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Abstract 
 

Type 2 diabetes mellitus is a chronic condition caused by a deficiency in the secretion 

of insulin from the islets of Langerhans and/or impaired insulin signalling, resulting in 

hyperglycaemia. The role of the endocannabinoid system is well-recognised in the 

CNS and immune system, but its role in glucose homeostasis is poorly understood. 

The aim of this study was to define the roles of cannabinoids in insulin secretion, to 

provide insights into their therapeutic potential (or limitation) in the treatment of type 2 

diabetes. 

 

Isolated islets were used, from Wistar rats, in static incubation studies measuring 

changes in insulin secretion rates.  

 

The endocannabinoid anandamide (AEA) was found to inhibit insulin secretion in a 

glucose- and concentration-dependent manner, with an IC50 of 1.6�M (95% CI: 227nM 

to 4.0�M; n= 10). Upon further analysis of the concentration-response data islet 

sensitivity to AEA appeared to vary, with islets either appearing to be sensative (IC50 

220nM; 95% CI: 21.9nM to 2.2�M; n= 5) or less sensative (IC50 12.3�M; 95% CI: 

6.8�M to 19.4�M; n= 5) to AEA. Pre-incubation of islets with a fatty acid amide 

hydrolase inhibitor did not affect islet responsiveness to AEA. AEA-mediated inhibition 

of insulin secretion was not consistently affected by cannabinoid receptor 1 (CB1) or 

CB2 antagonism. Surprisingly, the CB1 receptor antagonist AM251 was found to inhibit 

insulin secretion in a glucose- and concentration-dependent (IC50 1.6�M; 95% CI: 

507nM to 3.3�M; n= 6) manner. 

 

Results from this study suggest that differences in CB-receptor signalling pathways, 

rather than endocannabinoid metabolism, could be responsible for the variations in 

the potency of AEA between islet preparations. Characterisation of cannabinoid 

signalling in islets was hindered as the CB receptor antagonists used in this study also 

affected insulin secretion. This study highlights the dynamics of endocannabinoid 

signalling in islets, which may be linked to their physiological function. 
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General introduction 



 2

This chapter will begin with a brief description of insulin, regarding its effects on 

peripheral tissue function, insulin signalling and its role in diabetes mellitus. This will 

then be followed by a review of three key areas of interest which form the basis of this 

thesis. The first area will focus on islets of Langerhans, and their physiological role in 

glucose homeostasis. A discussion on how glucose stimulates insulin secretion and 

how insulin secretion is physiologically regulated will be presented. The review will 

continue by describing the aetiology and treatments for type 2 diabetes mellitus, with 

a focus on �-cell dysfunction and regulation of glycaemia. The final section will be an 

overview of the endogenous cannabinoid system describing the enzymes which 

produce and degrade the endogenous ligands (endocannabinoids), and their 

associated receptors. The introduction will then be concluded with a description of the 

project and its aims. 

 

1.1 Effects of insulin on peripheral tissues 
 

Insulin is a hormone formed from two peptides that is produced in the �-cells of the 

islets of Langerhans (Section 1.2), and it is an important hormone in glucose 

homeostasis, as it lowers plasma glucose. As shown in Table 1.1, insulin signalling 

alters the activity of the liver, skeletal muscle and adipose tissue in order to lower 

plasma glucose levels. These effects are mediated through the insulin receptor, which 

upon binding insulin autophosphorylates, with the subsequent phosphorylation of a 

number of signalling proteins called insulin receptor substrate (IRS) molecules 

(Rhodes & White, 2002). In total, 5 IRS (IRS-1, -2, -4, -5 and -6) molecules have been 

identified in human tissues (Fritsche et al., 2008). Of the five isoforms, IRS-1 and IRS-

2 have received the most interest with regard to glucose homeostasis, as interference 

with their expression leads to peripheral insulin resistance and IRS-2 blockade in �-

cells leads to type 2 diabetes (see review by Rhodes & White (2002)). Activation of 

IRS1/2 is known to activate phosphatidylinositol 3-kinase (PI3K), PI3K then activates 

mammalian target  
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Table 1.1  The effects of insulin and glucagon on hepatic, white adipose tissue and 
skeletal muscle metabolism 
 

Hormone Hormone effect 
Liver Skeletal Muscle Adipocyte 

Insulin � Gluconeogenesis1 � Glucose uptake � Glucose uptake 
 � �-oxidation � �-oxidation � Lipolysis 
 � Glycogenolysis � Fatty acid uptake � Lipogenesis 
 � Glycogenesis � Glycolysis   
 � Glycolysis � Glycogenolysis   
 � Lipogenesis � Glycogenesis   

Glucagon � Gluconeogenesis   � Lipolysis 
 � Glycogenolysis     
 � Glycogenesis     
 � Glycolysis     
 � �-oxidation     
 � Lipogenesis     

1 Reduction in gluconeogensis is achieved via the activation of hepatic (reduced 
transcription of phosphoenolpyruvate carboxykinase and glucose-6-phosphatase) and 
hypothalamic (via the vagal nerve) insulin receptors (Fritsche et al., 2008; Lam et al., 
2009). Data has been adapted from data in Fritsche et al. (2008) , Lam et al. (2009), 
Bouzakri et al. (2006), Palanivel et al. (2006), Leney & Tavare (2009), Giorgino et al. 
(2005), Ali & Drucker (2009) and Klain (1977). 
 

of rapamycin (mTOR), protein kinase C (PKC) and Akt (also known as PKB; Fig 1.1). 

Insulin receptor activation also leads to the activation of mitogen-activated protein 

kinase (MAPK) and CAP/Cbl cascades (see reviews by Giorgino et al. (2005), Krook 

& Zierath (2009), Leclercq et al. (2007), and Fritsche et al. (2008)).  In peripheral 

tissues, promotion of cell survival, proliferation and differentiation in peripheral tissues 

is mediated by MAPK and Akt signalling and increased protein synthesis is mediated 

by mTOR and MAPK signalling (see reviews by Giorgino et al. (2005), Krook & 

Zierath (2009), Leclercq et al. (2007), and Fritsche et al. (2008)). Alterations in 

glucose transporter 4 (GLUT4) translocation and glucose uptake are controlled by 

PKC, Akt and CAP/Cbl signalling, while alterations in metabolism are mainly 

controlled by Akt but may also involve PKC signalling (see reviews by Giorgino et al. 

(2005), Krook & Zierath (2009), Leclercq et al. (2007), and Fritsche et al. (2008)). The 

two most important effects of insulin signalling in peripheral tissues (with regard to 

glucose clearance) are the reductions in hepatic glucose production and increased 

glucose uptake (by GLUT4 translocation to the plasma membrane from storage 

vesicles) in skeletal muscle and adipose tissue (Bouzakri et al., 2006; Fritsche et al., 
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2008; Lam et al., 2009; Leney & Tavare, 2009). In addition to glucose clearance, 

insulin signalling also causes hepatic cell, skeletal muscle, and adipocyte metabolism 

to switch from a catabolic state to an anabolic state (Table 1.1).  

 

IRS-1/2IRS-1/2PI3KPI3K

PDK-1

PKC Akt mTOR MAPK

CAP/Cbl

CAP/Cbl

GLUT4 vesicle

Insulin Insulin

Intracellular

ExtracellularInsulin receptor

 
 
Figure 1.1  A schematic diagram of insulin receptor signalling. On binding insulin, the 
insulin receptor is then able to undergo autophosphorylation. This then allows various 
proteins to bind to and be phosphorylated by the receptor, which activates insulin 
receptor substrate 1 & 2 (IRS1/2), mitogen-activated protein kinase (MAPK) and 
CAP/Cbl signalling pathways. Block arrows represent direct activation, and broken 
arrows represent several steps. PI3K (phosphatidylinositol 3-kinase), PKC (protein 
kinase C), Akt (also known as PKB), mTOR (mammalian target of rapamycin). Figure 
is based on information in the reviews by Giorgino et al. (2005), Krook & Zierath 
(2009), Leclercq et al. (2007), and Fritsche et al. (2008). 
 

Together with the counter regulatory hormones, glucagon (Section 1.2.3), cortisol, 

growth hormone and adrenaline, insulin is involved in the complex regulation of 

glycaemia, ensuring that there is a sufficient (but not an excessive) supply of glucose 

during periods of fasting, feeding and exercise. Therefore, insulin plays a key role in 

glucose homeostasis as it is the only hormone to lower blood glucose. Diabetes 

mellitus is a chronic endocrine disorder caused by a deficiency in amount of insulin 

secretion and/or a deficiency in insulin signalling resulting in hyperglycaemia. It has 

been estimated that 171 million people worldwide had diabetes in 2000 (Wild et al., 

2004). The two most prevalent types of diabetes mellitus are type 1 and type 2 

diabetes. In 2005, it was estimated that ~10% and ~90% of the UK population who 

had diabetes mellitus had type1 and type 2 diabetes, respectively (Gonzalez et al., 

2009). Type 1 diabetes is caused by an absolute deficiency in insulin secretion, which 
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is thought to be the result of autoimmune-mediated destruction of the insulin secreting 

�-cells (see the review by Santamaria (2010)). Type 2 diabetes is caused by islet 

dysfunction and/or insulin resistance in peripheral tissues (Ferrannini, 1998; Kahn, 

2003; Spellman, 2007). Islet dysfunction in type 2 diabetes was typically thought to be 

the result of insufficient insulin release from � cells, but evidence over recent years 

now suggests that excessive secretion of glucagon from �-cells also contributes to 

persistent hyperglycaemia (Spellman, 2007; Burcelin et al., 2008). Briefly glucagon 

secretion during hypoglycaemia appears to be attenuated in type 2 diabetes, while 

glucose induced inhibition of glucagon is suppressed leading to increased 

hyperglycaemia by upregulating hepatic gluconeogensis (Burcelin et al., 2008; 

Quesada et al., 2008). A discussion of diabetes mellitus, and its management 

continues in Section 1.3. 

