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Abstract 
 

Diabetes and obesity are chronic conditions which cause significant impact upon the 

individual, healthcare services and society. Medications agonising glucagon-like peptide-1 

receptor (GLP1R) and dual agonists targeting GLP1R and glucose-dependent 

insulinotropic polypeptide receptor (GIPR) are revolutionising treatment for type 2 

diabetes and obesity and showing promise in other conditions such as MASLD and IIH. 

Dual agonists demonstrate superior efficacy compared to GLP1R agonists for glycaemic 

control and weight loss. However, the mechanisms of their superiority remain unclear as 

confirmation of GIPR presence and dual agonist cellular targets remains challenging. 

In this thesis, we present the development and validation of novel GIPR (sGIPs) and dual 

GLP1R/GIPR (daLUXendins) fluorescent agonist probes and apply them to relevant models 

to visualise cellular targets.  

The sGIP probes demonstrate specificity in over- and endogenously expressed systems 

and suggest that GLP1R may be upregulated in GIPRKO models. 

With the daLUXendin probes, we have generated non-lipidated (daLUXendin) and lipidated 

(daLUXendin+) forms. We show that the non-lipidated probes advantageously show 

greater selectivity for mouse GIPR over mouse GLP1R and label all major endocrine cell 

types in mouse islets and human stem-cell derived islet-like structures.  Such labelling 

shows greatest intensity with ß cells > α cells = δ cells. Peripheral administration of 

daLUXendins labels circumventricular organs in a similar manner to single GLP1R 

agonists and antagonists, suggesting that depth of brain penetration is not a contributor to 

superior dual agonist efficacy. Central daLUXendin administration shows labelling of 
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tanycytes. daLUXendins are also suitable for single-molecule imaging and enhance 

nanodomain formation compared to single agonist/antagonist binding. 

Together, this thesis presents the novel sGIP and daLUXendin probes which are specific 

for their cognate receptors and versatile for use in a range of super-resolution imaging 

modalities. We have used them to confirm dual agonist targets in the pancreas and brain 

and presented interrogable avenues to investigate the superior efficacy of dual agonists 

compared to single agonists.  
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Chapter 1: Introduction 

The impact of diabetes and obesity  

Diabetes and obesity are highly prevalent, chronic conditions which cause significant 

morbidity and mortality.  Worldwide, in 2024 an estimated 589 million people live with 

diabetes and the number is predicted to rise to 853 million by 2050 (1).  In England in 2024, 

there were 3.7-3.9 million people living with diabetes (2,3).  Most people living with 

diabetes have been diagnosed with type 2 diabetes (1,2).  In 2022, globally, 878 million 

people lived with obesity (4) and in England 29% of people live with obesity (5,6). 

Both diabetes and obesity impact on people’s day-to-day lives as well as putting them at 

risk of serious long-term complications and death. 

In 2022, in England type 2 diabetes led to 7,565 lower limb amputations and 500,000 

people were living with chronic kidney disease due to type 2 diabetes (7).  The risk of 

admission to hospital due to a heart attack if a person has type 2 diabetes is 3.8-6x higher 

than the non-diabetic population and 3.2-4.5x higher for a stroke (7).  Diabetes was 

responsible for 3.4 million deaths worldwide in 2024 (1).   

Obesity is associated with an increased risk of hypertension, type 2 diabetes, 

cardiovascular disease and increased incidence and mortality from certain types of 

cancer (8–12). A raised BMI (overweight and obesity i.e. BMI >25kg/m2) accounts for 1.6 

million premature deaths from non-communicable diseases each year (13).  The global 

burden of high BMI has doubled since 1990 and is predicted to continue to rise (14,15). 
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Additionally, the economic cost of these conditions is high.  The global cost of diabetes 

has been estimated as over 1 trillion US dollars (1). In the UK, the NHS spent £10.7 billion 

in 2021/22 on diabetes, with almost 60% of costs treating complications (16).  An 

estimated £3.2 billion was spent on indirect costs of diabetes due to absenteeism and 

early mortality (16).   

Worldwide, the global cost of obesity has been estimated as almost US$2 trillion, with 

indirect costs almost double the value of direct costs (17). Annual direct and indirect 

costs of obesity in the UK in 2022 were found to be £58 million, with NHS spend on 

obesity-related conditions £6.5 billion (18).  However, the biggest contributor to obesity-

related costs was the reduction in Quality Adjusted Life Years (18), a well-established 

measure of longevity and quality of life, estimated to be worth £38.9 billion. 

The underlying pathophysiology of both diseases are interlinked, with obesity increasing 

the risk of the development of type 2 diabetes by seven-fold (19) through inducing insulin 

resistance and attenuating ß cell function (20).  Both type 2 diabetes and obesity form part 

of the metabolic syndrome. The metabolic syndrome is a cluster of conditions which 

increase the risk of type 2 diabetes and atherosclerotic cardiovascular disease (21–23).  

Such conditions include obesity, hypertension and dyslipidaemia (21–23).  Therefore, 

therapeutic interventions which target several aspects of the metabolic syndrome are 

advantageous. 

The definitions of diabetes and obesity 

Type 2 diabetes is defined as a chronic, metabolic condition characterised by 

hyperglycaemia (24–26).  Type 2 diabetes is diagnosed if a person has a HbA1c 

≥48mmol/mol (6.5%), a fasting plasma glucose of ≥7mmol/l or random blood glucose 

≥11.1mmol/l in the presence of symptoms (25,26). 
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Obesity is defined as a BMI ≥30kg/m2, adjusted to >27.5kg/m2 if the person is of an 

ethnicity at higher risk of complications, such as Black African or Caribbean and Asian 

background (27,28).  Obesity can then be further assessed or staged by measuring waist 

circumference, waist:height ratio (28,29) or using the Edmonton Obesity Staging System 

(29,30). 

 

Physiological control of blood glucose  

The pancreas is both an endocrine and exocrine organ.  It contributes to digestion of food 

by secreting digestive enzymes into the duodenum and aims to limit blood glucose levels 

to between 4-6mM through the secretion of several hormones (31,32).   

There are five main endocrine cells, α, ß, δ, ε, γ cells (33–37), which are arranged in 

clusters called islets (32,36–39). The main cells which regulate blood glucose are 

glucagon-secreting α cells, insulin-secreting ß cells, somatostatin-secreting δ cells 

(32,40).  The abundance of each cell type and the structure of the islet varies between 

species, summarised in Table 1 and Table 2, and even within species (41). 

 

Mouse islets Brissova 2005  
(33) 

Cabrera 2006 
(42) 

Kilimnik 2012  
(43) 

Kim 2009 
 (41) 

α cells 9-31% 18% 15%  
ß cells 61-88% 77% 85% 85% +/- 14% 
δ cells 1-13%    

Table 1: Summary of abundance of α, ß and δ cells in mouse pancreatic islets. 
Described as % total islet volume. 
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Human 
islets 

Brissova 
2005  
(33) 

Cabrera 
2006  
(42) 

Ionescu-
Tirgoviste 

2015  
(44) 

Kilimnik 
2012 
(43) 

Kim 2009 
(41) 

α cells 10-65% 38% 32.6% 30%  
ß cells 28-75% 55% 57.1% 70% 64% +/- 21% 
δ cells 1.2-22%  10.2% Approx. 

17% 
 

Table 2: Summary of abundance of α, ß and δ cells in human pancreatic islets. 
Described as % total islet volume. 
 

Blood glucose levels are lowered by insulin and raised by glucagon (32,45).  Insulin is 

released during hyperglycaemia and binds to its cognate receptors in muscle, liver and 

adipose tissue which triggers insulin-dependent glucose uptake, storage and use (32,46).  

Insulin also mediates protein and lipid metabolism by inducing lipogenesis, hepatic 

glycogenesis and protein synthesis (32,47).  

In contrast to insulin, glucagon release from α cells is suppressed by hyperglycaemia and 

triggered by hypoglycaemia (37) and is further amplified by circulating amino acids and 

adrenergic stimulation (48).  Glucagon triggers hepatic gluconeogenesis and 

glycogenolysis to raise blood glucose (47,49,50). 

Hyperglycaemia also triggers somatostatin release but effects of somatostatin upon 

glucose control is via paracrine action rather than direct effects (40,48,51).  The paracrine 

effects of glucagon, insulin and somatostatin all help to regulate insulin secretion and 

therefore contribute to glucose homeostasis (Figure 1).  Glucagon stimulates both insulin 

(52,53) and somatostatin (54,55) release.  Insulin inhibits glucagon secretion (56–59) and 

somatostatin inhibits both insulin and glucagon secretion (32,40,60,61). Therefore, 

although ß cells are the sole secretors of insulin, failure in any one of these axes can 

dysregulate insulin secretion and lead to hyperglycaemia. Furthermore, paracrine 

signalling with the islet is complex with other molecules proposed to play a part (such as 
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glutamate and GABA) and optimised islet function and cell survival is also dependent 

upon preserved cell-cell connections (such as via e-cadherin and gap junctions) (62,63). 

 

 

 

 

 

 

 

 

 

 

Pathophysiology of type 2 diabetes and obesity 

The underlying pathology of type 2 diabetes begins many years before the dysglycaemia 

reaches diagnostic levels (64–67). Consensus view of the pathogenesis of type 2 diabetes 

is that there are elements of pancreatic ß-cell failure (68–71) and insulin resistance 

(46,68,72–76) which leads to failure to suppress hepatic gluconeogenesis (76) and 

subsequent perpetuation of these pathological mechanisms from gluco/lipotoxicity (76–

78).   

Insulin resistance can be defined as a reduction in the ability of insulin to lower blood 

glucose, induce glucose disposal in skeletal muscle and suppress hepatic 

Figure 1: Schematic of α and ß cell effects on blood glucose and paracrine signalling between α, 
ß and δ cells in the pancreatic islet. 
This simplified diagram of paracrine singalling between α, ß an δ cells has been traditionally 
taught but in recent years understanding of the interdepedence of each cell type upon each 
other for their function and survival has come to light. Created with biorender.com. 
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gluconeogenesis (79).  It can be caused by genetic and environmental factors, with a 

significant epigenetic influence (80).  Insulin resistance occurs early in the pathogenesis 

of type 2 diabetes with insulin resistance resulting in reduced muscle glycogen formation 

and consequently excess glucose undergoing hepatic lipogenesis (76,77,81).  Hepatic 

lipid accumulation worsens insulin resistance which further reduces the ability of insulin 

to suppress hepatic gluconeogenesis and over years, rising blood glucose leads to 

increased circulating insulin.  Increased insulin leads to worsening of hepatic lipid 

accumulation as insulin promotes this deposition.  This cyclical interaction and 

intensification of insulin resistance and hepatic gluconeogenesis is known as the Twin 

Cycle hypothesis (76). 

Initially, ß cells compensate for increased insulin resistance through increasing ß cell 

mass (mainly through hypertrophy  rather than proliferation (82)) and insulin production 

(69,83–85).  After some time, ß cell dysfunction and failure occurs which leads to the 

onset of type 2 diabetes.  Initially, it was thought that ß cell failure was due to exhaustion 

from the prolonged increase in insulin production and ß cell death from gluco-

/lipotoxicity-induced metabolic and oxidative stress (86–89) . However, it has since been 

postulated that changes to ß cell identity, such as de-differentiation and 

transdifferentiation, and alterations to cell metabolism and intracellular signalling, due to 

oxidative stress and ER stress, also contribute to ß cell failure in the setting of type 2 

diabetes (reviewed in (90)). It is likely that the underlying factors vary between individuals 

but that both changes to ß cell identity and ß cell signalling play a role in the decline of ß 

cell function and survival in type 2 diabetes. 

Obesity develops due to both genetic and environmental factors, in addition to the impact 

of epigenetics (91). Adipose tissue is highly active with numerous metabolic, hormonal 
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and immunological roles (92). Excess adipose tissue results in complications through 

chronic, low-grade inflammation and significant alteration to the gut microbiome (93).  

Activation of the inflammatory response of immune cells results in further potentiation of 

inflammation and a dysregulated immune system (92,94,95).  The gut microbiome 

influences adipose tissue deposition, insulin resistance and inflammation (96) with weight 

loss induced in people with obesity after faecal microbiota transplant (97). However, 

obesity has been shown to rapidly alter microbial composition and function (96,98), 

suggesting a bidirectional relationship between obesity and the gut microbiome. 

Obesity leads to type 2 diabetes by both attenuating insulin action (91,99) and inducing 

hyperglycaemia via increasing circulating free fatty acids (FFAs).  A rise in circulating FFAs 

provides an alternative fuel source for skeletal muscle leading to reduced glucose uptake 

and FFAs oxidation in the liver triggers hepatic gluconeogenesis (91).  Excess adiposity 

also contributes to the development of diabetes-associated complications, such as heart 

failure and chronic kidney disease, for some time before type 2 diabetes is diagnosed 

(100). 

 

Current treatments for diabetes and obesity 

It has long been established that for diabetes, controlling blood glucose leads to a 

reduction in costly complications (101,102).  Blood glucose levels correlate with a U-

shaped curve for risk of complications – with higher morbidity and mortality associated 

with either very high or very blood glucose (103).  However, all glucose-lowering 

medications have risks and side effects which can limit their use. Therefore, treatment 

choices and targets are tailored to an individual to bring blood glucose into a safe range.  

Currently, in England and Wales only around 65% of patients with type 2 diabetes are 
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achieving their target blood glucose (2) and in addition, type 2 diabetes progression occurs 

in most patients regardless of medication choice (104). This drives innovation to develop 

more efficacious medications with fewer side effects and compatibility with other existing 

medication. 

Glucagon-like peptide 1 receptor (GLP1R) agonists have been of particular interest in the 

world of diabetes and obesity not only because they significantly improve blood glucose 

control and drive weight loss, but also because they allow dose escalation without the risk 

of hypoglycaemia. 

For type 1 diabetes, the only treatment option is insulin.  For type 2 diabetes, oral 

medications are first line in the UK (105) and the current options are summarised in Table 

3.   

Medication class 
and examples Mechanism of action Significant benefits Adverse effects 

Biguanides 
Metformin 

Improves insulin 
resistance 
Reduces hepatic 
gluconeogenesis 

No risk of 
hypoglycaemia 
Safe in pregnancy 

GI upset 
Vitamin B12 
deficiency 
Lactic acidosis 

Sulfonylureas 
Gliclazide 

Simulate insulin 
release from ß cells, 
suppresses glucagon 
secretion from α cells 

Rapid glucose 
lowering 

Hypoglycaemia 
Weight gain 

PPAR-γ agonists 
Pioglitazone 

Improve insulin 
resistance; hepatic 
gluconeogenesis 
suppression, 
enhanced skeletal 
muscle insulin-
dependent glucose 
uptake 

Significant 
improvement in 
insulin resistance, 
low risk of 
hypoglycaemia 

Fluid retention 
Bladder cancer 

SGLT2-inhibitors 
Canagliflozin, 
dapaglifozin, 
empagliflozin 

Inhibits SGLT2 
transporter in renal 
tubules, permitting 
glycosuria 

Mild weight loss, 
some have proven 
cardiovascular 
benefit 

Urinary tract 
infection 
Euglycaemic 
ketoacidosis 

DPP4-inhibitors 
alogliptin, 

Inhibit DPP4 enzyme to 
prolong half-life of 

Low risk of 
hypoglycaemia, can 

Pancreatitis 
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linagliptin, 
sitagliptin 

endogenous GLP1 and 
GIP 

be used in renal 
failure 

GLP1R agonists 
exenatide, 
liraglutide, 
semaglutide 
(Ozempic) 

Improve glucose-
dependent insulin 
secretion 
Reduce hepatic 
gluconeogenesis 
 

Weight loss, some 
have proven 
cardiovascular 
benefit 

GI upset 
Pancreatitis 
Gallbladder 
disease 

GLP1R and GIPR 
dual agonist 
Tirzepatide 
(Zepbound) 

Improve glucose-
dependent insulin 
secretion 
Reduce hepatic 
gluconeogenesis 

Weight loss GI upset 
Pancreatitis 
Gallbladder 
disease 

Insulin Binds to insulin 
receptor 

Rapid glucose 
lowering 

Hypoglycaemia 
Weight gain 

Table 3: Summary of NICE approved medications for type 2 diabetes. 
 (105,106). Medication names listed are generic, with trade name licensed for type 2 diabetes in brackets. 
DPP4 = dipeptidyl peptidase 4, GIPR = glucose-dependent insulinotropic polypeptide receptor, GLP1 = 
glucagon-like peptide 1, GLP1R = glucagon-like peptide 1 receptor, PPAR = peroxisome proliferator-activated 
receptor , SGLT2 = sodium-like glucose transporter 2. 
 

For obesity, four medications are currently licenced in the UK, summarised in Table 4.  

Medication Medication 
class 

Year of NICE 
approval 

Notes 

Orlistat Lipase inhibitor 1998 
2009 – available 
without 
prescription 

Significant gastrointestinal 
side effects 

Liraglutide 
(Saxenda) 

GLP1R agonist 2020 Only available in Tier 3 weight 
management services 

Semaglutide 
(Wegovy) 

GLP1R agonist 2023 Only available in specialist 
weight management services 

Tirzepatide 
(Mounjaro) 

GLP1R and GIPR 
dual agonist 

2024 Available in primary care 
within restrictions of funding 
variation (107) as well as 
specialist weight management 
services 

Table 4: Summary of NICE-approved medications for obesity. 
 (28,108). Medication names listed are generic, with trade name licensed for obesity and overweight in 
brackets. GIPR = glucose-dependent insulinotropic polypeptide receptor, GLP1R = glucagon-like peptide 1 
receptor. 
 

One of the earliest medications available to the NHS to treat obesity in England was 

orlistat. Orlistat is a lipase inhibitor which prevents the digestion and subsequent 
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absorption of fat in ingested food (109,110). Orlistat induces an average weight loss of 

2.9% more than placebo over a year (111) but can cause significant gastrointestinal side 

effects including diarrhoea and bloating (109,110). Sibutramine and rimonabant were also 

available for use but were withdrawn within the European Union due to safety concerns 

(112,113). 

In people with obesity, liraglutide drives an average weight loss of -5.4% total body weight 

more than placebo after 56 weeks (114) but requires once-daily injection, unlike once-

weekly semaglutide and tirzepatide.  In the STEP-8 head-to-head trial, over 68 weeks 

semaglutide induced a weight loss of 13.9% more than placebo and 9.4% greater than 

liraglutide in people with obesity or overweight (115).  Tirzepatide combines GLP1R 

agonism with glucose-dependent insulinotropic polypeptide (GIP) receptor agonism. 

Compared with placebo, tirzepatide induces an average weight loss of 17.8% in people 

with obesity (116). Furthermore, in a head-to-head cohort study of people with obesity 

and/or type 2 diabetes, tirzepatide  was found to induce an additional 6.9% average weight 

loss compared to semaglutide (117). Weight loss to this degree was only previously 

attainable at a large scale through bariatric and metabolic surgery (118,119).  

On the horizon, are further dual and triple incretin agonists and antagonists; the trials for 

obesity are summarised in Table 5.  
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Table 5: Summary of novel dual- and multi-incretin-based therapies current under Phase 2 or Phase 3 investigation for obesity.  
Adapted and amended from Melson et al (123). BD = bis die (twice daily); GIPR = glucose-dependent insulinotropic polypeptide receptor, GIPRA = glucose-dependent 
insulinotropic polypeptide receptor agonist; GLP1RA = glucagon-like peptide 1 receptor agonist; GLP2RA = glucagon-like peptide 2 receptor agonist; MASLD = metabolic-
dysfunction associated steatotic liver disease; MGAT2 = monoacylglycerol O-acyltransferase 2; OD = omni die (once daily); OW = once weekly; PYYRA = peptide YY receptor 
agonist; RA = receptor agonist, SC = subcutaneous. 

Medication name Mechanism of action Route/ 
frequency 

Manufacturer Clinical trials.gov ID Expected completion date 

Phase 3 obesity trials 
CagriSema GLP1RA + 

Amylin RA 
SC OW Novo Nordisk NCT05567796 Completed June 2025 

Maritide GLP1RA + 
GIPR antagonist 

SC Monthly Amgen NCT06858839 Apr 2027 

Mazdutide  
(4-6mg) 

GLP1RA + Glucagon RA SC OW Innovent Biologics NCT05607680 Completed Apr 2024 

Mazdutide (9mg) GLP1RA + Glucagon RA SC OW Innovent Biologics NCT06164873 Sept 2025 
Orforglipron GLP1RA PO OD Eli Lilly NCT05869903 July 2025 
Retatrutide GLP1RA + GIPRA + 

Glucagon RA 
SC OW Eli Lilly NCT05929066 May 2026 

Survodutide GLP1RA + Glucagon RA SC OW Boehringer Ingelheim NCT04667377 Completed Oct 2022 
Phase 2 obesity trials 

Bimagrumab + 
Semaglutide 

Activin receptor II 
inhibitor + GLP1RA 

(B) IV/ monthly; 
(S) SC OW 

Versanis Bio NCT05616013 June 2025 
(120) 

Cagrilintide Amylin RA SC OW Novo Nordisk NCT03856047 Completed Mar 2021 
Danuglipron GLP1RA 

(small molecule) 
PO BD Pfizer NCT04707313 Completed Oct 2023 but 

discontinued (121) 
Dapiglutide GLP1RA + GLP2RA SC OW Zealand Pharma NCT05788601 Aug 2025 

Efinopegdutide GLP1RA + Glucagon RA SC OW Hanmi Pharmaceut-
icals 

NCT03486392 Completed March 2019 
now solely for MASLD 

Maritide GLP1RA + 
GIPR antagonist 

SC Monthly Amgen NCT05669599 Completed Jan 2025 

NNC0165-1875 + 
Semaglutide 

PYYRA + 
GLP1RA 

SC twice-weekly Novo Nordisk NCT04969939 Completed Jan 2023 but 
discontinued (122) 

Pemvidutide GLP1RA + Glucagon RA SC OW Altimmune NCT05295875 Completed Sept 2023 
S-309309 MGAT2 inhibitor PO OD Shionogi NCT05925114 Completed May 2024 
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Medications of particular interest are maridebart cafraglutide (MariTide), a GLP1R 

agonist/GIPR antagonist; orforglipron, a small molecule GLP1R agonist and retatrutide, a 

triple GLP1R/GIPR/GCGR agonist. 

MariTide is a monoclonal GIPR antagonist antibody with two identical GLP1R agonist 

peptides conjugated to the heavy chains, developed by Amgen for type 2 diabetes and 

obesity (124). Phase 1 and 2 trials have demonstrated dose-dependent weight loss in 

people with obesity and an acceptable safety profile (124,125). Phase 2 trials also 

reported 6.7%-10.6% total body weight loss compared to placebo and a 1.1%-1.5% 

percentage point reduction in HbA1c compared to placebo (125). One key advantage of 

MariTide is its long-half life (14-21 days) which allows for the less frequent monthly dosing 

in addition to sustained weight loss (150 days in phase 1 trial) after discontinuation (124) – 

neither of which have been features of currently licensed GLP1R agonists or tirzepatide. 

However, MariTide requires a higher dose and higher volume of injection compared to 

such currently licensed medications – 6ml for maximum dosing of MariTide (420mg at 

70mg/ml) compared to 0.6 ml (15mg at 25mg/ml) for tirzepatide (126). This significant 

difference in injection volume may have negative implications for patient acceptability and 

manufacturing and would need to be considered when interpreting any head-to-head 

trials between MariTide and GLP1R agonists or tirzepatide. 

Orforglipron is a non-peptide small molecule GLP1R agonist suitable for once-daily oral 

administration developed by Eli Lilly (127). It is a partial GLP1R agonist and biases 

signalling towards Gs rather than ß arrestin recruitment (127). Top line results for the 

phase 3 trial of orforglipron for the treatment of obesity were recently published and 

reported 11.5% total body weight loss compared to placebo (128). Orforglipron has also 

shown promise in phase 3 trials for diabetes, with reductions in HbA1c of up to 1.1-1.4% 
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(129). Discontinuation rates due to side effects, primarily gastrointestinal, were 2.2%-

5.7% (130), which is similar to the discontinuation rates reported in a recent head-to-head 

trial comparing tirzepatide (2.7% discontinuation rate) and semaglutide (5.6%) (131). Oral 

administration is generally viewed as a more acceptable route of administration than 

injectable routes but so far, the success of oral incretin-based medications has been 

limited to semaglutide. Although there have been no head-to-head trials comparing oral 

and subcutaneous (SC) semaglutide, a network meta-analysis reported that maximally 

dosed SC semaglutide was more efficacious than oral semaglutide for both reductions in 

HbA1c and weight, although oral semaglutide was more efficacious than the other SC 

GLP1R agonists, dulaglutide and liraglutide (132). Therefore, the oral route of 

administration for orforglipron is a distinct advantage and may aid in its success should 

dedicated cardiovascular outcome trials report positive results. 

Retatrutide is a triple GLP1R/GIPR/GCG receptor agonist developed by Eli Lilly and 

currently undergoing phase 3 trials (133). In pharmacological assessment linked to a 

phase 1 trial, retatrutide has demonstrated reduced cAMP potency at the hGLP1R and 

hGCGR but enhanced potency at hGIPR (134). The phase 2 trial in people living with 

diabetes had the advantage of comparing retatrutide with, and showing benefit over, the 

widely used GLP1R agonist, dulaglutide. For the highest dose of retatrutide, the reported a 

mean reduction in HbA1c was -2.02% more than placebo and -0.61% more than 

dulaglutide at 24 weeks (135). The same study also reported mean total body weight loss 

of -13.94% more than placebo and -14.92% more than dulaglutide. The phase 2 trial for 

people living with obesity reported an impressive mean total body weight reduction of -

22.1% with their maximum dose compared to placebo (136). Phase 3 trial results are 

expected in 2026, and it will be interesting to see outcomes for the secondary end points 

concerning lipids and other cardiovascular parameters.  
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There are many other medications undergoing Phase 1 trials, mostly receptor agonists 

similar to those currently under investigation (123).  Additionally, agents with novel targets 

were investigated at a Phase 1 level such as GDF15 analogues (137–139) and a dual amylin 

receptor and calcitonin receptor agonist (140,141) although only one new class (full 

agonists of the free fatty acid receptor GPR40 (142)) has had sufficiently positive results to 

warrant Phase 2 trials. 

 

Incretin physiology 

At the turn of the 20th century, hormones were discovered (143) and a link was made 

between the gastrointestinal tract and the pancreas.  Extracts from the gut were shown to 

stimulate release of pancreatic exocrine secretions (144) and lower urinary glucose (145).  

In 1929, Jean La Barre purified glucose-lowering extracts from the gut and coined the 

name incretin (INtestine seCRETion INsulin) (146,147). 

However, it wasn’t until the discovery of insulin (148) and development of 

radioimmunoassays (RIA) (149), that more accurate measurement of low-level circulating 

molecules such as peptide hormones could be achieved, which permitted incretins to be 

further explored (146).  Using RIA to measure insulin, it was discovered that oral glucose 

load produces a much greater insulin response than an intravenous infusion of glucose 

(150,151).  This suggested the presence of a gut-pancreas axis to control blood glucose 

and was termed the “incretin effect”. 

GIP was the first incretin to be discovered in the 1970s (146), initially noted to inhibit 

gastric secretion and named gastric inhibitory peptide, it was later renamed to glucose-
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dependent insulinotropic polypeptide after the observation that it lowered blood glucose 

in an insulin-dependent manner (152). 

GLP1 was discovered in the 1980s after immunoreactivity was detected in the intestinal 

mucosa that was similar to glucagon but different to the well-characterised form of 

pancreatic glucagon (153,154).  This led to cloning and sequencing of preproglucagon and 

discovery of two novel glucagon-like peptides within its structure; GLP1 and GLP2 

(155,156). 

GLP1 was found to be synthesised in its full structure but also as N-terminally truncated 

forms, which demonstrated substantial insulin release and glucagon inhibition (157,158) 

and counteracted the hyperglycaemia in diabetes (159,160).   

GLP2 does not mediate glucose metabolism but instead modulates intestinal nutrient 

absorption and epithelial biology (161) and a GLP2 receptor agonist has been licensed for 

short bowel syndrome (162–164).  It is worth noting that several other gut-derived 

hormones also stimulate insulin secretion (such as gastrin, cholecystokinin) which would 

fit the definition of an incretin hormone, but their study and development into 

therapeutical agents has been overtaken by that of GLP1 and GIP (146). 

Both GIP and GLP1 are peptide hormones produced by enteroendocrine cells in the 

gastrointestinal tract; GIP is secreted from K cells in the duodenum and upper jejunum 

(165) and GLP1 is secreted from L cells in all parts of the intestine but more so distally 

(166).  GLP1 production was also identified in the brain, and its structure was confirmed to 

be the same as GLP1 produced in the intestines (157,158,167). 

GIP and GLP1 are released from their respective gastrointestinal enteroendocrine cells in 

response to the presence of intraluminal (168) and bile acid (169) to regulate metabolism 
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in many tissues (Figure 2).  However, their action is short-lived as they undergo rapid 

proteolytic degradation by dipeptidyl peptidase-4 (DPP4)(170).   

 

 

 

 

 

 

 

 

 

 

GLP1 and GIP action on tissue occurs via their cognate receptors, GLP1R and GIPR 

respectively.  Glp1r mRNA or GLP1R expression has been found in the pancreas, lung, 

brain, kidney, stomach, intestines, heart and vasculature (171–174).  

Gipr mRNA has been found in the pancreas, heart, adipose tissue, brain, lung, bone and 

vasculature (174).  However, identifying or locating protein expression has been limited, 

with only a small number of studies reporting receptor expression (174). 

Of relevance to this thesis, GLP1 and GIP action upon the pancreas and brain improves 

blood glucose control and facilitates weight loss.  Incretin action in the brain will be 

explored in Chapter 6. 

Figure 2: Summary of GLP1 and GIP action in different tissues. 
Reproduced from Nauck et al 2021 (174). 
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Incretin action in the pancreas 

Upon GLP1 binding to its cognate receptor on β cells, it engages Gαs to activate adenylate 

cyclase which induces cAMP release and insulin secretion via PKA-dependent and PKA-

independent pathways (175).   This occurs in the setting of hyperglycaemia; the 

mechanisms which mediate this are unclear but theorised to be related to KATP and Kv 

channels (175).  Additionally, there is evidence that GLP1R activates other pathways, such 

as the MEK-ERK pathway, via recruiting ß arrestins, and also engages other Gα subunits, 

such as Gαi and Gαq  (176). 

Similarly to GLP1, GIP potentiates insulin release via cAMP-mediated PKA-dependent and 

PKA-independent pathways. (177,178) as well as via phospholipase A2 and specific 

protein kinase signalling pathways (179–181).  GIP stimulates insulin release in a glucose-

dependent manner (54,61–66) and in hypoglycaemia, GIP-mediated insulin release is 

attenuated (62). 

GLP1 and GIP have opposing actions upon glucagon secretion.  GLP1 is known to 

suppress glucagon release in a glucose-dependent manner (182) although whether this 

occurs directly through GLP1R on α cells (183,184) or via paracrine signalling of 

somatostatin release (185–187) remains debated since GLP1R/GIPR protein detection has 

been a challenge.   

Gipr expression has been found in α cells (188–190) and upon GIP binding to GIPR, 

glucagon is released in a dose-dependent manner, including in a hyperglycaemic state in 

rodent islets (61,62,67).  In hyperglycaemia, this GIP-mediated glucagon release partially 

attenuates glucagon suppression by glucose (62,67).  
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Both Glp1r (188,191) and Gipr (192) expression has been detected in δ cells, though to a 

lesser extent than in α and ß cells.  In the rodent pancreas, both GLP1 and GIP stimulate 

somatostatin release (54). However, for GLP1 this only occurs in euglycaemia and not in 

hyperglycaemia whereas higher concentrations of GIP are able to stimulate somatostatin 

release in a moderately hyperglycaemic state (54). 

Additionally, both GLP1 (193,194) and GIP (195,196) have been shown to improve ß cell 

survival through protection against apoptosis and enhanced proliferation. 

 

Incretin impairment in diabetes and obesity 

The incretin effect is attenuated in the setting of type 2 diabetes (197).  There is conflicting 

evidence about whether GLP1 secretion changes in type 2 diabetes (198,199).  It is 

thought that perhaps changes to GLP1 secretion are a consequence rather than cause of 

type 2 diabetes (198,199) and that the reduced GLP1 effect is due to reduced ß cell 

responsiveness (200–204) or reduced GLP1R expression (205).   

GIP secretion appears to be unaltered in people with type 2 diabetes (197,202) but its 

insulinotropic effects are lost (206–208). It has been suggested that this is due to GIPR 

downregulation (205,209–211) or a defect in post-receptor GIPR signalling (202,208).   

Suggesting that GIP is beneficial for glucose control, genetic mouse models have 

demonstrated that interference with GIP/GIPR signalling results in impaired glucose 

tolerance (212–214). However, these results have not been borne out in pharmacological 

studies with antagonists (215) until recently when combined with GLP1R agonism (124).  

Human studies have demonstrated that GIPR antagonism results in increased plasma 

glucose and reduced insulin secretion, showing the importance of GIPR-stimulated 
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insulin secretion in both participants with and without diabetes (reviewed in Rosenkilde 

2024). Furthermore, while GLP1 infusion can stimulate insulin release (216) and improve 

glucose tolerance in people with type 2 diabetes (200,201,217,218), this is not the case for 

GIP (200,217,218), which has led to a lack of interest in GIP as a therapeutic option until 

recently. 

