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Abstract

Global rates of diabetes mellitus are increasing, and treatment of the disease consumes a growing 

proportion of healthcare spending across the world. Pancreatic β-cells, responsible for insulin 

production, decline in mass in Type 1 and, to a more limited degree, in Type 2 diabetes. However, 

the extent and rate of loss in both diseases differs between patients resulting in the need for the 

development of novel diagnostic tools, which could quantitatively assess changes in mass of β-

cells over time and potentially lead to earlier diagnosis and improved treatments. Exendin-4, a 

potent analogue of glucagon-like-peptide 1 (GLP-1), binds to the receptor GLP-1R, whose 

expression is enriched in β-cells. GLP-1R has thus been used in the past as a means of targeting 

probes for a wide variety of imaging modalities to the endocrine pancreas. However, exendin-4 

conjugates designed specifically for MRI contrast agents are an under-explored area. In the present 

work, the synthesis and characterization of an exendin-4-dota(ga)-Gd(III) complex, GdEx, is 

reported, along with its in vivo behaviour in healthy and in β-cell-depleted C57BL/6J mice. 

Compared to the ubiquitous probe, [Gd(dota)]-, GdEx shows selective uptake by the pancreas with 

a marked decrease in accumulation observed after the loss of β-cells elicited by deleting the 

microRNA processing enzyme, DICER. These results open up pathways towards the development 

of other targeted MRI contrast agents based on similar chemistry methodology.
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Introduction

In 2008 there were an estimated 347 million people in the world living with diabetes 

mellitus.1 According to the WHO, in 2014 that number had already risen to approximately 

420 million and is expected to rise to more than 600 million by 20402,3. What had once been 

regarded as a disease of the Western world, associated with poor diet, sedentary lifestyles 

and obesity, is now considered a pandemic4. Diabetes is characterised by an inability to 

moderate the body’s glucose levels through insufficient insulin production, or by 

desensitisation or resistance to insulin.

In non-diabetic subjects, insulin is released in response to elevated blood glucose levels5, 

triggering the conversion of glucose into glycogen for storage within the muscles and liver, 

as well as the synthesis and storage of triglycerides in adipose tissue6. In diabetes, 

hyperglycaemia is associated acutely with thirst and the frequent need for urination. If left 

untreated, chronic debilitating conditions such as blindness, kidney failure and tissue 

necrosis can develop. The pathway that leads to type 1 diabetes (T1D) results from an 

autoimmune response that provokes the body’s immune cells to attack of β-cells, the insulin 

production centre, leading to their destruction7,8. Type 2 diabetes (T2D) is characterised by 

insulin resistance and involves both β-cell dysfunction and loss9,though the extent of the 

latter is thought to be more limited10. The production of non-esterified fatty acids, glycerol, 

hormones and cytokines from adipose tissues are contributing factors in this insulin 

resistance,11 which accompanies the dysfunction of pancreatic β-cells.

Gadolinium(III) complexes are well-known as MRI contrast agents12–17. Despite an urgent 

need to better understand the contributions to disease etiopathology of β-cell loss vs. 

impaired function, and more than three decades of research, there is still a lack of tractable 

gadolinium-based contrast agents (GBCAs) targeted to pancreatic β-cells, e.g. through 

incorporation of peptides or small molecules18, and capable of following β-cell mass in 
vivo. As zinc(II) ions are strongly enriched in pancreatic β-cells19 it is conceivable that the 

incorporation of a zinc-binding group could aid in the magnetic resonance imaging of these 

elusive cells, which make up only ~ 2% of pancreas volume8,20– 22. This strategy has also 

been put to use by others in the field, with a particular focus on imaging of glucose-mediated 

insulin secretion utilising a GBCA which incorporates a zinc sensing moiety23–26. Notable 

amongst these is the synthesis of the agent [Gd(dota-diBPEN)] by Esqueda et al. in 2009, 

which employs two zinc-binding moieties and binds to Zn2+ selectively and with a high 

affinity23. The resulting ternary complex then binds to serum albumin proteins, resulting in a 

3-fold increase in relaxivity23,24,26. The free ligand does not interaction with serum proteins, 

and this relaxivity increase in the presence of zinc(II) ions has been utilised to give a 

qualitative assessment of β-cell functionality and detection of pancreatic tissue expansion 

through detection of the co-release of zinc(II) ions alongside insulin24–26. The compound’s 

large relaxivity increase and high affinity for Zn2+ could enable valuable insight into the 

physiological changes associated with diabetes development in vivo and could allow the use 

of the probe at lower concentrations than other clinically used GBCAs. However, probes 

based on this approach developed within our group have met with only limited success8, 

indicating that other β-cell-enriched targets need to be identified and deployed. Furthermore, 

the targeting ability of these compounds arises exclusively from their incorporation of a 
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zinc-sensing moiety. The addition of a specific targeting group, such as a peptide, may aid 

the delivery of MRI contrast agents to β-cells and result in enhanced pancreatic contrast.

Exendin-4 and GLP-1

Glucagon-like peptide 1 receptors (GLP-1R), members of the class B G-protein coupled 

receptor family27, are strongly enriched in pancreatic β-cells28–30, but are barely detectable 

in other islet neuroendocrine cells31. Correspondingly, GLP-1R agonists are effective 

therapeutics for the treatment of type 2 diabetes. GLP-1 acts as an incretin, being released 

from the gut during food transit and contributing to the lowering in blood glucose levels32. 

However, as it is a metabolically unstable endogenous ligand, GLP-1 cannot readily be used 

therapeutically. Exendin-4 is a 39 amino acid-long peptide, first isolated from the venom of 

the Gila monster, which shares 53% of homology with GLP-1 and has been used as an 

effective agent for the treatment of diabetes33. Additionally, it has been approved for clinical 

use in drugs such as exenatide (a synthetic version of exendin-4) and lixisenatide20,34. When 

taken after food, exendin-4 increases the release of insulin and has been shown to have a 

more than 10-fold longer blood plasma half-life than GLP-1, making it a more potent 

insulinotropic agent35. Exendin-4 has also been shown to have an anti-apoptotic function on 

β-cells: treatment of mouse pancreas cells with exendin-4 has been observed to result in an 

increase in β-cell mass, alongside a decrease in the number of apoptotic cells36,37.

Exendin-4 has been conjugated with therapeutic and imaging agents to act as a targeting 

moiety for pancreatic β-cells3,20,38–48. In 2012 Kiesewetter et al. 41 synthesised and 

evaluated a series of 18F-labelled exendin-4 analogues for their GLP-1R affinity in an INS-1 

xenograph tumour model. Evaluating the cellular uptake, stability and specificity of the 

Cys40 and Cys0 isomers, these authors found the C-terminal isomer ([18F]FBEM-[Cys40]-

exendin-4) to have a much higher uptake and affinity for the INS-1 tumour cells and 

therefore GLP-1R. A number of other probes utilising conjugation to 18F for PET imaging 

have been reported in the literature, some of which are capable of dual-modal 

imaging20,28,49,50

In 2013 Selvaraju et al.42 demonstrated the use of a 68Ga-labelled H4dota analogue 68Ga-

do3a-VS-Cys40-exendin-4 for quantification of GLP-1R in the pancreas. They compared the 

uptake of the probe in both diabetic and healthy rats and found that pre-administration of 

exendin-4 prior to injection with the labelled probe resulted in a decrease in signal upon 

injection of the 68Ga-labelled probe. This competitive binding investigation indicated that 

the probe itself was binding to GLP-1R, and therefore that the affinity of exendin-4 for 

GLP-1R remains unaffected by synthetic modifications to introduce metal chelating 

moieties. The uptake of the probe in diabetic rats was significantly reduced compared with 

that of healthy rats, providing a way of monitoring the reduction of GLP-1R in diabetic 

subjects through 68Ga radioimaging. Further success in radioimaging techniques has been 

had with 68Ga-do3a-exendin-4, which has shown a difference in tracer uptake in the 

pancreas before and after the administration of streptozotocin to induce β-cell 

destruction20,42. The probe showed a reduced level of uptake in both rats and non-human 

primates which had been subjected to streptozotocin42.
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Quantification of β-cell mass through the use of single photon emission computed 

tomography (SPECT) imaging probes based on exendin derivatives has been widely reported 

on throughout the literature3,20,43,44,47,48,51–53. Gotthardt et al. have established that a 

decrease in β-cell mass can be determined through quantitative analysis of SPECT 

images43,44. Additionally, the group has recorded that there is a decrease in GLP-1R 

expression during periods of hyperglycaemia, which corresponds with a reduced uptake of 

probes based on exendin during periods of elevated blood glucose levels43,44. One further 

innovative use of radiolabelled exendin-based probes utilised by Eter et al. has been to 

monitor islet graft volume through β-cell mass quantification, signalling another potential 

use of these compounds and their developing role in both the diagnosis and treatment of 

diabetes51.

An additional example of an exendin-4 conjugate is that of Lys40(Ahx-HYNIC-99mTc/

EDDA)NH2-exendin-4. This probe, developed for SPECT imaging by Wild et al. 45and 

Sowa-Staszczak et al.46, has been studied in humans and has exhibited localised insulinoma 

uptake in patients where other imaging probes and modalities failed to locate biochemically 

proven tumours20,54–56. Additionally, the probe has been used for the visualisation of 

thyroid tumours20,45,56. Several examples of SPECT imaging agents based on chelators for 
111In have also been reported, notably those from Gotthardt et al., Reiner et al. and Kimura 

et al., which have shown specific binding to receptor tissues expressing GLP-1R3,20,47,48.

More recently, Cys40-exendin-4 has been used with 1, 4, 7-triazacyclononane-1,4,7-triacetic 

acid, (NOTA) conjugates in 68Ga imaging for the detection of localised insulinomas40. The 

application of exendin-4 for radio-imaging pancreatic insulinomas originating from β-cells 

has proven successful through both PET and SPECT, yet fruitful targeting and visualisation 

utilising magnetic resonance techniques is less well established. Some prior work in this 

area exists, usually generalised to the conjugation of exendin-4 to nanoparticles. 

Functionalisation of iron oxide nanoparticles with exendin-4 has been achieved by both 

Wang et al. and Vinet et al. for the imaging of pancreatic β-cells via GLP-1R targeting38,39. 

Both groups reported enhanced contrast in wild-type mice compared to the diabetic models. 

Wang et al. have also incorporated a cyanine fluorophore Cy5.5 into their scaffold to achieve 

dual-modal imaging from which they were able to identify the accumulation of the probe in 

β-cells through ex vivo histology analysis. Figure 1 shows some examples of recently 

reported exendin-4 conjugates.

Whilst radiochemical techniques such as PET and SPECT offer high sensitivity, MRI offers 

much greater spatial resolution and allows the avoidance of ionising radiation and the time 

constraints involved in radiochemical syntheses57. Thus, typical syntheses of radionuclide-

carrying probes - which must be done immediately before use in a given patient - may 

require 2-4 hours, greatly increasing the overall length, and cost, of the procedure. These 

limitations argue for the development of simpler MRI-based strategies. All existing 

clinically-approved MRI contrast agents are based on gadolinium(III) complexes of 

polyaminocarboxylate ligands, which provide a ready scaffold for functionalisation13,58. 

Previous work in our group has dealt with dual-modal fluorescent-MRI contrast agents for 

pancreatic β-cells, which exhibited selective retention in the pancreas over [Gd(dota)]- due 

to the zinc-sensing moiety which was included8. We hypothesised that the introduction of a 
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targeting group would help us build on this work and develop probes with greater avidity 

and selectivity for the β-cell.

Results and Discussion

Probe Synthesis

The synthesis of the MRI contrast agent GdEx was achieved in two straightforward steps. 

The first of these was a bioconjugation step, resulting in the free ligand 1. This step utilised 

H4dota(ga)-maleimide, a modified ligand based on H4dota with the incorporation of a 

glutamic acid (ga) side arm allowing functionalisation, and a synthetic variant of exendin-4, 

with an additional cysteine residue added at the C-terminus 

(HGEGTFTSDLSKQMEEEAVRLFIEWLKNGGPSSGAPPPS-[C]), both of which are 

commercially available. Dissolution of the peptide in phosphate-buffered saline (PBS) at pH 

7.4, followed by addition of a slight excess (1.1. equivalents) of the maleimide gave a 

solution which was incubated at 3 °C. After 24 hours, formation of compound 1 could be 

confirmed by LCMS, which indicated quantitative conversion. After lyophilisation, the 

resulting solid was readily dissolved in water and GdCl3.6H2O added portion-wise to the 

reaction mixture over 24 to 72 hours, whilst maintaining a pH of 5.5. Once LCMS indicated 

complete conversion, the reaction mixture was again lyophilised before being purified by 

automated reverse-phase flash chromatography to give GdEx in yields of around 50% across 

the two steps. This short synthetic pathway limits loss of the valuable synthetic peptide and 

enabled sufficient quantities of probe for in vivo work to be produced in short periods of 

time. The complete synthetic route to GdEx is shown in Scheme 1.

The current ‘gold standard’ for GBCAs is [Gd(dota)]-. This macrocyclic species was one of 

the first developed probes which went on to be clinically approved. The relaxivity of GdEx 
was calculated to be 6.1 mM-1 s-1, greater than that of [Gd(dota)]- which is 4.3 mM-1 s-1 at 

400 MHz59, an increase likely attributed to the increased molecular weight and rotational 

correlation time of GdEx 60. Despite its prevalence today, [Gd(dota)]- lacks any targeting 

moiety, rendering imaging of specific biological tissues challenging and resulting in the need 

for administration of larger quantities of contrast agent in order to obtain meaningful 

contrast enhancement in images of specific organs or tissues. This is of concern in recent 

years due to the discovery of the link between GBCA administration and nephritic systemic 

fibrosis (NSF)61–66. Whilst the concerns around the use of GBCAs and NSF have primarily 

been associated with the use of gadolinium(III) complexes of acyclic ligands, several 

organisations are concerned with potential excess use of GBCAs in patients67, and 

introducing a targeting moiety may help lower the quantity required to achieve sufficient 

contrast in the organ of interest. It was decided to synthesise [Gd(dota)]- and compare its 

biodistribution in vivo to GdEx to examine whether the use of exendin-4 resulted in 

pancreas-specific contrast enhancement.

in vivo Studies of GdEx

GdEx accumulates in pancreas: In order to assess the specificity, efficacy and targeting 

ability of GdEx in vivo, the probe (1.12 µmol/mouse) was injected into five 12-14 week-old 
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male wild-type C57BL/6J mice. Each mouse was scanned for a period of up to 54 minutes 

after injection.

The impact of GdEx on the CNR (contrast to noise ratio) of pancreas was compared with 

that of [Gd(dota)]- 8. With Gd(dota)]- a large increase in CNR of up to 30% was observed at 

18 minutes followed by a smooth gradual decay plateauing out to baseline values at 54 

minutes (Figure 2A), where a CNR value of 100% is the baseline value. In contrast, changes 

in CNR after GdEx injection showed an overall stronger enhancement peaking at 73% 

above baseline at 18-21 minutes followed by slower decline with values remaining 

significantly higher compared to [Gd(dota)]-, despite the same dosage of probe being used, 

(50% increase relative to the baseline) up to 54 minutes (Figure 2B, left). The consistent 

maximal CNR peak observed at 18-21 minutes may coincide with the timing of full 

accumulation of the probes in blood plasma followed by either (1) full clearance of non-

targeted [Gd(dota)]- or (2) retention in the pancreas likely reflecting localisation to the β-

cell. The CNR enhancement of the GdEx relative to [Gd(dota)]- was consistently higher 

over the entire time course as confirmed by the AUC analysis (Figure 2B, right). Previous 

work in our group has shown increased retention time in the pancreas of wild-type Balb/C 

mice of a dual-modal MRI-fluorescence imaging probe, Gd1, over that observed with 

[Gd(dota)]-8. The specificity of this probe was attributed to its zinc-sensing moiety, as 

discussed above, resulting in an increase in CNR of around 7% over that achieved with 

[Gd(dota)]-8.The results presented here indicate that the exendin-4 targeting moiety in 

GdEx, rather than the general presence of the paramagnetic Gd3+ ion is responsible for 

pancreatic contrast enhancement and confers GdEx improved targeted uptake and retention 

into the β-cells within the pancreas.

GdEx accumulation depends on β-cell mass:

To determine whether GdEx can be used as a contrast agent to detect decreased β-cell mass 

in vivo we took advantage of a mouse strain with tamoxifen-inducible, β-cell-specific, Dicer 

deletion (βDicer-null) that we have previously characterized in detail68. DICER is an 

RNAseIII enzyme indispensable for miRNA production and thus essential for β-cell 

development and function68,69. Four weeks after tamoxifen injections, βDicer-null mice 

present with exceptional hyperglycaemia and glucose intolerance and a sharp (~80%) 

reduction in β-cell mass as measured post-mortem by insulin immunostaining. The latter 

reflects increased β-cell apoptosis and de-differentiation68. To assess whether GdEx detects 

this decrease in β-cell mass in vivo, βDicer-null (Dicerfl/fl, Cre-ER positive) and littermate 

control (βDicer-control, Dicerfl/fl, Cre-ER negative) mice were injected with tamoxifen and, 

four weeks later, scanned using GdEx as contrast agent. As expected, βDicer-null mice were 

strongly hyperglycaemic at the time of MRI (Supporting Figure 1). As previously observed 

in wild-type mice, a maximal peak of CNR enhancement was detected at 18-21 minutes in 

both βDicer-control and -KO mice (Figure 2C). Nevertheless, there was a distinctive trend of 

signal decrease over time in βDicer-null compared to controls with significance reached 

chiefly at later time-points, from 21 minutes onwards (Figure 2C). Consistently, AUC 

analysis showed no differences in CNR between βDicer-control and βDicer-null mice up to 

21 min. which suggests similar uptake of GdEx in both groups whereas AUC of CNR was 

much lower in the βDicer-null mice from 21 to 54 minutes (~1.8-fold, p=0.08). These results 
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suggest a weaker retention of the probe in the pancreas (only 15-20% CNR increase from 

baseline) of βDicer-null mice and a complete GdEx wash out by 54 minutes. It is worth 

noting that the level of CNR enhancement in βDicer-control animals (Figure 2B) was 

consistently lower than in wild-type animals (Figure 2A). Even though this was initially 

surprising taking into account that these animals share the same genetic background 

(C57BL/6J), age and sex, it was not totally unexpected given that βDicer-control mice (as 

well as, importantly, βDicer-null mice) were administered tamoxifen dissolved in a high 

volume (100 μl per day, for 5 days, per animal) of corn-oil intraperitoneally. It is thus likely 

that the tamoxifen and/or the noticeable presence of corn oil around the organs at the time of 

imaging resulted in a non-specific reduction of CNR.

Summary of in vivo data

Although the βDicer-null mouse may be considered a fairly extreme model of the loss of β-

cell mass in the development of diabetes mellitus, GdEx convincingly demonstrates that a 

decline in cell mass may be quantitatively monitored through reduced pancreatic uptake of a 

GBCA targeted to β-cells via the GLP-1R receptor. Further refinement of our model may be 

possible through in vivo analysis of βDicer-null mice at a series of time points throughout 

the evolution of the disease following gene deletion – this would enable assessment of the 

probe in the face of subtle changes in the mass of β-cells, which may occur early in the 

development of T1D or T2D. MRI offers significantly improved resolution over rival PET 

and SPECT techniques and avoids the need to carry out rapid radiochemical synthesis and 

purification. Although large quantities of the probe were required, a necessary factor given 

the lower sensitivity of MRI compared to other imaging techniques, no undue 

hyperglycaemia was observed in any of the mice, suggesting that the amount of GLP-1R 

ligand utilised did not result in any undesired effects.

Experimental Details

Synthetic Chemistry: Solvents and reagents were of Analar or reagent grade and were 

purchased from Sigma-Aldrich Chemical Co., VWR International or Macrocyclics and used 

without further purification. Cys40-exendin-4 was purchased from Peptide Synthetics and 

was also used without further purification. Mass spectra were recorded on an Aglient 6200 

TOF LC-MS instrument. Automated flash chromatography was performed using a Biotage 

Isolera Four unit and a 12 G KP-SIL C18 cartridge.
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Gd-dota(ga)-maleimide-Cys40Exendin-4, GdEx,:  Cys40Exendin-4 (0.040 g, 9.39 

μmol) was dissolved in PBS (pH 7.4, 3.5 mL). H4dota(ga)-maleimide (0.007 g, 11.53 μmol) 

was added and the solution incubated at 3 °C. After 24 hours, the reaction mixture was 

lyophilised to leave a white solid. This solid was re-dissolved in H2O (5 mL) and 

GdCl3 .6H2O (0.009 g, 25.29 μmol) was added, and the pH brought to 6 by addition of 

NaOH (aq., 0.1 M) before the reaction mixture was left to stir at room temperature. After 19 

hours, LCMS indicated partial complexation, so an additional portion of GdCl3•6H2O 

(0.013 g, 34.97 μmol) was added, bringing the pH to 5. The pH was readjusted to 6 by 

addition of NaOH (aq., 0.1 M) and the reaction mixture left to stir at room temperature. 

After a further 22 hours, LCMS indicated complete conversion of starting material and the 

reaction mixture was lyophilised, leaving a white solid. Automated flash chromatography 

(C18 cartridge, 99.9% H2O/0.1% TFA to 99.9% MeCN/0.1% TFA) gave GdEx as a white 

solid (0.022 g, 4.42 μmol, 47%).

ESI MS (ES+) m/z for C212H320GdN56O73S2:[M]5+ - calculated = 1008, found = 1009.37, 

[M]4+ - calculated = 1260.00, found = 1261.35 [M]3+ - calculated = 1680.00, found = 

1679.74.

Mouse maintenance: Male C57BL/6J mice were purchased from Charles River 

Laboratories (UK). βDicer-null (βDicer-null mice: Dicerfl/fl, Cre-ER positive, heterozygous) 

and littermate controls βDicer-control (βDicer-control mice: Dicerfl/fl, Cre-ER negative) 

were generated as previously described68. 2-5 animals were housed in ventilated cages with 

a 12-hour light/dark cycle and free access to standard chow diet in a pathogen-free facility 

(Imperial College Central Biomedical Service). When indicated, 8-10 week-old animals 

were injected intraperitoneally with five doses of 2 mg tamoxifen (Sigma-Aldrich).

All in vivo procedures were approved by the UK Home Office Animals Scientific 

Procedures Act, 2986 (HO Licence PPL PA03F7F0F). Glucose levels were measured after 

imaging using an Accucheck Performa nano from blood samples from the tail.
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Magnetic Resonance Imaging: Mice were first anaesthetized in an anaesthesia box with 

1-5% vol isofluorane in O2. A tail-vein catheter was placed under anaesthesia (~2% vol) and 

maintained in the animals throughout the scan to allow administration of the probe and 

ensure the MR images were acquired at the same location before and after contrast 

administration.

All MRI scans were conducted on a pre-clinical 9.4 T scanner (94/20 USR Bruker BioSpec, 

Ettlingen, Germany) equipped with a 40 mm quadrature mouse body transceiver. Mice were 

positioned prone in a dedicated mouse bed and maintained under anaesthesia. Respiration 

and body temperature were continuously monitored through the entire imaging session (SA 

Instruments, Stony Brook, NY, USA). Body temperature was maintained at 36.5° by a 

circulating warm water heat mat. Data were acquired with Paravision 6.0.1 (Bruker, 

BioSpin). As a standard, the coronal plane was chosen, and the adjacent organs (kidney, 

spleen) were used as essential landmarks. T2 weighted images were initially obtained to 

locate the pancreas since they provided the best contrast between the pancreas and adjacent 

organs. T 1 images of same geometry as the T2 weighted were used further to assess the 

GdEx/[Gd(dota)]-| behaviour in vivo due to the specific impact of GdEx/[Gd(dota)]- to 

shorten the T 1 relaxation time generating brighter T 1 contrast. The peri-pancreatic fat 

within areas of pancreatic parenchyma was reduced by using a fat saturation T 1 protocol. 

All scans were respiratory triggered to avoid motion artefacts coming from breeding.

Dynamic T 1 weighted images (TR/TE = 160/2.360 ms, voxel size (140 x 140 x 600) µm3) 

were acquired every 3 minutes to assess the GdEx kinetic uptake, retention and washout 

from the pancreas. Specifically, after 4 baseline images, GdEx/[Gd(dota)]-(1.12 µmol/

animal in 150μl of saline) was delivered intravenously and a series of T 1 images of the same 

acquisition parameters and geometry were acquired up to 54 minutes post-injection.

MR Data Analysis: To keep consistency, the pancreas was outlined in each T 1 weighted 

image primarily based on its anatomical location relative to neighbouring organs. Namely, 

the spleen and superior aspect of the left kidney were used to identify the tail of the 

pancreas. At every time series, the mean intensity of outlined pixels of the pancreas and of 

the spleen were computed along with the standard deviation of image noise. The signal 

intensity difference between pancreas and spleen was then scaled to the standard deviation 

of image noise. The resulting parameter was referred to as contrast to noise ratio (CNR) and 

the results were presented as percentage of CNR change compared to the baseline values.

Statistical analysis was performed using GraphPad Prism 7.0. Data are presented as mean ± 

S.E.M. To better visualize the signal distribution of each time course, smoothing was 

performed by averaging two values on each side and using a second order polynomial 

smoothing70. Two-way ANOVA with Fisher least significant difference (LSD) test was used 

for time course analysis with each individual time point analysed respectively. Unpaired 

Student’s t-test was performed for area under the curve (AUC) analysis.
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Conclusions and Outlook

A straightforward, replicable synthetic route towards a novel MRI contrast agent 

incorporating a dota(ga)-Gd(III)chelate and the peptide exendin-4 has been developed, 

producing the novel probe GdEx at respectable yields. Although fairly large quantities must 

be injected, which could result in cost issues during any translation to the clinic, the probe 

shows significant contrast enhancement, up to 70% above baseline, in the pancreas of 

healthy mice, indicative of successful targeting of the GLP-1R receptor, highly expressed in 

pancreatic β-cells. When comparing the results of GdEx to scans with the current gold 

standard MR probe, [Gd(dota)]-, GdEx was shown to provide greater contrast enhancement 

in the pancreas with CNR values around 40% higher. This is indicative of successful 

targeting of pancreatic β-cells through the inclusion of exendin-4 and confirms that the 

biological properties of the peptide are not interfered with by its incorporation into a 

bifunctional chelator.

Importantly, we also show here that the retention of GdEx in the pancreas of βDicer-null 

mice is notably reduced in comparison with βDicer-control animals. βDicer-null mice are 

characterized by a strong reduction in β-cell mass and therefore our experiments provide 

proof-of-principle on the suitability of GdEx to detect β-cell mass deterioration in vivo. 

Even though it is widely accepted that T1D develops as a consequence of an important loss 

in β-cell numbers following auto-immune destruction, the contribution of β-cell loss to the 

development of T2D remains contested71. This has been largely due to the limited number 

of techniques available to reliably measure β-cell mass in the living organism. As a stable, 

non-toxic probe, GdEx will be a potent tool for the scientific community to measure β-cell 

mass in vivo and to settle this debate in research models. However, a large dosage of the 

probe is required for successful pancreatic imaging, especially when compared to alternative 

imaging modalities. As such, we propose that our work acts as a proof of principle: that it is 

possible to develop MR contrast agents capable of contrast enhancement in the pancreas and 

that this paves the way for future targeted contrast agents which could allow β-cell 

quantification whilst avoiding patient exposure to ionising radiation and the associated 

synthetic challenges of radiochemistry. We also hope that GdEx will represent a base for 

future probes that will ultimately be used for the early diagnosis and monitoring of diabetes 

in the clinic, ideally by optimising these for lower dosage.

Future work in this area will focus on measurement of β-cell functionality through 

quantification of Zn2+ ion levels. The inclusion of a zinc-sensing moiety in a targeted 

Gd(III)-do3a conjugate would theoretically enable quantification of Zn2+ ions in pancreatic 

β-cells through ratiometric changes in probe relaxivity, allowing any decline in cell mass or 

functionality to be determined. Additionally, there is the potential to study the probe’s 

biodistribution in other animal models. Future work could also involve the utilization of this 

bioconjugation strategy with chelators for other metals involved in MRI contrast agents, 

such as manganese(II), or to other ligands for gadolinium(III). Alternatively, other potent, 

stable agonists of GLP-1R could be explored in order to further develop GBCAs targeted to 

the pancreas thus aiding the quantification of β-cell mass in diabetic and prediabetic 

patients.
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Figure 1. 
Examples of the broad spectrum of exendin-4 conjugated imaging probes, with applications 

in SPECT, PET and fluorescence imaging3,28,49,50.
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Figure 2. 
A: Representative MRI of a healthy C57BL/6J mouse abdomen before (baseline), 18 min. 

and 54 min. after GdEx injection. Note the increased contrast of the pancreas relative to the 

baseline. The pancreas is outlined in white, spleen in brown. B, C: Time-course plot of (B) 

GdEx (blue) and [Gd(dota)]- (yellow) impact on the CNR of the pancreas in C57BL/6J mice 

and of (C) GdEx impact on the CNR of the pancreas of βDicer-null (green) and βDicer-

control (red) mice. Data (mean ± S.E.M, n=5 animals/condition (B), n=4 animals/

phenotype) is presented as percentage (%) of CNR compared to baseline. The area under the 
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curve (AUC) is shown in the right-hand side panels spanning (B) the full time-course or (C) 

0 to 21 min, (1) and 21 to 54 min. (2) after GdEx injection. Each dot represents AUC of a 

single mouse. *p<0.05, **p<0.01, ***p<0.001, two-way ANOVA (repeated measures), 

Fisher’s LSD test (Time-courses), Student’s t test (AUC) using GraphPad Prism 7.0.
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Scheme 1. 
The synthesis of GdEx.
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