 

1.2 The islets of Langerhans and insulin secretion 
 

The islets of Langerhans are clusters of endocrine cells interspersed throughout the 

exocrine pancreas, and are formed from �-, �-, 	- and PP-cells which secrete 

glucagon, insulin, somatostatin-14 (sst-14) and pancreatic polypeptide (PP), 

respectively. Insulin and glucagon have opposing effects on plasma glucose levels, 

with insulin promoting glucose clearance while glucagon stimulates increases in 

plasma glucose levels (Table 1.1). Somatostatin-14 helps to regulate the secretion of 

glucagon and insulin (Hauge-Evans et al., 2009; Mazziotti et al., 2009). The effects of 

insulin and the roles of glucagon and sst-14 are discussed in more detail elsewhere 

(Sections 1.1 and 1.2.3). The effects of PP on islet function are not understood. As 

discussed in the review by Kojima et al. (2007), PP has been found to negatively 

regulate exocrine pancreatic activity, gastric emptying and appetite while increasing 

energy expenditure. There is also some evidence to suggest that there is a fifth 

endocrine cell within islets, the ghrelin-secreting 
-cells, but 
-cells may be only be 

important in foetal islet development (Heller et al., 2005; Andralojc et al., 2009). 

However, it should be noted that ghrelin has also been reported to be expressed in �-
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cells in rat and human islets (Date et al., 2002; Heller et al., 2005), but the expression 

of ghrelin in human �-cells has been disputed by Andralojc et al. (2009).  

 

Islet cell composition and the organisation of islets are also known to differ between 

different species. For instance, the study by Brissova et al. (2005) found that in murine 

islets, �-cells accounted for approximately 80% of the islet cell population, whereas in 

humans, this number ranged from 28-75%. Primate islets (including human) have 

non-� cells (�- and 	-cells) interspersed throughout the islets, whereas rodent islets 

are highly organised with �-cells forming the core of the islets surrounded by non-� 

cells (Brissova et al., 2005). The composition of islets is known to vary between 

different regions of the pancreas, and islet function is influenced by their size (Tasaka 

et al., 1989; Elayat et al., 1995; Aizawa et al., 2001). Aizawa et al. (2001) found that 

islet size influenced islet responsiveness to glucose, with larger islets typically 

releasing more insulin at lower glucose concentrations than smaller islets. Weaver & 

Sorenson (1989) have also reported that blood flow from islets is dependent on islet 

size, with blood from smaller islets first draining into acinar tissues before entering the 

wider circulation (i.e. to the rest of the body), whereas blood from larger islets drains 

directly into the wider circulation as well as into acinar tissues (Weaver & Sorenson, 

1989). As to why islets vary is currently unclear and this aspect of islet organisation 

remains poorly understood. 

 

Islets are also highly vascularised and so islets contain numerous endothelial cells, 

which promote �-cell survival, increase insulin content and improve insulin secretory 

responses through deposition of extracellular matrix proteins and growth factors 

(Johansson et al., 2006). In turn, �-cells release various angiogenic growth factors, 

such as vascular endothelial growth factor A, which promote and maintain islet 

vascularisation (see review by Eberhard et al. (2010)). The islet capillaries are 

surrounded by a double basal membrane (Figure 1.2), which primarily consists of 

collagen IV and laminin extracellular matrix proteins (Virtanen et al., 2008; Eberhard 

et al., 2010). Islets are also encapsulated by a peri-insular cap (Figure 1.2). The peri-
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insular cap consists of glial (Schwann) cells, whose projections run along the islet 

perimeter and sometimes into the islet themselves, and a basment membrane 

(Donev, 1984; Wang & Rosenberg, 1999). The physiological function of the glial cells 

is currently unknown. The coverage of the peri-insular cap differs between species. 

Canine islets are fully enclosed by the peri-insular cap, human and rodent islets have 

intermediate coverage, while porcine islets have little or no coverage. The 

physiological relevance of this difference is unclear but may affect islet preparation 

yields (Section 2.4.1). In addition islets are also highly innervated, which alters the 

secretion of insulin, glucagon, sst-14 and PP in response to different stimuli and is 

described further in Section 1.2.4.  

 

�-cell core

Capillary network

Peri-insular cap

Double basement 
membrane

Non-�-cell endocrine cells  
 
Figure 1.2  A cross-sectional representation of a rodent islet (not to scale).  
 

1.2.1 Insulin 
Human insulin is produced from a single 110 amino acid precursor polypeptide 

preproinsulin, which consists of a signalling peptide (residues 1-24), the B-chain 

(residues 25-54), C chain (residues 55-89) and the A-chain (residues 90-110; NCBI 

(2010)). Preproinsulin is encoded by a single gene in humans (INS) and glucose is 

known to be involved in the regulation of preproinsulin mRNA transcription, stability 

and translation (see reviews by Melloul et al. (2002), Poitout et al. (2006) and Fred & 

Welsh (2009)). As described in the review by Fred & Welsh (2009), short-term 



 8

maintenance (>3 hours) of islet insulin levels in the presence of glucose is dependent 

on translation of preproinsulin mRNA, while longer-term maintenance of islet insulin 

levels is achieved through transcription of INS and stabilisation of preproinsulin 

mRNA. 

 

Once preproinsulin has been synthesised and inserted into the endoplasmic reticulum 

(ER), the signal peptide section of preproinsulin is proteolytically cleaved to yield 

proinsulin (Weiss, 2009; NCBI, 2010). Within the ER, proinsulin folds and forms two 

disulphide bridges between A- and B-chains (A7-B7 and A20-B19, as well as a third 

disulphide bridge within the A chain (A6-A11)). Once this has occurred, proinsulin is 

then translocated to the Golgi apparatus (Weiss, 2009). Once inside the Golgi 

apparatus, proinsulin is then sequestered into granules containing Zn2+, prohormone 

convertase 1 (PC1), PC2 and carboxypeptidase H (Goodge & Hutton, 2000). For 

proinsulin to be converted to insulin, the granules need to become acidified which, is 

achieved by the dual actions of Cl- (via the Cl- channel protein, chloride channel 

protein 3) and H+ (via V-type H+-ATPase, this integral membrane protein transports H+ 

ions across the vesicle membrane by converting ATP to ADP) influx (Barg et al., 

2001). It is hypothesised that Cl- influx allows acidification to occur by counteracting 

the increasing positive membrane potential caused by H+ influx. Once the granule has 

been acidified, PC1, PC2 and carboxypeptidase H then cleave the C-chain from the 

proinsulin polypeptide (Figure 1.3) forming insulin and C-peptide (Goodge & Hutton, 

2000). Upon removal of the C-chain, insulin crystallises with Zn2+ (6 insulin molecules: 

2 Zn2+), which is thought to stop fibrillation of insulin until exocytosis (fusion of the 

insulin granule to the �-cell plasma membrane, see Section 1.2.2.2) occurs when the 

insulin crystals disassociate (Noormagi et al., 2010). 
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PC1 & CPH

PC2 & CPH

PC2 & CPH
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Figure 1.3  A schematic representation of the conversion of proinsulin and C-peptide 
by the proconvertases (PC), PC1 and PC2. The conversion of proinsulin to insulin 
requires endopeptidase cleavage of residues 32-33 (which reside between the B/C 
chain) by PC1 and residues 65-66 (which reside between the C/A chain) by PC2 
(Goodge & Hutton, 2000). At the end of each stage, carboxypeptidase H (CPH) 
removes the residues exposed by PC1 and PC2 activity (Goodge & Hutton, 2000). 
The preferred reaction is shown on the left hand side although conversion of insulin 
can occur by PC2 initiating the first step (Goodge & Hutton, 2000). For simplicity di-
sulphide bonds between A- and B-chains were not included. 
 

1.2.2 Glucose-stimulated insulin secretion (GSIS) 
Insulin is released from �-cells in response to changes in plasma glucose levels but 

can also be induced by free fatty acids and certain amino acids (Henquin et al., 2006). 

How these metabolites stimulate insulin secretion is still not completely understood 

despite several decades of research. The following section will focus on glucose-

stimulated insulin release with amino acid and free fatty acid stimulated insulin 

secretion briefly described in Section 1.2.2.4. 

 

In man and the rat, constitutive (basal) insulin secretion approximately occurs at 

glucose concentrations up to  4mM glucose (Pick et al., 1998; Henquin et al., 2006). 

At glucose concentrations higher than 4mM glucose, insulin release is then regulated 

by glucose and is called glucose-stimulated insulin secretion (GSIS). Maximal rates of 

GSIS occur at glucose concentrations � 16mM with ~50% of the maximal GSIS rates 

occurring at 8mM (Pick et al., 1998; Henquin et al., 2006). In mice, basal insulin 

secretion occurs at up to 8mM glucose and ~50% maximal and maximal GSIS occurs 

at 12 and 20mM glucose, respectively (Vieira et al., 2007). GSIS is biphasic, with the 

first phase of insulin secretion being a transient process lasting up to 10 minutes, 

while the second phase of insulin secretion persists until glucose levels return to non-
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stimulatory levels (Zawalich et al., 2000; Shigeto et al., 2006). The kinetics of insulin 

secretion are species-dependent, with humans and mice displaying a large primary 

phase and a smaller secondary phase, whereas in rats the opposite is true (Figure 

1.4). The regulation of the biphasic response is dependent on ion channel activities, 

metabolic activities and insulin granule processing but there is still an incomplete 

understanding of how these processes interact. Therefore, each component will be 

discussed separately.  
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Figure 1.4  Diagrammatic representation of species-specific differences in biphasic 
glucose-stimulated insulin secretion responses from perifused isolated islets. The 
solid line is representative of insulin secretion from human and mouse isolated islets; 
whereas the broken line represents biphasic insulin release from rat isolated islets. 
Low and high glucose concentrations refer to non-stimulatory and stimulatory levels of 
insulin secretion. The first phase of insulin secretion is transient (lasting 10-15 
minutes) whereas, the second phase persists until glucose returns to non-stimulatory 
levels. Figure is based on data from Henquin et al. (2006), Aizawa et al. (2001) and 
Hauge-Evans et al. (2009).  
 

1.2.2.1 ATP-sensitive K+ (KATP) channel-dependent insulin secretion 
The widely-accepted model of GSIS induction is the KATP channel-dependent 

signalling pathway (also known as the triggering pathway; Figure 1.5). During the 

resting state, KATP channel activity is primarily responsible for maintaining the �-cell 

membrane potential at -70mV (Rorsman, 1997). Upon increases of plasma glucose 

above the threshold for GSIS, glucose enters the �-cells via the glucose transporter 

(GLUT) 2 which has a Km of ~17mM glucose and a Vmax at glucose concentrations � 
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32mM glucose, thus allowing physiological concentrations of glucose to rapidly enter 

the �-cell without uptake becoming saturated (Johnson et al., 1990). Upon entering 

the �-cell, glucose is then phosphorylated by glucokinase which stops glucose from 

diffusing back out of the cell and is the first step in glycolysis (Ashcroft & Randle, 

1970; Giroix et al., 1984). With regard to GSIS, glucokinase is the most important 

glucose phosphorylating enzyme expressed in �-cells as it has a low affinity of 16mM 

glucose and is not subject to glucose-6-phosphate feedback, thus allowing high rates 

of glycolysis to occur (Ashcroft & Randle, 1970; Giroix et al., 1984). Glucose is rapidly 

metabolised (by conversion to pyruvate in glycolysis and subsequent oxidation of 

pyruvate in the Krebs cycle) to produce ATP causing a shift in the ATP:ADP ratio 

(Longo et al., 1991). This leads to the closure of the KATP channels and the 

intracellular accumulation of K+ causes the �-cell to depolarise (Rorsman, 1997). 