In the setting of obesity, the incretin effect is also attenuated even without impaired 

glucose tolerance or diabetes (219–221).  This blunted effect has been shown to be a 

marker of early ß cell dysfunction (222) and a predictor of future weight and insulin 

insensitivity (223) in young people with obesity. It is unclear if this attenuated incretin 

effect is due to changes in post-prandial GLP1 secretion as evidence differs regarding 

whether levels are reduced (224), enhanced (225) or unchanged in obesity (226).  

The role of GIP in the development or treatment of obesity remains controversial.  GIP has 

long been considered an obesogenic hormone since global GIPR KO (227) and antagonism 

(228–231) afforded GIPR-/- and ob/ob mice protection against diet induced obesity.  

Conversely, several reduced or loss of function GIPR variants in humans have been 

associated with reduced BMI (232–235) but impaired glucose tolerance (236), compared 

with an equivalent non-carrier. Furthermore, several other studies have demonstrated that 

GIPR agonism induces weight loss in humans (215,237) and in mice (215,237) or at least 

does not induce weight gain in humans (238–240) and rodents (238–240). However, it is 

likely that GIPR agonist effects on glycaemia and weight loss depend upon the treatment 

duration as functional GIPR desensitisation can occur with chronic GIPR agonist 

administration (241,242).  

The picture of whether GIPR agonism or antagonism is beneficial for glucose control and 

weight has become even more perplexing since superior weight loss and glucose control 
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have been demonstrated when GLP1R agonism is combined with either GIPR agonism 

(116,237,243) or GIPR antagonism (125,244).  

To resolve this conflict, it has been suggested that the comparable weight loss induced 

from both GIPR agonism and antagonism could be due to chronic pharmacological GIPR 

activation inducing functional antagonism in a subgroup of neurones.  Desensitisation has 

been reported for GPCRs (245) and has been observed for GIPR in adipocytes, pancreatic 

islets cell lines and mouse neuroblastoma Neuro2a cells (241,246–249). However, GIPR 

antagonism and agonism have been found to have opposing effect upon gene expression 

in neurones of the dorsal vagal complex, a hindbrain centre for regulating energy 

homeostasis, suggesting that agonism and antagonism of GIPR in this brain region exert 

different effects (250). However, it is important to note that the tissue samples in this 

study were collected after one dose of the ligands and more chronic administration may 

be required to induce functional antagonism. 

A potential explanation for improved glucose control induced by impaired GIP/GIPR 

signalling is that there is increased receptor sensitivity of GLP1R.  This was suggested 

when GLP1 resulted in greater insulin secretion in GIPR-/- mice compared to controls 

(212).  This was also found in islets from GIPRßcell-/- mice, suggesting that any increased 

GLP1 sensitivity is mediated at the ß cell level (196).  This increased GLP1 sensitivity is 

unlikely to be due to increased GLP1 levels or increased GLP1R expression as these 

parameters were comparable with control mice for both the GIPR-/- and GIPRßcell-/- mice 

(196,212).  Resistance to weight gain from HFD has also been observed in GIPR-/- mice 

(251).  However, any increased GLP1 sensitivity which might account for this is likely via a 

non-ß cell mechanism, as enhanced weight loss was not seen in GIPRßcell-/- mice 

administered a GLP1RA (252). 
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A further possible explanation is that the different structures and pharmacology of GIPR 

agonists and antagonists results in differences in target cells engaged with or post-

receptor GLP1R signalling.  In the brain, GIPR peptide agonists combined with GLP1RAs 

act upon GABAergic neurons to reduce food intake and weight (253,254). However, the 

loss of GABA-ergic neurones does not impede the effect of GIPR antagonism in 

conjunction with GLP1R agonism upon weight loss and reduced food intake (250).  

Tirzepatide is a dual GLP1R/GIPR agonist but has been shown to be a biased and 

imbalanced agonist (255). The imbalanced agonism refers to the observation that 

tirzepatide preferentially binds to GIPR>GLP1R in humans and the biased agonism refers 

to the difference in downstream signalling compared with GLP1 (cAMP over ß-arrestin at 

GLP1R) (255).  Furthermore, changes to the structure of tirzepatide alter its binding affinity 

with GLP1R and GIPR (256), confirming that inherent differences in ligand structure could 

underlie differences in efficacy. 

 

Identifying GLP1R and GIPR 

To further investigate incretin and dual agonist biology, the ability to identify the presence 

and location of GLP1R and GIPR is key and the importance of having well-validated, 

specific reagents to detect mRNA or protein has long been highlighted (257,258). 

As reviewed in (259), many reagents and methods for mRNA or protein expression have 

been developed for Glp1r/GLP1R but very few have been developed for Gipr/GIPR.  

Additionally, there are varying degrees of validation for each reagent (259). 

Transcriptomic studies using RNA sequencing have identified the presence of Glp1r and 

Gipr in several relevant cells such as pancreatic islet cells and neurones 
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(188,190,191,260).  However, for Class B GPCRs like GLP1R and GIPR there is discordance 

between the degree of gene or RNA expression and final protein expression (261).  This 

could be due to many factors including rates of translation, stability and half-life of mRNA 

and protein (262,263) as well as differences in sensitivities of detecting reagents.  

Therefore, transcriptomic studies should be interpreted with a degree of caution. 

Genetic modification of mice has yielded some helpful models with which to investigate 

incretin physiology.  Global or cell-specific GLP1R-/- and GIPR-/- knockout mice have 

revealed novel aspects of incretin physiology (212,264) and identified cellular substrates 

of dual agonists (253).  However, on their own they cannot be used to explore GLP1R/GIPR 

interactions. 

Reporter mice have been generated, where a reporter gene is put under the control of a 

promoter gene, which is transcribed when the gene for the protein of interest is expressed. 

In the field of incretins, fluorescent proteins have been incorporated into the genes for 

GLP1R (265,266) or GIPR (267), which allows the visual identification of cells which are 

expressing Glp1r or Gipr.  This has revealed novel cell types which express Glp1r but, as 

for transcriptomic studies, it is important to recognise that it may not be reflective of true 

protein expression. 

The Glp1r and Gipr genes have been modified to incorporate self-label protein tags. This 

fusion gene is then transfected into cells of interest (268) or genome-edited into 

transgenic mice (269). The cell or tissue is incubated with an organic fluorophore which 

fluoresces once it binds to the protein tag (270).  Such self-label protein tags include the 

SNAP-tag (271–273), HaloTag and CLIP-tag (274). SNAP_GLP1R and SNAP_GIPR have been 

generated and well characterised in cell lines (241,275–277). Halo-GLP1R has also been 

developed and reported on (278–280). Mice with SNAP-tagged GLP1R (GLP1RSNAP/SNAP) 
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have been generated using CRISPR/Cas9 genome editing and validated to ensure intact 

GLP1R function and ability to bind to validated fluorescent probes and antibodies (269).  A 

mouse model with Halo-Tag GIPR was generated (GIPRHalo/Halo) but responses to GIP 

were impaired (281). This was postulated to be due to decreased cell surface GIPR 

expression and impaired downstream signalling (281) and serves as a reminder of the 

importance of robust validation of novel models and reagents to explore incretin biology. 

Advantages of self-label proteins include labelling of the protein of interest without 

interfering with orthosteric binding and that substrates can be modified to alter their 

properties without affecting their binding to the SNAP-tag, for example to become cell 

permeable/impermeable to suit the target localisation (282). 

However, inherently these transgenic mouse models and self-label protein tags are unable 

to connect the binding of a drug with its function within a cell. Furthermore, they are 

limited to exploring non-human incretin physiology; an important consideration in light of 

the contrasting affinity and action of tirzepatide in mice compared to humans (264).   

Antibodies are commonly used to confirm protein presence and location, although they 

are limited to use in fixed tissue.  Several GLP1R antibodies (agonist, antagonist and 

neutral) have been developed and suitably validated – for example, demonstrating lack of 

labelling in knockout models or cells not expressing GLP1R (reviewed in (259)). However, 

only a few GIPR antibodies have been generated and insufficient data showing their 

specificity has been published (252,283) or they are not commercially available, despite 

our requests (284).   

Fluorescent probes are capable of addressing some of the challenges of identifying GLP1R 

and GIPR.  Probes are peptides conjugated to a fluorophore which bind to the orthosteric 

binding site and can be modified to be agonists or antagonists. Not only are they suited for 
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live imaging and imaging post-fixation, but they can also be administered in vivo to assess 

which cells exogenously applied ligands can access.  They can also be applied alongside 

markers for other receptors, genes or hormones of interest, such as antibodies and in 

reporter mice.  Prior to commencement of this work, no fluorescent probes for GIPR or 

dual GLP1R/GIPR had been published. During the course of this work, two relevant probes 

were published: GIP-TMR (281,285) and Alexa647-conjugated tirzepatide (256).  

GIP-TMR did not label islets from Gipr-/- mice and demonstrated similar intracellular 

labelling compared with SNAP-labelled GIPR (285).  However, the doses administered 

were somewhat higher than pharmacological dosing; 1µM compared to nanomolar 

pharmacological range (286,287). Furthermore, detailed pharmacological 

characterisation was not published (such as binding affinity) which can be altered when a 

ligand is conjugated to a fluorophore.  Alexa647-conjugated tirzepatide was reported (256) 

but evidence of its validation was not. Pharmacological data such as binding affinity or 

potency was not reported, which should lead to the probe being considered as non-

specific until such data is presented.  Additionally, it did not label Glp1r-/- mice, when it 

would be expected to see some residual GIPR labelling, suggesting that the probe may not 

be able to bind to GIPR or has a low sensitivity in the setting of endogenously expressed 

GIPR. 

Table 6 summarises the current methods of identifying GLP1R and GIPR. 
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Model/reagent GLP1R GIPR GLP1R/GIPR 
Knockout mice GLP1R-/- (288) 

GLP1R-/-ßcell (289) 
Gipr-/- 

Gipr-/-ßcell (196) 
Gipr-/-Ap2  

(adipose)(290) 
Gipr Tie2-/- 

(haemopoetic) 

Double 
GIPR/GLP1R 

knockout (291) 

Reporter mice Three, reasonable 
validation (259) 

GiprEYFP (267) 
GiprGFP knock in (213) 

None 

Self-label 
enzymes 

SNAP-GLP1R 
Halo-GLP1R 

SNAP-GIPR - 

Antibodies Many validated 
options (259) 

Very few, not well-
validated (259) 

- 

Fluorescent 
probes 

Several, well 
validated options 

(259) 

GIP-TMR 
 (281,285) 

Alexa647-
tirzepatide (not 
validated) (256) 

Table 6: Summary of current reagents available to identify GLP1R and GIPR 
Adapted from Ast et al (259). 
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Thesis aim 

A greater understanding of GIP biology is required to reconcile the paradox of beneficial 

results of GIPR agonism and antagonism and to interrogate the cellular substrates and 

mechanism of action of dual GLP1R/GIPR agonists.   

Visualising GLP1R and GIPR and quantifying their number and location in the setting of 

chronic agonism would help shed light on whether a functional antagonism through 

downregulation of GIPR occurs.  Identifying GIP cell targets, for example in adipose tissue 

or the brain, would further our understanding of how GIP modulates weight and identify 

pathways to target to further optimise treatments. 

Evidence reported so far points to a deep intertwining of GIPR and GLP1R dynamics. There 

have been no recent human studies which assess the effect of GIPR agonism or 

antagonism without GLP1RA activity.  However, in the context of many further dual and 

triple incretin medications being licensed, interrogating the interplay between GIPR and 

GLP1R activation and signalling would be a step towards determining whether GLP1R 

agonism is the key factor for resolving this paradox.   

Furthermore, determining the impact of GIP/GIPR interactions upon GLP1R agonism will 

enable greater understanding of how dual agonists or antagonists work and will contribute 

to the development and optimisation of novel agents.  For example, it is not known if the 

synergism between GLP1R and GIPR activation from dual GLP1R/GIPR agonism is a result 

of action upon the same cell expressing both receptors, or each receptor on different cell 

types.  In the pancreas, GIPR was not needed for weight loss from GIPR 

antagonism/GLP1R agonism in GIPR-/-ßcell mice, suggesting that at least in the ß cell, the 

synergism may not be from same-cell mechanisms such as receptor dimerization or 

internalisation kinetics (215,252). 
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As explored in subsequent chapters, there are challenges in detecting GIPR and 

visualising dual GIPR/GLP1R targets and activation.  This thesis aims to present the 

development of high quality, novel probes that address some of these challenges.  We 

provide fresh insight into GIPR and dual GIPR/GLP1R biology and begin to bridge the gap in 

knowledge of what happens to dual agonists after in vivo administration and physiological 

impact. 

Firstly, novel fluorescent GIPR agonist probes, sGIP549 and sGIP646, will be presented. 

We describe their pharmacological profile and the validation of their specificity in relevant 

settings, such as GIPR-/- and GIPR-/-ßcell mice. 

Next, our novel fluorescent GLP1R/GIPR dual agonist probes, daLUXendin544 and 

daLUXendin660 will be presented.  Following the assessment of their pharmacological 

profiles, probes were validated in relevant settings, such as GLP1R-/- mice and in the 

presence of excess GIP agonist.  We then demonstrate that the probes are suitable for 

several super-resolution and single molecule imaging techniques (such as dSTORM, TIRF 

and STED microscopy) and show that dual agonism likely increases GIPR and GLP1R 

interaction.  Finally, we also undertook in vivo work to confirm that the pharmacological 

profile is reflective of in vivo efficacy and then demonstrated the cell targets of the probes 

in islets and the brain, providing insight into dual agonist access. 
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Chapter 2: Materials and methods 

General chemicals and solvents 

General chemicals and solvents were acquired from Sigma, Thermo Fisher Scientific or 

Cambridge Bioscience. 

Ethics 

Animal studies were completed in accordance with the Animals (Scientific Procedures) 

Act 1986 of the United Kingdom (Project Licences P2ABC3A83, PP1778740 and 

PP6526002). Ethical approval was granted by the University of Birmingham, University of 

Oxford and University College London Animal Welfare and Ethical Review Bodies 

(AWERB). 

Fluorescent peptide synthesis 

The novel sGIP and daLUXendin probes were synthesised on solid phase support prior to 

global deprotection and purification by reverse-phase HPLC and HRMS characterisation.  

Maleimide “click chemistry” was used to conjugate the Cy3 and Cy5 fluorophores to the 

peptides before HPLC purification and characterisation using LCMS and HRMS. 

HTRF cAMP assay 

AD293 cells (RRID:CVCL_9804) were transiently transfected for 24h before the assay using 

Lipofectamine 2000 in six-well plates with plasmids encoding wild-type hGLP1R, 

mGLP1R, hGIPR or mGIPR. AD293 cells were authenticated at source using STR profiling. 

Cells were detached and treated with a range of agonist concentrations in serum-free 
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DMEM + 0.1% BSA for 30min, 37°C in 96-well plates, followed by the addition of lysis 

buffer 2 (Cisbio/Revvity, cat no 62CL2FDF) at a 1:2 ratio. Lysates were further diluted 1:10 

to avoid spectral interference from the higher concentrations of fluorescent ligands in the 

HTRF assay, and the concentration of cAMP was determined after the addition of cAMP 

Dynamic detection reagents (Cisbio/Revvity, cat no 62AM4PEB). Three-parameter logistic 

fitting was used to determine signalling potencies for each ligand, with EC50 ratios relative 

to the cognate ligand for each receptor used to establish test agonist selectivity for GLP1R 

versus GIPR. 

NanoBRET binding assays 

HEK293T cells (RRID:CVCL_0063) were cultured in Dulbecco’s Modified Eagle Medium 

(DMEM)/F12 GlutaMAX (ThermoFisher, cat no 10565018), supplemented with 10% FBS 

and 1% antibiotic-antimycotic solution and cultured at 37°C, 5% CO2. HEK293T cells were 

authenticated at source using STR profiling. Cells transiently expressing Nluc–GLP1R or 

Nluc–GIPR were seeded onto white 96-well plates and cultured for 24h. Media was then 

removed, and cells were incubated in PBS supplemented with 0.1% BSA and 0.01% 

NanoGlo (Promega, cat no N1110). For saturation binding assays, daLUXendins were 

added across the concentration range 0.1–31.6nM, in the absence or presence of 1μM GIP 

and 1μM Exendin-9 to determine specific binding. For competition binding assays, cells 

were co-treated with 10nM daLUXendin and GLP1 or GIP across the range 1μM to 1pM. 

Plates were read using a PheraSTAR microplate reader, using the NanoBRET filter module. 

BRET ratios (λacceptor/λdonor) were calculated, and saturation data fit using the ‘One Site 

– Specific Binding’ equation of GraphPad Prism 10. Competition binding was fit using the 

‘One Site – Fit Ki’ equation. 
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AD293 cells culture and transfection with SNAP_hGIPR/hGLP1R 

and HALO_GLP1R 

AD293 cells (RRID:CVCL_9804) are derived from Human Embryonic Kidney 293 cells and 

favoured for their ease of transfection and improved adherence (292).  Cells were acquired 

from Agilent Technologies LDA UK Limited (cat no 240085).  To identify target receptors 

without interfering the ligand binding site, cells were transfected with plasmids for two 

receptors harbouring enzyme self-labels, SNAP_GIPR (Alejandra Tomas lab) and/or 

HALO_GLP1R (generated in-house).  

AD293 cells were grown in 10ml AD293 culture medium in a T75 flask and incubated at 

37°C, 5% CO2 and passaged at 80-90% confluency. AD293 culture medium consisted of 

DMEM High Glucose (Merck Life Science UK Limited, cat no D6546-500ML) supplemented 

with 10% fetal bovine serum (FBS), 1% penicillin/streptomycin (pen/strep), 1% glutamine. 

For seeding, at 80-90% confluency in a T75 flask, one third of the cell volume was seeded, 

100μL per well, on a glass-bottomed 96-well imaging plate (Miltenyi Biotec Ltd, cat no 

130-098-265) previously coated with poly-l-lysine 0.01% (SLS, cat no P4707-50ML). Cells 

were incubated overnight in AD293 media at 37°C, 5% CO2 until they reached 90-100% 

confluency. 

Next, culture media was removed, and cells were transfected with 0.3μL Lipofectamine 

2000 (Invitrogen, cat no 11668027) per well and 50ng DNA (SNAP_GIPR or SNAP_GLP1R 

plasmid) per well in 110μL OptiMEM/well and incubated overnight 37°C, 5% CO2. Cells 

co-transfected with both plasmids received 50ng of each DNA.  Control, non-transfected 

cells were cultured overnight in 50μL OptiMEM without the addition of Lipofectamine 2000 

or DNA.  
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The next day, culture media was removed and 50-100μL of labelling solution or AD293 

media (for unlabelled control) added to each well, as detailed below. 

Probe and SNAP_GIPR/HALO_GLP1R AD293 cell labelling 

For validation of the novel GIPR probes, a day after transfection the transfection media 

was removed, and cells were incubated in 50-100µL of the following solutions: 

1. 100nM sGIP549, 500nM BG-Sulfo646  

2. 100nM sGIP648, 500nM BG-Sulfo549  

3. 100nM sGIP549 

4. 100nM sGIP648 

5. 500nM BG-Sulfo646 

6. 500nM BG-Sulfo549 

7. AD293 media (unlabelled control) 

Additionally, two wells of non-transfected cells were incubated in dual probe solutions 

(solutions 1 and 2).   

For validation of the fluorescent daLUXendin probes, a day after transfection the 

transfection media was removed before cells were incubated in 50-100µL of the following 

solutions: 

1. 500nM daLUXendin544, 500nM SBG-OG, 500nM CA-Sulfo646  

2. 500nM daLUXendin660, 500nM SBG-OG, 500nM CA-Sulfo549 

3. 500nM daLUXendin544 

4. 500nM daLUXendin660 

5. 500nM SBG-OG 

6. 500nM CA-Sulfo549 

7. 500nM CA-Sulfo646 
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8. AD293 media (unlabelled control) 

Additionally, two wells of non-transfected cells were incubated in triple probe solutions 

(solutions 1 and 2).   

The probes were diluted in AD293 media and cells were incubated in the solutions for 55 

minutes at 37°C, 5% CO2.  After 55 minutes, 0.5μL 1:100 Hoechst 33342 (Merck, cat no 

14533) was applied to each well and the cells were further incubated for 5 minutes at 

37°C, 5% CO2 and then washed once with 100μL AD293 media.  Cells were then imaged 

in 100μL AD293 media. 

MIN6-CB4 cell culture and labelling 

MIN6-CB4 cells were generated and phenotyped in line with previously published 

protocols (293). Cells were grown to 70% confluency in MIN6 media: DMEM High Glucose 

(Merck Life Science UK Limited, cat no D6546-500ML) supplemented with 15% FBS, 71μM 

2-mercaptoethanol, 2mM glutamine, 100u/ml penicillin, 100mg/L streptomycin. Cells 

were then seeded in 100μL MIN6 media per well, on a glass-bottomed 96-well imaging 

plate (Miltenyi Biotec Ltd, cat no 130-098-265) previously coated with poly-l-lysine 0.01% 

(SLS, cat no P4707-50ML).  

The day after seeding, cells were incubated with either 500nM daLUXendin660, 100nM 

sGIP549 or 100nM LUXendin551, a combination of two or MIN6 media for 1h at 37°C, 5% 

CO2. One repeat was incubated for 55 minutes and Hoechst 33342 (Merck, cat no 14533) 

added for the last 5 minutes of incubation (final concentration of Hoechst 33342 

1:10,000). Cells were then washed 2-3 times with MIN6 media and then imaged in 100µL 

MIN6 media. 
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EndoC-βH5 cell model and culturing 

EndoC-βH5 cells are an immortalised human beta cell line which retain appropriate 

insulin secretion in response to glucose and incretin stimulation (294).  EndoC-βH5 cells 

were obtained from Human Cell Design and cultured in EndoC-βH5 media at 37°C, 5% 

CO2 for 7 days prior to experimentation.  12-15 islets were picked per condition and were 

labelled with probes and washed as per the islet probe labelling protocol described above. 

Gipr-/- mouse model 

Islets from global Gipr-/- mice were kindly provided by collaborators (Frank Reimann and 

Fiona M. Gribble, Institute of Metabolic Science & MRC Metabolic Diseases Unit, 

University of Cambridge, Cambridge, UK).  Methods for generation of this global knock-out 

model using CRISPR-Cas9 genome-editing technology are detailed in (295) and 

summarised below. 

Firstly, Red/ET recombination technology was used to replace the Gipr-coding sequence 

(from the start codon in exon2 to the stop codon in exon 14) in the bacterial artificial 

chromosome RP23-384-I23 with an iCre-sequence. 

A sequence containing the iCre sequence flanked by 816bp and 879bp from the Gipr locus 

was amplified and cloned into a vector (pCR-BluntII-TOPO).  The circular donor plasmid 

was injected into one-cell stage fertilized C57Bl6/CBA-F1 embryos along with Cas9-

protein, guide RNAs targeting the wild-type Gipr gene and SCR7 inhibitor.  Embryos with 

positive recombination were identified using PCR analysis specific for the recombined 

allele and Sanger sequencing confirmed correct recombination.  Off target genetic 

modifications were minimised through sequencing and excluding likely off-target genetic 

alterations and crossing offspring with C57Bl6/JN for >8 generations.  Heterozygous mice 

were then back-crossed into C57Bl6 >8 generations before then generating homozygous 
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Gipr-Cre mice (Gipr knock-out).  The pancreata of resulting homozygous Gipr-/- mice were 

then used for primary islet isolation before shipment to our laboratory. 

Upon receipt of shipment, islets were centrifuged (1500RPM, 2 minutes, room 

temperature), supernatant discarded, and islets resuspended in 5mL complete RPMI 

media: RPMI 1640 media (Life Technologies Ltd, cat no 21875034) supplemented with 

10% fetal bovine serum, 1% penicillin/streptomycin, 1% glutamine.  The islet 

resuspension was filtered through a 40µm cut-off filter (Greiner Bio One, cat no 542040) 

and captured islets were washed from the filter using complete RPMI media.  Islets were 

then picked into a fresh dish of complete RPMI media and incubated at 37°C, 5% CO2 for 

at least 24h before experimentation.   

Gipr-/-βcell mouse model 

Islets from mice with β-cells devoid of GIPR were kindly provided by a collaborator 

(Jonathan Campbell, Department of Medicine, Duke University Hospital, Durham, NC, 

USA).  This Gipr-/-βcell line was generated using tamoxifen-inducible Cre recombinase, 

detailed in (296) and summarised below. 

MIPcreERT mice are a transgenic line on a C57BL/6J background which express tamoxifen-

inducible Cre driven by the mouse insulin promoter (297).  MIPcreERT mice were bred with 

floxed Gipr mice (Giprflfl), backcrossed 8 times to C57BL/6J background to generate Mip-

Cre+/-;Giprfl/fl mice (ß cell Gipr knockout; Gipr-/-βcell) and Mip-Cre+/-;Gipr+/+ (littermate 

control; Mip-Cre) mice. 

Once mice reached 6 weeks of age, they underwent 5 consecutive daily intraperitoneal 

injections of tamoxifen to cause Cre-induced inactivation of the Gipr gene.  Four weeks 

later, Gipr-/-βcell mice and WT littermates underwent Schedule 1 procedure and 

pancreata were then used for primary islet isolation before shipment to our laboratory. 
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Upon receipt of shipment, islets were centrifuged (1500RPM, 2 minutes, room 

temperature), supernatant discarded, and islets resuspended in 5mL complete RPMI 

media (as detailed above).  The islet resuspension was filtered through a 40µm cut-off 

filter and captured islets were washed from the filter using complete RPMI media.  Islets 

were then picked into a fresh dish of RPMI media and incubated at 37°C, 5% CO2 for at 

least 24 hours before experimentation.   

 

Glp1rKO/KO / Glp1r-/- mouse model 

An in-house line of global GLP1R knock-out mice was used, with details of model 

generation published in (298) and summarised below. 

A single base pair deletion into exon 1 of the Glp1r locus was introduced using CRISP-

Cas9 genome-editing technology.  Fertilized eggs of female Cas9-overexpressing mice 

were harvested following super-ovulation and modified single-guide RNA targeting exon 1 

of Glp1r and a single-stranded repair-template were injected into the pronucleus of 

embryos at the one-cell stage. Embryos that reached the two-cell stage were implanted 

into surrogate mice.  Genotyping PCR identified Glp1r-/- / Glp1r KO/KO mice, in which the 

repair-template was not integrated but instead harboured a single-nucleotide deletion 

which resulted in a frame-shift mutation and global loss of GLP1R protein. 

The top 10 loci of off-target sites in the targeted locus of Glp1rKO/KO offspring were 

predicted using the CRISPR Guide Design Tool (crispr.mit.edu), amplified by PCR and 

analysed with Sanger sequencing.  Subsequent founder animals harbouring alleles with 

small deletions were backcrossed to C57BL/6J WT mice for 1–3 generations to outbreed 

impacted off-targets before generating homozygous Glp1rKO/KO.  Detail of primer used in 
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the genotyping PCRs are available in (299).  To ensure the availability of Glp1rWT/WT or 

Glp1rWT/KO littermates, animals were bred in heterozygous pairs.  

 

Glp1rSNAP/SNAP mouse model 

An in-house line of SNAP-labelled GLP1R mice was used with details of model generation 

detailed in (300) and summarised below.  

CRISPR-Cas9 genome-editing was used to knock-in the SNAPf-tag after the N-terminal 

signal sequence of the Glp1r. In vitro testing of the construct showed signalling to be 

identical to human GLP1R-GFP and other SNAP-GLP1R constructs. Two offspring 

integrated repair template and one founder to C57BL6/J mice were backcrossed until no 

off-target mutations were detected in predicted loci after 1-2 generations. The pancreata 

of resulting homozygous Glp1rSNAP/SNAP mice were then used for primary islet isolation. 

 

Glp1r-tdRFP, Gipr-GFP and Gipr-GCaMP3 mouse model 

Islets from this fluorescent GLP1R mouse line were kindly provided by a collaborator 

(Stefan Trapp, Division of Biosciences, University College London, London, UK).  This line 

has been published and validated, with details of its generation in (301) and summarised 

below.   

First, Cre-recombinase was expressed under the control of the Glp1r or Gipr promoter by 

using Red/ET recombination technology to insert an optimised Cre (iCre) sequence in 

Glp1r/Gipr in the murine based bacterial artificial chromosome (BAC) RP23-408N20.  

Direct sequencing using oligonucleotides was used to confirm the identity and correct 

positioning of the iCre sequence. 
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BAC-DNA was purified and the plasmid injected into the pronuclei of ova derived from 

C57B6/CBA F1 parents and the embryos reimplanted into pseudopregnant females.  DNA 

from pups was obtained from ear clips and screened for the transgene using PCR.  The 

founder strain was backcrossed with C57B6 mice for >8 generations and then two founder 

strains crossed with a ROSA26-tdRFP (302), ROSA26-EYFP (266) or ROSA26-GCaMP3 

(303) reporter strains.  Generated strains were assessed for fluorescence in islets and 

taken forward for experimentation. 

 

Primary islet isolation and culture 

7–12-week-old male and female mice were used as tissue donors.  Animals were 

euthanised in accordance with a schedule-1 procedure and bile ducts injected with Serva 

NB8 1mg/ml collagenase. The pancreata were dissected, islets isolated using a 

histopaque gradient (Merck, cat no 10831 and 11191) and cultured at 37°C, 5% CO2 in 

RPMI 1640 media (Life Technologies Ltd, cat no 21875034) supplemented with 10% FBS, 

1% pen/strep, 1% glutamine (complete RPMI). Islets were used up to four days after 

isolation. 

 

iPSC model and culture 

ALSTEM #iPS11 human-induced pluripotent stem cells (iPSC) were obtained from Novo 

Nordisk. Two differentiations were used for experimentation, both from the iPSC-11 cell 

line; Diff-1 and WT CAS9. 

iPSCs were cultured on iPSC qualified Matrigel in mTeSR+ media (STEMCELL Technologies 

#05826). Differentiation to islet-like structures (SC-islets) was carried out in a suspension-
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based, magneticCELLSPIN bioreactor system (PFEIFFER). Differentiation media was 

changed daily by letting spheres settle by gravity for 3–10 minutes. Upon maturation, SC-

islet clusters were cultured in 2ml of maturation media in a 6-well suspension plate upon 

a shaker at 100RPM at 37°C, 5% CO2.  Maturation media was changed every 2 days.  SC-

islet differentiation was based on published protocols (189,304). 

 

Human islet isolation and culturing 

Human islets were received from the Diabetes Research and Wellness Foundation 

(Churchill Hospital, Oxford, UK), European Islet Transplantation Consortium (Milan, Italy) 

and the Alberta Diabetes Institute Islet Core (Alberta, Canada). 

Upon receipt of shipment, islets were centrifuged (1300RPM, 2 minutes, room 

temperature), supernatant discarded, and islets resuspended in 10mL human islet media: 

Connaught Medical Research Laboratories media (CMRL; Thermo Fisher Scientific, cat no 

11530037), 10% FBS, 1% pen/strep, 0.1% Amphotericin B (Sigma Aldrich, cat no A2942).  

The islet resuspension was filtered through a 40µm cut-off filter (Greiner Bio One, cat no 

542040) and captured islets were washed from the filter using human islet media.  Islets 

were then picked into a fresh dish of human islet media and incubated at 37°C, 5% CO2 

for at least 24h before experimentation.  Media changes were performed daily for the first 

3 days. 
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Human islet labelling and fixation 

For both live and fixed imaging, islets (15-20 islets for live, 40-50 islets for fixed) were 

incubated in 100µL 500nM daLUXendin544 or 500nM daLUXendin660 for 1 hour at 37°C, 

5% CO2.  Islets were then washed three times in 1x PBS or human islet media. 

For live imaging, islets were then transferred to 100µL human islet media for imaging in a 

glass-bottomed 96-well plate (Miltenyi Biotec Ltd, cat no 130-098-265). 

For fixed sample imaging, islets then were fixed in 4% PFA for 15 minutes at room 

temperature before three more washes in 1x PBS.  Islets were then mounted on a 

microscope slide with 20µL Everbrite Hardset Mounting Medium with DAPI (Biotium, cat 

no 23004) and a coverslip applied.  Islets treated with lipofuscin autofluorescence 

quencher were incubated in 50µL TrueBlackPlus (Cambridge Bioscience, cat no 23014-T-

BT) for 10 minutes at room temperature then washed three times in 1x PBS immediately 

prior to mounting.  Slides were dried overnight at 4°C before imaging at least 24h hours 

later. 

 

Mouse islet and EndoC-ßHC cell labelling and live imaging 

LUXendins are fluorescent, antagonistic GLP1R peptide probes which produce intense 

and specific membrane labelling in both live and fixed tissue (305) which we have used to 

identify GLP1R+ cells.  

For mouse islets, 24-72h after isolation islets were picked into a plastic, round-bottomed 

96-well plate into wells containing 100μL complete RPMI with: 

1. 100nM sGIP549 and 100nM LUXendin645 or 

2. 100nM sGIP648 and 100nM LUXendin551 or 

3. 500nM daLUXendin544 and 100nM sGIP648 or 
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4. 500nM daLUXendin544 and 100nM LUXendin645 or 

5. 500nM daLUXendin660 and 100nM sGIP549 or 

6. 500nM daLUXendin660 and 100nM LUXendin551 

Islets were incubated in these solutions for 1h, 37°C, 5% CO2. 

For WT islets, 12-15 islets of medium to large islets pooled from 2-3 mice (n=1 for each 

condition). For GIPR KO mice, 12-15 non-pooled islets were picked from each mouse. For 

EndoC-ßHC cells, 12-15 cell clusters were picked from each batch. 

For SNAP labelling, 24-48h after isolation GLP1RSNAP/SNAP islets were picked from 

individual mice or pooled from 2-3 mice.  For each condition, 12-15 islets of medium to 

large size were picked into a round-bottomed 96-well plate (Sarstedt, cat no 83.3926.500) 

into wells containing 100μL complete RPMI. Islets were treated with 500nM SNAP-label 

and/or another fluorescent label with orthogonal excitation then incubated for 1h, 37°C, 

5% CO2.  

For probe or SNAP labelling, islets were then washed two to three times with 100μL 

complete RPMI or PBS prior to transfer to a glass, flat-bottomed 96-well imaging plate 

(Miltenyi Biotec Ltd, cat no 130-098-265) where they were imaged in 100μL complete 

RPMI. 

 

GIPAib2 incubation 

15-20 WT and Glp1rKO/KO islets were incubated in 100µl 1µM GIPAib2 or complete RPMI 

for 30 minutes, 37°C, 5% CO2. Islets were then incubated in 500nM daLUXendin544 or 

500nM daLUXendin660 or vehicle (ddH2O/DMSO in complete RPMI) for 1h, 37°C, 5% CO2. 

Islets were then washed three times with 1x PBS prior to transfer to a glass, flat-bottomed 
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96-well imaging plate (Miltenyi Biotec Ltd, cat no 130-098-265) where they were imaged in 

100μL complete RPMI. 

 

Islet labelling, fixation, IHC and imaging 

For each condition, 20-30 islets were incubated in 500nm daLUXendin544 or 

daLUXendin660 for 1h at 37°C, 5% CO2.  

Islets were washed three times with 1x PBS then incubated in 100uL 4% PFA for 15 

minutes at room temperature.  

Islets were then washed three times with 1x PBS or stored in 200uL 1x NaAzide at 4°C then 

washed three times with 1x PBS when ready for antibody application.  Prior to antibody 

incubation, islets were incubated in permeabilising blocking buffer (1x PBS, 0.1% Triton X, 

2% BSA) for 1 hour at room temperature.  Islets were then incubated in primary antibody 

(Table 7) overnight at 4°C.  Primary antibodies were diluted in permeabilising blocking 

buffer.  

The following day, islets were washed twice with PBS-Tween (1x PBS, 0.2% Tween, 2% 

BSA) before incubation with secondary antibody with excitation orthogonal to the 

daLUXendin used (Table 7) for 2h at room temperature. Islets were washed twice with PBS-

Tween and mounted on a microscope slide with 20µL Everbrite Hardset Mounting Medium 

with DAPI (Biotium, cat no 23004) and a coverslip applied. Slides were dried overnight at 

4°C before imaging at least 24h hours later. 

 

 

 

 



65 
 

 

 

 

 

 

 

 

 

 

 

 

 

Table 7: Details of primary and secondary antibodies 

 

 Target Origin Working 
concentration Supplier Ex/em wavelengths 

Primary 
antibody 

Insulin Rabbit 1:500 Cell Signalling, 
cat no 3014S N/A 

Glucagon Mouse 1:2000 
Sigma, 
cat no G2654 N/A 

GLP1R Mouse 1:30 Developmental Studies Hybridoma 
Bank, cat no Mab7F38 N/A 

Somatostatin Mouse 1:5000 Invitrogen eBioscience, 
cat no 14-9751-80 N/A 

Secondary 
antibody 

Mouse 
Alexa488 
(Used for GLP1R) 

Goat 1:1000 Life Technologies, 
cat no A11001 

ex λ 499nm  
em λ max 520nm 

Rabbit 
DyLight488 
(Used for insulin) 

Donkey 1:1000 
Thermo Fisher Scientific, 
cat no SA5-10038 

ex λ 492nm  
em λ max 519nm 

Mouse 
Alexa568 Goat 1:1000 Thermo Fisher Scientific, 

cat no A11004 
ex λ 579nm  
em λ max 603nm 

Mouse 
DyLight633 Goat 1:1000 Thermo Fisher Scientific, 

cat no 35513 
ex λ 620nm, 
em λ max 649nm 
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Glucose tolerance testing 

Male and female 8–12-week-old Glp1rWT/WT, Glp1rWT/KO and Glp1rKO/KO (298) 

littermates (on a C57BL/6J background) were fasted for 4–6h, with free access to water. 

Wild-type and heterozygous mice were used as controls, as loss of a single Glp1r allele 

was found to exert minimal influence on phenotype (289). Tirzepatide and daLUXendin 

were administered at 10nmol/kg before intraperitoneal injection of 2g/kg glucose 60 

minutes later. Glucose was measured in blood from the tail vein at 0, 15-, 30-, 60-, 90- and 

120-minutes post glucose challenge. Mice were socially housed in specific-pathogen-free 

conditions under a 12h light–dark cycle with ad libitum access to food and water, relative 

humidity 55 ± 10% and temperature 21 ± 2°C. 

 

Food intake study 

Male and female 12–14-week-old C57BL/N mice were singly housed in a 12h dark–light 

cycle (14:00–02:00h) and habituated to FED3 feeding devices (306) for 7 days before 

commencing the study. Food intake was monitored during the habituation phase to 

ensure that it was stable prior to the end of habituation, There was no significant 

difference noted in food intake during habituation for mice in any condition. All mice were 

kept on a 12h light–dark cycle at 20–24°C and 45–65% relative humidity (typically 21°C and 

55%). On test days, mice were fasted for 3h before onset of the dark phase by removal of 

the FED3 devices. At dark onset, mice were injected subcutaneously with either vehicle, 

daLUXendin660 (10 nmol/kg) or tirzepatide (10nmol/kg), the FED3 devices were returned 

and food intake was recorded over a 24h period. The study was performed using a three-
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way crossover design. A 1 week washout period was observed between experimental 

days. FED3 devices were checked, serviced and food was topped up daily. 

 

Glp1r-tdRFP and Gipr-GFP mice daLUXendin660 labelling, 

sectioning and imaging 

To investigate probe efficacy in vivo, two Glp1r-tdRFP and one Gipr-GFP mice underwent 

tail vein intravenous injection of 100nmol/kg daLUXendin660 or vehicle control (ddH2O).  

After 40 minutes, mice were terminally anaesthetised with pentobarbital and perfused 

with ice-cold 10X PBS followed by 4% formalin solution.  Pancreata were excised and 

submerged at room temperature in 15% sucrose overnight then 30% sucrose for 24-48h 

before shipment to our laboratory. 

Pancreata were removed from 30% sucrose and incubated in 50:50 30% sucrose: Optimal 

Cutting Temperature compound (OCT) (Cell Path, cat no KMA-0100-00A) for 15 minutes at 

room temperature.  Pancreata were then embedded in OCT and frozen using dry ice. 10-

micrometer sections were obtained using a Leica CM1900 cryostat at between -15°C to -

20°C and transferred onto Superfrost Plus microscope slides (Thermo Fisher Scientific, 

cat no J1800AMNZ).  Three non-sequential sections were applied to each microscope 

slide. 

Selected samples were then mounted, or washed in 1 x PBS for one minute then mounted, 

using 8-20µL Everbrite Hardset Mounting Medium with DAPI (Biotium, cat no 23004) and 

0.13-0.17mm thick rectangular cover glass.  Mounting media was set overnight at room 

temperature and stored long term in 4°C.  Unmounted samples were stored at -80°C. 

Samples were imaged with an Olympus FV3000 or Olympus FV4000, as detailed below. 
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Brain and pancreas labelling 

For brain tissue analysis, GLP1R-tdRFP mice and GIPR-Cre:GCaMP6 (GIPR-GCaMP6) 

mice were terminally anaesthetized using ketamine hydrochloride (Ketavet, Zoetis; 

75mg/kg, intraperitoneally) and medetomidine hydrochloride (Domitor, OrionPharma; 

1mg/kg, intraperitoneally). Meloxicam (Metacam, Boehringer Ingelheim; 5mg/kg, 

subcutaneously) was given for peri-surgery analgesia. Mice were placed in a stereotaxic 

frame, and daLUXendin was injected unilaterally into the lateral ventricle at doses of 

5nmol/kg body weight at a rate of 1μl/min. Coordinates relative to bregma were A/P 

−0.5mm; D/V −2.5mm; M/L 1mm. At 1h post injection, mice were perfused with ice-cold 

0.1M PBS followed by 4% formalin solution. All brains were cryo-sectioned coronally at 

30μm and mounted onto microscope slides with VECTASHIELD antifade mounting 

medium (Vector Laboratories, cat no H-1000).  

 

Immunofluorescence labelling in brain tissue  

Brains were cryo-sectioned coronally at 30μm and sections processed for amplification of 

fluorescent reporter signals by immunofluorescence labelling of vimentin (a marker for 

ependymal cells and tanycytes). Antigen retrieval of free-floating sections was performed 

using sodium citrate buffer at 80°C for 20 minutes. Sections were next blocked in 5% 

normal donkey serum, 0.2% Triton X-100 for 1h and then incubated overnight in primary 

antibody (diluted in blocking buffer) at room temperature (primary antibody: chicken anti-

vimentin, 1:750; Abcam, cat no Ab24525). Sections were next incubated for 2h in 

secondary antibody (in 1% normal donkey serum, 0.2% Triton X-100) at room temperature 

(secondary antibody: donkey anti-chicken IgY (H+L) highly cross-adsorbed secondary 

antibody, Alexa Fluor 488, 1:500; Thermo Fisher Scientific, cat no A78948). Sections were 
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stained with DAPI to mark nuclei, then mounted on Superfrost Plus slides using a Prolong 

Antifade medium. Sections were imaged on an inverted Leica SP8 confocal microscope 

using either a ×25 or ×63 oil immersion objective. Three-dimensional reconstructions of 

daLUXendin660-labelled tissue or antibody-stained cells were rendered using the 

Surfaces function in Imaris (v.10.1.1) (Oxford Instruments). Opaque surfaces are three-

dimensional reconstructions of overlapping areas of daLUXendin660 labelling and 

antibody staining created using the Coloc function in Imaris.  

 

RNAscope in situ hybridization 

Midbrain sections (30μm) containing the ARH from a GIPR-Cre:GCaMP6 (GIPR-GCaMP6) 

mouse intracerebroventricularly administered daLUXendin660 (3.3nmol/kg body weight) 

were collected on Superfrost Plus slides and allowed to air-dry at room temperature for 

1h. Slides were then dipped in molecular-grade ethanol and further air-dried overnight at 

room temperature. RNAscope in situ hybridization was performed on these sections using 

the RNAscope Multiplex Fluorescent Kit (v.2) (Advanced Cell Diagnostics, cat no 323100) 

as per the manufacturer’s instructions, with a modification to the pre-treatment 

procedure (Protease IV incubation conducted for 20minutes at room temperature). 

Sections were processed for in situ hybridization of Glp1r mRNA (Advanced Cell 

Diagnostics, cat no 418851-C2). Following hybridization, slides were cover-slipped using a 

Prolong Antifade medium. 
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Confocal microscopy 

Imaging of live of fixed cells/tissue was performed with either: 

1. A Zeiss LSM780/LSM880 meta-confocal microscopes equipped with sensitive 

GaAsP spectral detectors and 40x and 63x/1.2 W Korr FCS M27 objectives  

2. An Olympus FV3000 confocal microscope equipped with GaAsP spectral 

detectors and UPLSAPO 60x / 1.30 NA silicone and 60x / 1.41 NA oil objectives 

3. An Olympus FV4000 confocal microscope equipped with SilVIR spectral detectors 

and a UPLSAPO 60x / 1.41 NA oil objective 

Excitation (ex) and emission (em) wavelengths are shown in Table 8.  

Probe  ex λ (nm)  em λ (nm)  
sGIP549  561  568-621  
sGIP648  633  639-692  
LUXendin 551  561  568-621  
LUXendin 645  633  639-692  
daLUXendin544  561  569-623  
daLUXendin660  633  640-694  
SBG-OG  488  496-542  
BG-JF549  561  569-614  
BG-JF646  633  641-694  
BG-Sulfo549  561  569-623  
BG-Sulfo646  633  640-694  
CA-Sulfo549  561  568-613  
CA-Sulfo646  633  640-694  
Hoechst 33342 405  410-488  

Table 8: Excitation and emission wavelengths for probes used in live cell and islet imaging 

 

dSTORM nanoscopy 

Islets were labelled with LUXendin645 (500nM), sGIP648 (1μM) or daLUXendin (1μM), 

before fixation in 2–4% formalin for 15–30 minutes. Islets were mounted on cavity slides, 

submerged in STORM buffer (Abbelight) and sealed using a 170μm coverslip and dental 

resin. Samples were imaged in HILO mode on an Evident/Abbelight SAFe 180 system, 
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using a ×100/1.5 NA Olympus UPLAPO100XOHR objective. LUXendin645, sGIP648 or 

daLUXendin660 (all Cy5) were pumped to the dark state using an Oxxius laser combiner 

and 600mW 640nm Coherent Obis diode laser before initiation of photoblinking. Single-

molecule events were recorded using an LP650 filter with an integration time of 50ms on a 

Hamamatsu ORCA-Fusion sCMOS for 20,000–40,000 frames. Localizations were 

extracted and images reconstructed using Abbelight NEO software. Density-based spatial 

clustering of applications with noise (DBSCAN) was used to determine localization 

clustering, implemented in Abbelight NEO software (v.39), with ε = 25 nm (the average 

precision of the data) and minPts = 8. Results were confirmed using a custom RNA 

segmentation and DBSCAN routine implemented in R Project (v.4.4.3) (https://cran.r-

project.org/web/packages/dbscan/index.html) (307).  

 

Live confocal and STED imaging 

Live confocal and STED imaging of CHO-K1:SNAP-GLP1R:Halo-GIPR cells (CHO-K1, 

RRID:CVCL_0214) was performed on a STEDYCON system (Abberior Instruments), 

mounted on a Nikon Eclipse TI research microscope equipped with a Plan APO Lambda 

×100/1.45 NA oil objective (Nikon) and controlled by NIS Elements (Nikon). CHO-K1 cells 

were authenticated at source using DNA barcoding and DNA profiling. An incubation 

chamber surrounding the microscope setup was set to 37°C 24h before live-cell imaging. 

To provide stable focus during imaging, the Perfect Focus System (Nikon) was used. 

Imaging was performed in FluoroBrite Medium (Gibco, cat no A1896701) at 37°C. 

Excitation was delivered with a 405, 488, 568 or 640nm diode laser, and emission was 

detected with avalanche photodiodes at 461, 520, 566 or 671nm, respectively. Live STED 

images were acquired with a 640nm excitation laser, 775nm depletion laser (at 20% 

https://cran.r-project.org/web/packages/dbscan/index.html
https://cran.r-project.org/web/packages/dbscan/index.html
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intensity) and 671nm detector (gate, 1–7ns). Pixel size was set to 30nm × 30nm, with 10μs 

pixel dwell time, and a line accumulation of 1 was used during acquisition. STEDYCON 

9.0.799-g22f03ed2 software was used for image acquisition and analysis. 

 

Single particle tracking 

MIN6-CB4 cells were labelled with 500pM daLUXendin660 in complete media for 20 

minutes at 37°C and washed three times in HEPES-bicarbonate buffer, ensuring sparse 

labelling of GLP1R/GIPR. Cells were mounted on cavity slides and imaged in HEPES-

bicarbonate buffer supplemented with 11mM D-glucose before TIRF imaging at 40Hz 

using an Evident/Abbelight SAFe 180 system and a ×100/1.5 NA Olympus 

UPLAPO100XOHR objective. Single particles were recorded using an LP650 filter with an 

integration time of 25ms on a Hamamatsu ORCA-Fusion sCMOS for 1,750 frames. Single 

particle analysis was performed using the Trackmate plugin for ImageJ51, with trajectories 

shown as maximum displacement. 

 

Image analysis 

For figures throughout this thesis, brightness and contrast were linearly adjusted across 

the entire image and applied equally between all states under examination.  

Labelling of probes, antibodies and enzyme self-labels was analysed using Corrected 

Total Cell Fluorescence (CTCF).  First, fluorescence of cells and islets in images was 

measured using ImageJ (NIH); regions of interest (ROI) were drawn around cells or islets in 

addition to three background ROI.  Area, integrated density and mean grey value were 
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measured for each ROI in each channel of the image.  CTCF for each cell/islet was 

calculated using the formula: 

(CTCF) = Integrated Density – (Area of Selected Cell x Mean Fluorescence of Background 

readings) 

Colocalization was determined using Manders’ coefficient, which calculates the 

proportion of pixels in one channel that also show intensity from both channels (308). 

Percentage of total islet area labelled by sGIP549 or LUXendin645 in Gipr-/-ßcell islets was 

determined using the rolling ball background subtraction method (pixel ball sizes: sGIP549 

= 12; LUXendin645 = 10) then applying a threshold algorithm (sGIP549 Moments; 

LUXendin645 IJ_Isodata). Full width at half maximum was used to analyse labelling 

patterns at the membrane versus cytoplasm. 

 

Statistical analysis 

Graphical depiction of CTCF values and statistical analysis for significance were 

performed using GraphPad Prism 9 (9.4.1) or 10 (10.3.1). For parametric data, 

comparisons were made using unpaired t test, ANOVA or repeated-measures ANOVA. For 

non-parametric data, the Mann-Whitney test was used for pairwise comparisons and 

multiple comparisons were made using the Kruskal-Wallis test. Error bars represent mean 

and S.E.M. and a p-value of <0.05 was considered significant.  
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Chapter 3: Development, generation and 

validation of a novel GIPR probe 

Introduction 

As described in Chapter 1, significant interest in modulating GIPR to lower blood glucose 

and body weight has emerged. Treatments which interact with GIPR have shown to 

enhance the beneficial effect of GLP1 in diabetes and obesity (117,125) and many more 

agents are under development (123,309).  

Many medications are licensed and in use for a long time before all targets or confirmation 

of the beneficial mechanisms of actions are discovered (310).  However, given the debate 

about whether GIP agonism or antagonism is beneficial for glucose control and weight 

loss, and with incretin medication being investigated for a wide range of other conditions 

(311–316), there is pressing need to confirm where GIPR is expressed.   

 

Gipr/GIPR identification 

Reporter mice 

GiprGCaMP3 mice have been generated through crossing Gipr-Cre mice (267) with a 

ROSA26-GCaMP3 reporter strain (303).  In Gipr-Cre mice, the gene for the Cre 

recombinase enzyme is inserted next to the Gipr (267) and in GCaMP3 mice, the gene for 

GCaMP3 is inserted into the genome next to two loxP sites flanking a stop codon (303).  In 

GiprGCaMP3mice, when Gipr is expressed Cre recombinase is also expressed, which 

recognises the loxP sites and removes the stop codon between them to permit GCaMP3 to 
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be expressed.  Therefore, the GiprGCaMP3 mouse enables fluorescent identification of 

cells which have expressed Gipr. 

However, it is worth noting that GCaMP3 and other fluorescent reporters label the cell 

indelibly so many not be suitable for identifying cells that change phenotype over time. 

Additionally, reporter approaches only identify cells which have expressed the transcript 

rather than protein, and discordance has been reported between GPCR (GLP1R) RNA and 

protein expression (261). 

Self-label enzymes 

As described in Chapter 1, well-validated self-label enzymes have been developed for 

GLP1R, allowing for visualisation of GLP1R without interference with the orthosteric 

binding site. These include SNAP_GLP1R and Halo_GLP1R plasmids which can be 

transfected into suitable cells or is present in SNAP_GLP1R transgenic mice (269). 

SNAP_GIPR and Halo_GIPR (281) plasmids have been developed and their use in cell lines 

has been informative with regard to GIPR dynamics, demonstrating that GIPR agonism can 

desensitise GIPR and functionally act as antagonism (241) and that formation of GIPR 

nanodomains are constitutive and not agonist-dependent (275). 

GIPR antibodies 

An antagonistic anti-murine GIPR antibody was developed, named muGIPR-Ab (252).  It 

successfully antagonised GIP-induced cAMP generation in cells and pre-treatment of 

mice with muGIPR-Ab abolished the insulinotropic effect of a GIP analogue (252).  

Following this, the same group also created a human (h)GIPR-Ab.  It was used to 

demonstrate that antagonising GIPR augments GLP1-mediated weight loss and that the 

effects on weight loss are likely occurring at a site other than ß cells (252). However, 

neither antibody was modified or worked up for visualisation or localisation of GIPR so 

serve purely as antagonists. 
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In the same and a subsequent paper (283), the authors used a commercially available 

hGIPR antibody (RnD Systems MAB8210) and demonstrated specificity by showing 

labelling of SNAP_hGIPR-U2OS cells which overlapped with SNAP label fluorescence 

(283).  The manufacturers report that the antibody detected GIPR in direct ELISAs and 

prevented recombinant human GIP binding to GIPR as detected by flow cytometry (317). 

However, in our experience and following discussions with other labs, we have found that 

this antibody lacks sensitivity when used in non-overexpression systems, which are 

important settings for exploring the outstanding questions related to incretin biology. 

More recently, Yu et al used a fluorescent GIPR antibody to assess GIPR expression in 

white adipose tissue of transgenic mice which harbour doxycycline-inducible 

overexpression of GIPR in adipose tissue (318). However, the antibody is not commercially 

available, and no data was presented regarding its specificity. 

As mentioned previously, antibodies require fixation and permeabilization of cell 

membranes to bind to their targets so are unsuited to assessing live receptor dynamics or 

confirming substrates for peripherally injected ligands. 

 

Fluorescent GIPR probes 

Fluorescent probes are suitable for imaging tissue either live or post-fixation (alongside 

other protein or cell markers) and can be administered in vivo.  They can be modified to 

have agonist or antagonist properties, and harbour epitopes or fluorophores of different 

excitation wavelengths so they can be applied alongside reagents detecting other 

substrates. Therefore, they can bridge the gap between pharmacological, gene expression 

and antibody-localisation studies with receptor knockout studies by confirming which 

tissues peripherally administered ligands can access.  
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Since our work began on developing our novel fluorescent probes, one fluorescent agonist 

GIPR probe has been reported in the literature: GIP-TMR (281,285). Demonstrating 

specificity, it did not label islets from Gipr-/- mice and levels of intracellular labelling was 

comparable with SNAP-labelled GIPR (285). However, moderately high concentrations of 

GIP-TMR were required to label WT islets; 1µM compared to the circulating picomolar 

concentrations of native GIP (319) or nanomolar range for pharmacological effect 

(320,321). As a result, GIP-TMR may be less suitable as a proxy for native GIP when 

assessing function. Additionally, no detailed pharmacological data was provided, for 

example binding affinity, which can be altered with the conjugation of a fluorophore 

(discussed below). Furthermore, some features of TMR render it less suitable for labelling 

complex tissue – it can be cleaved intracellularly (298) and rhodamine-based dyes have 

been observed to be taken up non-specifically into cells, including astrocytes (322,323). 

Aside from GIP-TMR, no other fluorescent probes have been reported. 

Considerations for GIPR probe generation 

Generating modified synthetic peptides can be challenging, as even small changes to 

amino acid sequences can disrupt the structure and potency of the peptide (324). 

Furthermore, different fluorophores, and any required linker molecules, can alter the 

pharmacological and photophysical properties of the resulting ligand (325–327), so robust 

characterisation of novel probes is required. 

Firstly, consideration must be given to whether an agonist or antagonist probe is desired. 

Antagonist probes allow for localisation of cognate receptors on the cell surface. Agonist 

probes have the advantage of activating the cognate receptor, permitting the visualisation 

of activated receptor internalisation and trafficking.  
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GIPR, unlike many GCPRs, is constitutively internalised and recycled back independent of 

ligand activation and do not basally reside at the cell membrane (328). Peptides have poor 

membrane permeability and are unable to enter the cell to target intracellular substrates 

(329) so for GIP it is advantageous to have an agonist peptide to visualise the internal 

compartment of GIPR. 

Furthermore, and specific to GIP, it has been shown that antagonistic GIP-based peptides 

demonstrate significant species difference in pharmacology and are also deemed 

unsuitable for fluorophore conjugation (259).  As an example of species difference with 

GIPR antagonists, one such antagonist displayed reasonable potency at the human GIPR 

(IC50 = 64.1 nM) but severely limited potency at the mouse GIPR (IC50>6000nM) (330). 

When considering where to incorporate the fluorophore within the GIP peptide, current 

literature suggests that GIP possesses multiple contact residues that contribute to high-

affinity receptor binding, divided between GIP1-14 and GIP19-30 (331–333).  However, 

several studies utilising cryogenic electron microscopy (334), crystallography (335)  and 

interrogating structure-activity relationships (331,336,337) have demonstrated that the N-

terminus of GIP is key for engaging and activating the GIPR and determines the binding 

affinity and efficacy.   

Hinke et al (338) measured cAMP responses from different GIP fragments in CHO cells 

transfected with rat GIPR.  The C-terminally truncated GIP (1-14) and N-terminally 

truncated GIP (19-30) induced the greatest cAMP responses.  However, several other N-

terminally truncated fragments were found to be weak affinity antagonists of GIPR; these 

included GIP (15-42), GIP (15-30), GIP (16-30) and GIP (17-30). 

In GIPR transfected CHL cells, the C-terminally truncated GIP fragment GIP (1-16) was 

only able to induce 35% of native GIP cAMP response but N-terminally truncated 

fragments GIP (4–42) and GIP (17–30) were unable to stimulate any cAMP responses (339).  
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Echoing this, in the pancreatic ß cell line BRIN-BD11, GIP (1-16) attained only 50-90% 

maximal native GIP-induced insulin secretion. Whereas GIP (4–42) and GIP (17–30) failed 

to induce any significant insulin response and antagonised native GIP-induced insulin 

secretion (339). 

Furthermore, substitution of one of the first 14 amino acids in the GIP sequence resulted 

in significantly reduced or complete loss of binding affinity for the GIPR, particularly when 

amino acids were substituted for alanine in positions 1, 3, 4 or 5 (324). Finally, further 

supporting the importance of preserving the N-terminus, DPP4 truncates the N-terminus 

of GIP to terminate its function (340).  

 

 

Chapter aim 

In the context of our inability to reliably label GIPR in live cells or tissue, in this chapter I 

present the generation of two novel, fluorescent GIPR agonist probes.  I describe their 

structure and pharmacology and show our validation of the specificity of the probes for 

GIPR but not GLP1R.  This was achieved through co-localisation studies in both the 

overexpression setting (SNAP_hGIPR and SNAP_hGLP1R AD293 cells) and the 

endogenously expressed setting in highly relevant mouse models. 
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Results 

sGIP549/sGIP648 structure and pharmacology 

Given the importance of the N-terminus to retain GIP potency as described above, we 

hypothesised that modification to the C-terminus to incorporate a fluorophore would still 

permit effective binding and activation of GIPR.   

To create our sGIP (synthetic GIP) probes, firstly a linker of three amino acids was inserted 

at the C-terminal of GIP to create sGIP_GGC.  The linker was comprised of three amino 

acids; glycine, glycine, and cysteine, immediately before the free carboxyl group of the GIP 

molecule (Figure 3b).  This linker was required because GIP does not harbour any reactive 

C terminal amino acids (such as lysine or cysteine (341,342)), or amino acids that can 

easily be switched to a reactive substitute, to facilitate conjugation.  Glycine is a favoured 

amino acid for linker formation as it is small, and its polarity lends itself to improving 

stability of the linker (343). 

Then a Cy3 or Cy5 fluorophore was conjugated onto the Cys residue using maleimide 

“click chemistry” to create sGIP549 (Cy3) and sGIP648 (Cy5) (Figure 3c,d). 
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Figure 3: Chemical structure of native GIP (a), sGIP (b), sGIP549 (c) and sGIP648 (d). 
sGIP (b) has the addition of GlyGlyCys prior to the C-terminus, upon which Cy3 and Cy5 fluorophores are attached in sGIP549 (c) and sGIP648 (d) respectively. 
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Activation of the adenylyl cyclase/cAMP cascade by the GIPR is thought to be the primary 

mode of insulinotropic action of GIP (344–346) so we used cAMP response as a proxy of 

GIPR activation and potency of ligands binding to GIPR. To determine if our C-terminus 

modification had altered the potency of sGIP, cAMP assays were undertaken, comparing 

the novel probes to native GIP in T-REx-SNAP_hGIPR cells (Figure 4).   

 

 

 

 

 

 

 

 

 

 

T-REx-SNAP_hGIPR cells were induced to express SNAP_hGIPR then incubated with 

different concentrations of the agonists (as indicated in Figure 4), lysed and then cAMP 

was assayed using homogeneous time-resolved fluorescence technology (HTRF).  EC50 

values were then calculated for each agonist. EC50 values are derived from the Hill 

equation and are a more commonly used unit for assessing ligand efficacy, which in turn is 

used to infer ligand potency,  EC50 values were found to be comparable between both 

sGIP549, sGIP648 and native GIP (Figure 4).  Therefore, the modifications do not adversely 

impact the potency of the sGIP probes for cAMP, making them suitable for 

experimentation in more relevant settings e.g. cell lines, islets. 
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Figure 4: sGIP cAMP responses  
cAMP signalling responses of GIP(1-42), sGIP549 and sGIP648 in T-REx-SNAP_hGIPR cells. (n=3). 
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sGIP probes are specific for hGIPR in an overexpression system 

To demonstrate the specificity of sGIP549 and sGIP648 for hGIPR, AD293 cells were 

transfected with SNAP-tagged hGIPR or hGLP1R.  Use of SNAP-tagged receptors allowed 

for identification of the receptor without interference with the orthosteric binding site. 

Cells were incubated with either sGIP549 or sGIP648 plus a cell-permeable SNAP label of 

orthogonal excitation (BG-JF646 or BG-JF549 respectively) and imaged.   

Expression of SNAP_hGIPR and SNAP_GLP1R was confirmed through the fluorescence of 

SNAP labels (Figure 5 and Figure 6). In cells expressing SNAP_hGIPR, there was co-

localisation of fluorescence between the SNAP label and of both sGIP probes (Figure 5a 

and Figure 6a).  For cells expressing SNAP_hGLP1R, there was no fluorescence of either 

sGIP probe (Figure 5b and Figure 6b). 
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Figure 5:  sGIP549 in SNAP_hGIPR and SNAP_hGLP1R AD293 cells. 
Representative images of AD293 cells transfected with a) SNAP_hGIPR or b) SNAP_hGLP1R and 
incubated with sGIP549 and SNAP label BG-JF-646(n=42 cells, 3 repeats). Scale bar = 50µm. 
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The co-localisation, or not, of fluorescence between the SNAP label and probes was 

further quantified through analysis of fluorescence levels (Corrected Total Cell 

Fluorescence, CTCF) of whole cells, to capture both membrane and cytosolic labelling.  

There was a large, statistically significant reduced level of sGIP probe labelling in 

SNAP_GLP1R cells compared with SNAP_GIPR cells (Figure 7). This suggests that the 

probes specifically label GIPR. 
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Figure 6: sGIP648 in SNAP_hGIPR and SNAP_hGLP1R AD293 cells. 
Representative images of AD293 cells transfected with SNAP_hGIPR (a) or SNAP_hGLP1R (b) and 
incubated with sGIP648 and SNAP label BG-JF549.Scale = 50µm. 
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sGIP probes co-localise with Gipr+ cells in islets 

To examine the probes’ ability to label GIPR in a non-overexpression system, and to 

demonstrate their utility in a widely used setting for diabetes research, we next tested the 

sGIP probes in mouse islets. 

To initially examine the specificity of sGIP549 and sGIP648 to cells expressing Gipr in 

islets, the probes were applied to islets from fluorescent Gipr reporter mice; GiprGCaMP3.  

Although GCaMP3 is used to visualise and quantify changes in intracellular calcium, we 

used it simply as a Gipr reporter.  The overlap of GCaMP3 and sGIP fluorescence was 

compared. 
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Figure 7:  Quantified fluorescence of sGIP in SNAP_hGIPR and SNAP_hGLP1R AD293 cells. 
Corrected Total Cell Fluorescence (CTCF) of sGIP549 (a) and sGIP648 (b) in SNAP_hGIPR vs 
SNAP_hGLP1R AD293 cells. Bar graphs show mean CTCF and SEM.  Statistical analysis performed using 
unpaired t-test. ****p<0.001.  CTCF calculated from 1-2 randomly selected cells from every image taken 
for each condition, with 3 independent repeats per condition.  (Total number of cells analysed: 
sGIP549/SNAP_hGIPR n=32 cells, sGIP648/SNAP_hGIPR n=37 cells, sGIP549/SNAP_hGLP1R n=21 cells 
and sGIP648/SNAP_hGLP1R, n=25 cells) 
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Representative images in Figure 8 demonstrate co-localisation of sGIP549 and sGIP648 

with GCaMP3+ cells with the islet.  Fluorescence intensity of GCaMP3 generally 

corresponded with intensity of sGIP probe fluorescence, suggesting concordance 

between Gipr transcript and GIPR protein.  

There are cells which have been labelled with the sGIP probe but are GCaMP3-; these tend 

to be peripheral cells with high intensity staining which is in keeping with non-specific 

uptake by dead or unhealthy cells with damaged cell membranes allowing intracellular 

diffusion of hydrophilic peptides (347,348). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To further demonstrate specificity of the probe only binding to GIPR+ cells (bearing in mind 

that GCaMP3 is a proxy for Gipr transcription rather than receptor presence), we then 
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Figure 8: sGIP549 (a) and sGIP648 (b) in GiprGCaMP3 reporter mice islets.  
Zoom panels highlighting the membrane and cytosolic staining of sGIP549 and the 
concordance of fluorescence intensity between sGIP549 and GCaMP3 (n=11-12 islets, 2 
animals). Scale bar 53μm. 
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applied the sGIP probes to wild-type (WT) islets along with a GLP1R antagonistic probe of 

orthogonal fluorescence, a LUXendin. 

In the pancreatic islet, ß cells are known to express both GLP1R and GIPR whereas α cells 

are only considered to express GIPR (147,349).  Therefore, the sGIP probes should label all 

the LUXendin+ cells (i.e. GLP1R+/GIPR+ ß cells) and some LUXendin- cells (i.e. GLP1R-

/GIPR+ α cells) (Figure 9).  Additionally, there should be no GLP1R+/GIPR- cells, as GLP1R 

is only expressed in high abundance in ß cells and ß cells should also express GIPR (Figure 

9). However, this should be caveated with considering that LUXendin sensitivity may not 

be able to detect GLP1R expressed at low abundance and there is evidence to suggest 

that GLP1R and GIPR are expressed in α and δ cells at the RNA level(188,191,192) , as 

discussed in Chapters 1 and 7..  Additionally, it is worth noting that given the close 

proximity of cells in an islet, it is challenging to definitively confirm if a fluorescent probe is 

labelling the membrane of one cell, or its neighbour. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9: Schematic demonstrating the expected labelling of sGIP and LUXendin probes of main endocrine 
cells within a pancreatic islet.  
GLP1R is only present on ß cells, which should also express GIPR so there will be some cells co-labelled by 
sGIP and LUXendin.  GIPR is also present on α cells where there should be no GLP1R, resulting in some 
cells with only sGIP labelling.  However, there are no cell types with only GLP1R (if RNA data is correct 
about δ cells expressing both receptors) so there should not be any LUXendin cells without sGIP labelling.  
Created in Biorender.  
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Representative images in Figure 10 show the predicted co-localisation of the sGIP probe 

with LUXendin labelled (GLP1R+) cells, with the majority of other cells only labelled with 

sGIP (GIPR+), with the zoomed images highlight such GLP1R-/GIPR+ cells.  To quantify 

this, I examined every cell within each imaged islet to determine if it was labelled with 

LUXendin (GLP1R+) or sGIP (GIPR+), or both. 
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Figure 10: sGIP and GLP1R probe labelling in WT islets. 
WT islets labelled with sGIP549 with LUXendin645 (a) and sGIP648 with LUXendin551 (b).Co-localisation is 
demonstrated on most cells with all other cells only labelled with sGIP probes. Scale bar 53µm. 
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Upon quantification (Figure 11), for sGIP549/LUXendin645 treated islets, 37% of cells were 

solely GIPR+ (presumed α cells) and 63% were GLP1R+/GIPR+ (presumed ß +/- δ cells).   

For sGIP648/LUXendin551, 33% of cells were solely GIPR+ (presumed α +/- δ cells) and 

66% were GLP1R+/GIPR+ (presumed ß +/- δ cells).  This is in keeping with known 

composition of cell types within mouse islets as described in Chapter 1. For both 

combinations of probes, no cells were GLP1R-/GIPR+.   

 

sGIP probe labelling is reduced in Gipr-/- islets  

Following on from the above, we elected to further demonstrate specificity of the sGIP 

probes to GIPR by comparing labelling between WT mouse islets and mouse islets with 

GIPR knocked out.  Confirming such specificity in Gipr-/- mice has been highlighted has an 

important facet of novel probe development (259).   
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Figure 11: sGIP and GLP1R probe co-localisation in WT islets. 
Analysis of presence of sGIP (GIPR+) or LUXendin (GLP1R+) on each cell within each WT islet. sGIP presence 
is found on all LUXendin+ (GLP1R+) cells, further GLP1R- cells but no GLP1R-/GIPR+ cells were identified. 
(n=10 islets from 3 mice for both sGIP probes) 
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We were fortunate to be able to obtain different GIPR knock-out models from two different 

collaborators. 

Firstly, we obtained islets from mice with the GIPR globally knocked out; Gipr-/-.  As 

detailed in Chapter 2, this model was developed from GIPR-Cre knock-in mice bred to 

homozygosity for Cre (267).  These Gipr-/- mice were protected against HFD-induced 

weight gain when heterozygous and WT counterparts were not (267), in keeping with 

previously published results from another Gipr-/- model (350). 

We hypothesised that the sGIP probes would not label cells in the Gipr-/- but would label 

the majority cells in the WT islets used as a control.  Furthermore, we also expected that 

GLP1R labelling would remain the same in Gipr-/- islets, compared with WT islets. 

Therefore, Gipr-/- and non-littermate WT islets were treated with sGIP probes and a 

LUXendin (GLP1R) probe of orthogonal fluorescence. 

The representative images shown in Figure 12 and Figure 13 demonstrate a reduction but 

not complete absence of sGIP probe labelling in Gipr-/- islets compared with WT islets 

and an increase in LUXendin labelling, more marked with LUXendin 645, in Gipr-/- islets 

compared with WT islets.  I quantified these differences in fluorescence by measuring 

CTCF of the islets, shown below in Figure 14.  
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Figure 12: sGIP549 labelling in WT and Gipr-/- islets. 
Representative images of WT (a) and Gipr-/- islets labelled with sGIP549 (GIPR) and LUXendin645 (GLP1R). 
In (a) white arrow points to sGIP549 membrane labelling (n=3) Scale bar = 53μm. 
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Figure 13: sGIP648 labelling in WT and Gipr-/- islets. 
Representative images of WT (a) and Gipr-/- islets labelled with sGIP648 (GIPR) and LUXendin551 (GLP1R). 
In (a) white arrow highlights membrane labelling of sGIP648, dotted line outlines cells not labelled by 
LUXendin (i.e. α or δ cells) where sGIP labelling is predominantly cytoplasmic (n=3). Scale bar = 53μm. 
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CTCF values were reduced in Gipr-/- islets for both sGIP probes to a statistical 

significance.  However, the residual labelling in Gipr-/- islets is unexpected.  One cause 

could be that the quality of islets was reduced due to the impact of overnight shipping.  

High quality transportation of islets allows purity, viability and function, e.g. glucose 

stimulated insulin secretion, to be preserved (351,352). However, transportation of islets 

is also associated with upregulation of certain genes and downregulation of others, as well 

as upregulation of inflammatory and stress signalling pathways in ß cells (353). 

Additionally, a variety of factors can affect islet viability during transportation (354) which 

can lead to uncontrolled uptake of substrates, including fluorescent peptide probes, 
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Figure 14: Quantification of sGIP and GLP1R probe fluorescence in WT and Gipr-/- islets. 
Fluorescence (CTCF) of sGIP probes (a,b) and LUXendin probes (c,d) in WT and Gipr-/- islets. Statistical 
analysis performed using Mann-Whitney U test. (n=35 islets from 3 mice for each condition)  
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through damaged cell membranes (355). Nonetheless, the reduction in labelling 

demonstrates target specificity.  

LUXendin labelling (as CTCF) was higher in the Gipr-/- islets compared with WT islets.  This 

might suggest upregulation of the GLP1R in a state of GIPR absence, fitting with increased 

islet sensitivity of mouse islets to GLP1 when GIPR is knocked out (212) although data 

regarding upregulated GLP1R protein expression is limited, which I will explore further 

below. 

Additionally, the WT islets were not littermate controls, so direct comparison should be 

reviewed cautiously. Littermate controls were not available for this experiment but would 

have had the benefit of providing a more reliable control setting due to consistency of 

genetic background and minimising the impact of differences in environment upon the 

animal e.g. pathogen status, microbiome (356). Furthermore, it can be hard to determine 

the extent of knockout as the efficiency of Cre-mediated recombination is unpredictable, 

with a risk of mosaicism, where the desired genetic alteration is not achieved uniformly 

throughout a tissue (357,358). Additionally, Cre itself could be having an effect on islet 

viability as Cre toxicity has been demonstrated in many cell types (359–361), including ß 

cells, where Cre toxicity has attenuated insulin secretion (362–365). 

Therefore, we next obtained islets from a different mouse line from another collaborator, 

along with WT littermates.  These islets were from tamoxifen-driven, beta-cell specific 

GIPR knock-out model, Gipr-/-βcell. 

We hypothesised that, compared to WT islets, sGIP probe labelling would be reduced in 

the Gipr-/-βcell islets but still present, as alpha cells would retain GIPR.  To confirm that 

any reduction in labelling was beta-cell specific, I again co-labelled the islets with a 

LUXendin (GLP1R) probe of orthogonal fluorescence.  Following this, I measured the 
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percentage of total islet area labelled by sGIP549/LUXendin645 to determine the degree of 

difference between WT and Gipr-/-ßcell mice. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15: sGIP549 in WT and GIPR-/-ßcell islets. 
Representative images of WT (a) and beta cell GIPR knock out (b) islets treated with sGIP549 and 
LUXendin645. In (a and b) white dashed lines show cells labelled with sGIP but not LUXendin, suggesting α 
or δ cells. In (b) blue dashed line demarcate cells labelled with LUXendin but not sGIP, suggesting Gipr-/- ß 
cells; white dotted lines outline cells with both LUXendin and sGIP labelling, suggesting ß cells with retained 
GIPR or perhaps δ cells. Scale bar = 50µm. 

LUXendin645 sGIP549 Merge 

LUXendin645 sGIP549 

Z
o
o
m

 3
x
 

W
T

 

a 

LUXendin645 sGIP549 Merge 

LUXendin645 sGIP549 

Z
o
o
m

 3
x
 

G
ip

r-/
-ß

c
e

ll 

b 



96 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16: sGIP648 in WT and GIPR-/-ßcell islets. 
Representative images of WT (a) and Gipr-/-ßcell (b) islets treated with sGIP648 and LUXendin551.  
In (a) arrow highlights sGIP membrane labelling. In (b) white dashed lines outline cells with (minimal) sGIP 
labelling but not LUXendin labelling, suggestive of α or δ cells; blue dashed line marking cells labelled with 
LUXendin but not sGIP, suggesting Gipr-/- ß cells;  white dotted lines outline cells with both LUXendin and 
sGIP labelling, suggesting ß cells with retained GIPR or perhaps δ cells. Scale bar = 50µm. 
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Representative images (Figure 15, Figure 16) demonstrate several things.  Firstly, the 

sGIP648 probe was not as effective at labelling these islets. Binding to a peptide or protein 

and the tissue environment itself can affect fluorophore properties and signal (366–368), 

which could explain why the Cy5 probe was not as effective, despite cAMP responses 

comparable to native GIP and sGIP549. 

Secondly, the architecture of the islet is not as expected; with mouse islets α cells are 

predominantly peripheral but sGIP549 labelling in Gipr-/-ßcell islets occurs throughout the 

islet (Figure 15). The difference in expected architecture could be due to the plane at 

which the image was taken, with central cells in a more peripheral plane actually being on 

the periphery of the islet rather than the core.  This could be confirmed with a z-stack 

imaging. Additionally, in Gipr-/-ßcell islets a small amount of sGIP549 labelling co-

localises with LUXendin labelling, as demarcated by white dotted lines in Figure 15b and 

Figure 16b and as quantified in Figure 17.  There is variation in the extent of this between 

islets and although still present, quantification of percentage of islet mass labelled by 

each probe shows a significant reduction in sGIP labelling of LUXendin positive area in the 
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Figure 17: Total islet area labelled by sGIP in WT and Gipr-/-ßcell islets. 
Percentage of total islet area labelled by sGIP549 (a), LUXendin645 (b) and both sGIP549 and LUXendin645 in 
Gipr-/-ßcell islets. Statistical analysis performed using unpaired t-test with p<0.0001 as significant (n=27 
islets from 4WT and 14 islets from 3 GIPR-/-ßcell mice). 
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knockout model (Figure 17c).  This could suggest that either the sGIP549 probe is labelling 

ß cells with retained GIPR expression, or the sGIP probe labels GLP1R or another ß cell 

protein/receptor.  The latter is unlikely given the specificity shown in the cell work 

described earlier in this chapter and the lack GIP promiscuity (239,369).   

The case that some ß cells retain GIPR is possible and could be due to the use of 

tamoxifen induction. The extent of tamoxifen induction can be variable and be influenced 

by many factors such as cell type, pharmacodynamics and age of the mouse (370,371).  

The Gipr-/-βcell mice showed an expected phenotype compared to controls (attenuated 

glucose tolerance and no insulin response to GIP in perifused islets) and residual Gipr 

mRNA transcripts across the islet were low (a 90% reduction compared to control islets) 

(196).   

A further possibility is the both the sGIP and LUXendin probes are labelling GIPR and 

GLP1R, respectively, on δ cells.  However, as discussed earlier in Chapter 1, δ cells are 

much less abundant in the islet (certainly not to the degree of residual sGIP-labelled cells 

in the Gipr-/-βcell islets) and the consensus is not yet been reached about whether δ cells 

express GIPR and GLP1R. 

One method to determine the cell type of the residual sGIP labelling, is to co-stain them 

with proxy markers for different cell types e.g. antibodies against insulin for beta cells, 

glucagon for alpha cells.  However, the various techniques for this require cell fixation and 

membrane permeabilization for antibody application and so far, the sGIP probes have 

been applied to tissue and imaged live.  Therefore, we next elected to test the probes in 

fixed islets. 
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sGIP in fixed islets 

Establishing that the sGIP probes work after fixation would allow further demonstration of 

the specificity of the sGIP probes to GIPR, through co-localisation with antibodies for 

different islet hormones, in addition to demonstrating the versality of these probes for use 

in imaging tissue after fixation as well as live imaging.  sGIP549 labelling has proven to be 

more dependable, so we applied sGIP549 to islets prior to fixing. 

Application of peptide probes is required before formaldehyde fixation as formaldehyde 

can result in changes to protein shape and configuration, through cross-linking and 

disruption of hydrogen bonds (372), which could affect orthosteric site ligand binding.  

Application of fluorescent probe prior to fixation and immunohistochemistry has been 

successful with the similarly engineered LUXendin probes (298). 

Unfortunately, the sGIP probe did not produce a substantial signal in the fixed islets. 

Initially the standard concentration as used for live imaging of islets was applied, but there 

was minimal signal (Figure 18). 
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Fixation can reduce probe and fluorescent protein brightness and lifetime (373–375) and 

multiple washing steps, as occurs in fixation protocols, can promote ligand dissociation 

(376).  Additionally, use of detergent to permeabilise membranes after fixation can 

generate intracellular fluorescent artifacts which can mask probe signals or act as false-

positive signals (373,374,377). 

Therefore, I repeated labelling prior to fixation but used increasing concentrations of 

sGIP549.  Although there was increased fluorescence with 500nM and 1µM, the labelling 

was diffuse, punctate and predominantly cytoplasmic (Figure 19) without any membrane 

labelling as previously seen (Figure 10).  Work is ongoing to optimise this, including Quality 

Control checks, labelling comparison with a more recently synthesised probe and using 

fresh DMSO, as DMSO can degrade into molecules with reducing properties, which can 

unconjugate disulfide bonds related to cysteine residues (378).  
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Figure 18: sGIP in fixed islets. 
WT islets labelled with either 100nM sGIP549 (a) or unlabelled (b). Islets were then fixed and labelled with 
Hoechst 33342. 
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Figure 19: Increasing concentrations of sGIP in fixed WT islets 
WT islets labelled with 100nM (a), 500nM (b) or 1µM (c) sGIP549 or unlabelled (d). 
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Discussion 

In this chapter, the development of novel fluorescent GIPR agonist peptides is discussed.  

As detailed in Chapter 1, techniques for identifying and tracking GIPR in vitro and in vivo 

are limited.  There is only one other available fluorescent peptide for the GIPR, which does 

show reduced labelling in Gipr-/- islets but lacks the detailed reporting of pharmacology 

and validation in various settings that we have shown for the sGIP probes (285). Currently 

antibodies for GIPR have either only been used for functional studies (252), have been 

tested in limited settings (283,317) or are not commercially available (318).   

The importance of studying GIPR continues to grow as the field of incretin-based 

therapeutics advances with the advent of further dual and triple-incretin agonists, as 

summarised in (379).   

However, with the interplay between GIP/GLP1 and mechanisms of biased agonism of 

dual GLP1R/GIPR agonism unclear (380), there is a pressing need for tools to identify GIPR 

in live and fixed tissue (259).  To this aim we created a synthetic form of GIP with two 

fluorophore options.  Previous studies have shown that the N-terminus is integral to the 

ability and efficacy of GIP binding to GIPR (331,334–337,381).  Therefore, native GIP was 

modified to GIP_GGC through the addition of GlyGlyCys prior to the C-terminus and then 

conjugated a Cy3 or Cy5 fluorophore to the Cys residue to generate two novel fluorescent 

probes; sGIP549 (sGIP conjugated to Cy3) and sGIP648 (sGIP conjugated to Cy5). 

We demonstrated that these modifications had not resulted in any disruption to the 

probes’ cAMP potencies for the GIPR through showing comparable EC50 between 

sGIP549, sGIP648 and native GIP.  EC50 is the effective concentration for 50% of the 

maximal response and is commonly used as a method for comparing the potency of drugs 

(382) and these results demonstrate that sGIP549 and sGIP648 can be used as suitable 
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proxies for GIP where the receptor needs to be visualised and agonised. However, it is 

worth noting that although cAMP is the major pathway for GIPR signalling (346), we cannot 

definitively say that the modifications have not altered signalling potency via other 

important pathways e.g. ß arrestin. 

In vitro, in SNAP_GIPR AD293 cells, specificity of the probes was shown through binding to 

hGIPR but not hGLP1R (Figure 7). This is to be expected as although GLP1R permits 

promiscuous binding of several non-GLP1 ligands, such as glucagon (383–386) and GLP2 

(387,388), GIP or its truncated fragments have not been shown to bind to GLP1R 

(239,369).  Confirming specificity of the probes to GIPR is important to establish as these 

probes are currently the first validated fluorescent GIPR agonist peptides and have the 

potential to expand experimentation capabilities in the incretin field. The literature has 

already been complicated regarding GLP1R expression as several studies have used 

GLP1R antibodies which have been later found to be non-specific (257) or of questionable 

reliability (172).  

In the crucial setting of islets, where GIPR is endogenously expressed, the sGIP probes 

appropriately label ß cells and non-ß cells, presumed to be predominantly α cells but 

potentially δ cells (Figure 10).  However, it was not possible to determine the degree of 

sGIP probe δ cell labelling as the failure to label islets after fixation rendered other 

techniques of δ cell identification, e.g. co-staining with somatostatin antibody, unviable.   

sGIP labelling in live islets is both at the membrane and cytoplasmic, with less membrane 

labelling than the LUXendin probe.  This limited membrane labelling is likely a reflection of 

both the fact that sGIP probes are agonists labelling internalised receptors but also that in 

WT islets, there is less GIPR at the cell surface compared with GLP1R (285). 

We note that the intracellular labelling of sGIP probes is punctate which may reflect 

localisation of the activated GIPR to the endosomal compartment, as seen with 
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fluorescent GLP1R agonist labelling (285).  In that study, GIPR was observed to be 

predominantly membrane-bound with minimal endosomal localisation.  However, the 

incubations times were much shorter than in these experiments (5-15 minutes c.f. 1 hour) 

and, with their conclusion that the GIPR is slowly internalised after agonism (285), it could 

be that our longer incubation allowed for more GIPR internalisation and accumulation in 

the endosomal compartment. 

It has been shown that both knock out and antagonism of GIPR increases sensitivity to 

GLP1 (389–391).  Understanding this apparent compensatory response to loss of GIPR 

function has been challenging and the mechanism remains unclear.  This increased 

sensitivity is unlikely to be explained by increased GLP1 release as previous studies 

reducing GIP secretion or antagonism of GIPR have not shown any increase in circulating 

GLP1 concentration (213,214,228).  The interesting increase in GLP1R labelling in the Gipr-

/- islets found in our work may suggest that the observed increased sensitivity to GLP1 in 

Gipr-/- islets could be due to upregulation of the GLP1R. However, this has not been 

studied extensively, with just two studies measuring levels of Glp1r mRNA in Gipr-/- islets 

but without information regarding protein expression. The first study of global Gipr-/- mice 

found that Glp1r mRNA was comparable between Gipr-/- and Gipr+/+ islets (212) whereas 

a second study of Gipr-/-ßcell mouse islets found a slight increase in Glp1r mRNA 

compared with control MIP-Cre islets (196).  Enhanced GLP1R synthesis in Gipr-/- islets 

could explain the increased sensitivity to GLP1 observed in literature.  To make this fit with 

the similar, or only slightly increased, Glp1r mRNA found in Gipr-/- mice, there are several 

possible theories. 

Firstly, there may be cross-regulation between the two receptors which is altered when 

GIPR is knocked out.  In pancreatic cancer cell lines, GLP1R expression (as measured by 

flow cytometry of myc-tagged GLP1R and anti-myc antibody) was reduced when GIPR was 
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co-expressed (392).  Therefore, knocking out the GIPR could lead to enhanced GLP1R 

expression.  However, in HEK293 cells increasing concentrations of GIPR have been found 

to decrease GLP1R internalisation, via a reduction in ß-arrestin-2 recruitment, in a dose-

dependent manner (277). This fits with the findings that the agonism of tirzepatide (dual 

GLP1R/GIPR agonist) is biased towards cAMP over ß-arrestin recruitment (255) and 

doesn’t support the notion of increased GLP1R cell surface expression/labelling when 

GIPR is knocked out.  

A second theory could be related to ß cell dedifferentiation.  TCF1 is a transcription factor 

expressed in mature ß cells which is driven by GIP to improve ß cell survival (196) and 

contributes to maintaining the differentiated state of a ß cell (393).  TCF1 is downregulated 

in ß cells from donors with diabetes and Gipr-/-ßcell mice (196), suggesting 

dedifferentiation of the ß cells in these states. Dedifferentiation of the ß cell due to 

glucotoxicity has been shown to amplify the Glp1r gene (393) so it could be possible that 

knocking out GIPR could lead to increased GLP1R expression through a degree of ß cell 

dedifferentiation. However, mRNA levels of Glp1r were found to be slightly reduced in 

TCF1 knockout mice (196). Furthermore, glucotoxicity (394) and age (395) are known 

drivers of ß cell dedifferentiation, and levels of the transcription factor and marker of ß cell 

maturation, Pdx-1, are lowered in dedifferentiated ß cells (396–398). Pdx-1 promotes 

GLP1R expression and is central to GLP1R mediated insulin secretion (399,400) so it might 

be expected that ageing and metabolic stress would reduce Pdx-1 and therefore GLP1R 

expression.  However, we have found that HFD-induced metabolic stress and ageing leads 

to increased GLP1R expression (401). Take together, this suggests that although ß cell 

dedifferentiation could play a role in changes to GLP1R expression in GIPR knockout mice, 

the transcription factor networks that could influence GLP1R expression are not yet fully 

understood. 
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Alternatively, it is worth bearing in mind that wide-scale analysis of a range of mRNA and 

corresponding protein expression has shown a weak correlation between expression 

levels (402).  This dissonance has been reported for Glp1r/GLP1R where a review of single 

cell RNAseq data suggested that approximately 80% mouse ß cells express Glp1r mRNA, 

in contrast to nearly all ß cells expressing GLP1R protein using reporter mice and a 

validated antibody (261).  However, it is important to recognise that for relatively low 

expression genes like Glp1r, there can be significant drop out with RNA sequencing 

(403,404) so mRNA levels may be underestimated. 

Additionally, it has been shown that while mRNA levels play a central role in fold changes 

of protein expression in a dynamic system, post-transcriptional regulation contributes 

significantly to the total level of protein expressed (405). Therefore, there could 

conceivably be differences in post-transcriptional activities which increase GLP1R in the 

setting of unchanged mRNA levels, but this has yet to be studied.   

In summary, we have developed, and disseminated through publication (406), two 

thoroughly validated, novel fluorescent probes for GIPR, which demonstrate comparable 

receptor activation to native GIP and specificity for hGIPR.  The probes have already 

contributed to advancing the field of incretin research by demonstrating suitability for 

peripheral administration and identifying that access to brain regions is restricted to areas 

without a blood-brain barrier (407). 
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Chapter 4: Validation of novel dual 

GIPR/GLP1R probes  

Introduction 

Tirzepatide is a dual GIPR/GLP1R agonist which has demonstrated superior effects upon 

glycaemic control and weight loss compared to the leading GLP1R agonist (243).  As 

described in Chapter 1, consensus has not been reached about how both GIP agonism 

and antagonism confer weight loss and glycaemic benefit.  In the context of GLP1R 

agonism demonstrating clear benefit and being developed into a class of medications for 

diabetes and obesity (408), it is therefore surprising that tirzepatide has such pronounced 

clinical effects when it demonstrates preferential binding and increased potency at the 

GIPR > GLP1R in humans (255). 

Furthermore, GLP1R agonism itself is altered with signalling bias away from ß-arrestin and 

towards cAMP generation (255). ß-arrestins are key GPCR regulators and both inhibit 

signalling from the GPCR and traffic the receptor away from the cell surface (409,410). The 

limited ability of tirzepatide to recruit ß-arrestin at GLP1R was consistent with its reduced 

efficacy to internalise GLP1R (maximal effect being 40% of GLP1-mediated internalisation) 

(255). Maintaining GLP1R presence at the ß cell surface and permitting its ongoing 

signalling via cAMP to release insulin, may underlie tirzepatide’s enhanced glucose-

lowering effects. 

While there is pharmacological data detailing the differences between single and dual 

agonism (e.g. differences in binding affinity, receptor potency and effect upon secondary 

messengers (255,411,412) as detailed in Chapter 1), pharmacological studies are 
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generally performed in stable, controlled, over-expression systems.  However, in the 

pancreatic islet it is known that cell-cell interactions and paracrine signalling are key in 

modulating cell activity in response to GLP1R and GIPR expression and activity (reviewed 

in (349)). For example, GIP-stimulated release of glucagon from α cells potentiates insulin 

secretion from ß cells and the action of likely both GIP and GLP1 upon their cognate 

receptors on δ cells induces somatostatin release, which inhibits insulin and glucagon 

release, helping to regulate α and ß cell activity.  

However, at present, it is challenging to determine which cell interactions may be targeted 

to enhance glucose control or weight loss because the cell substrates to which dual 

GLP1R/GIPR agonist can access and bind to is poorly defined. For example, to understand 

how dual GLP1RA/GIPRA-induced glucagon secretion is regulated, it is important to 

confirm which cells within the islet that dual agonists bind to. 

Therefore, exploring dual agonist targets in the setting of endogenously expressed 

GLP1R/GIPR is the next step in interrogating dual agonism, particularly when administered 

peripherally.  However, currently there are no tools to visualise dual GIPR/GLP1R agonist 

binding in live tissue after peripheral administration or at the single molecule level.   

Transgenic rodent models harbouring conditional knockout of GLP1R or GIPR have served 

as useful settings to explore incretin physiology (212,412) and infer the tissue targets of 

dual agonists (253).  However, they are unable to provide information on the cell 

populations targeted by dual agonists or upon recruitment of different receptor 

subpopulations. 

Reporter approaches permit the identification of cells which express Glp1r/Gipr 

transcripts (265–267).  However, it is not possible to infer detail about protein expression 

levels, localisation of receptors or confirm which cells are targeted by dual agonists.  

Furthermore, caution should be applied when using transcription as a proxy for incretin 
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receptor expression as discordance has been found between Glp1r and GLP1R expression 

in mouse islets (261). Determining the degree of discordance was precluded with the 

methodology of this paper, through the use of a dichotomous measurement of GLP1R 

protein presence or absence. However, functional work found that a reduction in Glp1r 

expression of approximately one third, induced by multiparity, did not affect GLP1-induced 

insulin secretion (261),  

Antibodies have been developed for GLP1R (summarised and reviewed in (259)) but they 

are only suitable for use in fixed tissue and cannot interrogate dual agonist orthosteric 

binding sites.  A handful of GIPR antibodies have been synthesised, including antagonistic 

antibodies. However, they are more suited as modulators of GIPR signalling, as little (283)  

to no (252,413) information regarding specificity, such as lack of labelling in knockout 

models, has been provided and are very human-specific so not suited for use in mice.  

Additionally, with the brain being an important site of action for the weight loss effects of 

GLP1 and GIP there is anecdotal evidence that fluorescent GLP1R antibody 

immunostaining is less effective in the brain, limiting the ability to co-localise signal with 

neuronal or cell type markers (259).  So, at present, while antibodies may be suited to 

identifying GIPR and GLP1R separately, they are not suited for interrogating dual agonist 

binding sites. 

Therefore, we turned to developing a fluorescent agonist peptide probe based on the 

structure of the dual GLP1R/GIPR agonist, tirzepatide.  As described in Chapter 3, the 

advantages of fluorescent probes are that they can be applied to cells or tissue and 

imaged either live or fixed alongside other makers. Additionally, peptide probes can be 

dosed to enable in vivo labelling and could be modified for single molecule imaging. These 

are important features for determining binding targets of a peptide and tracking activated 

receptor dynamics, which are poorly delineated for dual GIPR/GLP1R agonists. 
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The tirzepatide molecule is 39 amino acids long and based on a GIP backbone with 

prolongation of the C-terminal with a C-terminal sequence of the GLP1R agonist 

exenatide, a synthetic form of Exendin-4 (414) (415). 

As well as the addition of the exenatide C-terminal to the GIP backbone, there are two 

further modifications to confer additional therapeutic properties to tirzepatide.  Firstly, two 

α-amino isobutyric acid (Aib amino acids) at positions 2 and 13 and secondly, the 

conjugation of a fatty diacid chain acylated to the molecule C20 position (414,416).  These 

two modifications impart resistance against degradation by the native enzyme dipeptidyl-

peptidase 4 (DPP4) and provides high affinity albumin binding, respectively (414). 

 

 

Chapter aim 

In this chapter, I present the development of novel fluorescent dual GLP1R/GIPR agonist 

probes.  We characterise their pharmacology, demonstrate their ability to label 

endogenous receptor and showcase our validation in relevant settings such as knockout 

models. 
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Results 

daLUXendin structure and pharmacology 

As for the development of the sGIP probes, we carefully considered the modifications to 

the chemical structure of tirzepatide to install a fluorophore. As previously described in 

Chapter 3, the potency of GIP is dependent upon the sequence of amino acids residing at 

the N-terminus (324,338,339). As tirzepatide incorporates the structure Exendin-4 we also 

considered how the structure of Exendin-4 affects its potency. As recently reviewed by 

Thorens and Hodson (417), seminal studies found that N-terminus truncation of Exendin-4 

results in potent antagonism. Therefore, we chose to limit modifications to the C-terminus 

of tirzepatide. However, the C-terminus does contain a reactive amino acid (such as 

cysteine of lysine (418)) upon which a fluorophore could be installed. 

It has previously been shown that substituting a C-terminal serine with a cysteine to 

create a S39C mutant, to install a fluorophore, does not affect the potency of Exendin4 

(298,419).  Therefore, we leveraged this stable modification for tirzepatide, created a S39C 

mutant tirzepatide molecule and installed a Cy3 or Cy5 fluorophore to the cysteine to 

create daLUXendin544 (Cy3) and daLUXendin660 (Cy5) (Figure 20).  

We synthesised two versions of daLUXendin544/660, without the diacid side chain 

(daLUXendin544/660, Figure 20) and with (daLUXendin544+/660+, Figure 21).  Although 

retaining the acylation would allow the fluorescent version to be more structurally similar 

to the original tirzepatide molecule, there are several potential advantages to creating a 

non-acylated version. 

The diacid side chain confers high affinity albumin binding which is not required and can 

be detrimental in certain settings.  Albumin binding is not required for in vitro or in vivo 

labelling of binding sites and ligand access studies are likely to be performed in mouse 
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islets where the side chain reduces affinity to both receptors but does not induce the GIPR 

> GLP1R selectivity of tirzepatide found in humans (256,420).  Furthermore, the binding of 

daLUXendin to albumin may interfere with relevant in vitro assays where albumin is used a 

non-specific blocking agent (e.g. insulin/glucagon secretion assays, Fluorescence-

Activated Cell Sorting).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To determine if the removal of the diacid side chain, S39C substitution and the 

conjugation of a fluorophore affected the potency of the daLUXendin probes, cAMP 

production and binding affinity was measured and compared with relevant ligands (Figure 

22).  Human GLP1 and GIP were used as comparators as they generate similar cAMP 

responses or insulin secretion at mGLP1R and mGIPR compared with mGLP1 (421) and 

mGIP (422). At both hGLP1R and mGLP1R, tirzepatide and the daLUXendin probes showed 

daLUXendin544/Cy3 n=1 

daLUXendin660/Cy5 n=2 

Figure 20: Chemical structure of non-acylated daLUXendin544/660.  
The molecule is a mutant of tirzepatide, tirzepatide_S39C (H-
YAibEGTFTSDYSIAibLDKIAQKAFVQWLIAGGPSSGAPPPC-NH2), without a diacid side chain and position 39 
serine substituted for a cysteine (orange) and a Cy3 or Cy5 fluorophore conjugated onto the C-terminal cysteine 
(magenta). 

Figure 21: Chemical structure of acylated daLUXendin544+/660+.  
The molecule is a mutant of tirzepatide, tirzepatide_S39C with preservation of the diacid side chain at 
position 20 (H-YAibEGTFTSDYSIAibLDKIAQK(lipid)AFVQWLIAGGPSSGAPPPS-NH2), and with position 39 
serine substituted for a cysteine (orange) and a Cy3 or Cy5 fluorophore conjugated onto the C-terminal 
cysteine (magenta) 

daLUXendin544+/Cy3 n=1 

daLUXendin660+/Cy5 n=2 
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reduced cAMP production compared to GLP1, with the order of potency daLUXendin660 > 

tirzepatide > daLUXendin544. 

At GIPR, both daLUXendin probes and tirzepatide showed reduced cAMP production 

compared to GIP, but more markedly at the mouse GIPR (Figure 22).  This is in keeping with 

recent findings of tirzepatide having reduced potency at the mGIPR compared to the 

hGIPR (412).  daLUXendin544 demonstrated reduced cAMP production compared to 

daLUXendin660 at all receptors. Both probes showed similar favouring of GIPR at the 

human receptors (EC50 ratio ~2:1 hGIPR:hGLP1R) and favoured GLP1R in mice (EC50 ratio 

~1:2 mGIPR/mGLP1R).  Tirzepatide demonstrated similar preferences but with higher 

degree of selectivity; hGIPR:hGLP1R EC50 ratio ~3:1, mGIPR:mGLP1R 1:8.  Details of the 

cAMP values and selectivity calculations are available in Appendix 1. 

 

 

 

 

 

 

 

To determine if the presence of the diacid side chain altered potency between the 

daLUXendin vs daLUXendin+ probes, we then compared the cAMP responses between 

them and found responses to be comparable (Figure 23). 
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Figure 22: cAMP responses to hGLP-1, hGIP, Tirzepatide, daLUXendin554/660. 
Performed in AD293 cells transfected with either human/mouse GLP1R (hGLP1R/mGLP1R) or 
human/mouse GIPR (hGIPR/mGIPR). 
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We then assessed binding affinity using Bioluminescence Resonance Energy Transfer 

(BRET) to determine the Kd.  There was interference with the BRET signal from the Cy3 

probe so we were only able to interrogate binding affinity for daLUXendin660/660+.  

daLUXendin660 (Figure 24) and daLUXendin660+ (Figure 25) showed binding affinity in the 

nanomolar range for both the hGLP1R and hGIPR, with higher binding affinity for hGLP1R 

than hGIPR (Figure 24b and Figure 25b). 
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Figure 24: BRET ratios daLUXendin660 at the hGLP1R and hGIPR. 
Performed in HEK293T cells transiently expressing Nluc-GLP1R or Nluc-GIPR showed nM binding affinity 

Figure 23: cAMP responses to daLUXendin660 and daLUXendin660+. 
Performed in AD293 cells transfected with human or mouse GLP1R or GIPR. 
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To further assess the strength of receptor binding, competition assays were undertaken for 

daLUXendin660 (Figure 26a), Exendin-4-Cy5 and GIP-Cy5 (Figure 26b).  The binding affinity 

(pKi) for hGLP1/hGLP1R and hGIP/hGIPR was similar between the three probes (Figure 

26c), confirming the strength of daLUXendin660 binding compared to native, single 

agonists. pKi, the negative logarithm of the Ki value, was used as Ki values can span many 

orders of magnitude and make comparisons more challenging. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Together, these results demonstrate that our daLUXendin and daLUXendin+ probes have 

similar potency and strong receptor binding at both GLP1R and GIPR when compared to 

tirzepatide. However, we also show that daLUXendins have reduced selectivity for GLP1R 

in mice.  Therefore, this suggests that our modifications, from a pharmacological 
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Figure 26: daLUXendin competition binding assays. 
Competition binding for daLUXendin660 (a) and either Exendin-4-Cy5 or GIP-Cy5 (b) at hGLP1R and hGIPR 
versus GLP1 and GIP. (one-site fit Ki). pKi values for daLUXendin660, Ex4-Cy5 and GIP-Cy5 at hGLP1R and 
hGIPR versus GLP1 and GIP (c) (n = 3 independent repeats). 
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assessment, are not only a suitable substitution for tirzepatide but that they confer an 

advantageous imbalanced agonism i.e. selectivity closer to tirzepatide’s selectivity at 

human GLP1R/GIPR. Due to the advantages mentioned above regarding absence of a 

diacid side chain, we began validation with the non-acylated daLUXendin544/660 probes. 

 

daLUXendin544/660 demonstrate specificity for hGLP1R and hGIPR in 

an over expression system 

To corroborate the pharmacokinetic results described above, we applied the probes to 

AD293 cells transiently transfected with tagged human GLP1R and GIPR; SNAP_hGLP1R 

and Halo_hGIPR. 

As described in Chapter 1, self-labelling protein tags such as SNAP-tags and HaloTags can 

be incorporated into proteins of interest. Following incubation with an organic fluorophore 

which fluoresces upon binding to the tag, it permits the identification of the protein 

without interfering with the orthosteric binding site.   

Specificity of the daLUXendin probes was therefore demonstrated via co-localisation of 

the probes with signal from the fluorescent labels binding to the SNAP-tagged GLP1R (BG-

OG) and Halo-Tagged GIPR (CA-Sulfo549, CA-Sulfo646) (Figure 27).  In non-transfected 

AD293 cells, there was no labelling from the daLUXendin probes (Figure 28) which 

demonstrates that the probes do not engage in off-target labelling and can be regarded as 

specific. 
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Figure 27: daLUXendin in SNAP_hGIPR-Halo_GLP1R AD293 cells. 
Representative images of AD293 cells transfected with SNAP_hGIPR and Halo_hGLP1R and labelled with 
daLUXendin544/660.Cells co=labelled with orthogonal labels for hGIPR (SNAP label BG-OG) and hGLP1R 
(Halo label CA-Sulfo549/646). Scale bar = 33.7µm. 
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Figure 28: daLUXendin labelling in non-transfected AD293 cells. 
Non-transfected AD293 cells incubated with DAPI and daLUXendin544/660.Scale bar = 33.7µm. 
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daLUXendin660 labels endogenous GLP1R and GIPR in cells 

Using overexpressing systems is important for pharmacological studies and 

demonstrating receptor specificity.  However, it is important to demonstrate that our 

probes can label GLP1R/GIPR at the much lower, endogenously expressed level to confirm 

that they are suitable for more translatable studies. 

To determine if the daLUXendin probes were able to label GLP1R/GIPR at endogenously 

expressed levels daLUXendin660 was applied to MIN6-CB4 cells.  MIN6 is an immortalised 

rodent beta cell line (423) which express GLP1R (293,424) and GIPR (424).  The CB4 

variant is an optimised line which retains GSIS in long-term culture (293) and anecdotally, 

our lab has seen enhanced GLP1R/GIPR insulinotropic responses compared to other cell 

lines.   

daLUXendin660 was applied alongside either a GLP1R antagonist probe (LUXendin551 

(298,419)) or a GIPR agonist probe (sGIP549) of orthogonal fluorescence.  Although 

daLUXendin would be competing with LUXendin551 and sGIP549 for GLP1R and GIPR, 

respectively, there was still co-localisation with each receptor (Figure 29) likely due to 

labelling of different pools of receptors not discernible from each other at this resolution.   

We quantified this co-localisation with correlation coefficient analysis, which analyses the 

overlap of fluorescence in each pixel of an image.  Demonstrating specificity for the GLP1R 

and GIPR, we found a high correlation of daLUXendin660 with both LUXendin551 and 

sGIP549 (Figure 30). 
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Figure 29: daLUXendin in MIN6-CB4 cells. 
MIN6-CB4 cells labelled with daLUXendin660 and either GLP1R label LUXendin551 or GIPR label sGIP549. 
Scale bar 33.7µm. 
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Figure 30: Correlation of daLUXendin with GLP1R and GIPR probes 
Mander's coefficient of daLUXendin660 with (a) LUXendin551 (mean0.86) or sGIP549 (mean 0.82) (n = 16 
images from 4 wells, 2 independent repeats) 
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Due to the species difference in tirzepatide potency and signalling at GLP1R and GIPR 

(412), it may be difficult to tease out translatable biological novelty using purely mouse 

models.  Therefore, we next turned to EndoC-βH5 cells, aline of human ß cells with several 

pertinent properties.  Firstly, they retain endogenous expression of both GLP1R and GIPR 

(425) – although this is transcriptomic data and hasn’t been confirmed at a protein level.  

Secondly, they demonstrate appropriate insulin secretion in response not only to glucose, 

but also to GIP and GLP1 (425).  

As for the MIN6-CB4 cells, clusters of EndoC-βH5 cells were labelled with daLUXendin660 

and either LUXendin551 or sGIP549. daLUXendin660 co-localised with both probes but 

there were high levels of autofluorescence in the yellow-green spectrum in unlabelled 

cells (Figure 31).  Further, the LUXendin551 labelling was not limited to the membrane, 

which would be expected with an antagonist probe (Figure 31). From this data, we could 

not be confident that EndoC-ßH5 cells express GLP1R/GIPR at detectable levels or 

whether the level of autofluorescence is at a prohibitively high level that obscures probe 

signal.  
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Figure 31: daLUXendin labelling in EndoC-βH5 cells 
EndoC-βH5 cells labelled with sGIP549 and daLUXendin660 (a), LUXendin551 and daLUXendin660 (b) or 
unlabelled (c). (n=1). Scale bar 53µm. 
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daLUXendins label endogenous GLP1R and GIPR in mouse islets 

daLUXendin544 labels membrane and cytosolic pools of GLP1R and GIPR, as shown 

through co-localisation with GLP1R (Figure 32) and GIPR (Figure 33) probes.  

Demonstrating specificity, correlation co-efficient analysis found high co-localisation of 

daLUXendin544 with both GLP1R and GIPR probes (Figure 34). 
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Figure 32: daLUXendin and LUXendin labelling in WT islets. 
Representative images of WT islets labelled with LUXendin645 and daLUXendin544. 
Zoom panels of α cells (GLP1R-) and β cells (GLP1R+). Arrows highlight the increased membrane labelling in 
β cells (c) compared with α cells (b) (n=37 islets from 3 mice). Scale bar = 53µm. 
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daLUXendin544 demonstrated more membrane labelling in β cells (identified by 

LUXendin645/GLP1R labelling) than in α cells (identified by lack of LUXendin645/GLP1R 

labelling).  To explore this difference, daLUXendin probes were applied to 

GLP1RSNAP/SNAP islets (269) alongside a cell-impermeable SNAP labels (279). This 

would allow for daLUXendin labelling and co-localisation analysis without interference 

Figure 34: Correlation analysis between daLUXendin544 and LUXendin645 (a) and sGIP648 (b) in WT islets.  
(n=43 islets from 2 mice) 
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Figure 33: daLUXendin and sGIP probe labelling in WT islets. 
Representative images of WT islets labelled with GIPR probe sGIP648 and daLUXendin544. 
Zoom panel illustrating co-localisation (n=37 islets from 3 mice). Scale bar = 53µm. 
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with the orthosteric binding site from other probes but also to assess the degree of 

receptor internalisation for each probe.  

There was increased internalisation of GLP1R when co-treated with each probe (Figure 35 

and Figure 36).  Using Full Width Half Maximum (FWHM) to quantify this, the degree of 

GLP1R internalisation was slightly greater with daLUXendin660, while daLUXendin544 

retained more GLP1R at the cell surface (Figure 38).   

FWHM involves measuring fluorescence intensity across a membrane (Figure 37) and 

measuring the width at half-maximum of the peak.  Increased internalisation of the 

labelled receptor will lead to a greater spread of high fluorescence either side of the 

membrane, leading to an increased width at half-maximum.  Retention of labelled 

receptor at the membrane will lead to rapid drop off of fluorescence either side of the peak 

fluorescence of the membrane, leading to a narrower/decreased width at half-maximum. 

 

 

 

 

 

 

 

 

 

 

 

 

 



125 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

G
L
P

1
R

S
N

A
P

/S
N

A
P
 

Sulfo646 (GLP1R) Merge daLUXendin544 
G

L
P

1
R

S
N

A
P

/S
N

A
P
 

G
L
P

1
R

S
N

A
P

/S
N

A
P
 

a 

b 

c 

Figure 35: daLUXendin660 and SNAP labelling in GLP1RSNAP/SNAP islets. 
Representative images of GLP1RSNAP/SNAP islets labelled with SNAP label Sulfo646 and/or daLUXendin544, 
SNAP label Sulfo646 and/or daLUXendin544 (a), just Sulfo646 (b) or just daLUXendin544 (c). Scale bar = 
53µm. 
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Figure 37: Line placement for FWHM measurement 
Representative images of line placement used to measure full width at half maximum (FWHM) in 
GLP1RSNAP/SNAP islets.Islets labelled with either Sulfo646 (a) or Sulfo646 with daLUXendin544 (b) (n=18-24 
islets from 5-7 mice). Scale bar 53µm. 
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Figure 36: daLUXendin660 and SNAP labelling in GLP1RSNAP/SNAP islets. 
Representative images of GLP1RSNAP/SNAP islets labelled with SNAP label Sulfo549 and/or daLUXendin660  
SNAP label Sulfo549 and daLUXendin660 (a), just Sulfo549 (b) or just daLUXendin660 (c). Scale bar = 53µm. 
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Figure 38: Width of SNAP labelling with and without daLUXendin co-administration. 
Average normalised intensity for Sulfo549/646 across cell membranes treated with either 
daLUXendin660/544 respectively or vehicle (a).FWHM values for Sulfo646 co-labelled with either vehicle or 
daLUXendin544 and Sulfo549 co-labelled with either vehicle or daLUXendin660 (b). 

daLUXendin660 
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daLUXendin labelling is reduced in Glp1r-/- islets and excess GIP 

agonism 

An important setting to confirm probe specificity is in knock-out models.  In Glp1r-/- mice 

daLUXendin probe labelling was reduced compared to WT labelling, with further reduction 

in fluorescence following pre-incubation with excess GIP agonist (1uM GIPAib2) to 

compete for GIPR (Figure 39).  Fluorescence was quantified and showed a statistically 

significant reduction in fluorescence for both probes in Glp1r-/- islets compared to WT 

islets (Figure 39c).  Further reduction in fluorescence was found with pre-incubation with 

excess GIP agonist, but this did not reach statistical significance with daLUXendin660 

(Figure 39c). 

The similar labelling of Glp1r-/- islets with and without pre-incubation with excess GIP 

agonist is unlikely due to residual GLP1R expression as the line has been well validated 

(298). The Glp1r-/- model was CRISPR-Cas9 genome edited to introduce a deletion into 

exon 1 which resulted in a frameshift mutation and subsequent non-transcription (426).  

This technique avoids the risk of variability in knock-out effectiveness, as found with e.g. 

tamoxifen-inducible knock-out models.  Effective non-transcription was confirmed in this 

model in several ways.  Firstly, islets isolated from this line retained glucose-stimulated 

insulin secretion but did not secrete insulin in response to GLP1R agonist Exendin4(1-39) 

(426).  Secondly, Glp1r-/- islets did not generate cAMP in response to the GLP1R agonist 

Liraglutide and thirdly, there was no immunostaining with monoclonal GLP1R antibody 

(426). Therefore, it is unlikely that any residual GLP1R expression was the reason for 

ongoing daLUXendin660 labelling in islets pre-incubated with GIP agonist. 

Another hypothesis might be that there was upregulation of GIPR in Glp1r-/- mice as has 

been suggested occurs for GLP1R in Gipr-/- mice (196,212,412).  This would have to be a 
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significant increase in expression to overcome the excess agonist concentration.  

However, going against this is a recent study demonstrating no increased sensitivity to GIP 

(measured as GIP-stimulated insulin secretion) in Glp1r-/- vs Glp1rWT/WT mice (427). 

Therefore, it is more likely that as daLUXendin and GIP are in competitive equilibrium, the 

residual staining is a result of a GIPR pool that GIP is unable to block. 
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Figure 39: daLUXendin in GLP1RKO islets and excess GIP agonist. 
Representative images of daLUXendin544 (a) and daLUXendin660 (b) labelling in WT islets, Glp1r-/- islets 
without and with pre-incubation with GIPR agonist GIPAIb2.Differences in fluorescence were quantified by 
measuring whole islet CTCF (c). (n = 37 islets from 2 mice) (Kruskal-Walllis test with two-stage linear step-up 
procedure of Benjamini, Krieger and Yekutieli). Scale bar = 53µm. 
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Discussion 

In this chapter, we present the synthesis and validation of novel dual GLP1R/GIPR agonist 

probes daLUXendin544 and daLUXendin 660.  These probes are specific for GLP1R and 

GIPR and provide a novel and straightforward method of identifying dual agonist targets 

and interrogation of binding sites.  

We show that the probes have a similar pharmacological profile as tirzepatide but with 

greater mGIPR>mGLP1R selectivity. 

By generating probes with (daLUXendin544/660+) and without (daLUXendin544/660) the 

C20 diacid side chain, but with similar potencies and binding affinities, we facilitate their 

use in a range of experiments where albumin-binding is either critical or a hinderance. 

As discussed in the introduction, other current modalities to assess dual GLP1R/GIPR 

agonism are limited in their ability to visualise receptor location or identify target sites of 

dual agonists in live tissue.  Although mouse genetics, reporter approaches and antibodies 

have their limitations, their utility can be maximised through use alongside the fluorescent 

daLUXendin probes to label live and fixed tissues. For example, lack of labelling by 

daLUXendin probes with cells which report Glp1r/Gipr expression may suggest cells in 

which protein expression is very low (below daLUXendin detection limit) or cells where the 

phenotype has changed. 

During the course of this work, another fluorescent dual GLP1R/GIPR agonist probe was 

recently developed; Alexa647-conjugated tirzepatide (256).  Labelling of mouse islets was 

retained after fixation and appropriately it did not label cells in Glp1r-null mice islets or WT 

mice islets pre-incubated with GLP1R antagonist, Exendin-4(9-39)(256).  However, 

complete loss of labelling demonstrates that the probe does not have the advantageous 

mGIPR selectivity of the daLUXendins. Furthermore, full validation of the probe by with 

pharmacological data regarding binding affinity or potency was not provided.  It is known 
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that fluorophore choice, conjugation, and any modification to permit conjugation, can 

alter these parameters at the GLP1R/GIPR (298,407,419).  Alexa647 is a highly sulfonated 

fluorophore, which can limit its use in live tissue due to repulsion from the sulfonated 

charges (269,428). 

Further supporting the notion that fluorophore conjugation affects binding affinity and 

potency, the same group reported that removal of the diacid side chain increases hGIPR 

binding affinity by four-fold compared with tirzepatide, without affecting hGLP1R binding 

affinity but increased GLP1R cAMP accumulation (256).  However, this contrasts with our 

findings that cAMP responses from GLP1R and GIPR binding were similar between 

daLUXendin660 and daLUXendin660+.  Of note, pharmacology assays in HEK293 cells are 

dependent upon receptor expression levels, particularly when assessing imbalance and 

bias. For our studies, we used moderate levels of expression, which may have masked this 

difference. Further detail regarding conjugation strategy of tirzepatide-Alexa647 was not 

provided but would be informative to compare with daLUXendin probes. 

Following on from this, determining the degree of GLP1R vs GIPR selectivity is crucial 

when developing probes used to replicate tirzepatide action.  In the human setting, 

tirzepatide shows greater affinity for and potency at GIPR than GLP1R (255,256,412).  

However, in the mouse, tirzepatide shows greater affinity for GLP1R and shows similar 

efficacy to GLP1R agonist semaglutide (255,412).  This limits the use of mouse models to 

fully elucidate dual agonist effects translatable to the human setting, although mice 

remain an important model to investigate likely tissue and cell substrates following 

peripheral administration. 

While daLUXendins show similar cAMP responses to tirzepatide, daLUXendin544/660 

showed much less GIPR selectivity (1:2 mGIPR:mGLP1R) than tirzepatide (1:8 

mGIPR:mGLP1R) in mice. This dependence upon mGIPR of daLUXendin was confirmed in 



133 
 

in vivo IPGTTs where mGLP1R:mGIPR selectivity was reduced for daLUXendin compared 

to tirzepatide (presented in Chapter 6).  As explored in Chapter 3, human donor islets are a 

challenging setting for fluorescent labelling due to autofluorescence (82) and low 

expression of GLP1R/GIPR in most ß cells (429).  Therefore, this difference in receptor 

selectivity has the translational benefit of giving daLUXendin labelling in a mouse setting a 

closer profile to tirzepatide in humans – with the caveat that the in vivo impact of 

daLUXendin, for example upon food intake, also needs to be evaluated in comparison to 

tirzepatide and/or single GLP1R agonists.   

It is unclear exactly what mechanism(s) give rise to the differences between daLUXendin 

and tirzepatide pharmacology.  However, given that our previous studies have shown that 

Cy5 increases efficacy (298), it is possible that the Cy3/5 moieties alter orthosteric 

interactions.  Therefore, further engineering of the daLUXendin structure could reduce the 

receptor selectivity further or align it even closer to that of tirzepatide at human 

GLP1R/GIPR and transform the interrogation of dual agonist action in the mouse model. 

In summary, I have presented our synthesis of fluorescent dual GLP1R/GIPR probes, 

daLUXendins.  We describe the pharmacological profile of these probes compared to 

tirzepatide, which matches potency at relevant receptors but differs in receptor selectivity.  

We have robustly assessed the specificity of the probes for GLP1R/GIPR in over-

expression and endogenously expressed settings. 
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Chapter 5: Interrogating the cell targets 

of daLUXendin probes in vitro 

Introduction 

GLP1 and GIP impact upon glucose and weight 

GLP1 and GIP are important mediators of post-prandial glucose control, where insulin 

secretion is greater after oral glucose ingestion than intravenous glucose administration; 

this is termed the incretin effect (430).  Both GLP1 and GIP are known to potently 

potentiate glucose-stimulated insulin release (175). 

In diabetes, the incretin effect is reduced and contributes to dysglycaemia (197,208,431) 

and there is suggestion that a reduced incretin effect is an early marker of the condition 

(432).  The reduced incretin effect in diabetes has been attributed to reduced sensitivity of 

β cells to GIP (197,208,431) and reduced secretion of GIP, but especially GLP1 (433,434).   

In people with diabetes, early studies of GLP1 infusions first showed improvement in 

glucose excursions (217,435) and later, reduction in weight (436).  GLP1-based therapies 

have been pursued and licensed for many years after demonstrating impressive glucose- 

and weight-lowering effects (summarised in (408)). 

Despite evidence suggesting that GIP contributes to the majority of the incretin effect 

(437–439), the therapeutic benefit of GIP upon glucose metabolism have been less clear 

cut.  In contrast to GLP1, early studies found reduced insulin secretion in response to GIP 

infusion in people with diabetes (206,217).  A recent study of genetic variants of human 

GIPR have found that variants which impair GIPR function (impaired cAMP production and 

ß arrestin recruitment) are associated with a lower adiposity (234). Furthermore, results 
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from animal studies have found conflicting results.  Both loss (213,350,440–442) and gain 

(237,443,444) of GIP function have been shown to confer protection against diet induced 

obesity.  However, several other studies have found equivocal impacts of loss (231) or gain 

(238–240) of GIP function upon weight.  For glycaemic control, loss of GIP function has 

been shown to have deleterious effects upon insulin secretion (213,214) but most gain of 

function studies have not interrogated glucose control, focusing instead upon changes in 

food intake and body weight.  These opposing results are summarised in (380). 

Furthermore, cardioprotection is an important facet of novel diabetes and obesity 

treatments. GIP lowers blood pressure and increases heart rate when administered to 

individuals with and without diabetes and obesity but whether this is cardioprotective or 

not remains unclear (445,446).  

However, interest in GIP was renewed when correction of hyperglycaemia was found to 

rescue GIP action in people living with diabetes (447) and has further come the fore with 

the dual GLP1R/GIPR agonist tirzepatide showing superior glycaemic control (243) and 

weight loss than single GLP1R agonists (117) in clinical trials. 

 

Glp1r/GLP1R and Gipr/GIPR expression in the pancreatic islet 

GPCRs are generally expressed in low abundance (448). This is the case for Glp1r and Gipr 

transcripts which are much lower than insulin and glucagon transcripts (188) and GLP1R 

and GIPR protein are expressed at low levels in pancreatic islet cells (188,191,349). Until 

recently there has been a lack of reliable, suitably validated techniques to detect 

GLP1R/GIPR protein (259).  
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Glp1r/GLP1R is known to be abundantly expressed on β cells in rodents (188,191,298) and 

humans (Huising lab meta-analysis dataset (190) including data from (192,449–452)) but 

there is uncertainty on whether Glp1r/GLP1R is expressed on α or δ cells.   

Some evidence (mRNA RT-PCR, immunoreactive assays) suggests the presence of 

Glp1r/GLP1R on subpopulations of mouse α cells (187,453).  This has been supported by a 

recently developed GLP1R fluorescent probe which labelled 12.3 ± 3.3% α cells (298).   

However, Western blots in rats (454) and mouse RNAseq data (188,191) have been unable 

to find GLP1R/Glp1r in α cells. Human islet transcriptome studies have also found 

negligible expression of Glp1r RNA in α cells (190,455) and fluorescent immunostaining of 

human islet sections found negligible co-localisation of GLP1R in glucagon-positive cells 

(456).   

When insulin and somatostatin receptors are blocked, GLP1 is still able to suppress 

glucagon secretion (457).  This could give weight to the theory that that GLP1 is directly 

binding to GLP1R on α cells, but with expression levels too low to visualise without super 

resolution techniques.  Or, with further studies showing that GLP1 suppresses glucagon 

secretion in Glp1r-/- mice but not GCG-/- mice (458), it has been proposed that GLP1 

degradation products are able to activate the GCG receptor (349).  Alternatively, given that 

GLP1 stimulates somatostatin release (185–187,459) and somatostatin inhibits α cell 

excitation (460,461), it could be that GLP1 mediated glucagon suppression is via paracrine 

somatostatin release (462).   

There is limited evidence surrounding the presence of GLP1R in δ cells.  Early radioactive 

ligand studies in rodent cell lines found the presence of GLP1R on δ cells, suggesting that 

GLP1 directly interacts with δ cells to stimulate somatostatin release (185). Single cell 

RNA sequencing data of islets from reporter mice found moderate expression of Glp1r in δ 

cells (188,191).  More recent non-fluorescent (463) and fluorescent immunostaining (456) 
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studies in human pancreata found strong co-localisation of GLP1R antibody staining with 

insulin-positive cells in addition to weaker, but still present, co-localisation with 

somatostatin-positive cells. However, human islet transcriptome studies found very 

minimal expression of Glp1r RNA in δ cells (190,455). 

The expression of Gipr/GIPR has been less studied.  In mice, GIPR is considered to be 

expressed extensively in the pancreatic islet with transcriptomic studies reporting Gipr 

expression in equal measure in α, β and δ cells (188).  Human transcriptomic studies have 

found similar expression, with GIPR RNA found in α, β and δ cells (189,190,455). 

The current evidence for Glp1r/GLP1R and Gipr/GIPR expression in rodent models and 

humans is summarised below in Table 9 and Table 10 respectively. However, it is 

important to bear in mind that for class B GPCRs like GLP1R and GIPR, there is 

discordance between gene expression and RNA levels and actual protein expression 

(261). Therefore, transcriptomic studies should be interpreted with caution and weight 

should be given to techniques that are able to identify receptor expression and 

localisation, such as well-validated, specific antibodies and probes. 
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Rodent islets Evidence of presence Evidence of absence 
α cells 
GLP1R Rat islets: radiolabelled GLP1 

co-localised with α cells (187)  
 
Mouse islets: fluorescent 
GLP1R antibody labelled small 
population of α cells (261) 
 
Mouse islets: fluorescent 
GLP1R probe labelled α cells 
(298)  

Hamster α cell line 
(RRID:CVCL_0353): 
radiolabelled GLP1 did not 
localise to α cells in (185) 
 
Rat islet: Western blot 
unable to detect GLP1R in 
α cells (454) 
 
Mouse islets: scRNAseq; 
no expression of Glp1r in α 
cells (188,191)  
 
Mouse islets: Glp1r 
promoter not active in α 
cells (261) 
 
Rat islets: GLP1R anti-
serum did not co-localise 
with α cells (429) 
 
Mouse islets: lack of 
fluorescent GLP1R probe 
labelling mouse islet α cells 
(401) 

GIPR Mouse islets: scRNAseq; 
moderate Gipr expression in α 
cells (188) 

 

ß cells 
GLP1R Rat ß cell line 

(RRID:CVCL_W951): 
radiolabelled GLP1 localised to 
ß cells (185) 
 
Rat islet: mRNA detected in ß 
cells (454) 
 
Mouse islets:  scRNAseq; 
moderate expression of Glp1r in 
ß cells (188,191,464)  
 
Mouse islets: Glp1r promoter 
active in ß cells (261) 
 
Rat islets: Western blot able to 
detect GLP1R in ß cells (454) 
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Rat islets: GLP1R anti-serum 
co-localised with ß cells (429) 
 
Mouse islets: fluorescent 
GLP1R antibody labelled 
majority of ß cells (261)  
 
Mouse islets: fluorescent 
GLP1R probe extensively 
labelled mouse islet ß cells 
(298,401)  

GIPR Rat islets: mRNA detected in ß 
cells (454) 
 
Mouse islets: scRNAseq; Gipr 
expressed in ß cells (188,464)  

 

δ cells 
GLP1R rat δ cell line 

(RRID:CVCL_U434): 
radiolabelled GLP1 localised to 
δ cells in (185) 
 
Rat islets: radiolabelled GLP1 
co-localised with δ cells (187) 
 
Mouse islets:  scRNAseq; 
moderate expression of Glp1r in 
δ cells (188,191,464) 
 
Mouse islets: Glp1r promoter 
active in δ cells (261)  
 
Mouse islets: fluorescent 
GLP1R antibody labelled small 
population of δ cells (261) 

Rat islets: GLP1R anti-
serum did not co-localise 
with δ cells (429) 
 
Mouse islets: no robust 
labelling of fluorescent 
GLP1R probe in δ cells 
(401)  

GIPR Mouse islets: scRNAseq; 
moderate Gipr expression in δ 
cells (188) 

 

Table 9: Summary of current literature that has investigated the presence of Glp1r/GLP1R and Gipr/GIPR in α, ß 
and δ cells in rodents. 
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Human islets Evidence of presence Evidence of absence 
α cells 
GLP1R Human pancreas sections: weak 

immunofluorescent GLP1R 
antibody labelling in α cells (456) 

Human islets: scRNAseq; lack of 
GLP1R in α cells (190,455) 
 
Stem cell derived ß cells: Lack of 
co-localisation between 
fluorescent GLP1R probe 
labelling and INS-positive cells 
(298) 

GIPR Human islets: scRNAseq; GIPR 
expression found in α cells, at 
similar levels to β and δ cells 
(189,190,455). 

 

ß cells 
GLP1R Human islets: scRNAseq; GLP1R 

detected in ß cells (192,449–452) 
 
Human pancreas sections: 
extensive immunofluorescent 
GLP1R antibody labelling in ß 
cells (456) 

 

GIPR Human islets: scRNAseq; GIPR 
detected in ß cells (192,449–452) 
at similar levels to α and δ cells 
(189,190,455). 

 

δ cells 
GLP1R Human pancreas sections: 

moderate non-fluorescent (463) 
and immunofluorescent (456) 
GLP1R antibody labelling in δ 
cells 

Human islets: scRNAseq; 
minimal GLP1R expression in δ 
cells (190,455) 

GIPR Human islets: scRNAseq; GIPR 
expression found in δ cells, at 
similar levels to α and β cells 
(189,190,455). 

 

Table 10: Summary of current literature that has investigated the presence of GLP1R/GLP1R and GIPR/GIPR in 
α, ß and δ cells in humans 

 

 

 



141 
 

Intercellular islet interactions 

With tirzepatide showing markedly superior glycaemic control than single GLP1R agonists 

in humans (243) and with further therapeutic dual and multi-agonists of incretins on the 

horizon (309,465–467), it is now imperative to confirm the cellular substrates that dual 

agonists bind to.  

Delineating the target cells of dual agonists and determining the impact of dual agonism 

upon GLP1R/GIPR interactions will allow us to not only develop a deeper understanding of 

the superior glucose-lowering properties (i.e. is it islet-centric? Related to enhanced 

hormone secretion? By what mechanisms? What does this mean for how therapeutic 

GIPR antagonists act upon the islets?) but also to advance the understanding of how dual 

and multi-agonists might be engineered to gain the most therapeutic benefit. For example, 

discovering that tirzepatide is an imbalanced dual agonist preferentially binding to GIPR in 

humans (255), has allowed us to appreciate how different structural modifications and the 

resulting imbalanced, biased agonism can impact on ligand binding and affinity (256).   

Regarding enhanced glucose-lowering effects, it has since been shown that tirzepatide 

requires GIPR to trigger insulin release from islets and interestingly, can overcome the 

glucagon-inhibitory effect of GLP1, despite tirzepatide agonising GLP1R (412). Identifying 

the cellular targets of tirzepatide would help confirm if this might be central to tirzepatide’s 

enhanced efficacy.  

Beyond the effects of paracrine signalling (40,385,456,468–471), there is evidence that 

interactions between different subpopulations of cell types within the islet affects their 

function.  The importance of cell-cell interactions is hinted at with the finding that most 

GLP1R+ α cells are found next to β cells (298).  Furthermore, ß cells adjacent to α cells are 

more secretory and have earlier insulin release in response to hyperglycaemia than ß cells 

next to ß cells, due to pre-internalisation of GLP1R (401).  Suggesting the importance of α-
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β cell crosstalk in the incretin effect, alanine is unable to potentiate GIP-mediated insulin 

release when GIPR is specifically delated from α cells (472). This implies that GIP-

mediated insulin release from β cells is reliant upon engaging α cells.  

Furthermore, GLP1R has been found to engage a subnetwork of β cells which induces 

highly co-ordinated cell activation (204).  However, not all β cells are engaged equally, with 

3 different subpopulations recruiting GLP1R at different speeds and different GLP1R 

agonists stimulating the subpopulations to different degrees (269).  Being able to localise 

dual agonists to these different subpopulations of cells is vital to fully exploring their 

effects. 

 

 

Chapter aim 

Therefore, in this chapter we aim to provide the cellular substrates that could explain the 

increased glucose-lowering efficacy of tirzepatide to determine if the mechanisms of 

superior glycaemic control are islet-centric. 

We utilised the daLUXendins to confirm which cells dual agonists bind to within the 

pancreatic islet and explore how they might affect GLP1R-GIPR interactions by optimising 

the probe for single molecule imaging techniques. 
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Results 

daLUXendin and daLUXendin+ probes label all islet cell types 

To determine dual agonist cell targets in pancreatic islets, isolated islets were labelled 

with daLUXendin probes and co-stained with antibodies for the hormones secreted by the 

major cell types; insulin (β cells), glucagon (α cells) and somatostatin (δ cells).  As these 

antibodies require tissue fixation prior to application, we first confirmed that daLUXendin 

labelling remains intact after fixation with 2% or 4% formaldehyde (Figure 40).  

` 

 

 

 

 

 

 

 

 

 

 

Following this, islets were co-stained with insulin (INS), glucagon (GCG) and somatostatin 

(SST) antibodies and secondary antibodies of orthogonal fluorescence. 

daLUXendin544/660 labeled all major cell types in the islet (Figure 41, Figure 42).  The 

strongest labelling was in in INS+ cells, followed by GCG+ cells and then SST+ cells, as 

quantified in Figure 43.   

 

Figure 40: daLUXendin in fixed WT islets. 
Representative images of WT islets labelled with daLUXendin544 prior to fixation in different 
concentrations and durations of paraformaldehyde.  Zoom panels show retained membrane and 
intracellular labelling. Scale bar 53µm. 
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Figure 41: daLUXendin660 in fixed WT islets with immunohistochemistry for INS/GCG/SST  
Representative images of WT islets labelled with daLUXendin544 prior to fixation and immunohistochemical 
staining of INS (a), GCG (b) and SST (c).  2.5x zoom panels highlight areas of high density for that cell type and 
demonstrate the daLUXendin544 labelling. Scale bar 53µm. 
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Figure 43: CTCF values of daLUXendin544 and daLUXendin660 in cells staining positive for INS/GCG/SST. 
 Kruskal-Wallis comparative analysis of significance; α 0.05, daLUXendin544 INS vs GCG p <0.001, INS vs SST 
p<0.001, GCG vs SST p>0.9999; daLUXendin660 INS vs GCG p <0.001, INS vs SST p<0.001, GCG vs SST 
p0.0564. Violin plots show median and interquartile ranges. (INS = 44 islets from 5 mice; GCG = 25 islets, 7 
mice; SST 29 islets, 7 mice) 

Figure 42: daLUXendin660 in fixed WT islets with immunohistochemistry for INS/GCG/SST. 
Representative images of WT islets labelled with daLUXendin660 prior to fixation and staining with primary 
antibodies for INS (a), GCG (b) and SST (c). Scale bar 21.2µm 
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Repeating the experiment with the acylated daLUXendin660+, there was a similar pattern 

of labelling.  daLUXendin660+ labelled all major cell types within the islets, again with the 

brightest labelling of INS+ cells, followed by GCG+ then SST+ cells (Figure 44, Figure 45).  

This demonstrates that the inclusion of the diacid side chain does not alter cellular 

substrates targeted by daLUXendins. 
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Figure 44: daLUXendin660+ in fixed WT islets with immunohistochemistry for INS/GCG/SST. 
Representative images of WT islets labelled with daLUXendin660+ prior to fixation and staining with primary 
antibodies for INS, GCG (a) and SST (b). Scale bar 53µm. 
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Mirroring these results, daLUXendin544/660 co-localised with GLP1R antibody with 

further, reduced labelling of GLP1R- cells, consistent with labelling α and δ cells (Figure 

46). 
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Figure 45: CTCF values of daLUXendin660+ in cells positively stained for insulin (INS), glucagon (GCG) and 
somatostatin (SST). 
Kruskal-Wallis comparative analysis of significance; α 0.05, INS vs GCG p0.0020, INS vs SST p<0.0001, GCG 
vs SST p<0.0001. Violin plots show median and interquartile ranges. (INS = 34 islets from 4 mice; GCG = 17 
islets from 3 mice; SST = 17 islets from 3 mice) 
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Figure 46: daLUXendin labelling in fixed WT islets and immunohistochemistry for GLP1R. 
WT islets labelled with daLUXendin544 (a) or daLUXendin660 (b) prior to fixation and staining with primary 
GLP1R antibody. Scale bar = 53µm. 
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daLUXendin is unable to specifically label human islets  

Being able to identify the cells that dual agonist target in human tissue would be the next 

piece of the puzzle to full leverage their benefits clinically.  Thus, we next assessed 

daLUXendin labelling in human donor islets.  Unfortunately, in both live and fixed human 

islets daLUXendin labelling was similar to vehicle due to significant autofluorescence 

(Figure 47).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 47: daLUXendin in fixed human islets 
Representative images of live (a,b) and fixed (c,d) human islets labelled with daLUXendin542 (a,c) or 
daLUXendin660 (b,d) Significant autofluorescence is noted in corresponding vehicle-treated islets (live = 4 
donors, fixed = 2 donors). Scale bar 53µm. 
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In case phenol red in the CMRL media could have contributed to the interfering 

fluorescence (473,474) and masked the signal from the daLUXendin probes, the live 

imaging was repeated with daLUXendin probes diluted in colourless 2.7mM glucose ATP 

buffer.  There was no major difference between the fluorescence of each solvent (Figure 

48). 

 

 

 

 

 

 

 

 

 

 

In an attempt to reduce the autofluorescence from the causative cellular substrates in 

human islets, such as lipofuscin (475), islets were labelled with daLUXendin544 then fixed 

and treated with TrueBlack®.  TrueBlack® is a lipofuscin quencher which has been shown 

to reduce autofluorescence in a range of human and non-human tissues (476). There was 

no major improvement of daLUXendin544 fluorescence with TrueBlack® (Figure 49). 
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Figure 48: daLUXendin in fixed human islets in different diluents. 
Representative images of human donor islets labelled with daLUXendin544/660 diiluted in either complete 
human islet media (CMRL) or 2.7mM glucose ATP buffer. (n = 1 donor). Scale bar = 53µm. 
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Aldehyde fixation can also contribute to increase autofluorescence of cells (477,478) as 

excessive aldehyde reacts with amines in proteins to generate fluorescent products.  

However, this is more marked with glutaraldehyde rather than the PFA (479) used in my 

protocol and given the high degree of autofluorescence in live vehicle-treated islets, 

fixation was unlikely to be the cause. 

Whilst we recognised the translational importance of interrogating dual GLP1R/GIPR 

agonist targets in human tissue, particularly in the incretin-relevant setting of islets, 

human islets preparations were not a viable option for daLUXendin labelling.  Our lab has 

found significant variability in GLP1R/GIPR protein expression in a human islets and 

pancreatic sections, with weaker and sometimes completely absent GLP1R expression 

using both antibodies and GLP1R-specific probes (LUXendins) (401). We attributed this to 

heterogeneity in GLP1R expression levels, heterogeneity in donors, as well as the impact 

of processing and islet isolation that can lead to a decline in GLP1R expression, as noted 

by others (480). Furthermore, there is heterogeneity of incretin- and glucose-stimulated 

insulin release between human islet preparations (481,482) which is further compounded 

with variation in viability arising from preparation (483) and different HbA1c in different 

donors (484).  Given the many variables that can lead to heterogeneity of islet function 

Figure 49: daLUXendin in fixed human islets with TrueBlack® 
Representative images of human donor islets labelled with daLUXendin544 prior to fixation with and 
without incubation with TrueBlack® (n=1 donor). Scale bar = 53µm. 
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between donors, we felt that human islet preparations a less reliable setting to explore 

fluorescent dual agonist action. 

 

daLUXendin labels human iPSC-derived islet structures 

To circumvent the issues with autofluorescence and other potential issues with human 

islets, we turned to human induced pluripotent stem cell (iPSC)-derived islet-like 

structures (SC-islets).  SC-islets are being developed as a potentially curative therapy for 

type 1 diabetes, with Time in Target Range 98% at one year post-transplantation (485), as 

well as a robust diabetes model for research (486–488). The benefit of transplanting stem-

cell derived islets include the ability to reduce their immunogenicity (487) and removing 

the reliance upon the unpredictability of donor availability. 

We reviewed scRNA-seq data of SC-islets (189) and, similar to the expression of 

Glp1r/GLP1R and Gipr/GIPR in mice and humans, found GLP1R and GIPR in early and late 

β- and δ-like cells and additionally GIPR in late α cells (Figure 50). This has been supported 

with protein labelling using GLP1R-specific fluorescent antagonist probe, LUXendin645, in 

mature SC-islets which found extensive GLP1R labelling of insulin-positive cells and little 

co-localisation with glucagon-positive cells (Figure 51) (298). 
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Figure 50: Uniform manifold approximation and projection (UMAP) plots showing GLP1R and GIPR 
expression in early and late SC-islet endocrine cell populations. 
Reproduced from (189), and plotted using Single Cell Portal (707), study SCP1526). 
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Both daLUXendin544 and daLUXendin660 labelled membrane and cytoplasm and cells in 

SC-islets (Figure 52).  For vehicle-treated SC-islets, more autofluorescence was visible 

following excitation with the 561nm laser (used for daLUXendin544) (Figure 52).  Following 

co-staining with antibodies, daLUXendin660 labelled INS-, GCG- and SST-positive cell 

populations in SC-islets (Figure 53).  Mirroring results in mouse islets, labelling intensity 

was greatest in INS-positive cells and similar, reduced labelling of GCG- and SST positive 

cells (Figure 54). 

 

 

 

 

 

Figure 51: Embryonic stem cell-derived ß-like cells labelled with LUXendin645. 
Extensive labelling found with LUXendin645 (GLP1R antagonist probe) in Day 21 differentiated mature ß-like 
cells but no labelling in Day 0 undifferentiated cells. No fluorescence was observed in unlabelled Day 21 
differentiated cells. Scale bar = 100µm. 
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Figure 52: daLUXendin in fixed SC-islets. 
Human induced pluripotent stem cell derived islet structures (SC-islets) labelled with daLUXendin544 (a), 
daLUXendin660 (b) or vehicle prior to paraformaldehyde fixation.  
Vehicle images taken using same settings as respective daLUXendin probe. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

Figure 53: daLUXendin in fixed SC-islets with immunohistochemistry for INS/GCG/SST. 
Representative images of SC-islets labelled with daLUXendin prior to fixation and labelling with primary 
antibodies for insulin (a,b), glucagon (a) and somatostatin (b).  
Scale bar 53µm. 
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daLUXendin660 is suitable for single-molecule, super-resolution 

imaging and engages GLP1R/GIPR nanodomains 

GPCR signalling is rapid (489) and one of the mechanisms proposed to explain this speed 

is the formation of signalling clusters of GPCRs and effectors at the plasma membrane 

and intracellular compartments (275,490) via lipid rafts (491). Such clusters, or 

nanodomains, have been shown to play a role in the co-ordination of GPCR signalling and 

endocytosis (492).  The formation of nanodomains has been confirmed for GLP1R 

(269,298) , with disruption of nanodomain recruitment (through lipid sequestration) 

leading to faster agonist dissociation, reduced GLP1R clustering andreduced cAMP 

generation (275).  Clustering of GIPR has been less studied but has been shown to occur 

to a higher degree than GLP1R and is functionally important, as GIPR endocytosis is 

unable to occur when the formation of nanodomains is disrupted (275). 
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Figure 54: Violin plot of min/max/median CTCF values of daLUXendin660 in cells positive for INS, GCG and 
SST.  
Violin plots show median and interquartile ranges. Significance calculated with Šídák's multiple 
comparisons test. (n = 2 differentiations; INS = 115 cells; GCG = 55 cells; SST = 60 cells). 
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The impact of single agonism has been investigated, with agonism increasing GLP1R 

clustering (275,493) but not GIPR clustering  (275).  GLP1R agonism has also been shown 

to arrest GLP1R clusters at the membrane and suspend their diffusion across the plasma 

membrane (269).  However, the impact of dual GLP1R/GIPR agonism upon clustering in 

primary tissue is yet to be interrogated. 

We first applied LUXendin645 to bind to, but not activate, GLP1R in fixed mouse 

pancreatic islets. dSTORM imaging confirmed previous findings (269,298) of GLP1R 

clustering in discrete nanodomains, defined by the DBSCAN clustering algorithm (307), at 

the cell membrane in the unstimulated state (Figure 55, Figure 56). 

The application of sGIP648, a GIPR agonist, also revealed nanodomains (Figure 55, Figure 

56).  There was a higher number of nanodomains with sGIP648 in comparison with LUX645 

(Figure 57a) which could reflect both the increased number of GIPR across more cell types 

than GLP1R (α-, δ- and β cells vs β cells respectively) and the previous finding of GIPR 

forming more nanodomains than GLP1R (275). 

daLUXendin660 demonstrated suitability for single-molecule, super resolution dSTORM 

imaging and was able to label receptors (Figure 55, Figure 56). Further, daLUXendin660 

engaged the most nanodomains (Figure 57a), likely reflecting the increased number of 

receptors amenable to engagement by a dual agonist.  To determine if dual agonism 

changes the configuration of the nanodomains, we assessed the number of receptors 

(localisations) per cluster and the density of clusters bound by each ligand.  Whilst 

daLUXendin660 engaged a higher number of nanodomains than LUXendin645 and 

sGIP648, there was no difference in the number of localisations per cluster or the cluster 

density (Figure 57b and c). These data suggest that daLUXendin660 engages both GLP1R 

and GIPR into clustering and/or increases interactions between GLP1R and GIPR. 
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Figure 55: Representative dSTORM images of single molecule densities in fixed WT mouse islets labelled with 
GLP1R antagonist probe LUXendin645, GIPR agonist probe sGIP648 or daLUXendin660.   
Dotted boundary delineates cell nucleus. Scale bars: top panel 11µm;  zoom 4.3x 2.6µm; zoom 61x 180nm. 
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Figure 56: Representative DB scan images of clusters of receptors in fixed WT islets labelled with LUXendin645, 
sGIP648 or daLUXendin660.  
Each coloured shape represents a distinct cluster of receptors. Zoom panels highlight increasing number of 
labelled clusters. Scale bar 360nm. 
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Figure 57: Quantification of dSTORM clusters labelled by LUXendin645, sGIP648 and daLUXendin660. 
(a) Number of clusters labelled by each probe (one-way ANOVA with two-stage linear step-up procedure of 
Benjamini, Krieger and Yekutieli); (b) mean and distribution of localisation per cluster for each probe (one-way 
ANOVA with Šídák's multiple comparisons test) and; (c) mean and distribution of cluster density for each 
probe(one-way ANOVA with Šídák's multiple comparisons test) (n = 5 islets pooled from 3 mice). 
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To further demonstrate the versatility of daLUXendin660, we next labelled MIN6-CB1 cells 

and undertook TIRF microscopy, a technique useful for single-particle tracking at the cell 

membrane (494,495).  daLUXendin660 labelling was detected using TIRF microscopy and 

permitted visualisation of receptor movement (Figure 58). 

 

 

 

 

 

 

 

 

 

For super-resolution live imaging techniques such as stimulated emission depletion 

(STED) microscopy, fluorophores need to have a degree of stability and a compatible 

emission wavelength (496).  Therefore, we created daLUXendin651-d12 by replacing the 

Cy5 fluorophore of daLUXendin660 with fluorogenic deuterated silicon rhodamine (SiR-

d12) to improve brightness (497) (Figure 59). 
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Figure 58: daLUXendin TIRF imaging. 
Representative images of receptors labelled by daLUXendin660 in MIN6-CB1 cells and live imaged using TIRF 
microscopy. Trajectories are shown as minimum-maximum displacement. 
 (n = 5 cells, 2 independent repeats). 

Figure 59: Structure of daLUXendin651-d12. 
A variant of daLUXendin660 optimised for STED imaging by exchanging the Cy5 fluorophore for SiR-d12. 
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With STED microscopy, daLUXendin651-d12 labelling was too dim with endogenous 

receptor but was sufficient in an overexpression system - CHO-K1:SNAP-GLP1R:Halo-

GIPR cells.  

daLUXendin651-d12 was applied alongside a SNAP label (BG-Sulfo549) and Halo-label 

(CA-AF488) and was able to co-localise with GLP1R below the diffraction limit in widefield 

imaging (Figure 60a) and retained stable STED labelling across multiple frames (Figure 61).  

In CHO-K1:SNAP-GLP1R cells, daLUXendin651-d12 only co-localised with GLP1R and 

there was no further labelling from daLUXendin651-d12 or the Halo label in this absence 

of GIPR (Figure 60b). 
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Figure 60: daLUXendin651-d12 widefield images  
Representative widefield images of (a) fixed CHO-K1_SNAP-GLP1R:Halo-GIPR cells labelled with Hoechst, 
Halo-GIPR label (CA-AF488), SNAP-GLP1R label (BG-Sulfo549) and daLUXendin651-d12. 
Images demonstrate co-localisation of daLUXendin651-d12 with GLPR and GIPR labels.  (b) as for (a) but in 
CHO-K1:SNAP-GLP1R cells, showing no labeling with Halo label and co-localisation of daLUXendin651-d12 
with GLP1R only. (n = 3) Scale bar 40µm. 



163 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Frame 2 

Frame 1 

Frame 3 

C
H

O
-K

1
:S

N
A

P
-G

L
P

1
R

:H
a

lo
-G

IP
R

 -
 F

ix
e

d
 

a 

c b 

Figure 61: daLUXendin651-d12 STED imaging 1. 
 (a) representative images of stable daLUXendin651-d12 labelling in fixed CHO-K1:SNAP-GLP1R:Halo-GIPR cells 
across three STED frames with ROI for line scan. (b) average line scan of daLUXendin651-d12 fluorescence 
showing reduced but stable fluorescence in ROI across frames. (c) average fluorescence of ROIs normalised 
against average fluorescence in frame 1, showing reducing but ongoing signal of ROI across frames. (n = 3 
repeats, n = 10 ROIs) Scale bar 2µm. 
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Direct application of daLUXendin651-d12 to CHO-K1:SNAP-GLP1R:Halo-GIPR cells 

resulted in rapid visualisation at the cell membrane (10 seconds), co-localising with 

SNAP-GLP1R and Halo-GIPR labels (Figure 62).  Full width half-maximum of cell 

membrane fluorescence was reduced with STED compared to confocal imaging, 

demonstrating the improvement of resolution with STED (Figure 63).   

These results demonstrate an effective choice in alternative fluorophore for STED imaging 

and following such optimisation, daLUXendin has visualised GLP1R and GIPR in live and 

fixed tissue in the super-resolution setting. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 62: daLUXendin651-d12 STED imaging 2. 
Representative images of (a) confocal images of GLP1R, GIPR and daLUXendin651-d12 labelling of CHO-
K1:SNAP-GLP1R:Halo-GIPR cells followed by (b) application of 500nM daLUXendin651-d12 for 10 seconds 
and STED imaging. Scale bar 5µm. 
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Figure 63: dalUXendin651-d12 STED imaging line scan. 
 (a) representative confocal and STED images of CHO-K1:SNAP-GLP1R:Halo-GIPR cells labelled with Halo label 
(CA-AF488), SNAP label (BG-Sulfo549) and daLUXendin651-d12 with ROI linescans. (b) fluorescence across 
linescans was measured and plotted and full width half-maximal was calculated for both peaks of STED 
fluorescence and then for confocal across the same distances along the linescan. (n = 8) Scale bar 2µm. 
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Discussion: 

This chapter presents how daLUXendin probes have begun to delineate the cell targets of 

dual GLP1R/GIPR agonists and further showcased the versatility the probes for different 

super-resolution imaging techniques. 

Although dual GLP1R/GIPR agonists have been shown to improve glycaemic control in 

people with diabetes (243,498) the target substrates and influence upon intra-cellular 

signalling at the pancreatic islet level is unclear (349). Determining the fate of dual 

agonists after peripheral administration helps bridge the gap between pharmacological 

knowledge and intracellular actions. The daLUXendin probes labelled all three major cell 

types in the pancreatic islet which is in keeping with transcriptomic (188,190,191,455) 

data. This engagement with all cell major types may explain the superior glucose-lowering 

effects of dual GLP1R/GIPR agonism versus single GLP1R agonism. Whilst there is 

evidence that tirzepatide stimulates the release of insulin, somatostatin and glucagon 

(349,412), whether this is directly or via paracrine pathways is unclear.  This is perhaps 

unsurprising given that despite decades of research there remains uncertainty about 

whether GLP1 acts directly or indirectly on α cells to suppress glucagon (349).  The 

strongest daLUXendin labelling was in β cells, with reduced labelling of α and δ cells.  This 

lends weight to the notion that dual GLP1R/GIPR agonists exert their effects on all 

pancreatic cells both directly as well as in a paracrine manner. 

The manner by which tirzepatide engages the different pancreatic cell types is likely to be 

related the expression pattern of the receptors as well as the imbalanced nature of the 

molecule.  In β cells, Glp1r is expressed in a similar abundance to Gipr (188) but with 

tirzepatide having increased affinity for GIPR in human tissue (255), insulin secretion is 

likely to be predominantly mediated via GIPR.  This correlates with previous work showing 
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a larger reduction in tirzepatide-induced insulin secretion when GIPR is antagonised than 

when GLP1R is antagonised in human islets (412). 

In δ cells, although there remains uncertainty about exact expression levels of GIPR and 

GLP1R, there is slightly less difference between the expression of Gipr and Glp1r 

compared with ß cells, with slightly more Gipr>Glp1r reported in δ cells (188).  Therefore, 

any direct action of tirzepatide on δ cells could be via GIPR with a smaller component of 

GLP1R engagement.   

In α cells, the evidence suggests that GIPR is widely expressed with minimal, if any, GLP1R 

expression (188,190,349).  Therefore, tirzepatide action on α cell glucagon release is likely 

stimulatory, via GIPR.  While moderate glucagon release is beneficial due to its 

insulinotropic action (49,499) and protective effects upon ß cell survival via promiscuous 

GLP1R binding (383), unregulated glucagon secretion can cause problematic 

hyperglycaemia (49).  Given that tirzepatide has an overall glucose-lowering effect, it is 

unlikely that the actions upon glucagon are purely stimulatory or lead to a net excess of 

glucagon secretion.  With the known cross-talk and paracrine mediation of glucagon 

secretion via ß and δ cells (reviewed in (321,349)), it is likely that as well as directly 

stimulating glucagon release from α cells, tirzepatide also regulates its glucagon secretion 

through actions on ß and δ cells. 

While both GLP1 and GIP potentiate glucose-stimulated insulin release, GIP is more 

potent (500) and may suggest that the imbalanced GIPR>GLP1R agonism of tirzepatide 

(412) plays a significant role in the enhancement of GSIS compared with single GLP1R 

agonism from semaglutide (243).  However, glucagon stimulates insulin release in a 

paracrine manner in a hyperglycaemic state (385,471,501) and glucagon also 

promiscuously activates GLP1R (383–386).  Therefore, tirzepatide potentiation of insulin 

secretion could also be due to α cell GIPR-mediated glucagon release. 
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Further work to delineate the importance of paracrine signalling or intercellular cross-talk 

behind dual or multi-receptor agonist superior glucose control could be achieved using 

daLUXendins in conditional knock out models.  Applying daLUXendins to islets with GIPR 

or GLP1R knocked out from ß or δ cells and then comparing glucagon secretion might help 

to confirm any paracrine mediated glucagon suppression and visualise any compensatory 

binding to other cell types.  Furthermore, knocking out GIPR or GLP1R in delta cells and 

then comparing daLUXendin labelling may help to confirm which receptor is 

predominantly used to modulate somatostatin release. However, such knock out 

experiments would first need to explore the potential of upregulation of the reciprocal 

receptor as GLP1R upregulation has been suggested to occur in global GIPR knock-out 

mice (196,212,412) and supported by our work with Gipr-/- islets.  This could be achieved 

with single receptor probes such as sGIP or LUXendin in addition to comparing the 

labelling of daLUXendin in different cell types. Humanised GIPR mouse models would be 

the ideal setting to perform these experiments - only two models are commercially 

available (502,503). However, validation of protein expression was performed with 

antibodies which detected both mGIPR and hGIPR, they have yet to be validated or 

published by external authors and anecdotally, the mice have been found to be 

phenotypically abnormal.  

Following on from this, it would be prudent to explore the importance different signalling 

pathways upon dual- or multi-agonist ligand efficacy.  Recent work has investigated the 

impact of GIPR (234) and GLP1R (504) variants upon receptor signalling and phenotype by 

comparing in vitro functional characterisation with donor phenotypes. GIPR single 

nucleotide polymorphisms (SNPs) that resulted in loss of function of both GIPR cAMP 

signalling and GIPR ß arrestin 2 recruitment were associated with a lower adiposity 

phenotype (234). However, SNPs that resulted in loss of cAMP signalling but maintenance 
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of ß arrestin 2 recruitment did not have such a protective effect and GIP was unable to 

stimulate insulin release in ß arrestin knockout mouse islets (234). Taken together, this has 

suggested that ß arrestin is a key mediator of GIPR trafficking and signalling after 

activation.  As would be expected given the clinical success of GLP1R agonists, GLP1R 

SNPs that led to loss of function were associated with increased BMI and impaired 

glucose tolerance (504). However, when loss of function variants for ß arrestin 2 were 

excluded, the correlation was even stronger (504). This suggests that ß arrestin 

recruitment is less important for GLP1R-mediated insulin secretion and may be the reason 

for the increased efficacy of tirzepatide which biases GLP1R signalling away from ß 

arrestin and towards cAMP production (255). However, this work was performed in HEK 

cells expressing the mutant genes and a more relevant model would be SC-islets 

engineered to bear the SNPs of interest.   

The formation of nanodomains is important for GPCR signalling (269,275,493) and 

signalling between cAMP nanodomains related to GLP1R has been shown to facilitate 

amplification of specific signalling pathways (505).  Disruption to the formation of GLP1R 

nanodomains has been shown to reduce Exendin-4 stimulated insulin release (275). As 

engagement of these nanodomains might be pertinent to tirzepatide’s superior efficacy, 

we showed that daLUXendin probes can be used in super-resolution and single-particle 

tracking techniques.  daLUXendin660 engaged more nanodomains than a GIPR-agonist 

alone, although the density and number of receptors per cluster were similar.  Therefore, 

daLUXendin660 is likely engaging both GIPR and GLP1R to form nanodomains, although 

whether the increase in nanodomains compared with GIPR agonist alone are purely 

GLP1R clustering or joint clustering of GLP1R and GIPR remains unclear. However, given 

that tirzepatide influences GLP1R expression at the cell surface (255,506), we hypothesise 

that enhanced signalling via increased formation of these nanodomains could be a 
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mechanism for the enhanced efficacy of tirzepatide.  More work is required to determine 

the degree (and importance) of GIPR:GLP1R, GLP1R:GLP1R and GIPR:GIPR interactions in 

these nanodomains.  The techniques required for this (such as SiMPull and nanorulers) 

are currently limited for use in cell lines (279,507) and therefore would not be fully suited 

to explore receptor dynamics in a system under the influence of intracellular interactions, 

such as a pancreatic islet. 

To demonstrate the suitability of daLUXendin for further optimisation for different uses, we 

engineered a daLUXendin probe suitable for super-resolution STED microscopy.  

Validation was limited to an overexpression system, likely because the SiR was fluorogenic 

and signal from fluorogenic compounds can vary depending on the microenvironment and 

efficiency of the reaction (508) so the signal may not have been strong enough when 

labelling at a low level of expression. Nevertheless, daLUXendin651-d12 was able to label 

GLP1R and GIPR with greater resolution with STED than confocal microscopy, 

demonstrating that the choice of fluorophore did not overtly affect receptor binding. 

Many novel dual and triple agonists are currently in development (309,465–467).  However, 

against the backdrop of single agonism mechanics not yet fully elucidated (173), 

daLUXendin probes are formidable tools to explore dual agonist targets and effect upon 

receptor synergism.  We explore this further in the next chapter where we present 

functional data and targets accessed following peripheral administration of daLUXendin. 

Furthermore, as dual and triple agonists share similar structures (309,466,467), it will be 

possible to engineer daLUXendin variants that possess the properties of novel drugs e.g. 

glucagon receptor affinity in triple GLP1R/GIPR/GCGR agonists such as Retatrutide (136).  

This expanded repertoire of fluorescent labels will allow exploration of foundational 

mechanisms (e.g. cell targets, importance/influence of direct and indirect signalling) of 
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novel agents as they emerge and determine ways to optimise pharmacology for the next 

generation of therapeutic agents. 
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Chapter 6: daLUXendin in vivo 

Introduction 

Evidence for central effects of GIP and GLP1 

Given that GLP1 and GIP are rapidly degraded by DPP4 (509), it has been argued that gut-

derived incretins are unlikely to signal centrally, i.e. in the brain, and that indirect 

mechanisms lead to the effects of incretins on the brain. However, recent studies have 

demonstrated that peripherally administered analogues are able to access the brain, 

activate neurones implicated in weight homeostasis to drive weight loss through central 

mechanisms. 

GIP 

Firstly, in the case of GIP, circulating GIP levels are higher in individuals with obesity (510), 

affording greater likelihood of GIP accessing the brain before degradation. In mice, Gipr 

expression has been found in nuclei related to feeding, including the arcuate, 

paraventricular and dorsomedial hypothalamic nuclei (267,511,512). In humans, Gipr 

expression has been found in both hypothalamic neuronal and non-neuronal cells (third 

ventricle ependymal cells) (513). Furthermore, peripheral administration of long-acting 

GIPRA decreases food intake and body weight in diet-induced obesity (DIO) mice 

(253,512,514).  

Suggesting that central GIPR signalling is key for GIPR agonism, acylated GIP and dual 

GIPR/GLP1R agonist had a blunted effect upon weight loss and food intake in CNS GIPR 

KO mice (514) and in specific GABA-ergic neurone GIPR KO mice (253,254).  In contrast, 

GIPRA-mediated weight loss and reduction in food intake is preserved in Glp1r-deficient 
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mice (237,514), suggesting that GIPR agonism-mediated weight loss is achieved via 

GLP1R-independent pathways, likely involving GABA-ergic neurones. 

GIPR antagonism has also been shown to reduce weight via central mechanisms. 

Combined GLP1R agonism/GIPR antagonism activates neurones (determined by c-Fos 

expression) involved in food intake (244).  Analysis of snRNA-seq data found that GIPR 

antagonism upregulates gene expression in neurones within the dorsal vagal complex 

(DVC), a hind brain structure involved in energy regulation, in a similar manner to GLP1RA 

whereas GIPR agonism is negatively associated with DVC gene transcription (250).  

Neuronal knockout of either GLP1R or GIPR attenuates the effect of GIPR antagonism 

(250) or combined GLP1R agonism/GIPR antagonism (244) upon weight loss and food 

intake. Additionally, neuronal (244) or GABA-ergic neuronal (250) knockout of GIPR 

augments the effect of GLP1RA upon weight loss and food intake, compared to control 

mice. Taken together, these findings suggest that firstly, activity at both receptors is key for 

the central effects of GIPR antagonism and engages mechanisms distinct from GIPR 

agonism. Secondly these findings also suggest that loss of GIPR signalling may sensitise 

the neuronal networks to GLP1R activity and thirdly that weight loss may be driven by 

reducing food intake. 

Whether GIPR-mediated changes in weight are a result of reduced food intake or 

increased energy expenditure remains debated.  Kaneko et al administered a GIPR 

antagonistic antibody centrally and found that weight loss was observed in obese mice 

but not in lean mice without any change in energy expenditure (231).  These findings were 

supported by further work formally measuring food intake, showing that peripheral or 

central administration of GIP reduces weight and food intake in a comparable manner 

(244,267,407).  Furthermore, chemogenetic activation of GIPR+ neurones in the 

hypothalamus or hindbrain reduces food intake in mice (267,407). 
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However, some GIPR KO studies suggest that the weight loss is driven by changes in 

energy expenditure, with no observed change in food intake (251,350,440,442) and 

seemingly only protecting against weight gain from HFD and not standard chow (442). 

Similarly, ablation of GIP-secreting K cells resulted in reduced weight gain, reduced food 

intake and increased expenditure when transgenic mice were fed HFD but not when fed 

standard chow (214). To date, no human studies have assessed the effect of GIPR agonism 

or antagonism, or the known GIPR missense variants (232), upon energy expenditure. 

There is evidence that GIP signalling in the area postrema (AP) seems to attenuate the 

undesirable central effects of GLP1R agonism which may contribute to the increased 

efficacy of dual GLP1R/GIPR agonists. GIPR agonists potentiate the anorexigenic effects of 

GLP1RA whilst attenuating its nauseating and taste avoidance effects across several 

species (260,515,516). However, confirmatory evidence in humans is limited, with only 

one recent study demonstrating that rapid GLP1RA dose escalation induced fewer GI side 

effects when administered concomitantly with a long-acting GIPR agonist, when 

compared to placebo (517). However, this was performed in individuals without diabetes 

or obesity and did not administer a unimolecular agent with imbalanced or biased 

agonism, all of which are variables that may modulate the impact of GIPR agonism upon 

GLP1R agonism. Furthermore, the dose-dependent nausea and vomiting associated with 

GLP1RA use (518) was reported at a similar frequency in patients treated with tirzepatide 

or semaglutide in a head-to-head trial (243). Therefore, currently, the translational effects 

of GIPR agonism on GLP1-induced nausea require further investigation before they can 

fully be exploited for therapeutic advantage. 
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GLP1 

For GLP1, it has been well characterised that GLP1 produced in the brain acts as 

neuropeptide which signals satiety in brainstem–hypothalamus pathways (519–521). 

Central administration of GLP1 reduces food intake and causes weight loss (288,521–

523).  Loss of function through central GLP1R antagonism or CNS-specific or global knock 

out models has been shown to cause hyperphagia and weight gain (522–524) but in other 

studies to have no impact upon food intake or weight (288,525,526). 

When injected intraperitoneally, exendin-4 stimulated neuronal activity (determined by c-

Fos expression) in the paraventricular nucleus of the hypothalamus (PVN) and the nucleus 

tractus solitarius (NTS) (527), regions which are known mediators of energy homeostasis 

(528).  However, only central injection activated neurones in the arcuate nucleus (527), 

suggesting that targets of GLP1 produced in the brain may be different to GLP1 produced 

in the periphery.  

A GLP1RA-GIPR antagonist peptide-antibody conjugate was able to activate c-Fos 

expression in the NTS as well as the dorsomedial hypothalamic nucleus (DMH), AP and 

several nuclei where Glp1r/Gipr is not known to be expressed, such as the 

parasubthalamic and central amydalar nuclei (244). This suggests that at least part of 

central GLP1RA or GIPR antagonism action involves indirect modulation of downstream 

pathways. It also highlights the differences in activity between ligands and the need to 

study individual ligands rather than draw conclusions about mechanism of action from 

seemingly similar molecules.   

Further supporting the role of GLP1 in modulating food intake via direct central actions, 

Glp1r mRNA and GLP1R have been identified in areas close to the blood-brain or blood-

cerebrospinal (CSF) barrier; hypothalamic nuclei such as the PVN, the NTS, and the AP 

(529–531) in mice. In humans, Glp1r expressing neurones have been localised to the 
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arcuate nucleus, and in the PVN and supraoptic nuclei (SON) where they overlap with Gipr 

expression (513).   

However, it remains unclear if peripherally produced i.e. gut-derived GLP1 can be sensed 

by and directly signal to the brain, given its rapid degradation by DPP4 (509) and the 

impermeability of the blood-brain barrier to peptide hormone diffusion (532,533).   

Unlike with GIP, there has been limited evidence that circulating GLP1 levels ever 

experience a sustained rise that would allow GLP1 the time to reach the brain and have 

sustained effects (as reviewed in (534–536)).  It has been estimated that only 25% of GLP1 

secreted by the intestines reaches the portal vein circulation (509). Furthermore, meal-

induced GLP1 secretion only reached significantly raised levels in the portal circulation 

but not the vena cava (537). Many other studies have been performed with 

supraphysiological doses of GLP1 or analogues and recruited routes of access which may 

not be physiologically relevant for assessing whether gut-derived GLP1 can access the 

brain e.g. intracardiac or jugular vein injection (536,538).  

Inhibiting the degradation of GLP1 with DPP4-inhibitors does not induce weight loss (539). 

Therefore, this may suggest that sustained higher concentrations of GLP1 are not required 

for central actions, or that the concentration of GLP1 is still insufficient to cross the blood-

brain or blood-CSF barriers relative to exogenously administered GLP1RA, or that 

signalling is indirect via cells closer to the intestines. 

It has been postulated that gut-derived GLP1 exerts its central effects via the afferent 

vagal nerve (540–542) or signalling from visceral afferent neurones (543).  An intact vagal-

brainstem-hypothalamic is required for peripherally administered GLP1 to reduce food 

intake and activate connected hypothalamic neurones (544). However, vagal Glp1r 

knockout did not attenuate liraglutide’s effects on reducing food intake (525).  This result is 

supported by previous studies showing that vagotomy had no effect upon peripherally 
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administered GLP1-mediated anorexia (545–548) suggesting that GLP1 (also) acts in a 

vagal-independent manner, potentially directly on the brain. 

Disruption to the AP attenuates the anorectic effect of GLP1 infused into the hepatic 

portal vein but not intraperitoneal GLP1 infusion (537).  This suggests that gut-derived 

GLP1 could act both via vagal nerve afferents in the portal system as well directly when in 

the circulation. 

Also in favour of the action of gut-derived GLP1 acting directly on the brain is the finding 

that despite the median eminence (ME) and AP (and other circumventricular organs, with 

a reduced blood brain barrier) being rich in GLP1R (549), they receive very little input from 

GLP1-producing neurones of the brain (550).   

Additionally, liraglutide administered to the jugular vein was able to access the ME within 

one minute (551), less than the 3-4 minutes taken for GLP1 to be degraded by DPP4 (509),  

suggesting that transient spikes in circulating post-prandial GLP1 levels could reach the 

brain.  Furthermore, robust c-Fos expression in CVO Glp1r- and Gipr-expressing neurones 

was observed after peripheral administration of respective agonists (407,552), suggesting 

that central sensing of circulating GLP1 and GIP is occurring. 

Finally, it is also pertinent to highlight that there may be differences between the effect of 

native incretins and their engineered agonists upon the brain.  The GLP1R agonist exendin-

4 was found to be more potent than GLP1 at reducing food intake after central 

administration in mice and was able to continue reducing food intake in the presence of 

an antagonist, despite the same antagonism abolishing GLP1 effects (523).  This highlights 

the importance of studying the pharmacodynamics of novel agents themselves and not 

inferring likely modes of action or accessibility from GLP1-based experiments. This is even 

more pertinent when considering the discrete pharmacological differences that likely 

underpin the therapeutic efficacy of some ligands, for example signal bias and acylation. 
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For example, at the mouse GLP1R it has been demonstrated that ligands which result in 

abolishment of ß arrestin recruitment have superior anti-hyperglycaemia effects (553). 

Given that there remains debate about whether peripherally produced or administered 

incretins can access and exert effects on the brain, techniques to visualise and quantify 

the ability of peripherally administered incretin receptor agonists or antagonists accessing 

the brain are needed. 

 

Peptide access to the brain 

If gut-derived GLP1 and GIP are able to reach the brain before degradation, the exact 

location of uptake or signalling requires further study and is likely influenced by the 

protective mechanisms which guard the brain against access from undesired molecules. 

The blood-brain barrier (BBB) is a restrictive interface between the general circulation and 

the brain parenchyma that tightly regulates the diffusion of small molecules and uptake of 

larger molecules, such as peptide hormones and large molecule drugs, into the brain 

(532,533).  The paracellular, passive diffusion of small molecules is limited to those which 

are lipophilic (LogP <5) and <500 Da (554). For larger molecules, access to the brain is 

transcellular via specific transporters or cognate receptors expressed on BBB endothelial 

cells, such as insulin (532,555).  Pericytes, which form part of the BBB, are known to 

express receptors for many metabolic hormones (556,557) and transport of peptide 

hormones into brain parenchyma via these cognate receptors is slow and saturable (558).  

There is evidence which suggests that obesity can lead to impaired peptide hormone 

transport across the BBB.  Studies of leptin have found defective transport across the BBB 

in a state of obesity  (559,560) which, in conjunction with early saturation of cognate 

receptors (561,562), leads to leptin resistance. 
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Circulating molecules can also gain access to the brain by crossing the blood-CSF barrier 

(BCB).  At the BCB, transfer of substances from circulating blood to the CSF is similar to 

transfer at the BBB, with transport of small molecules via diffusion through fenestrated 

capillaries, and active, transcellular transport of larger molecules (534,563).  There are 

two specially adapted sites for this; the choroid plexus and the circumventricular organs 

(CVOs). 

The epithelium of the choroid plexus has been found to express transporters and cognate 

receptors for several peptide hormones relevant to energy homeostasis, such as GLP1, 

insulin, leptin and prolactin (564–567).  Leptin, a peptide hormone which modulates 

feeding and energy expenditure by binding to its cognate receptors in several brain regions 

(568,569), has been shown to cross the BCB via a transporter (570) before binding to leptin 

receptors on ependymal cells to interact with the brain parenchyma (571).   

The CVOs are specialised areas of the brain, within the walls of the 3rd and 4th ventricles, 

without a functional BBB (572) which provide an additional site for BCB transfer of 

molecules from the general circulation. This occurs either under the regulation of 

ependymal cells called tanycytes (573,574) or via diffusion through fenestrated capillaries 

(575). Diffusion across the ME has been shown for molecules <40kDa including the gut-

derived peptide hormone ghrelin (575). Not only are the CVOs important sites for potential 

transport of peptides across the BCB, but some are closely related to hypothalamic nuclei 

which control feeding and energy homeostasis.  Such CVOs of interest are the ME and the 

“sensory CVOs”; the AP, organum vasculosum of the lamina terminalis (OVLT) and the 

subfornical organ (SFO). Figure 64 illustrates the location of the different CVOs involved in 

BCB transport and the potential cells involved. 
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The ME mediates the transport of molecules between the systemic circulation and the 

arcuate nucleus (ARH) (575–578). The ARH is a key centre for integrating peripheral signals 

relating to feeding (579,580) where circulating molecules interact with neurones of 

varying, sometimes opposing, function to modulate homeostatic metabolic responses 

(528,579–581). The ME has demonstrated plasticity in peptide access to the ARH in 

response to food intake or fasting, with increased diffusion of ghrelin in the fasted state 

(575,578). Ghrelin is a peptide hormone secreted from the stomach (582,583) and brain 

(582,584) and is a potent stimulator of food consumption (585,586) via the ARH as well as 

the NTS and PVN (587–590). 

Most CVOs receive nerve terminals from the brain but the area postrema (AP), subfornical 

organ (SFO), and organum vasculosum of the lamina terminalis (OVLT) are the only CVOs 

which neuronal cell bodies (591).  Subsequently, they are termed “sensory CVOs” and 

acts as relay centres for circulating peptides to modulate certain neuroendocrine, as well 

as cardiovascular and immune functions (592,593).   

Figure 64: Sensory circumventricular organs involved in brain access for incretins. 
Reproduced from Buller and Blouet [26]. AP = area postrema, ARH = arcuate nucleus of the 
hypothalamus, BBB = blood brain barrier, BCB = blood-cerebrospinal fluid barrier, CSF = cerebrospinal 
fluid, IRA = incretin receptor agonist, ME = median eminence, OVLT = organum vasculosum of the lamina 
terminalis, SFO = subfornical organ.  



181 
 

The AP is closely linked with the nucleus tractus solitarius (NTS).  The AP/NTS region is 

located in the hindbrain and is a major site of afferent vagal and splanchnic neurones 

projection, relaying sensory information from the abdominal cavity (594–596).  The AP/NTS 

region also partly mediates the effects of the satiety hormones amylin, cholecystokinin 

and bombesin (597–599). 

Neurones from the SFO project into lateral hypothalamus and the ARH (600,601), which 

contain both orexigenic/anabolic neurones and anorexigenic/catabolic neurones 

(602,603). 

Neurones from the OVLT project into the PVN (604,605), which suppresses food intake 

(606–609). 

Therefore, when exploring sites of access for peptide hormones regulating food intake and 

energy homeostasis, the choroid plexus and CVOs associated with feeding and appetite 

nuclei would be prudent sites to start from. 

 

GIP/GLP1 access to the brain 

GIP 

Our fluorescent sGIP probes label the choroid plexus and CVOs including the AP and ME 

(407) but to determine how GIP can cross the BCB barrier at these sites, it would need to 

be next explored if GIPR is expressed on cells responsible for transcytosis in the choroid 

plexus; ependymal cells such as tanycytes. 

In terms of GIP access via the BBB, radio-labelled GIP was found to cross the BBB in a 

saturable manner but not in the presence of excess, unlabelled GIP, suggesting that any 

uptake is dependent on the GIPR (610).  Further, GIPR is highly expressed in pericytes 

(611), vascular cells which modulate the permeability of the BBB (612), which could 
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mediate GIP transport across the BBB.  However, sGIP did not show any labelling outside 

of the CVOs (407). 

The only evidence of GIP production in the brain is limited to discrete areas (613).  If the 

lack of widespread GIP production in the brain is confirmed in future studies, in the 

context of extensive central GIPR expression (267), it would support the idea of GIP uptake 

across the BBB or BCB.   

GLP1 

GLP1R is expressed in the choroid plexus (298,614) which is the primary site of CSF 

production (615), controlling intracranial pressure.  Peripherally administered GLP1R 

agonists have been shown to reduced intracranial pressure in humans (311,616) and this 

has been demonstrated in rodents to be the result of a GLP1R-mediated reduction in CSF 

production (614). 

Some studies have demonstrated that GLP1R agonists can pass the BBB (617–619) 

although other studies have not found this to be the case (620) and the exact mechanism 

is yet to be elucidated.  Exendin-4 injected intravenously has been found to cross the 

blood brain barrier in a saturable manner (621).  However, Exendin-4 has a similar 

distribution to the antagonistic Exendin-9 at the ARH and NTS when administered 

peripherally (298,548,620), suggesting that internalisation via GLP1R is not necessary to 

cross the BBB at these locations.  Furthermore, the ability of different GLP1R agonists to 

cross the BBB has been shown to be vary, with acylation has been shown to prevent 

GLP1R agonists from crossing the BBB (622) but still allowing labelling of CVOs via the 

BCB (548). 

To support the notion that GLP1 accesses brain sites via the BCB, intra-cardiac injection of 

125I-GLP1 into anaesthetised rats labelled the AP and SFO (538).  Peripherally administered 

liraglutide labels the brain in the CVOs and binds to neurones in the ARH and other regions 
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of the hypothalamus (548).  This was mediated by GLP1R as brain labelling was not 

present in Glp1r-/- mice (548).  After intraperitoneal injection, exendin-4 is able to stimulate 

neuronal activity (determined by c-Fos expression) in the AP (527). 

It has been proposed that GLP1R agonists gain access to the brain at the BCB via 

transcytosis through β2-tanycytes (573).  Tanycytes are specialised ependymal cells found 

within the hypothalamus (623) which facilitate transport of substrates, including peptides, 

from the peripheral circulation to the cerebrospinal fluid (573,624).  Additionally, tanycytes 

have been proposed to play a role in hypothalamic glucose sensing (625). While 

fluorescently labelled liraglutide labels tanycytes (551), sparse GLP1R immunoreactivity 

has been detected in these cells (626,627). However, it is worth noting that there are 

limited GLP1R antibodies which have shown sufficient sensitivity or specificity in brain 

(257,259,628). 

 

Chapter aim 

Several questions remain without detailed answers in the field of central incretin action.  

Of relevance to this work, whether GLP1 or GIP and their agonists can directly access the 

brain via the BBB or BCB and if so, in which areas and via what mechanisms (i.e. diffusion 

or transcytosis mediated by which cells). 

Our fluorescent probes are well suited for interrogating such functionally relevant access 

mechanisms and target sites, given their receptor specificity and suitability for in vivo 

administration. 

Therefore, this chapter details our in vivo work with daLUXendin probes, confirming the 

phenotypic effects when administered peripherally and the target sites labelled when 

administered peripherally and centrally. 
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Results 

daLUXendin660 demonstrates efficacy and reduced mGLP1R:mGIPR 

selectivity in vivo 

To determine if in the vitro pharmacology is representative of efficacy in vivo, we examined 

the effects of daLUXendin660 and tirzepatide on food intake and glycaemic control in 

mice. To maximally engage the GLP1R and GIPR, mice were administered 10nmol/kg 

tirzepatide or daLUXendin660 (412,414). 

For food intake studies, mice were fasted prior to their dark phase and subcutaneously 

injected with either ligand before food was reintroduced and intake measured.  Both 

daLUXendin660 and tirzepatide reduced food intake during the subsequent dark cycle and 

for 24h afterwards, when compared with vehicle-treated mice (Figure 65).  The reduction 

in food intake at 12- and 24-hours post-injection was 40% greater with tirzepatide than 

compared with daLUXendin660 (Figure 65).  This is likely related to diacid side chain of 

tirzepatide conferring a longer half-life via albumin binding which is expected to make a 

difference during 12-24h dosing (414). 
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Figure 65: daLUXendin food intake study. 
Graph showing cumulative food intake 12 hours and 24 hours post-injection (n = 8 per condition) 
(RM two-way ANOVA) 
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To determine the impact of the ligands upon glycaemic control, intraperitoneal glucose 

tolerance tests (IPGTT) were performed in WT/heterozygous and GLP1RKO mice.  Loss of 

one Glp1r allele has been shown to have no impact upon glucose tolerance during IPGTT 

(289).  

In pooled results from Glp1rWT/WT and Glp1rWT/KO mice (termed here as WT), both 

daLUXendin660 and tirzepatide significantly lowered glucose levels with similar area-

under-the-curves (AUC) (Figure 66a). In Glp1rKO/KO mice, the glucose-lowering effects of 

the ligands was reduced but not abolished, reflecting the ongoing engagement of the 

mGIPR (Figure 66b).   

Completely knocking out the GLP1R had a greater effect on tirzepatide’s glucose-lowering 

effect than for daLUXendin (Figure 66a-c).  This suggests that tirzepatide is more selective 

for mGLP1R than mGIPR, in keeping with previous literature (412), and that 

daLUXendin660 is more dependent on mGIPR than mGLP1R, in keeping with our in vitro 

work up.  Furthermore, it is worth noting that in WT mice daLUXendin660 and tirzepatide 

lowered glucose equally, suggesting that the side chain and albumin binding becomes 

important at time courses >180 minutes at these doses.  

By comparing the AUC of WT to Glp1rKO/KO we can observe the dependence of the effects of 

each ligand on mGLP1R vs mGIPR.  Comparative ratios for mGLP1R:mGIPR selectivity are 

lower for daLUXendin660 than tirzepatide (Figure 66d).  They confirm that tirzepatide is 

more selective of mGLP1R:mGIPR than daLUXendin660 which is in keeping with our in 

vitro pharmacological assessment of receptor selectivity (Chapter 5). 
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Given that daLUXendin660 had similar glucose-lowering effects in Glp1rWT/WT/Glp1rWT/KO 

and Glp1rKO/KO (Figure 66c), to confirm that heterozygosity was not impacting on IPGTT 

results in the WT group we compared IPGTT responses between Glp1rWT/WT and Glp1rWT/KO. 

In heterozygous Glp1rWT/KO mice, treatment with tirzepatide or daLUXendin660 markedly 

lowered glucose compared with vehicle-treated mice but the reduction was similar to WT 

mice (Figure 67). Therefore, it is unlikely that grouping GLP1RWT/KO with GLP1RWT/WT has 

confounded the GLP1RWT/WT effect and the subsequent comparison to GLP1RKO/KO results. 

This is as expected from previously published work which found that heterozygous loss of 

GLP1R did not alter glucose tolerance (289). 
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Figure 66: daLUXendin IPGTT studies 
IPGTT results in pooled WT/heterozygous mice (a) or GLP1RKO/KO mice (b) after injection with vehicle, tirzepatide 
or daLUXendin660.  AUC was calculated for WT vs KO for each ligand (c) then ratio of AUC for WT vs KO 
calculated for tirzepatide and daLUXendin660 (d). 
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daLUXendin660 labels islet Glp1r- and Gipr-positive cells in vivo 

Current knowledge about cell substrates that dual agonists bind to when administered 

peripherally is lacking.  To facilitate the exploration of dual agonist access to different 

tissues in vivo, we administered daLUXendin660 peripherally (intravenously) to Glp1r 

(Glp1r-Cre:tdRFP) and Gipr (GIPR-Cre:GFP) reporter mice.  daLUXendin660 was able to 

label pancreatic islets in pancreatic sections obtained post-mortem (Figure 68, Figure 69).   

Upon quantification of daLUXendin660 fluorescence in cells positive for reporter 

fluorophores, labelling was present in Gipr and Glp1r-expressing cells.  There was some 

labelling of cells negative for Glp1rRFP (Figure 70) which is in keeping with daLUXendin660 

labelling alpha and delta cells which do not express (much) GLP1R.  There was negligible 

labelling of cells negative for GiprGFP (Figure 70) which is in keeping with GIPR being 

expressed on all the major endocrine cells in the pancreatic islet.   

Some cells which were positive for the reporter fluorophore were not labelled with 

daLUXendin660.  This could be due to differences in access when injected peripherally but 

given the bright membrane and cytosolic labelling of adjacent cells, this is not likely.  It 
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Figure 67: daLUXendin IPGTT responses in WT and heterozygous WT/GLP1RKO mice. 
GLP1RWT/WT vs GLP1RWT/KO mice treated with tirzepatide and daLUXendin660 compared to heterozygous 
mice treated with vehicle 
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could be highlighting the known discordance between gene expression and receptor 

expression of incretins (261), further highlighting the need for techniques that measure 

locate or identify protein expression rather than just gene expression.  
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Figure 68: daLUXendin in Glp1rtdRFP mouse pancreas sections. 
Representative images of islets from pancreas sections taken from Glp1rtdRFP mice peripherally administered 
with daLUXendin660 (a) or vehicle (b).  Arrows show daLUXendin labelling RFP negative cells, presumed to be 
GIPR-expressing α or δ cells. 
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Figure 69: daLUXendin in GiprGFP mouse pancreas sections. 
Representative images of islets from GIPRGFP mice peripherally administered with daLUXendin660 in vivo.  
Arrows highlight GFP positive cells not labelled with daLUXendin660. 
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daLUXendin660 labels Glp1r and Gipr positive cells after peripheral 

administration and tanycytes after central administration  

As discussed above, it is known that the central nervous system is a target of incretins 

(173), particularly circumventricular organs (CVOs) (298,407) - specialised areas without a 

blood-brain barrier (572). How peptides access and act at deeper structures is unclear.  

Therefore, we next assessed the ability of daLUXendin660 to visualise dual agonist access 

to the brain following peripheral and central administration. 

Both peripherally administered daLUXendin660 and the acylated daLUXendin660+ were 

able to label several CVOs but there was no penetration into deeper structures (Figure 71).  

The GLP1R antagonist probe LUXendin645 similarly labelled CVOs after peripheral 

administration (Figure 71). 
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Figure 70: daLUXendin fluorescence in Glp1r/Gipr reporter mice. 
CTCF values of daLUXendin660 in (a) RFP-positive cells vs RFP-negative cells in a Glp1r-Cre:tdRFP mouse and 
(b) GFP-positive and GFP-negative cells in a Gipr-Cre:GFP mouse showing significant difference p<0.0001, 
unpaired t-test (n=38-40 cells/condition from one Glp1r-Cre:tdRFP and Gipr-Cre:GFP mouse). 
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Next, we aimed to determine whether brain dual agonist binding was in neuronal and non-

neuronal cell types expressing GLP1R or GIPR, or both.  In reporter mice which harboured 

fluorescent markers for transcription of Glp1r (GLP1R-Cre:tdTomato) and Gipr (GIPR-

Cre:GCaMP6), daLUXendin660 co-localised with Glp1r- and Gipr-positive neurones in 

several CVOs with strong labelling the AP of the dorsal vagal complex (DVC) (Figure 72, 

Figure 73).  The lack of labelling in deeper structures of the brain is in keeping with peptidic 

ligands being blood brain barrier impermeable and reliant upon retrograde transport 

through the fenestrated vessels in the median eminence or elsewhere (575,578).   
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Figure 71: daLUXendin brain labelling after peripheral administration. 
Intravenous administration of 100 nmol/kg daLUXendin660, 100 nmol/kg daLUXendin660+, and 
subcutaneous administration of 100 nmol/kg LUXendin645 (GLP1R antagonist) into mice led to staining in 
circumventricular organs of the brain and the choroid plexus. Shown are (from left to right): organum 
vasculosum of the lamina terminalis (OVLT), subfornical organ (SFO), choroid plexus, median eminence (ME) 
and area postrema (AP). 
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Figure 72: daLUXendin brain labelling in Glp1r reporter mice 
Representative images of GLP1R-Cre:tdTomato mouse brain after intravenous administration of 100 nmol/kg 
daLUXendin660, showing daLUXendin660 labelling of Glp1r-expressing cells (indicated by white arrows in 
zoom panel). Scale bars: 100 µm. 
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Figure 73: daLUXendin brain labelling in Gipr reporter mice. 
Representative images of GLP1R-Cre:GCaMP6 mouse brain after intravenous administration of 100 nmol/kg 
daLUXendin660, showing daLUXendin660 labelling of Gipr-expressing cells (indicated by white arrows in zoom 
panel). Scale bars: 100 µm. 
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To interrogate deeper binding sites accessible from the CSF, daLUXendin660 was 

administered via intracerebroventricular injection into the third ventricle of mice.  Samples 

were co-stained for vimentin. Vimentin is an intermediate filament protein strongly 

expressed in ependymal cells (629), of which only tanycytes would be expected in the 

median eminence (630).  

There was uptake of daLUXendin660 from the CSF into the brain parenchyma. 

daLUXendin660 labelled cells lining in the third ventricle, co-localising with tanycytes 

identified with vimentin immunostaining (Figure 74).  The 3D render highlights the extent of 

co-localisation of daLUXendin660 with not just the apical body of the tanycytes but also 

along the length of the tanycytes’ projection into the brain parenchyma.    
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To visualise GLP1R and GIPR accessible from the CSF, daLUXendin660 was also 

administered into the third ventricle of Glp1r and Gipr in reporter mice (GLP1R-

Cre:tdTomato and GIPR-Cre:GCaMP6, respectively).  daLUXendin co-localised with peri-

ventricular cells expressing Glp1r (Figure 75), a modest number of cells expressing Gipr 

(Figure 76) as well as a small number of cells expressing both (Figure 77).  
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Figure 74: daLUXendin labelling after central administration and vimentin labelling. 
Representative images of daLUXendin660 labelling of cells lining the 3rd ventricle with co-localisation with 
vimentin-positive cells.  3D rendering further demonstrates the extensive co-localisation. Scale bars 100µm. 
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Figure 75: daLUXendin brain labelling after central administration in Glp1r reporter mice. 
Representative images of 3rd ventricle of GLP1R-Cre:tdTomato mouse following administration of 
daLUXendin660 into 3rd ventricle.  Zoomed panels and white arrows highlight co-localisation of 
daLUXendin660 with Glp1r-expressing cells lining the 3rd ventricle.  Scale bar 100µm. 
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Figure 76:  daLUXendin brain labelling after central administration in Gipr reporter mice. 
Representative images of 3rd ventricle of GIPR-Cre:GCaMP6 mouse following administration of 
daLUXendin660 into 3rd ventricle.  Zoomed panels and white arrows highlight co-localisation of 
daLUXendin660 with Gipr-expressing cells lining the 3rd ventricle. Scale bars 100µm. 
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Figure 77: daLUXendin brain labelling after central administration in Gipr reporter mice with Glp1r 
RNAscope. 
Representative images of 3rd ventricle of GIPR-Cre:GCaMP6 mouse following administration of 
daLUXendin660 into 3rd ventricle and RNAscope identification of Glp1r RNA. Scale bar 100µm. 
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Discussion 

In this chapter, we have demonstrated that daLUXendins reduce food intake and improve 

glucose tolerance in mice, to a similar extent as tirzepatide.  The lack of diacid side chain 

and therefore reduced albumin binding and shorter half-life is a plausible reason for the 

reduced efficacy of daLUXendin upon 12h- and 24h-food intake when compared with 

tirzepatide. 

Tirzepatide’s interaction with GLP1R and GIPR differs between species, with greater 

dependence on GIPR >GLP1R in humans but vice versa in mice (412).  Confirming 

pharmacological assessment of daLUXendins, daLUXendin probes were more dependent 

on signalling via GIPR over GLP1R in the mouse setting.  This is advantageous for 

daLUXendins as it means that in a mouse model, they act more like tirzepatide does at 

human receptors and subsequent functional studies with daLUXendins may be more 

translatable – with the caveat that surrounding systems may be different.  

Peripherally injected daLUXendins were able to label pancreatic islets and CVOs including 

the ME, OVLT, SFO and AP.  Similar to previous work with GLP1R (298) and GIPR (407) 

probes, daLUXendin labelling was limited to the CVOs and did not penetrate to deeper 

structures, specifically those protected by the BBB.  Additionally, a GLP1RA agonist/GIPR 

antagonist peptide-antibody conjugate has a similar degree of penetration but was able to 

activate c-Fos expression in the NTS as well as the DMH, AP and several nuclei where 

Glp1r/Gipr is not known to be expressed (244). Therefore, our findings support the 

hypothesis that the superior efficacy of modulating GIPR alongside GLP1R agonism is 

related to the specific neuronal populations engaged with rather than the depth of brain 

accessed.  
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Studies of the central effects of single or dual agonists are often performed via central 

administration and interpretation is therefore limited by the sparse evidence of where and 

how peripherally administered dual agonists can access the brain.  The daLUXendins are 

bridging this gap by determining the fate of peripherally administered dual agonists and 

identifying sites where specific knock out of GLP1R/GIPR might be useful for interrogation 

of dual agonism. For example, focusing on the AP/NTS to confirm snRNAseq work 

suggesting that the hypophagia associated with dual agonists is due to GIPR activation of 

a subpopulation of neurones in the AP/NTS region (260,407). Similar studies to delineate 

which neuronal populations are engaged by dual GLP1R/GIPR agonists or GLP1R 

agonist/GIPR antagonists would be insightful for the development of further molecules. 

As described at the start of the chapter, GIPR agonism appears to exert its central effects 

in a GLP1R-independent manner via GABA-ergic neurones while GIPR antagonism is 

dependent upon the presence of both GLP1R and GIPR in non-GABA-ergic neurones. 

What remains to be seen is whether these agents are targeting neurones that express both 

receptors, or just one. The low number of dual Glp1r/Gipr-expressing cells and sparse co-

localisation of ICV-administered daLUXendin660 to neurones expressing both Glp1r and 

Gipr suggest that the different components of dual agonists/antagonists may be binding to 

different neurones in the CVOs.  

In the DVC, GIPR antagonism has appeared to mimic GLP1R agonism in relation to DVC 

neurone gene expression (250), with increases in gene expression from GLP1RA and GIPR 

antagonism in the same clusters of neurones and decreases in expression in response to 

GIPR agonism in other clusters of neurones (250).  However, in the hypothalamus, gene 

expression was negatively correlated between GLP1RA and GIPR antagonism across most 

cell subpopulations (250). This suggests that GIPR antagonism effects upon neurones and 

augmenting GLP1R action is not uniform across neuronal populations. 
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Within the AP, Glp1r mRNA has been found in different cell populations to those 

expressing Gipr mRNA (244,511), but with the cells in close proximity to one another (244). 

Intraperitoneal GIP administration increases c-Fos activation within the AP, which was 

blocked when administered after pre-treatment with an antagonistic GIPR antibody (244). 

GLP1RA/GIPR antagonistic peptide-antibody conjugate also induced a high degree of c-

Fos expression with subsequent treatment with GIP attenuating this expression compared 

with vehicle treatment (244). Taken together these results suggests that within the AP, the 

GLP1RA component and GIPR antagonist component of this conjugate act upon different 

neuronal subpopulations. 

In the PVN and SON, spatial transcriptomics have found that with the neurones with the 

highest Glp1r expression also co-express Gipr (513).  The same authors found that Glp1r is 

only expressed in neurones whereas Gipr is expressed in both neurones and non-neuronal 

cells, such as ependymal cells (513). 

Therefore, it is likely that the targets of the components of the ligands modulating GLP1R 

vs components modulating GIPR differ between brain regions, but with modulation of 

GIPR playing a bigger role in non-neuronal cells. The daLUXendins could contribute to 

further exploration of this given their suitability for in vivo administration and for co-

staining with other cell or protein markers, such as fluorescent reporter mice for specific 

neuronal subpopulations. 

Although previous studies have demonstrated that incretins are able to access CVOs 

(253,407,548,627) and activate neurones (253,515,631,632), definitive evidence of the 

method of incretin transport across the BBB or BCB has yet to be produced.  Tanycytes 

have been suggested to be responsible for GLP1R agonist uptake (551) but such transport 

has been yet to be elucidated for GIP.  This work provides the first confirmation that 

tanycytes are involved in GIP and dual agonist transport into the brain.  This could be 
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further confirmed by assessing daLUXendin labelling in tanycyte-specific GIPR +/- GLP1R 

knock out mice (551). 

There is evidence that CVOs are able to modify their BCB properties in response to the 

nutritional status of the individual.  In the fasted state, there is greater uptake of critical 

metabolic substrates such as glucose (623) and increased permeability to peptidic 

hormones, such as ghrelin (575,633) in certain CVOs lined with tanycytes.  This plasticity 

of the BCB enables access of circulating metabolic signals to the hypothalamic nuclei 

controlling feeding behaviour, to be adapted to the nutritional state (623). 

Specific to incretins, obesity and acute changes in blood glucose levels have been shown 

to modulate GLP1 access to the hypothalamus, mediated by tanycytes (634); the 

daLUXendins are well suited to determine if this is the case for dual agonists.  By being 

able to visualise the areas accessible by daLUXendins vs single GLP1R/GIPR agonists in 

obese model mice, we may be able to determine whether modulation of the BCB or an 

ability to overcome changes in the BCB are responsible for dual agonist or GLP1RA/GIPR 

antagonist superior efficacy. 

To summarise, in this chapter we have showcased the suitability of daLUXendins for in vivo 

work, the advantageous selectivity for mGIPR compared with tirzepatide and contributed 

to the crucial, ongoing work determining how and where incretins are able to access the 

brain. 

 

 

 



200 
 

Chapter 7: General discussion  

Incretins in diabetes and obesity 

The incretin hormones GLP1 and GIP play a significant role in the physiology of glucose 

homeostasis and the pathophysiology of type 2 diabetes and obesity.  

The incretin effect delivers a vastly amplified response to oral glucose compared to the 

equivalent level of hyperglycaemia induced through intravenous glucose (438,635) and GIP is 

regarded as the main contributor to the incretin effect (439). 

Despite this amplification, the risk of hypoglycaemia is low with incretin-based medication 

(636). This has been attributed to the glucose-dependent nature of GLP1 insulinotropic activity 

(637,638), sustained glucagon response to hypoglycaemia (reviewed in (636)) and rapid 

degradation of GLP1 and GIP by DPP4 (639). 

The incretin effect is perturbed in people with type 2 diabetes (197) and obesity (219,432).   

With GLP1 the defect in diabetes does not appear to be reduced secretion (198,199) but rather 

reduced responsiveness to GLP1 (200–204) or reduced GLP1R expression (204,640).  However, 

in obesity, whether there are changes in GLP1 secretion remain debated (224–226) although 

overall response to GLP1 is reduced (641). 

Similarly, GIP secretion has been found to be preserved in diabetes (197,202) but its 

insulinotropic effects are attenuated (206–208) likely due to GIPR downregulation (209–

211,640) or defective post-receptor signalling (202,208). In obesity, GIP is hyper secreted (510). 
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Incretin based treatments 

Incretin based therapies for the treatment of diabetes and obesity have been developed for the 

past several decades (642) and the global GLP1-based medication market size is currently 

estimated to be worth billions of dollars (643). 

The GLP1R agonist liraglutide was the first medication to be licensed for obesity in the UK for 

over 20 years (28,108). Weight loss affords a reduction in insulin resistance and a delay in 

diabetes progression (644,645) with the degree of weight loss being a strong predictor of the 

degree of improved insulin sensitivity (646). However, it has also been shown that GLP1RAs 

improve insulin resistance and glycaemic control in a weight loss-independent manner (647–

649). 

GLP1R agonists have since shown promise in several other conditions such as idiopathic 

intracranial hypertension (311,616), alcohol use disorder (650), Alzheimer’s and Parkinson’s 

disease  (651) and metabolic dysfunction-associated steatotic liver disease (MASLD) (652–654). 

Although proteomic data has supported the notion that GLP1RAs (semaglutide) have a 

beneficial effect of upon these conditions in humans as well (655), most of the data remains 

pre-clinical or is only supported by real-world observational data (650). Only in MASLD have 

studies progressed into clinical trials (656,657) using semaglutide, with interim results of the 

phase 3 trial reporting that semaglutide resolves steatohepatitis and reduces fibrosis, by 28.7% 

and 14.4% respectively, more than placebo (657). By comparison, resolution of steatohepatitis 

without worsening of fibrosis was achieved in approximately 20% more than placebo, in trial 

participants taking the only other licensed medication for liver fibrosis, resmetirom, with a 10% 

increase in fibrosis improvement compared to placebo (658). 

Many patients do not achieve their target glucose and treatment escalation is frequently needed 

as type 2 diabetes progresses (104).  Additionally, discontinuation rates are over 50% for 

GLP1RAs, with side effects being a main driver for discontinuation (659).  Therefore, there is a 
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drive to develop novel agents with not only improved outcomes for glycaemic control and 

weight loss but also with an improved side effect profile.  

However, there remain many unanswered questions about incretin physiology which could 

address these clinical issues. Whilst pharmacology of incretins and incretin-based medications 

is well understood, which cells and tissues are accessible and targeted by incretin-based 

medications is a current roadblock. 

Our contribution to the literature 

Generation of well-validated GIPR and dual GLP1R/GIPR fluorescent 
probes 
As discussed in previous chapters, the ability to answer these questions using currently 

available techniques, such as reporter mice, self-label enzymes and antibodies is limited in 

terms of both availability of suitably validated reagents and the degree of insight that they can 

innately provide. Therefore, we generated fluorescent peptide probes; sGIPs, agonists for the 

GIPR, and daLUXendins, dual GLP1R/GIPR agonists. 

Given that the therapeutic efficacy of some ligands is in part due to distinct pharmacological 

differences, such as signal bias and acylation (660), the need to use dual agonist reagents to 

investigate dual agonist biology is paramount. The daLUXendins are the first dual GLP1R/GIPR 

agonist probes to be rigorously validated and published in detail. As described previously, 

Alexa647-conjugated tirzepatide has been reported but pharmacological validation, such as 

binding affinity and potency was not included and therefore it should not be regarded as a 

specific reagent (256). 

Validation of any new reagent is crucial to avoid generating inaccurate findings. Unfortunately, 

there have been several previously published GLP1R antibodies which have been subsequently 

found to be non-specific (172,257,259). One of the major strengths of our work is the 

presentation of both pharmacology and in vitro validation of our probes against suitable 
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controls.  Any modification to a peptide ligand can alter key properties and make it a less 

suitable surrogate (324,338,339).  

Pharmacological studies in over expression systems are important to ensure that such key 

properties, such as binding affinity or imbalanced agonism, of a novel ligand is suitably similar 

to the ligand it purports to substitute.  In vitro validation seeks to reassure users that the ligands 

are effective and specific, with use of knock out models or co-localisation with other specific 

markers regarded as high standards for validation (257,259).  Furthermore, assessment of 

reagents in islets is an important facet of validation as the function of islet cell types are reliant 

on intercellular communication and paracrine action (discussed below) and it has been shown 

that α and ß cells exist in heterogenous populations in terms of transcriptomics and function 

(661,662). Therefore, new reagents in this field should demonstrate effective labelling and 

activation of receptors in islets as well as cell lines. 

For the daLUXendins, further validation would include assessing labelling in Gipr-/- mice +/- 

GLP1R antagonism and/or double Glp1r-/-/Gipr-/- mice to confirm specificity.   

 

daLUXendins are suited for exploring imbalanced agonism 

Efforts to understand the impressive actions of tirzepatide’s dual GLP1R/GIPR agonism 

compared to single GLP1R agonism have led to the discovery of imbalanced agonism. However, 

further understanding of how this imbalanced agonism leads to improved outcomes are limited 

as the imbalance differs between species (255). Although the difference in imbalance is unlikely 

to alter the cellular substrates that tirzepatide accesses or binds to, it does impede the ability to 

understand how the biased agonism alters cell or tissue responses. 

The engineering of our daLUXendin probes has resulted in an advantageous imbalanced 

agonism at mouse GLP1R/GIPR. Tirzepatide favours GIPR in human islets and GLP1R in mouse 

islets (255).  This difference is the likely reason behind tirzepatide’s attenuated insulinotropic 
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effect in mice, rendering it equivocal or non-superior to the GLP1R agonist semaglutide 

(255,412). One previously published dual agonist probe, Alexa647-conjugated tirzepatide had 

minimal signal in Glp1r-/- islets, suggesting a similar favouring of GLP1R (256). 

In mice, daLUXendins exhibited a reduced selectivity for GLP1R over GIPR (1:2 GIPR:GLP1R) 

when compared to tirzepatide (1:8 GIPR:GLP1R), shown both in vitro and in vivo. As a result, 

daLUXendin probes could be a useful tool for exploring dual agonism in mice, with a biased 

agonism that is more reflective of tirzepatide action in the human setting. It would also be 

possible to explore modifications to daLUXendin to drive even greater GIPR selectivity, repeating 

studies with Gipr-/- mice to confirm the selectivity of GIPR binding after modification. 

Furthermore, it would be helpful from a translational point of view to explore how the inclusion 

of a diacid side chain might influence receptor selectivity by repeating IPGTTs and cAMP 

potency studies with daLUXendin+ probes, compared with GIP, GLP1 and tirzepatide.   

 

GLP1R expression is increased in Gipr-/- mice 

Not only has our validation demonstrated that our probes are specific but has shed further light 

on the impact that GIPR exerts upon GLP1R.  In the global Gipr-/- mouse islets, we found an 

increase in GLP1R labelling, suggesting an increase in GLP1R expression.  This adds to the 

literature debating the mechanism behind why GIPR knockout or antagonism leads to an 

increased sensitivity to GLP1 (252,389,391). Plasticity of the incretin system has been 

demonstrated in work led by a colleague, who found that GLP1R is upregulated in ageing and 

preclinical models of HFD (401).   Further studies exploring the effects of chronic GIPR agonism 

or antagonism upon GLP1R expression would also be informative to determine if that is the key 

to either of their efficacies or even the nexus of their overlapping efficacies. 
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daLUXendins label all cell types in the pancreatic islet 

It is unclear if the enhanced glycaemic control from tirzepatide is islet-centric or driven by other 

mechanisms. Given the benefits of glucagon secretion enhancing insulin secretion via GLP1R or 

GCGR (471), it was thought that tirzepatide capitalises on this through α cell GIPR agonism.  

Therefore, is the significant improvement in glycaemic control of GIPR antagonism combined 

with GLP1R agonism (125) unrelated to α cell GIPR mediated glucagon release and suggestive of 

an extra-islet mechanism? To answer, this it is important to determine which cells tirzepatide 

binds to within the islet. 

The daLUXendin probes co-labelled cells positive for insulin (to the greatest degree), glucagon 

and somatostatin.  The degree of GLP1R and GIPR expression in each cell type coupled with the 

imbalanced agonism of the daLUXendin probes may suggest the mechanisms by which 

tirzepatide stimulates the release of all three hormones now that we have confirmed the cellular 

substrates. 

Given that tirzepatide has a greater affinity for GIPR>GLP1R in humans (255), the insulinotropic 

action upon ß cells is likely to be mediated to a greater degree through GIPR with a smaller 

contribution from GLP1R activation. As GIPR is more abundant than GLP1R on α cells, glucagon 

secretion mediated by tirzepatide is also likely driven through GIPR activation. 

Recent super-resolution imaging work from our lab did not detect the presence of GLP1R in δ 

cells (identified using a knock-out-validated antibody) (labelled with anti-somatostatin 

antibody) (401). However, although fluorescence-activated cell sorting (FACS) studies did not 

find GLP1R protein in somatostatin-positive cells, they did identify Glp1r transcripts (261) and δ 

cells have been found to release somatostatin in response to GLP1 (40,185,187,469,470). 

Additionally, δ cells have demonstrated plasticity and the ability to adopt a ß cell-like identity 

after ß cell ablation (663–665), so GLP1R could therefore be upregulated in these cells. Taken 

together, this may suggest that GLP1R expression occurs in δ cells but at levels below the 

sensitivity of currently available reagents or that they may only be detected in the dysregulated, 
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ß cell deficient settings of diabetes. Therefore, dual GLP1R/GIPR agonist action upon δ cells 

may occur via both receptors.  

Given the highly interrelated activity between islet cell types and the likely mediation of this via 

GLP1R and GIPR (reviewed in (349)), it is likely that tirzepatide is modulating glycaemic control 

through both direct insulinotropic effects on ß cells in addition to paracrine actions. For 

example, insulin secretion is co-ordinated between ß cells via gap junctions (666) and glucagon 

released from α cells binds to both GLP1R and GCGR to stimulate insulin release 

(385,471,499,667) in a co-ordinated manner (553). 

Furthermore, damage or disruption to one cell type is likely to affect the function of the other 

cell types (40,472,668,669). Determining the importance of GLP1R and GIPR in these 

relationships could establish whether tirzepatide or future novel agents can rescue this 

disruption and could explain their enhanced efficacy. sGIP and daLUXendin probes would be 

well suited to investigate facets of this line of enquiry if applied to α or δ cell specific Glp1r or 

Gipr knock out islets. 

 

Dual agonism increases nanodomain formation 

GPCRs form clusters, known as nanodomains, both at the cell surface and intracellularly which 

are important for signalling (269,275,493). By comparing nanodomain formation induced by 

single GLP1R antagonist (LUXendin), single GIPR agonist (sGIP) and daLUXendin probes we 

found that dual agonism increases the number of nanodomains compared to single GIPR 

agonism.  

The number of receptors per nanodomain and the size of the nanodomains were similar across 

all three probes. Therefore, we postulate that the increase in nanodomain formation from dual 

agonism over single GIPR agonism is either due to triggering GLP1R clustering or inducing 

heterotypic clustering of GLP1R and GIPR. GLP1R-GIPR dimers have been postulated to be 
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generated by a GIPR Ab-GLP1R peptide conjugate and simultaneous activation of both 

receptors by one molecule is thought to be key to triggering ß arrestin recruitment (283). 

Additionally, cAMP nanodomain formation related to GLP1R has been linked to amplification of 

certain signalling pathways (505) and given that tirzepatide enhances GLP1R surface 

expression, this could suggest other potential intra-islet mechanisms for the increased efficacy 

of dual GLP1R/GIPR agonists on glycaemic control. 

 

sGIP and daLUXendins access the brain via CVOs  

Both sGIP and daLUXendin probes have provided further insight into the target substrates in the 

brain.  

GIPR expression is necessary for the enhanced weight loss induced by dual GLP1R/GIPR 

agonism (514) and weight loss still occurs, albeit attenuated, in GLP1RKO mice when GIPR is 

blocked (244,659).  This suggests a central role for modulating GIPR signalling in the brain and 

the importance of determining its function in energy homeostasis. Work has been undertaken 

with specific neuronal knock out models to delineate which neuronal populations are involved 

in GIPR-driven mechanisms of weight loss (407). However, to link the actions of peripherally 

administered single or dual agonists with central effects it needs to be confirmed that such 

agonists can access relevant parts of the brain. 

sGIP (407) and daLUXendin administration in vivo has been found to label the circumventricular 

organs but were unable to label deeper structures.  Recent work has also confirmed the 

importance of CVOs for incretin access to the brain and suggested that GLP1R and GIPR are 

expressed on different cell populations within the AP (244). This work, using a GIPRAb/GLP1RA 

antibody-peptide conjugate that blocked GIPR whilst agonising GLP1R, found that their 

conjugate accessed the CVOs and activated downstream neurones involved in appetite 

regulation (244).  Therefore, it seems likely that the superior effects of dual agonists are not 
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related to the extent of brain penetration but pertain either to the amount of ligand that is able to 

access the brain, the different neuronal populations engaged or perhaps interaction between 

GLP1R and GIPR. 

The question of how the ligands are permitted to cross the blood-brain or blood-CSF barrier 

remains unclear.  To this aim, following central administration daLUXendin we demonstrated 

localisation not just to Gipr and Glp1r positive neurones, but also to tanycytes.  Not only do 

tanycytes control the transport of molecules across the blood-CSF barrier (573,670), but they 

also control neuronal function by releasing both orexigenic and anorexigenic factors (reviewed 

in (671). Tanycytes have been shown to activate neurones in the arcuate nucleus (672), and 

indeed, tanycyte ablation in the arcuate nucleus and median eminence resulted in increased 

weight gain from HFD and less fat oxidation compared to WT controls (673).  Access and activity 

of peripherally administered GLP1 is reliant upon tanycytes (634) so demonstrating dual 

GLP1R/GIPR agonist binding to tanycytes suggests further direction for interrogation. Is GIP 

agonism (or antagonism) action in the brain also reliant upon tanycyte mediation? Does 

tanycyte access and activation of neurones differ if they are bound by both GLP1 and GIP, 

compared to just one ligand? Recent reviews of GIPR agonism and antagonism have suggested 

that GIP plays an inhibitory role, via GABAergic neurones, in modulating GLP1 action in the brain 

which results in attenuation of the satiating effect of GLP1 but also decreasing aversive 

responses (126,173). Could a similar regulatory action of GIP be occurring in or via tanycytes? 

 

Limitations of our work 

While daLUXendins were able to retain labelling islets post-fixation, it was unfortunate that the 

sGIP probes were not able to. Being able to co-label cells stained for insulin, glucagon and 

somatostatin would have contributed to the literature regarding which cells within the 

pancreatic islet express GIPR.  Currently, the data regarding this is mainly limited to RNA levels, 
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which may not be reflective of protein expression. Understanding this would give us greater 

insight into the impact of GIP upon islet paracrine activity and potentially provide further 

understanding of whether improved paracrine action is responsible for the impressive 

improvement in glycaemic control caused by dual GLP1R/GIPR agonists. 

Although the daLUXendin probes demonstrated comparable binding affinity and cAMP 

generation to tirzepatide, it is important to note that they are different molecules. Detailed 

pharmacokinetic studies (particularly signal bias) would need to be completed to confirm that 

the daLUXendin probes are an equivalent proxy for tirzepatide. However, the addition of a side 

chain in the daLUXendin+ probes yielded similar pharmacology, receptor binding and brain 

labelling results as daLUXendins, suggesting that the lack of side chain did not cause a major 

disturbance. Therefore, it is reasonable to conclude that these probes are useful tools for pre-

clinical investigation of dual agonism. 

daLUXendin660 reduced food intake at 12h and 24h after post-dose but the degree of reduction 

was greater with tirzepatide. We postulate that this is related to the diacid side chain conferring 

a longer half-life so further assessment with daLUXendin+ probes, which harbour the side 

chain, would be helpful in determining if this is true.  However, glucose tolerance was similar 

between daLUXendin660 and tirzepatide which may suggest that the longer half-life is more 

integral to central actions of tirzepatide than islet action. To confirm this hypothesis, studies 

could be repeated with daLUXendin+ probes, which have an intact diacid side chain and 

therefore longer half-life through albumin-binding. 

We did not pursue work in human islets with the daLUXendin probes due to the significant 

autofluorescence, likely due to lipofuscin accumulation (82). Additionally, our lab (401) and 

others (480,481) have experienced significant heterogeneity in GLP1R/GIPR expression and 

stimulation in human islets. Therefore, we made the pragmatic decision to continue work using 

induced pluripotent stem cell derived islets which, in our experience, have proved a more 

consistent model of GLP1R/GIPR expression and identification (401). 
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Our sGIP and daLUXendin probes currently have a limited colour palette of Cy3, Cy5 and SiR-

d12 fluorophores which may limit their use alongside other markers or reagents. These 

fluorophores were chosen because they have previously demonstrated a high-quality labelling 

in complex tissue (269,298,419) and do not have properties are unfavourable for labelling – such 

as the repulsion from Alexa647 (269,428). In the future, the range of probes could be grown to 

include a wider range of fluorophores and/or epitope tags to facilitate signal amplification.  

Furthermore, they are suitable for modification to include affinity for other receptors of interest 

and we have now generated a triple GLP1R/GIPR/GCGR agonist probe to study the targets and 

effects of triple agonists such as retatrutide.  

 

The next steps for incretin research 

GIPR – to agonise or antagonise? 

As these probes are suitable for in vivo administration, they could be used to determine the 

answer to a key question in GIP pharmacology – if chronic agonism of GIPR leads to functional 

antagonism through downregulation of GIPR.  By chronically dosing animals with sGIP, GIPR 

presence could be visualised at different time points to determine if downregulation occurs, 

alongside assessment of food intake and weight and comparison to mice administered 

unlabelled GIP. Similar work could be performed with daLUXendin probes, with staining of fixed 

islets for insulin, glucagon and somatostatin to ascertain if any downregulation occurs more 

predominantly in specific cell compartments. 

Questions remain regarding how both GIPR agonism and antagonism, when paired with GLP1R 

agonism, can both be beneficial for weight loss. One theory is that GIPR activation inhibits 

GLP1R action in the CNS, both reducing GLP1 anorectic effects but also aversive responses 

(674). Whereas GIPR antagonism permits the full anorectic effects of GLP1 at the expense of 

higher degree of aversive responses (674). 
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It has been shown that GIP engages distinct anorexigenic pathways in different brain regions 

(407) and therefore suggested that the target substrates and signalling pathways of GIPR 

agonists and antagonists may also differ. To support this, weight loss and reduced food intake 

from GIPR agonism has been shown to act via GABA-ergic Gipr positive neurones (253) whereas 

GIPR antagonism, via a blocking antibody, has induced weight loss when GIPR is knocked out 

from GABA-ergic neurones (244,250). Furthermore, the weight loss and food-intake reducing 

effects of GIPR antagonism are dependent upon functional GLP1R (244,250). 

The extent of brain penetration of both GIPR agonists (407) and antagonists (244) is similar and 

limited to the CVOs. Therefore, it seems that the key to determining their contradicting 

efficacies is to confirm the divergence in neuronal networks engaged by agonists and 

antagonists and to explore the GLP1R-dependency of GIPR antagonists (674).   

Exploring the different neuronal pathways engaged by GIPR antagonists and antagonists could 

be achieved through comparing cFos activation of specific neuronal populations linked to food 

intake and weight loss (e.g. arcuate nucleus in the hypothalamic and the DVC in the hindbrain) 

after peripheral administration of GIPR agonist and antagonist in neurone specific knock out 

models. Alternatively, or additionally, the RiboTag technique could be used to interrogate the 

profile of actively transcribed mRNA of selected neurones (675). This technique involves 

crossing the RiboTag mouse model, which has a floxed hemagglutinin(HA)-tagged allele of a 

ribosomal protein, with a cell-type-specific Cre recombinase-expressing mouse (675).  When 

the Cre recombinase is activated by expression of the associated cell-specific gene, the 

epitope-tagged ribosomal protein is expressed and after immunoprecipitation of the polysomes 

containing a antibodies against HA, mRNA transcripts from a specific cell type can be obtained 

(675).  Determining and comparing the transcriptome of neurones activated by GIPR agonists 

and antagonists would allow further delineation of central mechanisms of action. The 

specificity of sGIP648 central labelling has been demonstrated by failure to activate cFos in the 

DVC in Gipr-/- mice (407). By using sGIP648 or a daLUXendin probe as an agonist, there would be 
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visual confirmation of which neurones are accessed and whether there may be compensatory 

changes in GIPR expression in knock out models. 

 

GIPR in adipose tissue 

Whether GIPR induces weight loss through peripheral action on adipose tissue remains 

debated. This is in part because identification of the cellular source of GIPR expression within 

white or brown adipose tissue has not been confirmed but also because the effect of GIP upon 

lipogenesis, independent of insulin, is unclear (reviewed in (380)).  

One proposed mechanism for GIPR-induced weight loss is increased energy expenditure in 

white adipose tissue, via futile calcium cycling (284). The authors found that increased GIPR 

expression was associated with decreased fat mass in obese mice and a transient decreased in 

food intake which normalised after 5 days (284). However, these studies were performed in an 

overexpression model where GIPR was induced in adipocytes so conclusions cannot be drawn 

regarding whether these mechanisms occur with endogenously expressed GIPR. 

For white adipose tissue (WAT), pre-clinical work in cell lines originating from adipocyte 

precursors found that Gipr mRNA expression increased in line with other markers of 

differentiation (such as GLUT-4 and leptin), as differentiation was induced (676) suggesting that 

it is expressed natively. Selective knock-in of Gipr in adipocytes of Gipr-/- mice (441) and 

knockout in Gipr-/-Ap2 mice (350) found that Gipr in adipocytes did not play a significant role in 

GIP mediated protection against diet induced obesity and attributed any weight loss to a 

reduction in lean mass. However, the expression of the Ap2 promoter has been reported as 

promiscuous, with its expression permitting Cre activity in adipocyte precursors, endothelial 

cells and the brain (677). Gipr/GIPR levels were not comprehensively reported, meaning that 

Gipr knockout in other tissues could have contributed to the phenotype. 



213 
 

GIPR mRNA has been found in samples of subcutaneous (678) and visceral WAT, but receptors 

were downregulated and lower responsiveness to GIP in samples from people with obesity 

compared with lean subjects was reported (679). In post-menopausal women with obesity, 

GIPR mRNA was also found in WAT and at a reduced level in samples from women with obesity 

compared with women without obesity (680). 

For BAT Gipr mRNA transcripts have been detected, and use of a promoter (Myf5-Cre) specific 

to BAT has enabled the development of a BAT-specific Gipr knockout model.  Gipr-/-BAT mice 

demonstrated perturbed lipid metabolism but no protection against diet induced obesity unless 

in the setting of an acute cold challenge (681). 

In both WAT and BAT, expression of GIPR protein has not been fully investigated. sGIP probes 

could be a useful tool for corroborating mRNA-based findings and further delineating which cell 

types within adipose tissue (if any) express GIPR, given that sGIP is suitable for co-labelling with 

markers for other cells or protein of interest.  

Incorporating GCGR agonism 

In recent years, incretin research has been partly driven by advances in incretin-based 

pharmaceuticals whose pharmacological evaluation and clinical results have subsequently 

suggestedinterrogable aspects to incretin biology. On the horizon are agents which incorporate 

GCGR receptor activity. Survodutide is a dual GLP1R/GCGR agonist being developed for obesity 

and metabolic dysfunction associated steatohepatitis and fibrosis (682). Recent phase 2 trials 

for its use in the treatment of obesity reported a total body weight loss for maximally dosed 

survodutide of 12.1% greater than placebo (683) and it is currently undergoing phase 3 trials for 

people with obesity with and without type 2 diabetes (684). Retatrutide is a triple 

GLP1R/GIPR/GCGR agonist showing promise as a novel agent for obesity with Phase 2 trials 

demonstrating an additional loss of 22.1% total body weight more than placebo (136).  
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Glucagon is known to reduce food intake and weight in both rodents (685,686) and humans 

(687–690) via stimulating vagus afferent fibres in the liver which communicate with feeding 

centres in the hypothalamus (691). Its central actions induce satiation rather than affecting 

satiety (692,693) or food aversion (694). Glucagon’s effects upon satiation have been attributed 

to activation of vagal afferents in the liver (692,695). 

Glucagon’s role in inducing hyperglycaemia through heightened hepatic glucose output has, 

until now, limited its therapeutic role to rescuing hypoglycaemia. However, several preclinical 

studies found that co-agonism of GLP1R and GCGR ((696) and reviewed in (691)) and triple 

agonism of GLP1R/GIPR/GCGR (444) corrected diet-induced obesity, hepatic steatosis, 

hypercholesterolaemia and hyperglycaemia. Additionally, GCGR expression on ß cells has been 

demonstrated to be key to insulin secretion; in particular Ggcr-/-ßcell islets demonstrated loss of 

co-ordinated Ca2+ oscillations and impaired early GSIS (553).  Furthermore, a balanced 

GLP1R/GIPR/GCGR triple agonist was superior to a dual GLP1R/GIPR agonist in normalising 

body weight in obese mice (697).  This was postulated to be due to the thermogenic, lipolytic 

and anorexigenic effects of GCGR agonism, with GLP1R agonism constraining glucagon’s 

hyperglycaemic action (444,696). Attenuated effects after knocking out each of the receptors 

confirmed the importance of each axis to the performance of the dual GLP1R/GIPR agonists 

(696) and triple GLP1R/GIPR/GCGR agonists (444). For triple agonists, it appears that while 

GLP1R and GIPR are essential for the improvement of glycaemic control and total body weight 

loss, GCGR agonism is required for fat mass reduction via increased energy expenditure (444). 

Additionally, combined GCGR and GLP1R agonism has shown impressive effects in improving 

hepatic steatosis and fibrosis (reviewed in (698)). 

We have already generated a modified daLUXendin probe which incorporates GCGR agonism, 

to confirm where triple agonists are able to access after in vivo administration and explore 

cellular substrates in tissues postulated to be of importance to triple agonist effects. For 

example, GCGR is present in abundance in the brainstem, arcuate nucleus and DVC (699) but 
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not in the mesolimbic reward centres, such as the hippocampus, where it is thought that GLP1R 

agonism modulates reward pathways (700,701). Could the structure and any further 

imbalanced agonism of triple agonists alter the neuronal networks engaged, compared to single 

or dual agonists?  GCGR is highly expressed in the liver (702,703) whereas GIPR (703–705) and 

GLP1R (703,705,706) have not been reported to be expressed there. (702,703) It would therefore 

be helpful to confirm if triple agonists access the liver which may suggest that the enhanced 

effect of GCGR agonism upon GLP1R/GIPR agonism lies in the liver, perhaps through activating 

vagal afferents to induce satiation. Liver specific knockout of GCGR would be necessary to 

confirm this.  
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Concluding remarks 

In this thesis, two important sets of novel fluorescent probes have been presented. We have 

carried out pharmacological validation compared to native ligands and described how to label 

cells for both live imaging and imaging after fixation. 

Overall, we have shown that these novel probes are specific and versatile, suitable for use with 

other labelling techniques and a range of microscopy modalities. We have added to the 

literature surrounding GIPR expression upon δ cells and the consequences of GIPR knock out 

on GLP1R expression.  Additionally, we have provided the first insights into the effect of dual 

GLP1R/GIPR agonism upon nanodomain formation and access to the brain, suggesting that the 

beneficial effects of dual agonists may be reliant upon enhanced receptor clustering and that 

centrally mediated weight loss is due to the activation of different neuronal pathways rather 

than extent of drug access. 

The understanding of incretin biology has been reliant upon complimentary work of many 

researchers developing and using a range of reagents. sGIP and daLUXendin probes have 

successfully contributed to the selection of tools available to interrogate incretin biology and to 

shine a light on further areas of study. 

As we experience the next leap forward in incretin-based pharmaceuticals, our probes, and 

further iterations, will help illuminate incretin biology to find interrogable mechanisms and 

ultimately facilitate optimising treatments for people with diabetes, obesity and other chronic 

conditions. 
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Appendix 1 
 

 GLP-1 GIP Tirzepatide 

hGLP1R EC50 best-fit 3.358E-09 0.00004436 5.67E-08 

hGLP1R EC50 95% CI 2.507e-009 to 
4.459e-009 

N/A 3.740e-008 to 
8.632e-008 

mGLP1R EC50 best-fit 1.297E-09 0.00002552 2.944E-08 

mGLP1R EC50 95% CI 9.533e-010 to 
1.757e-009 

N/A 2.030e-008 to 
4.244e-008 

hGIPR EC50 best-fit  1.072E-07 1.18E-10 6.414E-10 

hGIPR EC50 95% CI 1.142e-008 to 
2.579e-006 

6.934e-011 to 
1.993e-010 

3.689e-010 to 
1.091e-009 

mGIPR EC50 best-fit  6.034E-08 5.564E-10 1.116E-07 

mGIPR EC50 95% CI N/A 3.663e-010 to 
8.349e-010 

6.451e-008 to 
1.906e-007 

    

 daLUXendin544 daLUXendin660 

hGLP1R EC50 best-fit 2.552E-07 1.389E-08 

hGLP1R EC50 95% CI 1.549e-007 to 4.372e-007 8.683e-009 to 2.167e-008 

mGLP1R EC50 best-fit  6.941E-08 5.737E-09 

mGLP1R EC50 95% CI 4.186e-008 to 1.144e-007 3.789e-009 to 8.602e-009 

hGIPR EC50 best-fit  5.141E-09 2.66E-10 

hGIPR EC50 95% CI 2.936e-009 to 8.892e-009 1.432e-010 to 4.861e-010 

mGIPR EC50 best-fit  8.756E-08 4.402E-09 

mGIPR EC50 95% CI 4.499e-008 to 1.677e-007 2.597e-009 to 7.249e-009 

 

EC50 values for GLP1, GIP, Tirzepatide, daLUXendin544 and daLUXendin660 against human 

GLP1R (hGLP1R), mouse GLP1R (mGLP1R), human GIPR (hGIPR) and mouse GIPR (mGIPR). 

 hGLP1R hGIPR mGLP1R mGIPR 

Tirzepatide fold-change GLP1/GIP 16.904 5.408 22.699 200.447 

daLUXendin544 fold-change 
GLP1/GIP 76.033 43.351 53.58 157.398 

daLUXendin660 fold-change 
GLP1/GIP 4.14 2.239 4.426 7.907 

 

Ligand selectivity of tirzepatide), daLUX544 and daLUX660 for human GLP1R (hGLP1R), human 
GIPR (hGIPR), mouse GLP1R (mGLP1R) and mouse GIPR (mGIPR), calculated as fold-decrease 
in cAMP EC50 versus either GLP1 or GIP (n = 4 independent repeats). 
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