in the samples, the Randox glucose assay was adapted for use in a 96 well plate 

(Randox). The reagent includes glucose oxidase, which oxidases glucose to form hydrogen peroxide. This 

is then catalysed by peroxidase to form a purple quinoeimine dye. The greater the absorbance at 500nm, 

the higher the concentration of glucose in the original sample.  
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For each assay, a trial plate was used to determine the optimum ratio of sample with reagent. Any 

dilutions were performed in glucose production media and the assay was performed in a total volume of 

200µl. The plate was incubated for 10 minutes at 37°C and then absorbance measured at 500nm. Glucose 

content of each sample was interpolated from the linear standard curve. The dilution of sample was 

corrected for and glucose content in the media was normalised to protein content of that well. Each 

condition was tested in duplicate or triplicate.  

 

7.3.4.3.3 GENE EXPRESSION 

Primary hepatocytes were plated in 6 well plates and serum starved overnight. After 4 hours treatment 

with peptide or vehicle, media was aspirated, cells were washed with cold PBS, and then 500µl TrizolTM 

lysis reagent (Invitrogen) was added to each well before storing at -20°C. RNA extraction and RT-qPCR are 

described in section 5.4. 

 

7.3.5 Statistical analysis 

Statistical analysis was carried out using GraphPad Prism 8.1.2 for Mac OS X (GraphPad Software, San 

Diego, CA). Data is presented as mean and standard error of the mean. Comparisons between groups of 

mice were performed using unpaired Student’s t test or one-way ANOVA with Dunnett’s multiple 

comparisons. For physiological tests that involve serial blood sampling from the same subject repeated 

measures ANOVA with Geisser-Greenhouse correction and Sidak’s multiple comparison test was used. 

Total area under the curve (AUC) was calculated for each individual subject’s data points using the 

trapezoid rule, with baseline as y=0, t=0, and groups were compared using Student’s t test. cAMP and 

gene expression experiments were performed in duplicate or triplicate and the mean and SEM of the 

results of each separate experiment are presented. Comparisons for these results were compared using 

unpaired Student’s t test or ordinary one-way ANOVA with Tukey’s multiple comparisons. p<0.05 is 

considered statistically significant and these results have been labelled with asterisks in the graphs.  
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7.4 Results:  

7.4.1 Pilot study 

I first ran a pilot study in which I administered AAV-alb-RAMP2, AAV-alb-GFP and saline to littermate mice. 

The mice were housed in one cage per treatment group (four in each group). The purpose of the pilot 

study was two-fold: firstly, to determine if the AAV itself would cause toxicity; secondly, to confirm that 

hepatocyte transduction occurred by 3 weeks. 

 

Mice continued to behave normally following the AAV injection (no signs of ill health) and were humanely 

culled after 19 days. At the time of cull, the body weight of mice in the three groups were comparable 

(figure 7.2.A). Food intake during the period between the injection and cull was also comparable between 

the groups (figure 7.2.B). Fasting glucose, glucose trajectory and area under the curve in response to an 

intraperitoneal injection of glucose were also comparable (figure 7.2.C and D).  

 

Figure 7.2: Body weight (A), food intake (B), glucose tolerance test (C) and glucose area under the curve 

(AUC) in mice after AAV-alb-RAMP2, AAV-alb-GFP or saline injection.  

One cage of four mice for each group, 18 days post-injection. Glucose tolerance tests performed after 5 

hour fast. Mean and SEM (A, C, D); cumulative food intake over 18 days for each cage (B). 
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I extracted RNA from the livers of the culled mice and performed RT-qPCR to measure the gene expression 

of mouse Ramp2 and GFP. The AAV resulted in upregulation of the target gene, although the expression 

was variable between individual mice (figure 7.3). All AAV-alb-RAMP2 injected mice demonstrated 

upregulation of RAMP2 between 5 and 28x compared to saline injected mice. In saline injected and AAV-

alb-RAMP2 mice, GFP expression was negligible whereas in AAV-alb-GFP injected mice Cts were between 

21 and 27. 

 

Figure 7.3: Change in gene expression of RAMP2 in mice after AAV-alb-RAMP2, AAV-alb-GFP or saline 

injection 19 days post-injection. 

Gene expression is expressed as fold change to saline control. Mean and SEM illustrated; n=4 in each 

group. 

These results were reassuring that the AAV used did not cause toxicity and was effective in causing hepatic 

upregulation of target genes. Based on these results, in subsequent experiments I performed all tests a 

minimum of three weeks after injection with AAV. 
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7.4.2 Whole body effect of hepatic RAMP2 upregulation in lean mice 

 

7.4.2.1 Glucose tolerance test 

Since my previous experiments had shown that RAMP2 upregulation increases glucagon responsiveness 

in human hepatoma cells, I predicted that mice treated with AAV-alb-RAMP2 would have higher fasting 

glucose and impaired glucose tolerance to a glucose load. I performed a glucose tolerance test after a five 

and 24-hour fast: the results were similar and only 24-hour is presented here. Fasting blood glucose, 

glucose trajectory and area under the curve were no different between the two cohorts of mice (figure 

7.4).  

 

Figure 7.4: Glucose tolerance test in lean AAV-alb-GFP and AAV-alb-RAMP2 mice 

Intraperitoneal injection of 2g/kg body weight glucose after 24-hour fast, blood glucose (A) and AUC 

(B). Mean and SEM illustrated; n= 9-10 

 

7.4.2.2 Glucagon challenge test 

I predicted that RAMP2 upregulation would be associated with increased glucose release in response to 

a bolus of glucagon. Neither blood glucose trajectory nor AUC differed, however, between the two cohorts 

of mice (figure 7.5). 
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Figure 7.5: Glucagon challenge test in lean AAV-alb-GFP and AAV-alb-RAMP2 mice  

Intraperitoneal injection of 10nmol/kg body weight glucagon after 5-hour fast, blood glucose (A) and 

AUC (B). Mean and SEM illustrated; n= 9-10 

 

7.4.2.3 Insulin tolerance test  

I performed an insulin tolerance test to reveal any difference in insulin sensitivity which could mask 

differences in glucagon responsiveness: that is, if the mice with AAV-alb-RAMP2 were more insulin 

sensitive, increased glucagon responsiveness may not be apparent during GTT or glucagon challenge test 

due to compensatory mechanisms. Both cohorts of mice experienced a fall in blood glucose following 

insulin injection, and there were no significant differences between the groups (figure 7.6).  

  

Figure 7.6: Insulin tolerance test in lean AAV-alb-GFP and AAV-alb-RAMP2 mice 

Intraperitoneal injection of insulin 0.5U/kg body weight after 5 hour fast, blood glucose (A) and AUC 

(B). Mean and SEM illustrated; n= 9-10. *p<0.05 
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7.4.3 Effect of RAMP2 upregulation on primary hepatocyte GCG and GLP-1 responsiveness 

In order to examine hepatocyte glucagon responsiveness more directly, I next performed experiments on 

primary hepatocytes harvested from mice injected with AAV three weeks previously. I tested 

responsiveness to GLP-1 as well as GCG, because a previous in vitro study linked upregulation of RAMP2 

with decreased activity of GLP-1 at the GCGR (Weston 2015). 

 

7.4.3.1 Cyclic AMP 

Cyclic AMP production by primary hepatocytes harvested from mice injected with AAV-alb-RAMP2 in 

response to glucagon stimulation trended towards greater than those from control mice; however this 

was not statistically significant (figure 7.7.A). Considerably higher doses were required to generate a 

response to GLP-1 which is expected because GLP-1 binds to the GCGR with low affinity (Cegla, Jones, 

Gardiner, et al., 2017). There was no difference for primary hepatocytes responsiveness to GLP-1 between 

the cohorts of mice (figure 7.7.B). 

 

 

Figure 7.7: cAMP response to glucagon (A) and GLP-1 (B) of primary hepatocytes harvested from mice 

treated with AAV-alb-GFP or AAV-alb-RAMP2.  

Mean and SEM illustrated; n=5-6  

 

7.4.3.2 Glucose production 

Glucose production from primary hepatocytes harvested from both sets of mice was increased in the 
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glucose production over 24 hours in the absence of glucagon or GLP-1, AAV-alb-RAMP2 mice were 

comparable to control mice (fig 7.8.B and 7.9.B respectively).  

 

Figure 7.8: GCG stimulated glucose production in primary hepatocytes harvested from mice treated 

with AAV-alb-GFP or AAV-alb-RAMP2  

Glucose content in the media of cells treated with vehicle or 100nm GCG for 24 hours, normalised to 

protein content (A), expressed as fold change compared to basal for each cohort (B). Mean and SEM 

illustrated; n=6. **p<0.01 when compared to vehicle for hepatocytes from the same cohort. 

 

 

Figure 7.9: GLP-1 stimulated glucose production in primary hepatocytes harvested from mice treated 

with AAV-alb-GFP or AAV-alb-RAMP2  

Glucose content in the media of cells treated with vehicle or 1µM GLP-1 for 24 hours, normalised to 

protein content (A), expressed as fold change compared to basal for each cohort (B). Mean and SEM 

illustrated; n=4. *p<0.05 when compared to basal for hepatocytes from the same cohort. 
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7.4.3.3 Gene expression 

When stimulated with glucagon, primary hepatocytes harvested from mice exhibited upregulation of the 

gluconeogenic enzymes glucose-6-phosphatase (G6Pase) and phosphoenolpyruvate carboxykinase 

(PEPCK) (figure 7.10 and 7.11). Primary hepatocytes harvested from AAV-alb-RAMP2 mice had 

comparable baseline and glucagon-stimulated levels of G6Pase (7.10.A). The stimulated response in 

hepatocytes from AAV-alb-RAMP2 mice was higher when expressed as fold change compared to basal, 

due to a non-significantly lower basal value (7.10.B). For PEPCK there were no differences between 

primary hepatocytes from the two cohorts (figure 7.11). 

 

 

Figure 7.10: Glucose-6-phosphatase (G6Pase) gene expression in primary hepatocytes harvested from 

mice treated with AAV-alb-GFP or AAV-alb-RAMP2 

Cells treated with vehicle or 100nM GCG in serum-free media for 4 hours, gene expression normalised 

to 18S and expressed as fold change compared to AAV-alb-GFP vehicle control (A); stimulated response 

expressed as fold change compared to basal for each cohort (B). Mean and SEM illustrated; n=4-5. 

*p<0.05; ****p<0.0001 (A: compared to vehicle treated hepatocytes from the same cohort) 
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Figure 7.11: Phosphoenolpyruvate carboxykinase (PEPCK) gene expression in primary hepatocytes 

harvested from mice treated with AAV-alb-GFP or AAV-alb-RAMP2 

Cells treated with vehicle or 100nM GCG in serum-free media for 4 hours, gene expression normalised 

to 18S and expressed as fold change compared to AAV-alb-GFP vehicle control (A); stimulated response 

expressed as fold change compared to basal for each cohort (B). Mean and SEM illustrated; n=4-5. 

*p<0.05; ****p<0.0001 (A: compared to vehicle treated hepatocytes from the same cohort) 
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7.4.4 Whole body effect of hepatic RAMP2 upregulation in mice with diet induced obesity 

After performing the physiological tests on lean mice presented in section 7.4.2, I transferred the same 

cohort of mice to a high fat diet (day 57 post-AAV injection). The weight gain of mice in the two groups 

was comparable during the time they were on the standard chow diet and also whilst on the high fat diet 

(figure 7.12.A). When the mice were obese (mean weight in AAV-alb-GFP and AAV-alb-RAMP2 mice 42.2g 

and 41.3g respectively), I performed another set of physiological tests. During the second round of tests, 

their fasting glucose was slightly higher than during the first round (figure 7.12.B) 

 

Figure 7.12: Weight (A) and fasting glucose (B) in AAV-alb-GFP and AAV-alb-RAMP2 mice on high fat 

diet  

Same cohort of mice used for the physiological tests presented in sections 7.4.2 and 7.4.4. Five hour 

fasting glucose is a mean of 2-3 separate experiments for each mouse. Mean and SEM; n=9/10. *p<0.05, 

**p<0.01 for fat compared to lean mice in each cohort (paired t-test) 

 

7.4.4.1 Glucose tolerance test 

After the period of high fat feeding, blood glucose following an intraperitoneal bolus of glucose rose to a 

higher and more sustained peak than when the mice were lean (figure 7.13, and figure 7.4 for 

comparison). There were, however, no significant differences between the two groups (figure 7.13). 
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Figure 7.13: Glucose tolerance test in obese AAV-alb-GFP and AAV-alb-RAMP2 mice  

Intraperitoneal injection of 2g/kg lean body weight glucose after 5-hour fast, blood glucose (A) and AUC 

(B). Mean and SEM illustrated; n= 9-10 

 

7.4.4.2 Glucagon challenge test 

Neither blood glucose trajectory nor AUC differed in response to a glucagon challenge between the two 

cohorts of mice (figure 7.14). 

 

Figure 7.14: Glucagon challenge test in obese AAV-alb-GFP and AAV-alb-RAMP2 mice  

Intraperitoneal injection of 10nmol/kg lean body weight glucagon after 5-hour fast, blood glucose (A) 

and AUC (B). Mean and SEM illustrated; n= 9-10 

 

0 30 60 90 120
0

5

10

15

20

25

Time (min)

G
lu

co
se

 (m
M

)

AAV-a
lb

-G
FP

AAV-a
lb

-R
AMP2

0

500

1000

1500

2000

2500

G
lu

co
se

 m
m

ol
/l*

m
in

AAV-alb-GFP

AAV-alb-RAMP2

A B

-30 0 30 60 90 120 150 180

5

10

15

20

Time (minutes)

G
lu

co
se

 m
m

ol
/L

AAV-a
lb

-G
FP

AAV-a
lb

-R
AMP2

0

500

1000

1500

2000

G
lu

co
se

 A
U

C
 (m

M
.m

in
)

AAV-alb-GFP

AAV-alb-RAMP2

A B



 137 

7.4.4.3 Insulin tolerance test 

Response to insulin was comparable between the two cohorts (figure 7.15). In order to ensure a response 

in mice that were likely to be mildly insulin resistant, for this test I administered a higher dose of insulin 

(1U/kg lean weight) than for the lean mice (figure 7.6). This may explain the more pronounced and 

sustained fall in glucose in the obese mice.  

 

Figure 7.15: Insulin tolerance test in obese AAV-alb-GFP and AAV-alb-RAMP2 mice 

Intraperitoneal injection of 1U/kg lean body weight insulin after 5-hour fast, blood glucose (A) and AUC 

(B). Mean and SEM illustrated; n= 9-10. *p<0.05 

 

7.4.4.4 Pyruvate tolerance test 

There was no difference in glucose response to an intraperitoneal injection of pyruvate in the two cohorts 

of mice (figure 7.16). 

 

Figure 7.16: Pyruvate tolerance test in obese AAV-alb-GFP and AAV-alb-RAMP2 mice 
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Intraperitoneal injection of 2g/kg lean body weight pyruvate after 5-hour fast, blood glucose (A) and 

AUC (B). Mean and SEM illustrated; n= 9-10.  

 

7.4.5 Manipulation check 

As demonstrated in the pilot study, three weeks after AAV injection mice had increased hepatic expression 

of the upregulated genes (figure 7.3). At the end of the study, I checked that hepatocytes continued to 

express RAMP2. The mice were now four months post-injection. Levels of Ramp2 in AAV-alb-RAMP2 mice 

were 2 to 32x higher than AAV-alb-GFP mice (figure 7.17.A). To ascertain that the AAV constructs caused 

upregulation of their target genes on a protein level as well as at the transcription level, I also performed 

Western blot (figure 7.17.B and D). GFP protein was clearly present in AAV-alb-GFP mice, but not in AAV-

alb-RAMP2 mice (figure 7.17.D).  

 

Figure 7.17: Manipulation check at the end of experimentation (4 months post injection)  

A, B and C: hepatic RAMP2 expression in AAV-alb-RAMP2 mice A: gene expression as fold change to 

AAV-alb-GFP, mean and SEM illustrated; n=4-5 in each group. B: RAMP2 protein expression (lower) with 

GAPDH (house-keeping) on same membrane. C: protein expression quantified using ChemiDoc software 

(Biorad). D: protein upregulation of eGFP in AAV-alb-GFP mice (n=4, to left) compared to no signal in 

AAV-alb-RAMP2 mice (n=3, to right).  
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7.4.6 Effect of hepatic RAMP2 upregulation on glucagon receptor expression  

Since modification of RAMP2 expression has been associated with changes in GCGR expression (Kadmiel, 

Kechele), I investigated hepatic GCGR expression in mice that had been treated with AAV-alb-RAMP2. 

There was no significant difference in gene expression (figure 7.18). I hope to optimise 

immunohistochemistry of liver sections to also examine GCGR expression at a protein level. 

 

Figure 7.18 Gcgr expression in livers from AAV-alb-GFP and AAV-alb-RAMP2 mice.  

Mean and SEM illustrated; n=4-5 in each group  
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7.5 Discussion: 

This chapter presents results of hepatic upregulation of RAMP2 in mice using AAV. In lean and obese mice, 

upregulation of hepatocyte RAMP2 was not associated with changes in responsiveness to exogenous 

glucose, glucagon or insulin. In primary hepatocytes harvested from AAV-alb-RAMP2 treated mice, there 

were also no consistent differences in response to GCG or GLP-1 stimulation. Total Gcgr expression was 

unchanged in mice with hepatic RAMP2 upregulation. 

 

In summary, although the finding that increased RAMP2 is associated with reduced surface expression of 

GCGR (Cegla, Jones, Gardiner, et al., 2017) may be upheld in human hepatocytes in vitro, the present 

study does not demonstrate a consistent functional effect of this phenomenon. My in vitro work 

suggested that RAMP2 upregulation may increase efficacy of GCG at its receptor (Cegla, Jones, Gardiner, 

et al., 2017; Weston, Lu, Li, et al., 2015); I did not find convincing evidence that this was the case in primary 

murine hepatocytes. 

 

There are several ways to interpret these negative findings. Firstly, my findings may reflect that RAMP2 

does not have any functional effect on hepatic GCGR in vivo. Secondly, there may be functional effects of 

upregulating RAMP2 on hepatic GCGR activity in vivo, but limitations to the model system that I used 

prevented their detection. Thirdly, there may be an effect of RAMP2 on GCGR function, but not in 

hepatocytes or only observable when RAMP2 is downregulated. Fourthly, there may be a species 

difference: GCGR and RAMP2 may interact in humans but not in mice. 

 

Until recently, the interaction between RAMP2 and GCGR was inferred from the finding that the quantity 

of tagged RAMP2 is increased at the cell surface membrane when GCGR is co-expressed (Christopoulos, 

Christopoulos, Morfis, et al., 2003; Weston, Lu, Li, et al., 2015). Additionally, the two proteins appeared 

to colocalise at the cell membrane in microscopy experiments (Cegla, Jones, Gardiner, et al., 2017; 

Weston, Lu, Li, et al., 2015). In artificial cell systems, it is possible that gross overexpression of a GPCR 

could have indirect effects on the cellular distribution of other proteins, for example the upregulation of 

cellular systems to transport a membrane protein to the membrane may also increase the transport of 

other membrane proteins (Borgese, 2016). Furthermore, since it has been challenging to produce and 

optimise direct antibodies to RAMP2, in these experiments the protein was ‘tagged’ i.e. extended to 
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include an additional protein sequence which can either be visualised directly or for which there are 

reliable antibodies. It is well known that even when small in size, such tags can affect receptor post-

translational processing  (Jiang, Teng, Chan, et al., 2012) and interfere with binding sites (Agbulut, Huet, 

Niederländer, et al., 2007). In the case of RAMP2, a myc-tagged RAMP2 is known to have different surface 

expression properties when compared to HA-tagged RAMP2 (Christopoulos, Christopoulos, Morfis, et al., 

2003), possibly due to differential effects on protein glycosylation status (Flahaut, Rossier & Firsov, 2002). 

Tagged RAMPs, then, do not necessarily behave like their untagged endogenous counterparts.  

 

Lorenzen et al recently released results of a comprehensive suspension bead array (SBA) immunoassay 

designed to reveal direct interactions of GPCRs with RAMPs (Lorenzen, Dodig-Crnkovic, Kotliar, et al., 

2019). They report interactions between the tagged epitopes of human RAMP2 and human GCGR in 

HEK293 cells overexpressing the constructs. This is certainly the most convincing evidence to date that 

RAMP2 and GCGR can interact, although whether this occurs at the membrane of hepatocytes in 

physiological systems where neither protein has been grossly upregulated or tagged is still unclear. 

 

Even if RAMP2 and GCGR do directly interact in hepatocytes in vivo, this does not necessitate a functional 

effect on GCGR pharmacology. For example, the concept of ‘spare receptors’ describes the common 

biological phenomenon where maximal tissue response occurs when only a small percentage of receptors 

are activated (Rang, 2006). It is well demonstrated that RAMP2 plays an important role in the regulation 

of CRLR (Hay & Pioszak, 2016), and the crystal structure of the extracellular interaction between the two 

proteins has been solved (Kusano, Kukimoto-Niino, Hino, et al., 2012). Furthermore, results from both 

phylogenetic analysis (Barbash, Lorenzen, Persson, et al., 2017) and molecular biology techniques predict 

that RAMPs globally interact with GPCRs (Lorenzen, Dodig-Crnkovic, Kotliar, et al., 2019). Given these 

complex interactions, and the biological importance of a functional glucagon receptor, there may be 

biological redundancy built into the system. This would ensure that moderate changes in the level of 

RAMP2 in vivo, whilst potentially influencing the function of other GPCRs, do not have a significant effect 

on GCGR. Functional effects could become apparent in cell lines that do not normally express RAMP2, 

which have been manipulated to express exceptionally high levels of both GCGR and RAMP2, and treated 

with pharmacological doses of GCG (Cegla, Jones, Gardiner, et al., 2017; Weston, Lu, Li, et al., 2015). 
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Of course, RAMP2 upregulation may yet have an effect on GCGR activity in vivo which this study was 

unable to detect. Limitations of my model include that levels of hepatic RAMP2 obtained using the AAV 

were variable between mice, and that RAMP2 expression had decreased by 4 months after injection. Use 

of a transgenic model would have obviated these problems; however, breeding a transgenic is both costly 

and time-consuming (Tam, Husmann, Clark, et al., 2006). With AAV-alb-RAMP2, although levels of 

expression between mice were variable, they were at least 8 fold higher in all mice at three weeks. Such 

an increase might be expected to reveal any clinically significant effect; in rats with congestive cardiac 

failure, RAMP2 is increased twofold (Hirose, Totsune, Mori, et al., 2008). A further limitation was that the 

metabolic tests may have been too crude to distinguish subtle changes in glucose handling. Using glucose 

clamping methods where blood glucose is held steady may have enabled the assessment of minor changes 

in glucagon responsiveness. These techniques, however, are technically challenging and have their own 

limitations (Hughey, Wasserman, Lee-Young, et al., 2014). Assays involving isolated primary hepatocytes 

were included to precisely examine effect of glucagon on its receptor without the effects of other 

confounding hormones, and should be highly sensitive to changes in GCGR pharmacology.  

 

In some settings, the genetic modification of a metabolic protein or hormone only reveals a phenotype 

when mice are challenged nutritionally: for example, pancreatic effects of FGF21 deficiency only become 

observable in mice on a high fat diet (Singhal, Fisher, Chee, et al., 2016) . In one study, GCGR knock out 

mice accumulated liver fat similar to their littermate counterparts, but on undergoing chronic exercise 

training the wild-type mice lost liver fat whereas the GCGR knockout mice were resistant (Berglund, Lustig, 

Baheza, et al., 2011) . To maximise my chance of uncovering a phenotype, I performed experiments both 

in lean mice and in the same mice after five weeks high fat diet feeding. Although at this latter time point 

the mice were obese, glucose tolerance was only moderately impaired compared to the test on standard 

chow (for AAV-alb-GFP mice 2200mM*min compared to 1800mM*min respectively). Perhaps the period 

of HFD was not long enough to detect an in vivo effect of RAMP2 on GCGR activity, or perhaps a different 

lifestyle challenge is necessary.   

 

Another important possibility is that RAMP2 does have a functional effect on GCGR in vivo, but in a 

different tissue type or a different species. The effects of RAMPs are well known to be cell line dependent 

(Tilakaratne, Christopoulos, Zumpe, et al., 2000a; Wootten, Lindmark, Kadmiel, et al., 2013). Although 

GCGR is highly expressed in hepatocytes, it is also present in many other tissues and has diverse effects 
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on metabolism including increasing energy expenditure; for example, adipose tissue and brain (Authier & 

Desbuquois, 2008; Salem, Izzi-Engbeaya, Coello, et al., 2016). In other cell types manipulation of RAMP2 

may have a more obvious effect on GCGR function. In this study I chose to increase hepatic expression of 

RAMP2, because previously published work had predominantly demonstrated an effect of upregulated 

RAMP2 on GCGR pharmacology. It is worth considering, however, that the system may be saturated with 

RAMP2, such that a decrease in RAMP2 might shed more light on its role. Finally, recent work suggests 

that GCGR may also directly interact with RAMP3 (Lorenzen, Dodig-Crnkovic, Kotliar, et al., 2019): perhaps 

this member of the RAMP family is the most relevant to hepatocytes in vivo.  

7.6 Conclusion 

In adult male mice, upregulation of hepatic mRAMP2 using AAV does not appear to be associated with 

readily-detectable changes in glucagon signalling.  
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8 Manipulation of RAMP2 in mouse hepatocytes: effects on glucagon 

receptor binding and activity 

8.1 Introduction 

The main finding of the previous two chapters was that although manipulation of human RAMP2 affects 

GCGR distribution and function in human hepatocytes in vitro, there is no discernible effect of 

upregulation of hepatic murine RAMP2 on glucagon responsiveness in mice or in murine primary 

hepatocytes. The aim of this chapter was to investigate whether this could be due to species differences 

in the protein orthologs. 

 

Human GCGR physiology and pathophysiology is often usefully modelled in mice (see for example (Yu, 

Ren & Mirocha, 2012)), in part because the protein sequences are evolutionarily well-conserved: mouse 

GCGR precursor is an 82% match to human GCGR precursor (calculated using BLASTP 2.9+ available at 

https://blast.ncbi.nlm.nih.gov/Blast.cgi?CMD=Web&PAGE_TYPE=BlastHome). RAMPs are reasonably 

well conserved between mice and humans: 70%, 68% and 84% for RAMP1, 2 and 3 respectively (Husmann, 

Sexton, Fischer, et al., 2000). Nonetheless, small differences in sequence and structure could in theory 

affect the ability of the two proteins to bind at all, or modify conformational changes induced in GCGR by 

the binding of RAMP2. In the case of RAMP1’s interaction with CRLR to form the CGRP receptor, species 

differences do not prevent the interaction of the two proteins but can differentially affect the binding of 

other compounds at allosteric sites (Mallee, Salvatore, LeBourdelles, et al., 2002). Limited evidence 

suggests that mouse RAMP2 has similar properties to the human ortholog in its interaction with CRLR and 

CTR (Flahaut, Rossier & Firsov, 2002); however, the vast majority of the literature regarding RAMPs and 

secretin family receptor interactions refers to the human orthologs. To date, the relationship between 

mouse RAMP2 and mouse GCGR has not been studied.  

 

In this chapter, I investigated the effect of upregulating mouse RAMP2 on mouse GCGR activity in vitro.  
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8.2 Hypotheses and aims 

8.2.1 Hypothesis 

Upregulation of mouse RAMP2 in mouse hepatocytes decreases the surface density of mouse GCGR and 

increases its response to glucagon. 

8.2.2 Aims 

Investigate effects of upregulating mouse RAMP2 on glucagon binding and responsiveness in mouse 

hepatoma cells. 

 

8.3 Methods 

General methods, including cell lines, transfection protocol, gene expression quantification, cyclic AMP 

assays and protein analysis are described in Chapter 5. 

 

8.3.1 Transfecting cells 

For these experiments, transfections were performed with a FLAG-tagged Ramp2 plasmid in parallel with 

the untagged plasmid in order to easily confirm that upregulation was successful at a protein level. FLAG 

is a short sequence comprised of eight polypeptides (DYKDDDDK) that has negligible effect on the function 

of RAMPs when co-transfected with the calcitonin-receptor-like receptor (Flahaut, Rossier & Firsov, 2002). 

In case the FLAG-tag did confer a difference to RAMP, cAMP experiments were performed using both the 

untagged and tagged vector. 

 

8.3.2 Radioligand binding assays 

A global analysis was used to fit total and non-specific binding data. This uses the following formula: 

Specific binding = Bmax * X/ (X+Kd) 

Where Bmax is the maximum specific binding, X is the concentration of radiolabel in nM and Kd is the 

equilibrium binding constant (concentration of radiolabel required to achieve half-maximum binding at 

equilibrium). 
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8.3.3 Statistical analysis 

Quantitative analysis was performed using Prism 8.1.2 for Mac OS X (Graph Pad). Radioligand binding 

assays, gene expression and cAMP experiments were performed in duplicate or triplicate in each 

experiment, and the mean and standard error of mean (SEM) of the results of each separate experiment 

are presented. 

 

Comparisons were performed using Student’s t test or ANOVA where appropriate. p<0.05 is considered 

statistically significant.  

 

8.4 Results 

8.4.1 Confirmation of upregulation 

Baseline expression of Ramp2 in HEPA cells was low (CTs around 32). Upregulation was successful with 

both untagged and tagged Ramp2 (figure 4.1).  

 

Figure 8.1: Ramp2 gene expression (A) and FLAG protein expression (B) in HEPA cells in which murine 

untagged and FLAG-tagged Ramp2 are upregulated  

Gene expression is expressed as fold change to control (pcDNA3). Upregulation of the FLAG-tagged 

Ramp2 results in increased FLAG protein expression: upper band is FLAG and lower bands are GAPDH, 

exposure for 30 seconds (B).  
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8.4.2 Radioligand binding assays 

Cells transfected with Ramp2 bound similarly to I125 GCG as control cells. There was no significant 

difference in specific binding (A), receptor density or maximal specific binding (Bmax, B) or equilibrium 

binding constant (Kd, C). 

 

Figure 8.2: Binding of HEPA cells transfected with Gcgr and either Ramp2 or control (pcDNA3)  

Incubated at 4°C for 4 hours. Specific binding (A), receptor density (B) and equilibrium binding constants 

(C) are comparable. Mean and SEM of three experiments, normalised to protein content 

 

8.4.3 Cyclic AMP production 

 

8.4.3.1 HEPA cells 

For these experiments, I co-transfected HEPA cells with Gcgr and either pcDNA3, Ramp2 or FLAG-tagged 

Ramp2. I stimulated cells for 30 minutes at 37°C, with IBMX. Upregulation of mRAMP2 or FLAG-mRAMP2 

conferred no change in cAMP production in response to stimulation with GCG. 

0 5 10 15 20 25
0

5000

10000

15000

20000

25000

[I125 GCG] nM

S
pe

ci
fic

 b
in

di
ng

 (c
ou

nt
s/

24
0s

)

pcDNA3

RAMP2

pcD
NA3

RAMP2
0

10000

20000

30000

40000

50000

B
m

ax
 (c

ou
nt

s/
24

0 
se

co
nd

s)

pcD
NA3

RAMP2
0

20

40

60

K
d 

(n
M

)

A B C



 148 

 

Figure 8.3: cAMP response to glucagon in HEPA cells expressing GCGR and mRAMP2, FLAG-mRAMP2 or 

control (pcDNA3) as indicated  

Stimulation for 30 minutes at 37°C; mean and SEM of 3-5 experiments 

 

8.4.3.2 CHO transiently upregulated with mRAMP2 or FLAG-RAMP2 

Since the properties of RAMPs may be dependent on cell line (Tilakaratne, Christopoulos, Zumpe, et al., 

2000a), I used the same murine Gcgr and Ramp2 constructs in another cell line, Chinese Hamster Ovarian 

cells (CHO). I stimulated cells for 10 minutes at 37°C. Again, RAMP2 did not confer any difference to cAMP 

production in response to stimulation with GCG. 

 

Figure 8.4: cAMP response to glucagon in CHO cells expressing GCGR and mRAMP2, FLAG-mRAMP2 or 

control (pcDNA3) as indicated.  

Stimulation for 10 minutes at 37°C; mean and SEM of 5 experiments 
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8.5 Discussion 

In mouse hepatoma cells, upregulation of murine RAMP2 does not change murine GCGR binding 

properties or responsiveness to glucagon, within the experimental parameters tested.  

 

This is in contrast to the findings presented in Chapter 5 of this thesis, where similar experiments 

demonstrated that in human hepatoma cells upregulation of human RAMP2 decreases surface availability 

of GCGR and increases agonist-stimulated cAMP and internalisation.  

 

In order to address whether the discrepancy was due to the mouse cell line rather than the mouse RAMP2 

and GCGR, I also performed the cAMP experiments in CHO cells. Changes conferred by human RAMP2 on 

human GCGR activity are observed in CHO cells (Cegla, Jones, Gardiner, et al., 2017). The finding that 

cAMP response is no different in CHO cells in the presence of murine RAMP2 would suggest that the 

differences are due to differences in the murine RAMP2 and GCGR sequence and structure, rather than 

due to the mouse cell line.  

 

There is evidence from in vitro studies (Flahaut, Rossier & Firsov, 2002) and from knock-out mouse model 

studies that murine RAMPs interact with the murine calcitonin-receptor like receptor (Kadmiel, Fritz-Six 

& Caron, 2012) and the parathyroid hormone 1 receptor (Kadmiel, Matson, Espenschied, et al., 2017). To 

date, there is no direct evidence that murine RAMP2 and the glucagon receptor interact. If the proteins 

do not interact, this would explain the failure to observe differences in glucagon signalling in the mouse 

model of hepatic RAMP2 upregulation presented in Chapter 7.  

 

To confirm an interaction, immunoprecipitation could be used. This requires good antibodies to both 

proteins, which could be challenging in this case, and might require one or both of them to be tagged (Lee, 

2007). Another method is proximity ligation assay (PLA). This method produces a fluorescent readout 

when the two proteins interact, which can be amplified, and therefore enables detection of proteins 

interacting even when they are present in small amounts; PLA has been used to study the interaction of 

human RAMPs with human GPCRs (Lorenzen, Dodig-Crnkovic, Kotliar, et al., 2019). A further method to 

indirectly infer an interaction between the proteins would be to see if the presence of murine RAMP2 is 

increased at the cell membrane in the presence of murine GCGR. Human RAMP2 has already been shown 
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to be increased at the cell surface membrane in the presence of human GCGR (Christopoulos, 

Christopoulos, Morfis, et al., 2003). I intend to do this using an antibody to FLAG with an ELISA, after 

transfecting cells with FLAG-tagged murine and human RAMP2s, with or without GCGR. If co-transfection 

of GCGR leads to increase in surface expression of human but not murine RAMP2, this could indicate 

important differences in the ability of the orthologs to bind to GCGR. 
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9 General discussion 

Obesity and related diseases of NAFLD and T2DM are hugely prevalent and responsible for a grave burden 

of mortality and morbidity. There is an urgent need to develop new pharmaceuticals to treat these 

diseases. Bariatric or metabolic surgery is highly efficacious at improving metabolic syndrome diseases. It 

is associated with changes in circulating metabolic mediators including gut and pancreatic hormones, and 

changes in bile acid homeostasis. Better understanding of the ways in which such mediators improve and 

maintain metabolic health is essential to the successful development of new treatment strategies. 

 

9.1 Acute effects of oral bile acids on circulating hormones during a meal 

In this thesis I firstly investigated the ability of two oral bile acids to assist glucose control and gut hormone 

secretion during a meal.  Bile acids are metabolic mediators which act primarily through the TGR5 and 

FXR receptors and have effects on multiple organs systems that contribute to regulation of glucose and 

fat metabolism. Both fasting and post-prandial levels of circulating bile acids increase after bariatric 

surgery, and they have been proposed to mediate some of the beneficial changes in metabolic health 

seen after bariatric surgery.  Over recent years, as these largely favourable effects have been better 

elucidated, there has been increased interest in harnessing their properties as pharmaceuticals.  

 

In order to understand the independent metabolic contributions of bile acids to metabolic health, some 

studies have used exogenous bile acids or synthetic agents that act at specific bile acid receptors (outlined 

in section 2.1.4). These studies, however, have predominantly investigated either chronic administration 

of bile acids (Shima, Ota, Kato, et al., 2018) (Neuschwander-Tetri, Loomba, Sanyal, et al., 2015), or used a 

single-dose without food (Hansen, Scheltema, Sonne, et al., 2016) (Nielsen, Svane, Kuhre, et al., 2017). 

Since bile acids are released in response to oral intake of food, a phenomenon that is exaggerated after 

bariatric surgery, physiological effects of bile acids can be difficult to infer from the results of such studies. 

 

For this project I therefore focused on elucidating the effects on post-prandial glucose homeostasis and 

gut hormone secretion of two different bile acid species, chosen for their contrasting properties, and given 

as a single dose. I demonstrated that both bile acids enriched circulating bile acids, and that this was 

associated with changes in circulating gut and pancreatic hormones during the meal in healthy volunteers 

(table 9.1). The observed effects varied depending on the bile acid given, and the effects on gut hormone 
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and insulin levels were greater with CDCA, a strong FXR agonist. I additionally observed an attenuation in 

GIP with CDCA but not UDCA. 

 Nil UDCA CDCA 

Glucose 
mmol/l·min 

1487 (40.6) 1413 (52.5) 1453 (45.4) 

Insulin µU/ml·min 9682 (1630) 7278 (1040) 6174 (883)* 

Insulin: glucose 
ratio 

1812 (273) 1406 (189)* 1228 (154)* 

GLP-1 total 
pmol/l·min 

1517 (243) 1596 (275) 2166 (332)** 

PYY pmol/l·min 675.4 (131) 990.9 (176)* 1490 (299)* 

GIP pmol/l·min 31693 (5000) 30774 (7320) 22128 (4460)* 

Bile acids N/a Enrichment of UDCA and 
conjugates 

Enrichment of CDCA 

FGF-19 pg/ml·min 85026 (9451) 102939 (10613) 197161 (26437)*** 

Table 9.1: Main effects on glucose homeostasis and circulating gut hormone levels of a single-dose of 

bile acid before a meal  

Area under the curve presented as mean and SEM. Comparisons to nil bile acid with repeated measures 

one-way ANOVA. *p<0.05, **p<0.01, ***p<0.001 

 

These results are exciting because they add to the mounting literature that bile acids are independent 

mediators of metabolic health. They suggest that circulating bile acids can be readily manipulated during 

meals, using oral tablets, and that this not only increases secretion of gut hormones known to be beneficial 

for glucose control and satiety (GLP-1 and PYY), but may additionally and independently improve insulin 

sensitivity.  If these effects are also seen in patients with T2DM they could be clinically useful. These results 

also raise questions for further mechanistic work, for example, do oral UDCA and CDCA increase insulin 

sensitivity and if so what is the mechanism? Further, how does CDCA both augment GLP-1 and attenuate 

GIP after a meal? A further study related to this work is underway: this will measure the effect of oral 

CDCA and UDCA on post-prandial glucose homeostasis and gut hormone secretion in patients with obesity 

and T2DM. If the results show a similar picture, future work may utilise hyperinsulinaemic euglycaemic 

clamps to gain a more direct appraisal of insulin sensitivity.  
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9.2 Glucagon receptor signalling and RAMP2 

The remainder of this thesis focused on glucagon receptor signalling and the influence of Receptor Activity 

Modifying Protein 2 (RAMP2), an allosteric modulator of GPCRs. The actions of glucagon are diverse and 

may be both positive and negative for patients with metabolic syndrome diseases (section 4.1). Glucagon 

acts on the liver to increase endogenous glucose production, which could be unfavourable for patients 

with T2DM. It also increases satiety and energy expenditure, however, with benefits for patients with 

obesity (Salem, Izzi-Engbeaya, Coello, et al., 2016). In the liver, mounting evidence suggests that glucagon 

decreases lipid accumulation, effects which are beneficial for the reduction of steatosis in NAFLD (Bobe, 

Ametaj, Young, et al., 2007).  

 

This complicated picture emphasises the need for clear characterisation of glucagon receptor signalling, 

to facilitate the differential manipulation of glucagon activity depending on tissue type, nutritional or 

disease status. Understanding RAMP2, a protein that interacts with the glucagon receptor allosterically to 

affect its trafficking and pharmacology in some circumstances, is part of this process.  

 

In this thesis, I built upon previous data suggesting that RAMP2 affects pharmacology of GCGR in CHO and 

HEK cells (Cegla, Jones, Gardiner, et al., 2017) (Weston, Lu, Li, et al., 2015). I focused on investigating the 

interaction of RAMP2 and GCGR in the liver, due to the physiological relevance of this organ system for 

glucagon’s actions. Findings from my cell experiments are summarised in table 9.2. In a variety of cell 

lines, it has now been shown that human RAMP2 does appear to alter both human GCGR pharmacology 

and distribution. I have not, however, been able to demonstrate the same for murine RAMP2 and murine 

GCGR. Furthermore, hepatic upregulation of RAMP2 in mice did not affect whole body glucagon 

responsiveness, neither in lean nor obese mice.  

  



 154 

 

Cells Species ortholog for 
GCGR and RAMP2 

GCGR pharmacology GCGR distribution 

Human hepatoma cells 
(Huh) 

Human Increased efficacy for 
cAMP with RAMP2 

Decreased surface density 
of GCGR 

Chinese hamster 
ovarian cells (CHO) 

Human Increased efficacy for 
cAMP with RAMP2 
(Cegla, Jones, Gardiner, 
et al., 2017) 

Decreased surface density 
of GCGR 

Human embryonic 
kidney cells (HEK) 

Human Increased efficacy for 
cAMP with RAMP2 
(Weston, Lu, Li, et al., 
2015) 

Decreased surface density 
of GCGR both 
constitutively and post-
stimulation 

Primary mouse 
hepatocytes 

Mouse No difference in cAMP, 
glucose production or 
gluconeogenic enzyme 
expression with RAMP2 

N/a 

Mouse hepatoma cells 
(HEPA) 

Mouse No difference in cAMP 
with RAMP2 

No difference in surface 
density of GCGR 

Table 9.2: Summary of main in vitro effects on GCGR when RAMP2 is upregulated.  

GCGR pharmacology refers to action of glucagon at its receptor. Results in italics were not 

demonstrated in this thesis, but are included for completion  

 

These results raise the possibility that there is a species difference between mice and humans regarding 

the interaction between GCGR and RAMP2.  There are many examples in recent metabolic research where 

the situation in man is not reproduced in rodents; for example, while GLP-1 has thermogenic effects in 

mice this is not apparent in man (Heppner, Marks, Holland, et al., 2015) (Tan, Field, McCullough, et al., 

2013). It is important to confirm that the murine orthologs do interact before planning follow-up in vivo 

studies.  

 

It is also worth considering that since RAMP2 is present in the majority of cell types, it may be that its 

presence facilitates physiological trafficking and activity of GCGR. Variations in its levels in different cell 

types could contribute to physiological modulation of GCGR responsiveness. As demonstrated in section 

7.4.4, there is reasonable basal protein expression of RAMP2 in the liver in normal circumstances. In the 

liver, therefore, it could be that silencing hepatic RAMP2 in vivo is necessary to demonstrate its function.   
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If the presence of RAMP2 does affect the cellular distribution and activity of GCGR in man, this relationship 

will be important to consider in the development of drugs that target GCGR. For example, the effect of 

such drugs will differ depending on whether their binding site interferes with the binding site for RAMP2. 

Indeed, the RAMP2: GCGR interaction itself could feasibly be targeted, to prevent RAMP2 binding and 

therefore decrease GCGR activation.  

 

Regarding upregulation of human RAMP2, it is interesting to note that while this was associated with a 

higher proportion of human GCGR inside the cell compared to at the surface, efficacy of GCG for cAMP 

production was nonetheless greater. This could imply that the GCGR is more efficient for cAMP production 

when endosomal. There are other experimental methods that can be used to disrupt GCGR internalisation 

or recycling to the cell surface membrane; for example, dynamin blocking agent (Dyngo) prevents 

internalisation (Gorvin, Rogers, Hastoy, et al., 2018). Future work will use such methods to work out if the 

increase in maximal cAMP in the presence of RAMP2 is due to a change in GCGR trafficking, rather than a 

direct effect of RAMP2. If the former is true, then manipulation of RAMP2 will also be useful as a tool to 

better understand how cellular location of GCGR affects its signalling.  
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