Once the membrane potential reaches -40mV, in rat and human �-cells, this leads to 

the activation of L-type voltage-gated Ca2+ channels which allow the influx of 

extracellular Ca2+, and peak L-type Ca2+ channel activity occurs at 0mV (rat) and -

10mV (human) (Tamarina et al., 2003; Suga et al., 2004). This in turn leads to insulin 

granules fusing with the plasma membrane (exocytosis), allowing the insulin crystals 

to dissolve leading to the subsequent entry of insulin into the bloodstream. How the 

insulin granules are processed and reach the plasma membrane is discussed in more 

detail below in Section 1.2.2.2. Repolarisation of the �-cell is known to be K+ channel 

activity dependent with voltage-gated, small conductance Ca2+-activated and/or large 

conductance Ca2+-activated K+ channels all being suggested (Roe et al., 1996; 

Tamarina et al., 2003; Suga et al., 2004). 

 
The rapid change in �-cell membrane potential from a resting state to a depolarised 

state and subsequent repolarisation is referred to as an action potential. When islets 

are exposed to raised levels of glucose, the �-cells will continually cycle between 

depolarised and repolarised states until glucose levels fall to non-stimulatory levels 

(see review by Rorsman (1997)). As mentioned above, depolarisation of the �-cell is 

associated with increased concentrations of cytoplasmic Ca2+ ([Ca2+]c), whereas 

repolarisation of the �-cell corresponds with reductions in [Ca2+]c when removal of 
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cytoplasmic Ca2+ exceeds Ca2+ influx (Hughes et al., 2006). The majority of the Ca2+ 

is used to replenish ER stores (by sarcoendoplasmic reticulum Ca2+ ATPase), while 

the remaining Ca2+ is exported (by Na+/Ca2+ exchanger and plasma membrane Ca2+ 

ATPase activity) out of the �-cells (Hughes et al., 2006). To increase insulin secretion, 

the time between action potentials decreases which means that there is less time for 

[Ca2+]c to return to basal levels, thus allowing [Ca2+]c to rise, allowing for greater rates 

of insulin secretion to occur (Hughes et al., 2006). As with action potentials in 

membrane potential, [Ca2+]c eventually reaches a plateau corresponding with 

increasing amounts of glucose, whereas the amount of insulin secreted increases 

further, which has led to the notion of KATP channel-independent signalling (also 

known as the amplifying pathway); this is discussed further in Section 1.2.2.3. As 

GSIS is Ca2+-dependent, this results in insulin secretion being pulsatile; this is 

physiologically important as irregular patterns in pulsatile insulin release coincide with 

insulin resistance (Zarkovic et al., 1999). 
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Figure 1.5  KATP channel-dependent signalling. Briefly, glucose enters the �-cells 
through the low affinity glucose transporter, GLUT2. It is subsequently metabolised 
leading to an increase in the ATP:ADP ratio this leads to the closure of the KATP 
channels. Closure of the KATP channels causes the �-cell to depolarise and the 
subsequent influx of Ca2+, thus triggering insulin granule exocytosis by increasing the 
cytoplasmic calcium concentration ([Ca2+]c). Ca2+ either directly or through �-cell 
depolarisation activate K+ channels which repolarise the �-cells and inhibits further 
insulin secretion. Block arrows represent the direction the flow of substrates through 
integral membrane proteins (GLUT 2 transporter and the ion channels). Arrows with 
dotted lines represent complex processes. Arrows with + and – signs represent 
positive and negative influences respectively. 
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While the KATP channel-dependent signalling model accounts for a large proportion of 

insulin granule exocytosis in the first phase of insulin secretion, it has been found that 

this model does not account for the second phase of insulin secretion (Jing et al., 

2005; Shigeto et al., 2006). R- and P/Q-type voltage-gated Ca2+ channels in mouse 

and humans �-cells (respectively) have been implicated to play a larger role than L-

type Ca2+ channels in the second phase of insulin secretion (Jing et al., 2005; Braun 

et al., 2008). In addition, voltage-gated Na+ channels (VGNC) have been also been 

suggested to play an important role in GSIS responses, as pharmacological blockade 

of these channels in MIN6 (�-cell line) was observed to result in a loss of the first 

phase and much of the second phase of insulin release at 10mM glucose (Shigeto et 

al., 2006). In a recent study, the genetic knockout of a regulatory subunit of a VGNC 

(in C57Bl6/J mice) resulted in loss of glucose- and KCl-stimulated but not Ca2+ 

induced insulin secretion in isolated islets, and caused glucose intolerance in vivo  

(Ernst et al., 2009). 

 

1.2.2.2 Insulin granule processing 
The mobilisation of insulin granules to the plasma membrane, their subsequent 

processing and exocytosis is also a key factor in the phasic control of insulin 

secretion. The majority (~90%) of insulin granules reside in the cytoplasm, in what is 

referred to as the reserve pool, while the remaining granules (~10%) are located in 

close proximity to the plasma membrane and are usually called the docked pool 

(Straub & Sharp, 2002). The docked pool is thought to consist of granules in various 

states of readiness for exocytosis (Straub & Sharp, 2002). The process proposed by 

Straub & Sharp (2002) is that insulin granules dock below the plasma membrane, they 

then undergo a priming phase to form the readily-releasable pool which consists of 

mature insulin granules. Additionally, a subset of the readily-releasable pool 

associates with the exocytotic machinery to form the immediately-releasable pool 

(Straub & Sharp, 2002). The first phase of insulin in response to depolarising agents 

(e.g. KCl at concentrations � 30mM) and/or KATP channel-dependent signalling is 

linked to the exocytosis of the immediately-releasable granules which make up ~0.5-
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2% of the total islet granule population (Straub & Sharp, 2002; Wang & Thurmond, 

2009). The study by Ohara-Imaizumi et al. (2007) suggests that not all insulin 

granules involved in the first phase originate from the docked pool, but there is an 

involvement of the reserve pool. Similarly, the maintenance of the second phase of 

insulin secretion is dependent on insulin granule mobilisation from the reserve pool 

(Straub & Sharp, 2002; Ohara-Imaizumi et al., 2007). The processing of granules is 

dependent on �-cell cytoskeleton re-arrangement which is, in turn, dependent on 

various classes of small GTPases (guanosine triphosphate hydrolases, which are also 

involved in granule processing and eventual exocytosis), which have been reviewed 

by Wang & Thurmond (2009). In summary, movement of granules from the reserve 

pool involves transport of granules to the plasma membrane docking area along 

microtubules; where filamentous-actin (F-actin) remodelling is required for the 

replenishment of the docked pool and for granule exocytosis. Finally, the process of 

exocytosis is dependent on soluble [N-ethylmaleimide sensitive fusion factor] 

attachment receptor (SNARE) proteins, of which several vesicle SNARE (v-SNARE), 

t-SNARE (membrane-associated) and accessory factors (t-SNARE associated) are 

known to be expressed by islets (refer to the review by Wang & Thurmond (2009)). 

The composition of the t-SNARE complexes appears to be phase-dependent, with t-

SNARE complexes believed to be pre-assembled for the first phase of insulin 

secretion, whilst in the second phase of insulin secretion, t-SNARE complexes must 

first undergo calcium-dependent assembly before granule exocytosis can occur 

(Ohara-Imaizumi et al., 2007; Takahashi et al.). 

 

1.2.2.3 KATP channel-independent signalling 
As discussed in the review by Wang & Thurmond (2009), in addition to increasing the 

ATP:ADP ratio (which triggers KATP channel-dependent signalling), glucose 

metabolism leads to the generation of other metabolic signalling which amplifies the 

insulin secretory response. With respect to changes in [Ca2+]c (cytoplasmic 

concentration of Ca2+) in response to higher levels of GSIS, this is achieved by 

increased duration of action potentials (Section 1.2.2.1) rather than significant 
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alterations in the amplitude of action potentials (Wang & Thurmond, 2009). As 

demonstrated in the study by Heart et al. (2006), mean changes in [Ca2+]c correlate 

poorly with GSIS beyond 8mM in mouse islets, whereas increases in mitochondrial 

membrane potential strongly correlate with increases in glucose and insulin secretion. 

This indicates that mitochondrial activity plays an integral role in GSIS aside from ATP 

generation. In addition, various second messenger molecules are also produced 

during GSIS which are known to potentiate insulin secretion (Wolf et al., 1991; 

Tamarina et al., 2005; Kim et al., 2008a). 

 

Due to high rates of glycolysis in GSIS, �-cells require high rates of NADH (reduced 

form of nicotinamide adenine dinucleotide) conversion to NAD+ (oxidised form) to 

maintain metabolic rates. As lactate dehydrogenase activity in �-cells is low, NAD+ 

regeneration is dependent on glycerol-3-phosphate (G3P) and malate/aspartate 

shuttles which link the oxidation of cytoplasmic NADH to the production of ATP in the 

mitochondria (Tan et al., 2002; McKenna et al., 2006; Jitrapakdee et al., 2010).  

Briefly, in the malate-aspartate cycle, NADH is oxidised to NAD+ by the conversion of 

cytoplasmic aspartate to malate. Malate is then transported into the mitochondria 

where it is converted back to aspartate (this is transported back into the cytoplasm) 

and is also used to reduce mitochondrial NAD+ to NADH. In the glycerol-3-phosphate 

NAD+ shuttling system, cytoplasmic NADH is used to reduce dihydroxyacetone 

phosphate to glycerol-3-phosphate, which regenerates NAD+. Oxidation of G3P (to 

dihydroxyacetone phosphate) is used to oxidise Coenzyme Q by mitochondrial 

glycerol-3-phosphate, using flavin adenine dinucleotide as an intermediate in the 

redox reaction. Both shuttling systems are described in greater detail in the review by 

McKenna et al. (2006).  

 

Another important aspect of the �-cell is the expression of pyruvate carboxylase. 

Pyruvate carboxylase converts pyruvate to oxaloacetate which increases the input of 

carbon atoms into the tricarboxylic acid (TCA, also referred to as the Krebs cycle) 

cycle (Jensen et al., 2008; Nolan & Prentki, 2008; Jitrapakdee et al.). Pyruvate 
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carboxylase allows cataplerosis (removal of substrates from the TCA cycle) to occur, 

so that TCA substrates can be used for the potentiation of insulin secretion. 

Pharmacological inhibition of pyruvate carboxylase causes a large inhibition GSIS in 

rat islets, thus demonstrating its importance (Farfari et al., 2000). One particular use 

of TCA substrates is in the generation of NADPH (reduced form of nicotinamide 

adenine dinucleotide phosphate) as intracellular levels of NADPH increase in 

proportion to glucose (Sener et al., 1984; Rocheleau et al., 2004). Three shuttling 

systems have been proposed as being important (see reviews by Jensen et al. 

(2008), Jitrapakdee et al. (2010), and Nolan & Prentki  (2008)). In all three shuttling 

systems, intermediates from the Krebs cycle are imported into the cytoplasm by 

specific carrier models. In the pyruvate-malate shuttle, NADPH is produced by the 

conversion of malate to pyruvate by the cytosolic malic enzyme (see reviews by 

Jensen et al. (2008) and Jitrapakdee et al. (2010)). In the pyruvate-citrate shuttle, 

citrate is converted to oxaloacetate and acetyl Coenzyme A (acetyl CoA) by 

adenosine triphosphate citrate lyase. The oxaloacetate is converted to malate and 

then pyruvate producing NADPH, while the acetyl CoA is converted to malonyl-coA by 

acetyl CoA carboxylase, which is then used in the production of long chain acyl-

Coenzyme As (see reviews by Jensen et al. (2008) and Jitrapakdee et al. (2010)). In 

the pyruvate-isocitrate cycle, isocitrate is imported into the cytoplasm from the 

mitochondrial matrix by the 2-oxoglutarate carrier, it is then converted to �-

ketoglutarate (by NADP-dependent isocitrate dehydrogenase) which generates 

NADPH (Ronnebaum et al., 2006; Odegaard et al., 2010). However, use of siRNA 

(small interfering ribonucleic acid) has only been successful in demonstrating the 

importance of the pyruvate-isocitrate cycle in GSIS in islets (Ronnebaum et al., 2006; 

Odegaard et al., 2010) but not the other two shuttling systems, which may be caused 

by compensatory alterations in other enzyme activities (Jensen et al., 2006; Pongratz 

et al., 2007). GTP, produced by the GTP-producing form of succinyl-CoA synthase 

and potentially the phosphoenolpyruvate cycle, may also be another molecule 

produced by mitochondria that leads to the potentiation of GSIS, as reduction of 

intracellular �-cell GTP levels negatively affects GSIS (Kibbey et al., 2007; Stark et al., 
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2009). It remains unclear how GTP potentiates insulin secretion (Metz et al., 1993), 

however it is likely that GTP is at least partially utilised by the small GTPases involved 

in granule processing (see Section 1.2.2.2).  

 

�-cells are also capable of generating arachidonic acid (AA), inositol-1,4,5-

trisphosphate (IP3), diacylglycerol (DAG) and cyclic adenosine monophosphate 

(cAMP) that contribute to the amplification of insulin release in response to increased 

levels of glucose (Wolf et al., 1991; Tamarina et al., 2005; Kim et al., 2008a). AA 

potentiates insulin release by increasing [Ca2+]c (through activation of arachidonic-acid 

regulated Ca2+ channels on the plasma membrane and ER ryanodine receptors) as 

well as down-regulating voltage-gated K+ channel activity (Woolcott et al., 2006; 

Jacobson et al., 2007; Yeung-Yam-Wah et al., 2010). In primary �-cells, AA 

production has been linked to the activities of phopholipase (PL) A2 (three isoforms 

PLA2 that are thought to be involved in different stages of GSIS) and a Ca2+-

dependent diacylglycerol lipase (Konrad et al., 1994; Ma et al., 1998; Juhl et al., 2003; 

Bao et al., 2008). IP3 and DAG are generated by PLC (either by glucose, or following 

activation of GqPCRs) from phosphatidylinositol-4,5-bisphosphate (Wolf et al., 1988). 

IP3 then binds to IP3 receptors which leads to the increased release of Ca2+ from 

intracellular Ca2+ stores which increases [Ca2+]c (Blondel et al., 1993). The increase in 

[Ca2+]c and DAG levels in the �-cells then activates several different isoforms of 

protein kinase C (PKC) that are thought to play different roles in �-cell function 

(Ishikawa et al., 2005; Shimono et al., 2005). Functions of PKC signalling in �-cells 

include insulin granule processing, insulin granule exocytosis, �-cell proliferation and 

the regulation of several genes, including those encoding GLUT2 and both subunits of 

the KATP channel (Buteau et al., 2001; Hashimoto et al., 2005; Ishikawa et al., 2005; 

Warwar et al., 2006; Uchida et al., 2007). Finally, cAMP is generated from ATP by 

adenylyl cyclase (either during GSIS or folloing activation of G�sPCRs) and leads to 

the activation of PKA and Epac 2 (also known as cAMP-dependent guanine 

nucleotide exchange factor II), which are both known to potentiate insulin secretion 

(Kashima et al., 2001; Hatakeyama et al., 2006; Kim et al., 2008a). Islets also express 
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Epac1, an isoform of Epac2, but Epac1 has received less interest with regards to 

GSIS (Kang et al., 2006). PKA-mediated potentiation of insulin secretion is thought to 

involve multiple mechanisms such as activation of iPLA2� (a Ca2+-independent 

isoform of PLA2) and Ca2+ release from intracellular stores through the activation of 

IP3 receptor activity (Dyachok & Gylfe, 2004; Bao et al., 2008). PKA is also known to 

phosphorylate several ion channels leading to increased closure of KATP channels, 

increased voltage-gated L-type Ca2+ activity and decreased voltage gated K+ ion 

channel activity (Holz et al., 1993; Kanno et al., 1998; Kim et al., 2005). Epac2 

signalling leads to the potentiation of GSIS by increasing the number of insulin 

granules that translocate to the plasma membrane but Epac2 signalling does not 

appear to induce exocytosis (Eliasson et al., 2003; Shibasaki et al., 2007). Research 

in transfected non-�- and �-cell lines suggest that Epac1 activation, by cAMP, may 

also potentiate insulin secretion by increasing KATP channel ATP sensitivity and 

activation of PLC (Evellin et al., 2002; Suzuki et al., 2006; Kang et al., 2008). It should 

be noted that the positive effects of the incretin hormones (see Sections 1.2.5 & 1.3.3) 

on �-cell function, mass and survival, are mediated though the activation of adenylyl 

cyclase and the subsequent activaties of PKA and Epac2 (Eliasson et al., 2003; Kwon 

et al., 2004; Kawasaki et al., 2005).  

 

1.2.2.4 Stimulation of insulin secretion by amino acids and free fatty acids 
In addition to glucose, insulin secretion can also be stimulated by certain amino acids 

(Sener & Malaisse, 2002; Zhou et al., 2010). Of the amino acids, only leucine has 

been demonstrated to stimulate insulin secretion from islets by itself in the absence of 

glucose (Sener & Malaisse, 2002; Li et al., 2003), while glutamine and alanine can 

only stimulate insulin secretion in the presence of other compounds, such as leucine 

(Sener & Malaisse, 2002; Zhou et al., 2010). With respect to glutamine, leucine and �-

ketoisocaproate were found to allow glutamine to stimulate insulin secretion, which 

are thought to lead to the conversion of glutamate to �-ketoglutarate by two separate 

mechanisms (Zhou et al., 2010). Potentiation of leucine-stimulated insulin secretion by 

glutamate is known to occur as leucine positively stimulates glutamate 
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dehydrogenase activity, which converts glutamate to �-ketoglutarate (Li et al., 2003). 

With regard to free fatty acids (FFA), it is known that FFA such as palmitate and 

oleate potentiate glucose-stimulated insulin secretion but cannot stimulate insulin 

secretion alone (Latour et al., 2007). It has since been observed that islets express 

high levels of GPR40 (also known as free fatty acid receptor 1). Studies that have 

measured insulin secretion from islets isolated from WT (wild type) and GPR40 KO 

(knock out) mice suggest that oleate- and palmitate-mediated potentiation of GSIS 

occurs through this receptor alone (Latour et al., 2007; Tan et al., 2008). 

 

1.2.3 Autocrine and paracrine regulation of islet secretory 
activities 
It is known that �-cells express insulin receptors as well as IRS-1 and IRS-2 

suggesting that insulin signalling occurs within �-cells and may affect its own secretion 

(Burks & White, 2001). As discussed in the review by Leibiger et al. (2008), the 

earliest experiments with insulin suggest that it negatively regulates its own secretion. 

However, this view point has become more controversial as various studies have 

reported that insulin either has no effect or potentiates its own secretion (Leibiger et 

al., 2008). A study by Hee-Park et al. (2007) suggests that some of this confusion may 

been due to the effects of insulin being dependent on when insulin was applied to 

islets in relation to the addition to glucose. Hee-Park et al. (2007) reported that when 

islets were first exposed to insulin, glucose-stimulated increases in [Ca2+]i (which 

coincides with the release of insulin) were inhibited. Yet if insulin were added after 

glucose, insulin transiently increased [Ca2+]i suggesting a positive regulation of insulin 

release. Insulin signalling is known to be essential in �-cells as loss of insulin receptor 

signalling results in reductions in �-cell mass, decreased insulin content, attenuated 

GSIS and mitochondrial dysfunction (Otani et al., 2004; Cantley et al., 2007; Okada et 

al., 2007; Liu et al., 2009b).  

 

In addition to autocrine signalling, insulin release is also affected by paracrine 

signalling from �- and 	-cells (Zambre et al., 1999; Sorensen et al., 2006). However, 
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there is controversy surrounding the role of paracrine signalling within rodent islets as 

the most widely supported model of blood flow within islets is the inner-to-outer model 

(Figure 1.6A), in which blood flows from the core of the islet to the periphery and 

finally into wider circulation (Nyman et al., 2008). As the core of rodent islets is 

populated by �-cells, this suggests that molecules involved in paracrine signalling can 

only flow from �-cells to non-�-cells. A counter argument in rodent islets have been 

that paracrine signalling in islets occurs at cell-to-cell interfaces and the signalling 

molecules difuse through the interstitial spaces (Hauge-Evans et al., 2009). The study 

by Nyman et al. (2008) using in vivo imaging techniques, suggests that there are three 

patterns of blood flow through murine islets (Figure 1.6). Nyman et al. (2008) suggests 

that in ~ 40% of islets, non-� cell to �-cell paracrine signalling can occur through by 

the release of signalling molecules into the islet capillaries. 

 

OUT OUT IN

A B C

OUT OUT IN

A B C

 
 
Figure 1.6  Diagrammatic representations of three different islet blood flow patterns 
reported to occur in vivo in mouse pancreas by Nyman et al. (2008). In each of the 
three figures, islets are represented as a ring with the inside representing the �-cell 
core and the shaded areas representing the periphery where �-, 	- and PP-cells are 
found. Arrows represent the direction of blood flow. A) Inner-to-outer flow. Blood 
enters the core of the islet and flows outwards to the periphery. This blood flow 
pattern supports �- to non �-cell paracrine interactions and was found in 60% of islets. 
B) This blood flow pattern occurred in 35% of islets tested where blood enters through 
one side of the islet and flows through the islet. This blood flow pattern supports non 
�- to �- to non �-cell paracrine interactions. C)s Outer-to-inner flow. Capallaries pass 
through the islet periphery and proceed to the core where blood empties into a 
venule/s. This was observed in 5% of islets and supports non �- to �-cell paracrine 
interactions. 
 

The release of glucagon is influenced by glucose, with glucagon secretion highest in 

the absence of glucose and decreases to a minimal (basal) secretory rate at the 

glucose concentrations which first induce GSIS. During hypoglycaemia (when plasma 

glucose levels � 3.3mM), cognitive function is impaired as the brain is dependent on 

glucose and prolonged periods of hypoglycaemia can result in loss of consciousness, 



 21

neuronal cell death, and ultimately death (Warren & Frier, 2005; Suh et al., 2007). 

Therefore, glucagon is an important counter to insulin, as it prevents plasma glucose 

levels from falling too low by increasing plasma glucose levels through hepatic 

glucose production (Gelling et al., 2009).  

 

Paracrine interactions from �- and 	-cells have been observed to decrease the rate of 

glucagon release in whole islets (Vieira et al., 2007). Despite this, glucose is believed 

to be the main contributing factor in the control of �-cell secretory activity (MacDonald 

et al., 2007; Vieira et al., 2007). Glucagon is known to directly potentiate insulin 

release by activating �-cell glucagon receptors, which are G�s-protein-coupled, 

leading to the activation of adenylyl cyclase (Gelling et al., 2009). Loss of glucagon 

receptor signalling in islets (through receptor knock-out) does not affect basal or 

intermediate rates of insulin release in relation to wild-type islets (Sorensen et al., 

2006). However, insulin secretion at 16.7mM and 22.2mM glucose from islets with 

defective glucagon receptor signalling, was attenuated in comparison to wild-type 

mice (Sorensen et al., 2006). Therefore, glucagon released from �-cells acting via 

glucagon-receptor signalling in �-cells is required for achieving higher rates of 

glucose-stimulated insulin secretion. 

 

The release of sst-14 from 	-cells in islets is positively correlated with the external 

glucose concentration (Vieira et al., 2007). Animal and clinical data suggest that the 

physiological role of somatostatin signalling in islets is to reduce the amount of 

glucagon and insulin released from �- and �-cells, respectively, rather than to alter the 

glucose responsiveness of either cell type (Hauge-Evans et al., 2009; Mazziotti et al., 

2009). The four main islet cell types in rodent and human islets are known to express 

all five somatostatin receptors (SSTR-1, -2, -3 -4 and -5, which are also referred to as 

sst1-5) but each islet cell type may not express each somatostatin receptor subtype to 

the same level (Ludvigsen et al., 2004; Ludvigsen et al., 2005; Taniyama et al., 2005). 

In addition, SSTR expression patterns may also be sensitive to pathological state as it 

has been observed in non-obese diabetic (NOD) mice that SSTR receptor expression 
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patterns for �-, �-, 	- and PP-cell types differed between non-diabetic and diabetic 

mice (Ludvigsen et al., 2005). While each SSTR can be expressed by each islet cell 

type, the consensus from numerous studies suggests that SSTR2 is responsible for 

the inhibition of glucagon release (Table 1.2). Both SSTR2 and SSTR5 have been 

suggested to be the primary sst-14 receptor responsible for the inhibition of insulin 

secretion, but the majority of these studies indicate that SSTR5 is key receptor 

responsible for sst-14 mediated inhibition of GSIS. 

 

1.2.4 Neuronal regulation of islet secretory activities 
Islets are known to be highly innervated by sympathetic, parasympathetic, and 

sensory neurons (Ahren, 2000). Islets are also innervated with cholecystokinin (CCK) 

releasing neurons, and when activated potentiate insulin secretion (Ahren, 2000). The 

effects of sympathetic and parasympathetic signalling on islet secretory activities and 

their physiological effects have been extensively reviewed by Ahren (2000) and Ahren 

et al. (2006). In summary, parasympathetic neurotransmission increases rates of 

insulin, glucagon, sst-14 and PP secretion, while sympathetic signalling upregulates 

glucagon and PP signalling but downregulates insulin and sst-14 secretion. 

Parasympathetic signalling has been found to potentiate insulin secretion at the onset 

of feeding but before the initial rise in blood glucose occurs (cephalic phase). 

Parasympathetic signalling also occurs during hypoglycaemia and stimulates both 

glucagon and PP secretion. The parasympathetic neurotransmitter receptors 

expressed by islets include the GqPCR muscarinic receptor type 3 (m3) and G�sPCR 

pituitary adenylyl cyclase activating polypeptide 1 receptor type 1 and vasoactive 

intestinal polypeptide receptor 2 (Ahren, 2000). Sympathetic signalling occurs during 

exercise and increases plasma glucose levels by stimulating hepatic glucose output. It 

was observed, through loss of sympathetic nerve terminals, that sympathetic 

signalling also affects glucose-stimulated insulin secretion, insulin gene expression 

and �-cell mass. The sympathetic neurotransmitter receptors expressed by islets are 

the �2 (G�iPCR, inhibits insulin secretion) and �2 (G�sPCR, potentiates glucagon 

secretion) adrenoceptors and the G�iPCR (inhibits insulin secretion) neuropeptide Y  
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receptor Y1 (Moltz & McDonald, 1985; Lacey et al., 1991; Ahren, 2000; Ahren et al., 

2006). 

 

With regard to sensory neurons, there are two types associated with islets, substance 

P and calcitonin gene-related peptide (CGRP) containing neurons (Ahren, 2000). The 

effects of CGRP and substance P are controversial, as factors such as species 

differences, concentrations used and model used (isolated islets vs. perifused 

pancreas) appear to influence the effects of these neurotransmitters on islet secretory 

activities (Chiba et al., 1985; Hermansen & Ahren, 1990; Kogire et al., 1991; 

Rasmussen et al., 1998; Ahren, 2000). However, evidence over recent years is 

mounting that sensory neuron activities in islets may contribute to �-cell dysfunction. 

TRPV1-associated neurons have linked sensory neuron dysfunction to autoimmune-

mediated destruction of � cells in a spontaneously type 1 diabetic mouse model 

(Razavi et al., 2006). In addition, ablation of sensory neurons in the Zucker Diabetic 

Fatty rat model of type 2 diabetes  was also found to improve glucose tolerance by 

increasing insulin secretion both in vivo and in vitro (Gram et al., 2007).  

   

1.2.5 Gastrointestinal tract-mediated regulation of islet secretory 
activities 
The study by McIntyre et al. (1965) was one of the first studies to identify that orally 

ingested glucose produced greater insulin secretory responses than that produced by 

an identical amount of glucose directly infused into the blood stream. This 

phenomenon is known as the incretin effect and, as described in the review by Peters 

(2010), this was later found to be due to the actions of glucose-dependent 

insulinotropic polypeptide (GIP) and glucagon-like peptide-1 (GLP-1).  

 

Glucose-dependent insulinotropic polypeptide (GIP) is primarily secreted by K-cells, 

endocrine cells present in the duodenum and distal jejunum (Damholt et al., 1999). A 

truncated form of GIP, GIP(1-30), is also actively secreted by �-cells in mouse, python 

and human islets (Fujita et al., 2010). Both forms of GIP, at physiological levels, 
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potentiate GSIS (but not basal rates of insulin secretion), and glucagon secretion too 

(De Marinis et al., 2010; Fujita et al., 2010). In addition to affecting islet secretory 

function, use of exogenous GIP has been found to increase �-cell mass and reduce 

rates of �-cell apoptosis under physiological conditions, but its protective effects are 

diminished in diabetic states (Winzell & Ahren, 2007; Maida et al., 2009).  

 

GLP-1 is produced by L-cells and, like GIP, potentiates GSIS (but not basal insulin 

secretion rates) but inhibits the release of glucagon from �-cells (De Marinis et al., 

2010; Fujita et al., 2010). As such, manipulation of GLP-1 signalling has been 

exploited in the treatment of type 2 diabetes (discussed below). With regard to 

information generated from animal models of diabetes, GLP-1 receptor signalling in 

islets has been found to not only improve glycaemic control as it also promotes �-cell 

proliferation as well as causing a reduction in the rates of �-cell apoptosis (Maida et 

al., 2009; Lupi et al., 2010).  

 

Ghrelin is an appetite-stimulating peptide that is primarily produced by A-like cells (an 

endocrine cell) in the stomach (Yada et al., 2008). It exists in two forms, an acylated 

form (referred to as ghrelin) which can activate the ghrelin receptor, and a non-

acylated (also referred to a des-acyl-/desacyl-ghrelin) form which cannot act via the 

ghrelin receptor (Granata et al., 2007). The in vivo and in vitro effects of ghrelin on 

glucose homeostasis and �-cell function have been reviewed by Yada et al. (2008), 

which has primarily focused on ghrelin receptor antagonism and genetic knock-out 

studies. Ghrelin receptor signalling in islets promotes a hyperglycaemic state by 

potentiating glucagon secretion and inhibiting insulin release. Therefore, use of ghrelin 

receptor antagonists have received interest with regard to improving glucose 

tolerance (Salehi et al., 2004; Yada et al., 2008). It is also of note that there appears 

to be at least one other ghrelin receptor expressed in �-cell lines and islets, which can 

bind both forms of ghrelin (Camina, 2006; Granata et al., 2007). Granata et al. (2007) 

suggest that this receptor induces �-cell proliferation and reduces apoptotic signalling. 

As discussed in Section 1.2, the ghrelin is also expressed in islets by 
-cells (appear 
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to be important in feotal islet development) and may also be secreted by �-cells. With 

regard to �-cells, ghrelin may be used in autocrine and paracrine signalling as its 

known to potentiate glucagon secretion and inhibit insulin secretion (Salehi et al., 

2004; Dezaki et al., 2006).    

 

1.3 Diabetes mellitus 
 

As described above (Section 1.1), diabetes mellitus is a chronic endocrine disorder, 

with type 1 and type 2 diabetes being the two most prevalent forms of the disease and 

is clinically defined by several criteria (Table 1.3). Type 1 diabetes is known to have a 

prevalent genetic element with ~50 chromosomal locations linked to the development 

of type 1 diabetes (see the review by Santamaria (2010)). As discussed in the reviews 

by Todd (2010) and Santamaria (2010), highest risk of type 1 diabetes is conferred by 

specific alleles of class I and II MHC (major histocompatibility complex) proteins that 

are expressed by antigen-presenting cells. During the onset of type 1 diabetes, these 

cells present �-cell specific autoantigens (such as preproinsulin) to naïve T-cells, 

which generates autoantigen recognising CD8+ cytotoxic T-cells which then destroy 

the �-cells. However, the onset of type 1 diabetes requires an environmental trigger; 

Schulte et al. (2010) suggest that the infection of �-cells by enteroviruses is an 

environmental trigger, which leads to the phagocytosis of �-cells by dendritic cells (an 

antigen presenting cell). Unlike type 1 diabetes, environmental factors instead of a 

genetic disposition are thought to be the major factors in the onset of type 2 diabetes 

and have been discussed in more detail below in Section 1.3.1. 

 

Hyperglycaemia is associated with a wide array of secondary complications ranging 

from short-term to long-term health issues. Short term symptoms of hyperglycaemia 

include abnormal thirst, abnormal hunger, increased urination frequency, blurred 

vision and/or increased susceptibility to infection (American Diabetes Association, 

2010). If the hyperglycaemia is left untreated, this can lead to diabetic ketoacidosis 

(type 1 diabetes) or hyperosmolar hyperglycaemic state (type 2 diabetes; Umpierrez 
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et al., 1996; American Diabetes Association, 2010). Long-term complications of 

chronic hyperglycaemia are blindness (retinopathy), nephropathy (potentially leading 

to end stage kidney failure), peripheral neuropathy and amputations due to advanced 

infection. Additionally, patients with diabetes are at a significantly increased risk of 

cardiovascular disease (Schramm et al., 2008). Therefore, effective management of 

plasma glucose levels is essential in any form of diabetes. Due to the loss of �-cells, 

glycaemic management in type 1 diabetes is currently dependent on insulin 

replacement therapy. As type 2 diabetes is caused by a progressive loss of �-cell 

function and/or insulin resistance (Section 1.1) there are different regimes available 

for its treatment discussed in more detail in Section 1.3.3. 

 

Table 1.3  Criteria for the diagnosis of diabetes mellitus. 
 

Criteria Pre-diabetes / at risk Gestational 
Diabetes Diabetes IFG IGT 

FBG (mM) 6.1 - 6.9 < 7 � 5.3 � 7.0 

75g OGTT 2 
hour plasma 
glucose (mM) 

< 7.8 7.8 < 11.0 � 8.6 � 11.1 

Random glucose 
(mM) - - - � 11.1 

HbA1C 
(millimoles/mole) - - - � 65 

 
IFG- impaired fasting glucose, IGT- impaired glucose tolerance, FBG- fasting blood 
glucose (taken after a � 8 hour fasting period), OGTT- oral glucose tolerance test, 
random glucose- plasma glucose levels taken from a non-fasted individual, HbA1C- 
glycosylated haemoglobin- units expressed as mmol/mol (HbA1c/total Hb). Information 
has been primarily taken from the World Health Organisation (2006) with gestational 
diabetes and HbA1c data taken from American Diabetes Association (2010). 
 

1.3.1 Type 2 diabetes risk factors 
The progression of type 2 diabetes takes place over many years, so considerable 

effort has been made to identify factors which influence the occurrence of the disease. 

People with either impaired glucose tolerance (IGT, Table 1.3), impaired fasting 

glucose (IFG, Table 1.3), or IGT together with IFG are known to be at higher risk of 

developing type 2 diabetes and so have been classed as “pre-diabetic states” (Unwin 

et al., 2002; Li et al., 2008; Hippisley-Cox et al., 2009; Tabak et al., 2009; Wang et al., 

2010). Similarly, women who become diabetic during pregnancy (gestational diabetes; 
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Table 1.3) are another group at higher risk of developing type 2 diabetes as they also 

display defects in �-cell function and insulin signalling (Kousta et al., 2003). 

 

The occurrence of type 2 diabetes has been found to coincide with numerous other 

risk factors. Age has been described as a risk factor, as the incidence of type 2 

diabetes is significantly higher in people who are aged 40 years or over but can also 

occur in people under the age of 10 (Ramachandran et al., 2004; Gonzalez et al., 

2009; Amed et al., 2010). The incidence of type 2 diabetes has been found to 

significantly increase at BMIs above 23, with highest risks observed at BMI scores � 

35, but it should be noted that BMI is a contributing, not a causative, factor 

(Ramachandran et al., 2004; Nijpels et al., 2008; Lehtovirta et al., 2010; Lorenzo et 

al., 2010). The incidence of type 2 diabetes is also increased in certain ethnic 

populations (Hippisley-Cox et al., 2009), is associated with low birth weight (as 

discussed in the review by Pinney & Simmons (2010)) and increased in people with 

first order relatives who have type 2 diabetes (Lorenzo et al., 2010). The latter risk 

factor indicates that there are specific alleles associated with the incidence of type 2 

diabetes, and in 2009 single nucleotide polymorphisms in 19 genes were implicated 

as conferring increased risk (see reviews by Elbein (2009) and McCarthy & Zeggini 

(2009)). 

 

1.3.2 Onset of type 2 diabetes 
The progression from being at risk of developing type 2 diabetes to developing overt 

type 2 diabetes in not clearly understood but is linked to further decreases in �-cell 

function and/or insulin resistance.  Leahy (2009) suggests that the progression from 

pre-diabetic to developing type 2 diabetes is linked to how resilient an individual’s �-

cells are, as 17 out of 19 genes (as mentioned above) implicated in susceptibility for 

type 2 diabetes are either involved in �-cell survival, function or development. 

Histological studies of pancreata obtained from non-diabetic and type 2 diabetic 

people all suggest that �-cell mass is decreased without similar decreases in �-cell 

and 	-cell numbers (Butler et al., 2003; Yoon et al., 2003; Iki & Pour, 2007). The loss 
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of �-cell mass and function has been ascribed to glucotoxicity, glucolipotoxicity and/or 

�-cell fatigue and are briefly described below (for more detailed mechanisms see 

reviews by Leahy (2009), Poitout & Robertson (2002) and Robertson (2009)). 

Glucotoxicity refers to chronic exposure of �-cells to supraphysiological levels of 

glucose, associated with a non-reversible reduced transcription of insulin mRNA, 

which leads to reductions in islet insulin content and GSIS (see reviews by Poitout & 

Robertson (2002) and Robertson (2009)). It is also recognised that glucotoxicity 

increases the incidence of apoptosis through oxidative stress in �-cells (Robertson, 

2009; Zhang et al., 2010). �-cell fatigue is based on a similar concept as glucotoxicity. 

This hypothesis suggests that the effects of glucotoxicity are reversible, by resting the 

�-cells (i.e. no longer actively secreting insulin), before a point where their insulin 

reserves fall  too low (as discussed in the reviews by Leahy (2009) and Robertson 

(2009)). The concept of glucolipotoxicity is based on the observation that chronic 

exposure of �-cell lines and islets to high concentrations of saturated fatty acids (e.g. 

palmitate) does not affect �-cells survival unless cultured under elevated glucose 

concentrations � 11mM (El-Assaad et al., 2003). Additionally, under glucolipotoxic, 

conditions palmitate has also been found to reduce maximal levels of GSIS (Sun et 

al., 2008; Popescu et al., 2010).  

 

1.3.3 Current treatments for type 2 diabetes 
On diagnosis of type 2 diabetes, a patient is given advice on permanent changes in 

diet which are aimed not only to reduce the peak amount of glucose absorbed into the 

blood stream but as a means to regulate the intake of specific types of lipids too (Holt 

& Kumar, 2010). In addition to changes in diet, 30 minutes of moderate aerobic 

exercise 5 days a week is recommended as excercise improves peripheral insulin 

sensitivity. Collectively, these alterations not only aid weight loss in overweight 

patients but also help regulate glycaemia and improve several risk factors associated 

with cardiovascular disease (Sibal & Home, 2009; Holt & Kumar, 2010). If HbA1c 

(Glycated haemoglobin) levels are > 70 millimoles/mole or patients are displaying 

symptoms (e.g. retinopathy), then oral drugs are prescribed, in addition to changes in 
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lifestyle modifications to manage hyperglycaemia. According to the study by Gonzalez 

et al. (2009), the most commonly prescribed oral drugs by people with type 2 diabetes 

to regulate their hyperglycaemia were metformin, sulphonylureas and 

thiazolidinediones (also known as glitazones). Since 2005, GLP-1 receptor agonists 

and dipeptidyl peptidase 4 (DPP4) inhibitors have also been introduced for the 

treatment of type 2 diabetes (Janosz et al., 2009). It should be noted that 

subcutaneous injections of insulin are also used in the treatment of type 2 diabetes, 

either alone or in combination with oral drugs, as a final resort should other treatments 

fail to effectively regulate glycaemia (Gonzalez et al., 2009; Sibal & Home, 2009).  

 

Metformin is typically the first oral drug to be used for the management of 

hyperglycaemia and is known to reduce hepatic gluconeogenesis (and lipogenesis) 

via the activation of adenosine monophosphate kinase signalling (Shaw et al., 2005). 

Additionally, metformin may also increase skeletal muscle and other peripheral tissue 

insulin sensitivity, reduce plasma lipid levels, inhibit DDP4 activity and increase GLP-1 

production (see reviews by Setter et al. (2003) Tahrani et al. (2010)). Another benefit 

of metformin is a low occurrence of hypoglycaemia but a concern with metformin is 

that it can also induce, albeit rarely, lactic acidosis (as discussed in the review by 

Setter et al. (2003)). Sulphonylureas bind to the SUR1 subunit on �-cell KATP channels 

which causes channel closure leading to insulin release (see above), and are used to 

enhance insulin secretion from �-cells (see review by Gribble & Reimann (2003)). 

Sulphonylureas have significant drawbacks, including weight gain and increased 

occurrence of hypoglycaemia (Sibal & Home, 2009). Additionally, the study by 

Tzoulaki et al. (2009) suggests that sulphonylurea monotherapy is associated with 

significantly higher risks of myocardial infarction, congestive heart failure and general 

mortality rates in comparison to metformin monotherapy. 

 

Thiazolidinediones (TZDs) are peroxisome proliferator-activated receptor gamma 

(PPAR�) agonists and are primarily associated with increasing peripheral tissue 

insulin sensitivity (Kahn et al., 2006; Scheen et al., 2009). In the ADOPT trial (Kahn et 
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al., 2006), rosiglitazone (a TZD) treatment was not only attributed to the improvement 

in insulin sensitivity but increased preservation of �-cell function with respect to the 

metformin and sulphonylurea treatment groups. These effects have been confirmed in 

animal models of diabetes and in human islets in vitro, where TZD treatment was 

found to preserve islet mass, islet morphology, islet insulin content, insulin secretory 

activity and it reduced islet triglyceride content (Shimabukuro et al., 1998; Ishida et al., 

2004; Kawasaki et al., 2005; Vandewalle et al., 2008).  In vitro studies suggest that 

the protective effects of rosiglitazone (a TZD) in islets are primarily due to PPAR� 

receptor-dependent signalling but rosiglitazone is also able to reduce some aspects of 

palmitate-induced oxidative stress by antagonising free fatty acid receptor 1 signalling 

(Meidute Abaraviciene et al., 2008; Vandewalle et al., 2008). There are several health 

concerns associated with TZDs, which include weight gain (observed in both ADOPT 

and PROactive trials), as well as increased risk of fractures, oedema and 

cardiovascular events (Scheen et al., 2009; Tzoulaki et al., 2009; Tahrani et al., 

2010). 

 

GLP-1 was identified as a potential drug for type 2 diabetes as it is an incretin 

hormone which potentiates insulin secretion and also inhibits glucagon secretion 

(Section 1.2.5). However, in vivo GLP-1 is rapidly degraded by DPP4, which led to the 

development of GLP-1 receptor agonists and DPP4 inhibitors, with both approaches 

proving successful in the treatment of type 2 diabetes (see reviews by Mentlein (1999) 

and Peters (2010)). With regard to the efficacy of GLP-1 receptor agonists in 

comparison to DPP4 inhibitors, the reviews by Janosz et al. (2009) and Tahrani et al. 

(2010) suggest that GLP-1 agonists offer greater glycaemic control and also are 

associated with weight loss too. Both classes of drugs are associated with improved 

�-cell function and survival as well as improvements in cardiovascular risk factors 

through reductions in plasma triglycerides and blood pressure (Janosz et al., 2009; 

Tahrani et al., 2010). However, there are concerns that both forms of treatment may 

be associated with pancreatitis (see review by Butler et al. (2010)). The 2008 National 

Collaborating Centre for Chronic Conditions (NCC-CC, 2008) guidelines are the latest 
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(full) guidelines for the treatment of type 2 diabetes used by the UK’s National Health 

Service but the section dealing with the clinical use of oral anti-hyperglycaemic drugs 

was updated in 2009 (NICE, 2009). 

 

As discussed above, type 2 diabetes is a progressive disease with many secondary 

complications and it has a considerable economic cost if quality of life is to be 

assured. Therefore, studies are now focusing on how to prevent the onset type 2 

diabetes in people who at highest risk of developing the disease. The meta-analysis 

by Gillies et al. (2007) suggests that lifestyle interventions (diet, exercise or both) 

reduced the incidence of type 2 diabetes by ~50%. Overall, lifestyle interventions 

were found to be more effective than oral diabetics such as acarbose (�-glucosidase 

inhibitor that reduces intestinal absorption of carbohydrates) and metformin (Gillies et 

al., 2007; Tahrani et al., 2010). 

 

1.4 The endogenous cannabinoid system 
 

Cannabis has been used for medical and recreational purposes for thousands of 

years (Pacher et al., 2006), but it was not until the 1960’s that the main psychoactive 

component of cannabis, �9-tetrahydrocannabinol (THC), was discovered (Gaoni & 

Mechoulam, 1964). Despite this it wasn’t until the early 1990’s that the first 

cannabinoid (CB) receptor, CB1, and an endogenous ligand, N-

arachidonoylethanolamide (otherwise known as anandamide or AEA) were 

discovered (Matsuda et al., 1990; Devane et al., 1992). Since then, another 

cannabinoid receptor (CB2) and the endocannabinoid, sn-2 monoacylglycerol 2-

arachidonoylglycerol (2-AG), have been identified (Munro et al., 1993; Mechoulam et 

al., 1995; Sugiura et al., 1995). Early investigations into the effects of anandamide 

reported that AEA had anti-nociceptive, hyperphagic (over-eating) and vasorelaxatory 

effects, suggesting that the endocannabinoid system was involved in several 

physiological systems (Randall et al., 1996; Stein et al., 1996). The endocannabinoid 

system is now known to be expressed in a wide range of cells and tissues throughout 
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the body. The endocannabinoid system is involved in the physiological regulation of a 

number of systems and is discussed further in Section 1.4.3, with regard to receptor-

specific signalling.  

 

Several other compounds have been suggested to be putative endocannabinoids. 

They include noladin ether (2-arachidonyl glyceryl ether), virodhamine (O-

arachidonoylethanolamine) and N-arachidonoyl dopamine (Hanus et al., 2001; Huang 

et al., 2002; Porter et al., 2002). While these compounds have been found to be 

cannabinoid agonists, it remains unclear whether they are endogenous ligands as 

biosynthetic pathways have not been established. Additionally, it has been found that 

AEA is part of a wider class of lipid signalling molecules called N-acylethanolamines, 

which include N-oleoylethanolamide (OEA) and N-palmitoylethanolamide (PEA). 

However, OEA and PEA are devoid of CB receptor activity and are subsequently 

called endocannabinoid-like molecules (Matias et al., 2007).  

 

1.4.1 Endocannabinoid synthesis 
Described below are the biosynthetic pathways for three endocannabinoids. A key 

aspect of their production is that they are made de novo as they can readily diffuse 

across membrane and so cannot be stored intracellularly. 

 

1.4.1.1 N-acylethanolamine (NAE) synthesis 
The de novo production of N-acylethanolamines involves two key stages, the 

formation of N-acyl-phosphatidylethanolamine (NAPE) and then the removal of the N-

acylethanolamine from the NAPE (Figure 1.7). The formation of NAPE first involves 

the transfer of a sn-1 fatty acid moiety from a phosphatidylcholine (PC) 

glycerophospholipid to the ethanolamine head group of a phosphatidylethanolamine 

(PE) glycerophospholipid (Cadas et al., 1996; Cadas et al., 1997); Ca2+-dependent or 

-independent N-acyltransferase (CaNAT and iNAT, respectively) catalyse this step 

(Cadas et al., 1996; Cadas et al., 1997; Jin et al., 2007). The second stage is the 

liberation of the N-acylethanolamine from NAPE; for AEA this can be achieved by 

multiple pathways. One pathway is the direct hydrolysis of AEA from NAPE by a 
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Figure 1.7  The different biosynthetic pathways by which anandamide (N-
arachidonoylethanolamine) can be produced. PE, phosphatidylethanolamine; PC, 
phosphatidylcholine; PA, phosphatidic acid; LPA, lysophosphatidic acid; DAG, 
diacylglycerol; NAPE, N-acyl-phosphatidylethanolamine;  Ca-NAT, Ca2+-dependent N-
acyltransferase; iNAT, Ca2+-independent N-acyltransferase; NAPE-PLD, NAPE-
specific phospholipase D; PLC, phospholipase C; PTPN22, protein tyrosine 
phosphatase, non-receptor type 22; sPLA2, secretory  phospholipase A2; GP-NAE, 
glycerol-3-phosphate N-acylethanolamine; NAE, N-acylethanolamine; Abh4, �/�-
hydrolase 4; GDE1, glycerophosphodiesterase 1; SHIP1, Phosphatidylinositol-3,4,5-
trisphosphate 5-phosphatase 1; FA, fatty acid. The figure has been taken from Ueda 
(2010).  
 

NAPE-specific phospholipase D (NAPE-PLD), whose activity is known to be Ca2+-

dependent (Cadas et al., 1996). In a second pathway, the fatty acid at the sn-1 

position is removed by type IB secretory phospholipase A2 to produce lyso-NAPE, 

from which AEA is liberated by lyso-PLD (Sun et al., 2004). A third pathway involves 

phospholipase C hydrolysing NAPE producing a phosphorylated form of AEA, which 
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is then dephosphorylated by PTPN22 (protein tyrosine phosphatase, non-receptor 

type 22) yielding AEA (Liu et al., 2006). There are additional pathways and alternate 

enzymes by which AEA can be produced from NAPE which are described in the 

review by Ueda et al. (2010). 

 

The expression of these pathways differs between tissues. For instance, the activities 

of CaNAT and NAPE-PLD are highest in the brain (Cadas et al., 1997; Leung et al., 

2006). This may also reflect tissue-specific requirements in endocannabinoid 

signalling, as mouse NAPE-PLD knock-out studies suggest that N-acylethanolamine 

formation in the brain is primarily dependent on NAPE-PLD, whereas in testis N-

acylethanolamines are produced by NAPE-PLD independent pathways (Leung et al., 

2006). The utilisation of different NAPE-PLD hydrolytic pathways may allow cells to 

produce specific NAEs. This was observed in the study by Leung et al. (2006), as 

saturated and monounsaturated NAE levels in brains from NAPE-PLD KO mice were 

significantly reduced but the levels of polyunsaturated NAEs, such as AEA, were least 

affected. However, this could also be explained by a compensatory mechanism in 

which another AEA synthetic pathway was upregulated in specific regions of the brain.  

 

1.4.1.2 2-Arachidonyl glycerol (2-AG) synthesis 
As discussed in the review by Sugiura et al. (2002), the existence of 2-AG, a 

monoacylglycerol (MAG), was long known before its identification as an 

endocannabinoid, with 2-AG as an intermediate in the production of triacylglycerols, 

glycerophospholipids, and arachidonic acid. With regard to the production of 2-AG, for 

the purposes of endocannabinoid signalling, it is viewed that the biosynthetic 

pathways are Ca2+-dependent (Bisogno et al., 1997; Stella et al., 1997). This led to 

the identification of two Ca2+-dependent signalling pathways which produce the 

diacylglycerol (DAG), sn-1-acyl-2-arachinodyl-glycerol (Bisogno et al., 1997; Stella et 

al., 1997). The pathway identified by Stella et al. (1997) was the production of DAG 

from phosphatidylinositol (PI) by a PI-specific phospholipase C. The second pathway 

indentified by Bisogno et al. (1997) was the production of DAG from phosphatidic acid 

(PA) by PA phosphatase. As with NAE biosynthesis, there may also be cell-specific 
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expression of the two DAG producing pathways, as Stella et al. (1997) used 

hippocampal neurons, whereas Bisogno et al. (1997) used the N18TG2 neuroblastoma 

cells (neuronal cell line). Both studies recognised that the conversion of DAGs to 

MAGs was catalysed by a Ca2+-dependent DAG lipase (DAGL), of which two isoforms 

were identified, DAGL� and DAGL� (Bisogno et al., 2003). Both isoforms were found 

to be co-expressed together in tissues but the two isoforms show differential activities 

for DAGs. DAGL� showing equal preference for linoleic-, oleic-, arachidonic-, and 

stearic-acid based DAGs, whereas DAGL� had the highest activity for linoleic-acid � 

oleic-acid > arachidonic-acid > stearic-acid based DAGs (Bisogno et al., 2003).  

 

1.4.1.3 N-arachidonoyl dopamine (NADA) synthesis 
N-arachidonoyl dopamine is the only putative endocannabinoid (of those listed above) 

to have its biosynthetic pathway at least partially characterised. NADA appears to be 

restricted to dopaminergic nerve terminals in rat brain, and two possible biosynthetic 

pathways have been described (Hu et al., 2009). The first pathway proposed that N-

arachidonyl (NA) tyrosine (produced from arachidonic acid [AA] and tyrosine) was 

converted to NA-dopamine and then to NADA, but this pathway was discredited as 

only one intermediate (N-arachidonyl tyrosine) was found to be present in rat brain. 

The second pathway proposed by Hu et al. (2009) was a fatty acid amide hydrolase 

(FAAH)-dependent formation of NADA from AA and dopamine, which was observed in 

vivo and in rat brain membrane assays. However, the formation of NADA by micelles 

containing FAAH was poor, suggesting that other proteins may be involved (Hu et al., 

2009).  

 

1.4.2 Endocannabinoid degradation 
Another key feature of endocannabinoid signalling is that endocannabinoids are 

rapidly degraded by cells. As the degradative enzymes are expressed intracellularly, 

endocannabinoids first need to be internalised and so endocannabinoid degradation is 

typically considered to be a two-stage process. Three main endocannabinoid 

degrading enzymes are involved (FAAH, N-acylethanolamine-hydrolysing acid 
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amidase and monoacylglycerol lipase) and these are discussed further in the following 

sub-sections. The main endocannabinoid degradative pathways are represented in 

Figure 1.8. In addition to these pathways, endocannabinoids can also be oxygenated 

to form compounds with different pharmacology (van der Stelt et al., 2002). Briefly, 

cyclooxygenases (COX) and lipoxygenases (LOX) are the two main classes of 

enzymes that can oxygenate endocannabinoids (van der Stelt et al., 2002). Both COX 

and LOX can also oxygenate AA to produce biologically active molecules (Han et al., 

2002; Lichtman et al., 2002). 

 

Arachidonic acidEthanolamine Glycerol

Anandamide 2-Archidonoylglycerol

NAAA FAAH MAGL

EMT EMTEMT

Intracellular

Extracellular

Anandamide 2-Archidonoylglycerol

 
 
Figure 1.8  The major degradative pathways of anandamide and 2-
arachidonoylglycerol. For anandamide and 2-arachidonoylglycerol to be degraded, 
they first need to enter the cell: this can occur either by diffusion across the plasma 
membrane or through endocannabinoid membrane transport (EMT) proteins 
(Kaczocha et al., 2009). Once in the cytoplasm, the endocannabinoids can then be 
metabolised by FAAH (fatty acid amide hydrolyase), NAAA(N-acylethanolamine-
hydrolysing acid amidase) or MAGL (monoacylglycerol lipase), with enzyme 
involvement being dependent on the endocannabinoid and cell type (Sun et al., 2005; 
Tsuboi et al., 2005; Blankman et al., 2007). 
 

The study by Ortega-Gutierrez et al. (2004), using neuronal cells isolated from FAAH 

wild type and knock-out mice, found that AEA uptake was dependent on multiple 

factors. They concluded that 24% of AEA uptake was FAAH-dependent, 18% CB1 

receptor-dependent, 30% EMT-dependent and 28% diffusion-dependent. However, 

the diffusion-dependent uptake of AEA is reliant on the metabolism of cytosolic AEA in 

order to prevent the intracellular and extracellular concentrations of AEA from 



 38

equilibrating. Maccarrone et al. (2000) suggested that CB1 receptor-stimulated AEA 

uptake occurs through potentiation of nitric oxide (NO) synthase leading to increased 

intracellular NO levels, which they hypothesised to upregulate EMT uptake rates. With 

regard to EMTs, the study by Kaczocha et al. (2009) identified that certain fatty acid 

carriers, fatty acid binding proteins (FABP), contributed to AEA uptake. More 

specifically, it was found that N18GT2 cells express FABP5, and that its inhibition 

reduced AEA uptake by 57% over a 5-minute period. Therefore, it appears likely that 

AEA uptake and the uptake of other endocannabinoids are achieved through diffusion 

gradients and membrane transport proteins, with the maintenance of the diffusion 

gradient being dependent on endocannabinoid clearance. As discussed in the review 

by Yates & Barker (2009), endocannabinoids that diffuse into cells may be 

sequestered into intracellular compartments. It has been proposed that 

endocannabinoids which enter the plasma membrane may also be captured in 

endocytotic vesicles. 

 

1.4.2.1 Fatty acid amide hydrolase (FAAH) 
FAAH (also known as FAAH-1) is conserved between mouse, rat (91% homology with 

mouse) and human (shares ~83% homology with mouse and rat FAAH genes). FAAH 

is a serine hydrolase, and hydrolyses AEA to form AA and ethanolamine (see review 

by McKinney & Cravatt (2005)). FAAH has an optimal pH of 9 and is typically reported 

to have highest activities for oleamide (a primary amide) and AEA (Ueda et al., 1995; 

Giang & Cravatt, 1997; Sun et al., 2005; Wang et al., 2008). In vitro studies also 

suggest that FAAH can also hydrolyse 2-AG and other MAGs, but in vivo the 

contribution of FAAH in regulation of MAG levels is minor (Lichtman et al., 2002). 

FAAH is expressed in the wide number of tissues, with FAAH being the major AEA 

degradative enzyme in brain, spinal cord and liver but does not appear to be 

expressed in heart or skeletal muscle (Cravatt et al., 2001; Sun et al., 2005; Mulder & 

Cravatt, 2006; Wei et al., 2006).  
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In addition to FAAH, there is a second FAAH, FAAH-2, which is 20% homologous to 

FAAH and is expressed in humans but not in rodents (Wei et al., 2006). Wei et al. 

(2006) found that the optimal pH of FAAH-2 was between pH 8 and 9 and that it 

displayed the highest catalytic activity for oleamide with only minor NEA hydrolytic 

activity. FAAH-2 is expressed in a wide range of human tissues, in particular the 

heart, but was not found to be expressed in brain, small intestine or liver (Wei et al., 

2006). Both FAAH and FAAH-2 are globular proteins with a single membrane-

spanning helix and so are integral membrane proteins (Wei et al., 2006). Both FAAH 

and FAAH-2 are expressed intracellularly with the globular domain of FAAH facing the 

cytosol, while the globular domain of FAAH-2 is expressed on the luminal sides of 

membranes (Wei et al., 2006). In the study by Morozov et al. (2004), > 80% of FAAH 

was present on small vesicles, 10% was found on the outer mitochondrial membrane 

and 5% was expressed on the cytosolic side of the plasma membrane. 

 

1.4.2.2 N-acylethanolamine-hydrolysing acid amidase (NAAA) 
Ueda et al. (1999) identified a FAAH-like enzyme activity in human megakaryoblastic 

cells, which hydrolysed AEA to AA and ethanolamine, but, unlike FAAH, it had an 

optimal pH of 5 and was not inhibited by FAAH inhibitors. The FAAH-like enzyme was 

subsequently named N-acylethanolamine-hydrolysing acid amidase (NAAA), and 

these characteristics have been reproduced by other studies, and it has been found 

that NAAA is catalytically distinct from FAAH, as well as showing the highest 

hydrolytic activity for PEA over other NAEs including AEA (Sun et al., 2005; Tsuboi et 

al., 2005). Both Sun et al (2005) and Tsuboi et al. (2005) examined the expression 

(mRNA) in mouse and rat tissues (respectively) and showed that NAAA is widely-

distributed throughout the body but is expressed at low levels in liver and small 

intestine. Cellular analysis of NAAA has revealed that NAAA appears to be expressed 

within lysosomes or is associated with the lysosomal membrane (see review by Ueda 

et al. (2010)) 
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1.4.2.3 Monoacylglycerol lipase (MAGL) 
Monoacylglycerol lipase (MAGL) is the only enzyme of its class to be expressed in 

mammals and is a serine hydrolase that hydrolyses medium to long chain fatty acids 

MAGs, MAGL-mediated hydrolysis of 2-AG produces AA and glycerol (Karlsson et al., 

1997). MAGL is a cytosolic membrane-associated enzyme and is expressed in brain, 

intestinal tract, islets and liver (Blankman et al., 2007; Saario & Laitinen, 2007; 

Duncan et al., 2008; Starowicz et al., 2008; Tharp et al., 2008). It was found that in 

mouse brain, 90% of 2-AG hydrolysis was membrane-localised, with MAGL 

accounting for 85% of this (Blankman et al., 2007). