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1.0 Abstract

GPR55 has been recognized as a novel anti-diabetic target exerting positive effects on beta cell function 

and mass. This study evaluated the metabolic actions and therapeutic efficacy of GPR55 agonist 

abnormal cannabidiol (Abn-CBD) administered alone and in combination with sitagliptin in diet-

induced obese-diabetic mice.

Chronic effects of 21-day oral administration of Abn-CBD (0.1µmol/kg BW) monotherapy and in 

combination with sitagliptin (50mg/kg BW) were assessed in obese-diabetic HFF mice (n=8). 

Assessments of plasma glucose, circulating insulin, DPP-IV activity, CRP, amylase, lipids, body 

weight and food intake were undertaken. Glucose tolerance, insulin sensitivity, DEXA scanning and 

islet morphology analysis were performed at 21-days. 

Sitagliptin, Abn-CBD alone and in combination with sitagliptin attenuated plasma glucose by 37-53% 

(p<0.01 – p<0.001) and enhanced circulating insulin concentrations by 23-31% (p<0.001). Abn-CBD 

alone and with sitagliptin reduced bodyweight by 9-10% (p<0.05). After 21-days, Abn-CBD in 

combination with sitagliptin (44%; p<0.01) improved glucose tolerance, whilst enhancing insulin 

sensitivity by 79% (p<0.01). Abn-CBD increased islet area (86%; p<0.05), beta cell mass (p<0.05) and 

beta cell proliferation (164%; p<0.001), whilst in combination with sitagliptin islet area was decreased 

(50%; p<0.01). Abn-CBD alone, in combination with sitagliptin or sitagliptin alone decreased 

triglycerides by 34-65% (p<0.001) and total cholesterol concentrations by 15-25% (p<0.001). In 

addition, Abn-CBD in combination with sitagliptin reduced fat mass by 19% (p<0.05) and reduced 

CRP concentrations (39%; p<0.05). 

These findings advocate Abn-CBD monotherapy and in combination with sitagliptin as a novel and 

effective approach for bodyweight control and the treatment of glucose intolerance and dyslipidaemia 

in type-2-diabetes.
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Abbreviations

Abn-CBD Abnormal cannabidiol

AOC Area over the curve

AUC Area under the curve

BMI Body mass index

BSA Bovine serum albumin

BW Body weight

CB1 Cannabinoid receptor 1

CB2 Cannabinoid receptor 2

CRP C-reactive protein

CVD Cardiovascular disease

DAPI 4′,6-diamidino-2-phenylindole

DEXA Dual-energy X-ray absorptiometry

DPP-IV Dipeptidyl Peptidase IV

ECS Endocannabinoid system

GIP Glucose-dependent insulinotropic polypeptide

GLP-1 Glucagon-like peptide-1

GPR55 G-protein coupled receptor 55

GSIS Glucose stimulated insulin secretion

HDL High density lipoprotein

HFF High fat fed

LDL Low density lipoprotein

LPI Lysophosphatidylinositol

OEA Oleoylethanolamide

PBS Phosphate-buffered saline

PEA Palmitoylethanolamide
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PFA Paraformaldehyde

2.0 Introduction

The endocannabinoid system (ECS) has been shown to exhibit a wide range of physiological functions 

following activation with small lipid-based retrograde neurotransmitter molecules (Reggio 2010). The 

ECS is responsible for the pharmacological effects of cannabis, whilst also mediating effects on 

appetite, pain-sensation, memory, mood and energy metabolism (Manzanares et al. 2006, McKillop et 

al. 2013, Donvito et al. 2018). The physiological functions of the CB1 and CB2 cannabinoid receptors 

have been extensively reported, with functionality primarily associated within the brain, central and 

peripheral nervous systems (Svizenska et al. 2018, Anil et al. 2022). G-protein coupled receptor 55 

(GPR55) has been identified as a novel endocannabinoid receptor and has been hypothesized to be 

responsible for the non CB1/CB2 physiological effects of cannabinoid ligands (Morales & Reggio 

2017, Akimov et al. 2021).

 GPR55 was first identified and cloned in 1999 (Sawzdargo et al. 1999). Later studies revealed GPR55 

to be a cannabinoid receptor due to similar amino acid sequence identity in the binding sites of the 

receptor (Baker et al. 2006). Whilst GPR55 has been shown to mediate a range of beneficial effects 

throughout the body, the entire physiological function of GPR55 is not fully understood, with GPR55 

knockout mice displaying no specific phenotype (Johns et al. 2007, Carey et al. 2017, Morales & 

Reggio 2017, Janecki et al. 2022). Research has intensified on the beneficial actions of the receptor in 

the regulation of energy metabolism and its potential as a novel pharmacological target for metabolic 

diseases (McKillop et al. 2013, McKillop et al. 2016, McCloskey et al. 2020). 

Activation of GPR55 is mediated by a range of natural and synthetic ligands, including 

endocannabinoids, phytocannabinoid plant components and long chain fatty acid molecules (McKillop 
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et al. 2013, Tudurí et al. 2017). Lysophosphatidylinositol (LPI) has been generally accepted as the 

putative endogenous ligand of GPR55, however, studies have also demonstrated LPI to act through 

GPR55-independent mechanisms, particularly within pancreatic islets (Tudurí et al. 2017, Liu et al. 

2016, Calvillo-Robledo et al. 2022). Interestingly, increased circulating concentrations of LPI are 

observed in obesity and type 2 diabetes with direct correlation to BMI and pro-inflammatory cytokine 

concentrations in the bloodstream (Moreno-Navarrete et al. 2012, Kurano et al. 2021). Furthermore, 

increased plasma LPI concentrations have also been shown to be a prognostic indicator of cardiac arrest 

and ovarian cancer (Arifin & Falasca 2016). Due to the undefined specificity of LPI and its correlation 

with poor prognosis of obesity and inflammatory related diseases, studies have favoured LPI as a 

prognostic biomarker rather than a therapeutic agent (Kim et al. 2017, Calvillo-Robledo et al. 2022).  

GPR55 is expressed widely throughout the body, with abundant expression in the brain, intestine, 

osteoblasts and endocrine-pancreas (Sawzdargo et al. 1999, Ryberg et al. 2007, McKillop et al. 2013). 

Recent results from the genome wide association study (GWAS) revealed that a variant of the GPR55 

gene displayed the phenotype of type 2 diabetes and coronary artery calcification (Divers et al. 2017). 

The variant displayed a single nucleotide polymorphism (SNP) on an intronic region of the GPR55 

gene at chromosome 2q37.1 (Divers et al. 2017).

Research is now heavily investigating the therapeutic potential of GPR55 in the treatment of type 2 

diabetes and other obesity related diseases (Tudurí et al. 2017, Xiang et al. 2022, Wang et al. 2022). 

GPR55 has been shown to demonstrate insulinotropic actions in clonal pancreatic beta cells upon 

activation with a range of endogenous (OEA, PEA) and synthetic (abnormal cannabidiol, AM251) 

agonists (McKillop et al. 2013). In the same study, antagonising the receptor revealed the specificity 

of several GPR55 ligands, with abnormal cannabidiol (Abn-CBD) potentiating potent and selective 

GPR55 agonism (McKillop et al. 2013). Chronic administration of Abn-CBD was previously reported 
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to induce glucose lowering and insulinotropic effects in multiple low dose streptozotocin mice, with 

further improvements of insulin sensitivity and lipid profile also being observed (McKillop et al. 2016). 

GPR55 is abundantly expressed in both rodent and human pancreatic islet cells (McKillop et al. 2013, 

Liu et al. 2016). Interestingly, GPR55 expression was demonstrated to be solely expressed in beta cells 

in rodent islets, however, one study has shown moderate GPR55 expression in alpha cells of human 

islets (Liu et al. 2016). Studies using a clonal GPR55 knockout beta cell line, developed using 

innovative CRISPR/Cas9 gene editing, revealed that Abn-CBD induced insulin release is 

predominately GPR55-dependent, with potential synergistic activity with other cannabinoid receptors 

such as GPR18 (McCloskey et al. 2020).

Given the known insulinotropic actions of Abn-CBD, the present study evaluated the glucoregulatory 

and anti-obesity effects of Abn-CBD in high fat fed (HFF) induced obese diabetic mice. The 

glucoregulatory effects exerted by Abn-CBD were previously shown to partly mediate through incretin 

receptors, with positive effects towards glucose tolerance attenuated in GIP receptor knockout mice 

(McKillop et al. 2016).  As GPR55 is also expressed in incretin-releasing enteroendocrine cells, 

combination therapy was also explored with the DPP-IV inhibitor sitagliptin which acts to prolong the 

circulating half-life of GLP-1 and GIP hormones. Sitagliptin is an orally active, potent, selective DPP-

IV inhibitor. DPP-IV degrades and inactivates incretin hormones GLP-1 and GIP, which have 

beneficial actions towards beta cell function and glucose stimulated insulin secretion (Herman et al. 

2005). By inhibiting DPP-IV, sitagliptin prolongs circulating active incretin concentrations and thereby 

improves the regulation of glucose homeostasis (Herman et al. 2005, Karasik et al. 2008). Effects of 

21-day oral administration were examined on bodyweight, food intake, non-fasting plasma glucose, 

insulin secretion, insulin sensitivity, lipid profile, pancreatic islet morphology/hormone content, 

amylase activity, C-reactive protein and DEXA analysis. 
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3.0 Materials and Methods

3.1 Materials

Abnormal cannabidiol was purchased from Tocris Bioscience (Bristol, UK). Sitagliptin phosphate 

monohydrate was obtained from Apexbio Technology LLC (Texas, USA). Guinea pig anti-glucagon 

Molecular Probes (Life Technologies Ltd, Paisley, UK), guinea pig anti-insulin Molecular Probes (Life 

Technologies Ltd, Paisley, UK) and rabbit anti-Ki67 from Abcam (Cambridge, UK). Multi species 

GLP-1 total ELISA and rat/mouse GIP total ELISA kits were purchased from Merck Millipore 

(Watford, UK). Mouse C-reactive Protein ELISA and amylase assay kit (colorimetric) were purchased 

from Abcam (Cambridge, UK). 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), N, N-

Dimethyl-formamide (DMF), Gly-Pro-7-amido-4-methylcoumarin (Gly-pro AMC), 7-amino-4-

methylcoumarin (AMC) and acetic acid were purchased from Sigma-Aldrich (Poole, Dorset, UK).

3.2 Animals

All animal experiments were carried out in accordance with the UK Animal (Scientific Procedures) 

Act 1986. Studies were approved by local Ulster Animal Welfare and Ethical Review Body (AWERB) 

committee. Male Swiss TO mice (8 wk) were purchased from Envigo (Huntingdon, UK) derived from 

a nucleus colony originally sourced from the National Institute of Health (Maryland, USA). All mice 

were individually housed in an air-conditioned room at 22 ± 2 °C with a 12-h light: 12-h dark cycle. 

Drinking water was supplied ad libitum. To induce obesity-diabetes, animals were maintained on a 

high fat diet (45% fat, 20% protein, 35% carbohydrate; percent of total energy 26.15 kJ/g; Dietex 

International Ltd., Witham, UK) from 8 weeks of age for a total of 4 months to evoke dietary-induced 

obesity-diabetes (DIO). Another group of mice was maintained on standard rodent diet (10% fat, 30% 

protein, 60% carbohydrate; percent of total energy 12.99 kJ/g, Trouw Nutrition, Cheshire, UK) and 

used as a model of normal controls. Similar high-fat diets, containing a large percentage of energy from 
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fat, are used routinely in obesity-diabetes research (West et al., 1995; Black et al., 1998; Buettner et 

al., 2007). Swiss TO mice on a high fat diet exhibited increased body weight, hyperglycaemia, insulin 

resistance, hyperinsuinaemia, and impaired glucose tolerance when compared to mice on the standard 

rodent maintenance diet. This form of diet-induced diabetes in mice closely resembles a high fat 

western diet and several important clinical features identified in human obesity.

3.3 Chronic administration of sitagliptin, Abn-CBD and Abn-CBD in combination with 

sitagliptin in HFF-induced diabetic mice

Once daily oral administration of Abn-CBD (0.1µmol/kg bodyweight), sitagliptin (50mg/kg 

bodyweight), Abn-CBD in combination with sitagliptin (0.1µmol/kg bodyweight; 50mg/kg 

bodyweight) or saline vehicle (0.9% w/v NaCl) were utilised in a long-term study (21 days) examining 

their effects on HFF-induced obese-diabetic mice. Food intake, body weight, non-fasted plasma 

glucose and insulin concentrations were monitored every 2 to 4 days as indicated in the figures. At the 

end of the study, glucose tolerance (18mmol/kg body weight) and insulin sensitivity (40U/kg body 

weight) were assessed. Dual energy X-ray absorption (DEXA) scanning was performed on all 

carcasses, after prior calibration and quality control with the aluminium/lucite phantom (0.069 g/cm2, 

12.0% fat) using a PIXImus system (software version 1.4x). No adverse effects were noted with any 

of the treatment regimens.

3.4 Histology

Pancreatic tissues were removed at 21 days for immunohistochemistry or measurement of pancreatic 

insulin. Pancreatic tissue was fixed in 4% PFA/PBS and embedded in paraffin wax. Longitudinal 

pancreatic sections were cut at 8 μm thickness on a microtome (Shandon Finesse 325, Thermo 

Scientific), collected at 250-μm intervals to account for tissue depth variance, and plated onto poly-l-

lysine coated glass slides and dried on a hot plate. After incubation, wax was removed and tissue re-
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hydrated in ethanol (100%), ethanol (95%), ethanol (80%) and distilled water for 5 min each. Slides 

were incubated in 50 mM sodium citrate for 20 min at 90 °C for antigen retrieval. BSA (2.5%) was 

added to each slide (200 μl) for 45 min. Slides were incubated overnight at 4˚C with guinea pig anti-

insulin (1:500) or guinea pig anti-glucagon (1:500). Rabbit anti-Ki67 (1:200) was incubated at 37˚C 

for 2 hr. After washing in PBS, sections were incubated with anti-guinea pig Alexafluor 488nm, anti-

guinea pig Alexafluor 594nm and Anti-Rabbit Alexafluor 594nm (1:400; Molecular Probes (Life 

Technologies Ltd, Paisley, UK) for 45 min at 37˚C and DAPI nuclear stain for 15 min at 37˚C. Finally, 

slides were washed in PBS, mounted and analysed using a BX51 Olympus microscope equipped with 

an Olympus XM10 digital camera. CellF imaging software (Olympus Soft Imaging Solutions) was used 

to analyze islet architectural parameters.

3.5 Biochemical analysis 

Blood samples were obtained by cut tip from tail vein of conscious mice at the time points indicated 

in the figures and plasma was separated by centrifugation at 16,060×g for 3 min at 4 °C. Plasma glucose 

was measured using an automated glucose oxidase procedure with a Beckman glucose analyser 

(Beckman-Coulter, High Wycome, UK) and plasma insulin was determined by radioimmunoassay 

(Flatt and Bailey, 1981). Insulin content of resected pancreatic tissue was also assayed after extraction 

with acid ethanol (HCl 1.5% (v/v), ethanol 75% (v/v), H2O 23.5% (v/v)). Total-GLP-1 (Millipore), 

total-GIP (Millipore) and C-reactive protein (Abcam) were assessed using ELISA as per 

manufacturers’ instructions. Amylase Assay Kit (Abcam) was used to quantify plasma amylase activity 

as per manufacturers’ instructions. DPP-IV activity was evaluated by Gly-Pro-AMC cleavage as 

previously described (Davis et al., 2010, McCloskey et al. 2020). Plasma triacylglycerol and 

cholesterol levels were measured using a Hitachi Automated Analyser 912 (Mannheim, Germany).



10

3.6 Statistics

All data was analysed with Prism (v.5.0, GraphPad Software Inc. CA, USA) and expressed as mean ± 

S.E.M. Results were compared using the Student’s t test or one-way ANOVA followed by the 

Bonferroni post-hoc test as appropriate. Area under the curve (AUC) was calculated using trapezoidal 

rule with baseline correction. p<0.05 was considered to be statistically significant.
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4.0 Results

4.1 Effects of administration of Abn-CBD alone and with Sitagliptin on body weight, energy 

intake, non-fasting plasma glucose, insulin, pancreatic insulin content, DPP-IV activity and 

circulating incretin concentrations.

Once daily oral administration of Abn-CBD alone, in combination with sitagliptin or sitagliptin alone 

had no significant effect on bodyweight in HFF mice (Fig. 1A). When assessed by percentage weight 

change, Abn-CBD alone and in combination with sitagliptin resulted in a 9-10% (p<0.05-p<0.01) 

decrease in bodyweight (Fig. 1B).  No significant changes in cumulative food intake were identified 

with any of the treatments (Fig. 1C). However, cumulative energy intake of HFF-mice was greater than 

lean controls from days 3-21 (p<0.01-p<0.001) consistent with increased body weight (Fig. 1A, D). 

HFF-induced hyperglycaemia was reduced by sitagliptin (35%; p<0.01), Abn-CBD alone (53%; 

p<0.001) and Abn-CBD in combination with sitagliptin (53%; p<0.001) during the 21-day treatment 

period (Fig. 2A, B). Abn-CBD administered alone surpassed the glucose lowering capabilities of 

sitagliptin by 18% (p<0.05). Corresponding increases in plasma insulin were observed with sitagliptin 

(31%; p<0.001), Abn-CBD alone (23%; p<0.001) and Abn-CBD in combination with sitagliptin (31%; 

p<0.001) (Fig. 2C, D). Terminal pancreatic tissue analysis demonstrated that insulin content was 

reduced by 72% (p<0.01) in HFF-induced diabetic mice. Treatment with sitagliptin alone increased 

insulin content by 90% (p<0.05), whilst Abn-CBD alone and in combination with sitagliptin had no 

effect (Fig. 2E). 

Administration of Abn-CBD alone and in combination with sitagliptin enhanced circulating non-

fasting GLP-1 concentrations by 36% (p<0.05) and 43% (p<0.01), respectively (Fig. 3A, B). No effects 

on circulating GIP were observed (Fig. 3C, D). DPP-IV activity was elevated by 72% (p<0.01) in HFF-

induced diabetic mice compared with lean mice, whilst administration of sitagliptin alone and in 

combination with Abn-CBD reduced DPP-IV activity by 26-35% (p<0.05) in HFF mice (Fig. 3E, F). 



12

4.2 Effects of administration of Abn-CBD alone and with Sitagliptin on glucose tolerance and 

insulin sensitivity.

Administration of Abn-CBD in combination with sitagliptin or sitagliptin alone for 21 days improved 

oral glucose tolerance (p<0.05-p<0.001) (Fig. 4A). AUC data reveal that the overall improvement was 

32-41% (p<0.01) (Fig. 4B). Corresponding insulin secretory responses were observed with Abn-CBD 

plus sitagliptin (p<0.001) at 15 min, whilst both sitagliptin and Abn-CBD alone had no obvious effect 

on insulin release (Fig. 4C, D). Indeed, the Abn-CBD/sitagliptin combination enhanced the insulin 

secretory response by 42% (p<0.01) (Fig. 4D). 

Administration of Abn-CBD in combination with sitagliptin for 21 days increased the blood glucose 

lowering effect of exogenous insulin (p<0.05-p<0.01) compared to non-treated HFF mice (Fig. 5A). 

Area over the curve (AOC) data revealed a 79% enhancement of glucose lowering capabilities 

(p<0.01), whilst sitagliptin alone had no effect (Fig. 5B).  

4.3 Effects of administration of Abn-CBD alone and with Sitagliptin on DEXA measurements, 

lipid profile, plasma C-reactive protein and amylase activity.

Administration of Abn-CBD alone, in combination with sitagliptin or sitagliptin alone for 21-days 

decreased fat mass by 11-19% (p<0.05) (Fig. 6A). No effects at all on lean mass were observed (Fig. 

6B).  DEXA analysis revealed that HFF mice displayed reduced total bone mineral content (p<0.05; 

Fig. 6C), whilst Abn-CBD alone and in combination with sitagliptin had a restorative effect (p<0.01; 

Fig. 6C). Total bone mineral density was the same in all groups (Fig. 6D).

Lipid profile analysis at 21 days revealed that HFF mice displayed increased triglycerides (p<0.001), 

total cholesterol (p<0.001) and LDL cholesterol (p<0.001) concentrations, with no change in HDL 

cholesterol (Fig. 7A). Administration of Abn-CBD alone, in combination with sitagliptin or sitagliptin 
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alone decreased triglycerides by 34-65% (p<0.001) and total cholesterol concentrations by 15-25% 

(p<0.001) (Fig. 7A, B). Sitagliptin treated HFF mice demonstrated reduced HDL cholesterol (5%; 

p<0.05) and increased LDL cholesterol (17%; p<0.01). Abn-CBD had no effect on HDL cholesterol, 

however, reduced LDL cholesterol by 15% (p<0.01). Abn-CBD in combination with sitagliptin 

deceased HDL cholesterol by 7% (p<0.05), whilst having no effect on LDL cholesterol (Fig. 7C, D). 

Mice subjected to a HFF diet displayed 59% elevated plasma CRP concentrations (p<0.05), compared 

to lean controls. Administration of Abn-CBD in combination with sitagliptin reduced plasma CRP by 

39% (p<0.05), whereas when administered alone Abn-CBD and sitagliptin exerted no effect (Fig. 8A). 

HFF mice demonstrated an 22% increase in plasma amylase activity (p<0.01), whilst Abn-CBD alone, 

in combination with sitagliptin or sitagliptin alone had no effect (Fig. 8B).

4.4 Effects of administration of Abn-CBD alone and with Sitagliptin on islet morphology.

Immunohistochemistry was utilised to examine islet morphology and staining for insulin and glucagon 

in lean, HFF and treated mouse pancreatic islets (Fig. 9 A-E). HFF mice displayed a 123% increase in 

islet size (p<0.001). Treatment with Abn-CBD alone increased islet size further by 86% (p<0.05) whilst 

in combination with sitagliptin islet size was paradoxically decreased by 50% (p<0.01) (Fig. 9F). HFF 

mice also demonstrated other islet abnormalities such as increased beta cell mass (p<0.05; Fig. 9H). 

Administration of Abn-CBD alone increased both beta (p<0.001; Fig. 9H) and alpha cell mass 

(p<0.001; Fig. 9J). Treatment did not affect percentage beta and alpha cell area (Fig. 9 G, I). Finally, 

it was demonstrated that the driver behind the positive effects of administration of Abn-CBD on islet 

architecture was increased beta cell proliferation which was enhanced by 164% (p<0.001), as assessed 

by Ki-67 immunohistochemistry (Fig. 10I).
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5.0 Discussion

It has been estimated that ~35% current FDA approved drugs work through GPCRs, with 

characterization and specific targeting of novel GPCRs revealing a promising approach for future drug 

discovery (Hauser et al. 2018, Cornwell & Feigin 2020). Research has intensified on the potential 

pharmacological capabilities of novel endocannabinoid receptors in metabolic control, with the CB1 

inverse agonist rimonabant once used as an anti-obesity drug (Sam et al. 2011).  The novel 

endocannabinoid receptor GPR55 has been identified as a potential therapeutic target for the treatment 

of obesity and type 2 diabetes (McKillop et al. 2016, Tuduri et al. 2017, McCloskey et al. 2020). 

However, further investigations are warranted to fully reveal the functionality of GPR55 activation and 

to evaluate its potential as a novel therapeutic target. 

Oral administration of Abn-CBD alone or in combination with sitagliptin for 21 days greatly improved 

glycaemic control and dyslipidaemia in HFF mice and surpassed the capabilities of therapy with the 

DPP-IV inhibitor alone. The combination with sitagliptin demonstrated a wide range of anti-diabetic 

effects, including improvements in glycaemic control, GSIS, bodyweight, insulin sensitivity, 

dyslipidaemia and islet architecture. The combination also reduced bodyweight by 9% in the obese 

animal model, whilst terminal DEXA analysis also revealed reduced fat mass with all treatment groups. 

Previously, Abn-CBD was shown to have no effect on bodyweight in multiple low-dose streptozotocin-

induced diabetic mice, with streptozotocin reducing bodyweight in all experimental groups compared 

to the lean control (McKillop et al. 2016). This current study utilizes a DIO model that mimics several 

human metabolic derangements that are observed in obesity and is more appropriate to evaluate effects 

towards bodyweight (Wang & Liao 2012).  Interestingly, the CB1 and CB2 endocannabinoid receptors 

share structural similarities with GPR55 and have previously shown to regulate bodyweight, thus 

clearly revealing the pivotal role of the endocannabinoid system in bodyweight management 

(Bergholm et al. 2013, Verty et al. 2015). Although GPR55 shares several cannabinoid ligands with 
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CB1 and CB2, endocannabinoid receptor signaling pathways are not fully elucidated, with GPR55 

signal transduction greatly differing from CB1 and CB2 (Yang et al. 2016). With respect to glucose 

homeostasis, Abn-CBD alone and in combination with sitagliptin improved glucose control well 

beyond the capabilities of sitagliptin alone, clearly demonstrating the therapeutic efficacy of GPR55 

activation. The glucose lowering effect was associated with significant changes in plasma insulin 

concentrations, with sitagliptin based therapies demonstrating the most potent insulinotropic effect. As 

anticipated, both sitagliptin therapies decreased circulating DPP-IV activity.

Although marked reductions in bodyweight were induced by Abn-CBD alone and in combination with 

sitagliptin, no obvious effects on cumulative food intake nor cumulative energy intake were observed, 

thus indicating an effect on energy expenditure which warrants further investigation. Interestingly, 

inverse agonism of the structurally related CB1 receptor has also been shown to reduce bodyweight in 

humans (Sam et al. 2011). Post 21-day oral administration of sitagliptin and Abn-CBD in combination 

with sitagliptin improved oral glucose tolerance. Abn-CBD plus sitagliptin demonstrated the greatest 

insulin secretory response to the glucose challenge, suggesting beneficial effects of Abn-CBD 

combination therapy on the restoration of beta cell function. In addition, Abn-CBD in combination 

with sitagliptin improved insulin sensitivity in HFF mice; a novel finding which may be partly driven 

by lowering of blood glucose and the anti-inflammatory properties associated with GPR55 activation 

(Stancic et al. 2015). 

Lipid profile 21-day post treatment demonstrated that Abn-CBD, sitagliptin and Abn-CBD in 

combination with sitagliptin improved dyslipidaemia of HFF mice with marked reductions in plasma 

triglycerides and total cholesterol. Sitagliptin alone reduced HDL cholesterol and increased LDL 

cholesterol. In contrast, Abn-CBD alone attenuated LDL cholesterol and had no effect on HDL 

cholesterol, corresponding with previous data demonstrating the cardioprotective effects of Abn-CBD 

in type 2 diabetes (Su & Vo 2007, Matouk et al. 2018). In addition, Abn-CBD plus sitagliptin 
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ameliorated plasma C-reactive protein concentrations; a biomarker that correlates with cardiovascular 

disease (CVD) risk and cardiovascular health (Clearfield 2005, Bahadursingh et al. 2009). This is a 

significant finding as there is a pressing need for new therapies that counteract the development of 

CVD in type 2 diabetes, particularly as CVD is the main cause of death among patients with type 2 

diabetes (Ma et al. 2022). With ongoing deterioration of glycaemic control and the detrimental impact 

of diabetic complications, new drug development focused on beta cell and in addition cardiovascular 

health benefits is needed. Effects on obesity and inflammation are promising but there is a need for 

greater research to understand the protective role of GPR55 in cardiometabolic disease.

As anticipated, examination of islet architecture revealed that HFF mice demonstrated significant islet 

abnormalities, including increased islet size and reduced percentage beta cell area. Interestingly, Abn-

CBD greatly increased islet area, together with further underlying increases of beta and alpha cell mass. 

Previous studies have demonstrated the proliferative and anti-apoptotic effect of Abn-CBD in beta 

cells, which is likely to account for the observed effects (Ruz‐Maldonado et al. 2018). In harmony with 

this, Ki-67 staining revealed that Abn-CBD significantly increased beta cell proliferation. Although 

normal islet architecture was restored, Abn-CBD in combination with sitagliptin reduced islet area to 

non-diabetic islet levels.

Abn-CBD alone increased beta cell mass, whilst Abn-CBD in combination with sitagliptin attenuated 

this effect. It has been well reported that increased beta cell mass is observed in obesity and insulin 

resistance, with neogenesis, transdifferentiation, and not proliferation, found to be the mechanisms 

responsible in insulin resistant and glucose tolerant subjects (Kahn et al. 1993, Hanley et al. 2010, 

Yoneda et al. 2013, Mezza et al. 2014, Chen et al. 2017). Findings from this study suggest that reduced 

insulin demand due to improved beta cell function and increased insulin sensitivity are the causative 

factors for the reduction in beta cell mass and the restoration of pancreatic islet architecture following 

treatment of Abn-CBD in combination with sitagliptin. Together with enhanced GSIS after the 21-day 
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treatment, these findings suggest that Abn-CBD accompanied with DPP-IV inhibition improves beta 

cell function and promotes islet cell regeneration. 

Collectively, the present study demonstrates that oral administration of GPR55 agonist therapy alone 

or in combination with sitagliptin exerts potent glucoregulatory and anti-obesity properties in HFF 

diabetic mice. Our analysis demonstrates that acute and chronic administration of Abn-CBD influences 

glucose homeostasis through enhancement of both insulin and incretin secretion plus the restoration of 

islet morphology. In addition, long term administration of Abn-CBD in combination with sitagliptin 

improved bodyweight, dyslipidaemia, insulin sensitivity and circulating CRP. Overall, this study 

reveals the efficacy of GPR55 as novel therapeutic target for the treatment of type 2 diabetes and 

obesity related disorders.
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Figure legends:

Fig 1. Effects of Abn-CBD or sitagliptin alone, and in combination on (A) bodyweight, (B) percentage 

weight change, (C) cumulative food intake and (D) cumulative energy intake of high fat fed mice. 

Bodyweight measurements were obtained before and during Abn-CBD (0.1µmol/kg bw) and 

sitagliptin (50mg/kg bw) therapies (indicated by the black bar). Values are presented as mean ± SEM 

(n = 8).  *p<0.05, **p<0.01, ***p<0.001, compared to HFF control. 

Fig 2. Effects of Abn-CBD or sitagliptin alone and in combination on (A, B) plasma glucose (C, D) 

plasma insulin and (E) pancreatic insulin content of high fat fed mice. Parameters were obtained before 

and during Abn-CBD (0.1µmol/kg bw) and sitagliptin (50mg/kg bw) therapies (indicated by the black 

bar). Values are presented as mean ± SEM (n = 8 for plasma glucose/insulin, n = 4 for insulin content).  

*p<0.05, **p<0.01, ***p<0.001, compared to HFF control. +p<0.05, +++p<0.001, compared to Abn-

CBD monotherapy.

Fig 3. Effects of Abn-CBD or sitagliptin alone or in combination on (A, B) total-GLP-1, (C, D) total-

GIP and (E, F) DPP-IV activity of high fat fed mice. Parameters were obtained before and during Abn-

CBD (0.1µmol/kg bw) and Sitagliptin (50mg/kg bw) therapies. Values are presented as mean ± SEM 

(n = 6). *p<0.05, **p<0.01, compared to HFF control.

Fig 4. Oral glucose tolerance (18mmol/kg bw) of high fat fed mice following 21-day treatment with 

Abn-CBD (0.1µmol/kg bw), sitagliptin (50mg/kg bw) or combination of both agents. (A, B) Plasma 

glucose and (C, D) plasma insulin were determined. Results are mean ± SEM (n=7).  *p<0.05, 

**p<0.01, ***p<0.001, compared to HFF glucose control. ++p<0.01, +++p<0.001, compared to Abn-

CBD monotherapy.

Fig 5. Insulin sensitivity (40U/kg bodyweight; i.p.) of high fat fed mice following 21-day treatment 

with Abn-CBD (0.1µmol/kg bw), sitagliptin (50mg/kg bw) or a combination of both agents. (A) plasma 
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glucose and (B) plasma glucose AOC are shown. Results are mean ± SEM (n=8).  *p<0.05, **p<0.01, 

compared to HFF control. +p<0.05, compared to Abn-CBD monotherapy.

Fig 6. Effects of Abn-CBD or sitagliptin alone or in combination for 21-days on (A) fat mass, (B) lean 

mass, (C) bone mineral content and (D) bone mineral density in high fat fed mice. Values are presented 

as mean ± SEM (n = 7).  *p<0.05, **p<0.01, ***p<0.001, compared to HFF control. +p<0.05, 

compared to Abn-CBD monotherapy.

Fig 7. Effects of Abn-CBD or sitagliptin alone or in combination for 21-days on plasma (A) 

triglycerides, (B) total cholesterol, (C) HDL cholesterol and (D) LDL cholesterol. Values are presented 

as mean ± SEM (n = 8).   *p<0.05, **p<0.01, ***p<0.001, compared to HFF control. +p<0.05, 

++p<0.01, +++p<0.001, compared to Abn-CBD monotherapy.

Fig 8. Effects of Abn-CBD or sitagliptin alone or in combination for 21-days on plasma (A) C-reactive 

protein and (B) amylase activity in HFF diabetic mice. Values are presented as mean ± SEM (n = 6).  

*p<0.05, **p<0.01, compared to HFF control. 

Fig 9. Representative images (A-E) for distribution of DAPI (blue), insulin (red) and glucagon (green) 

in pancreatic islets of high fat fed mice at x 40 magnification, following 21-day treatment with Abn-

CBD or sitagliptin alone or in combination on (F) islet size, (G) percentage beta cell area, (H) beta cell 

mass, (I) percentage alpha cell area and (J) alpha cell mass. Parameters were determined using cell F 

software.  Values are mean ± SEM with 40 islets per group.  *p<0.05, **p<0.01, ***p<0.001, 

compared to HFF. +p<0.05, +++p<0.001, compared to Abn-CBD monotherapy.

Fig 10. Representative images for DAPI (blue), insulin (green) and Ki-67 (red) in pancreatic islets of 

high fat fed mice at x40 magnification, following 21-day treatment with Abn-CBD alone in (A-D) 

control and (E-H) Abn-CBD treated mice. Percentage Ki-67 positive beta cells (I), with positive Ki-67 
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staining indicated by arrows. Values are mean ± SEM with 15 islets per group.  ***p<0.001, compared 

to HFF. 
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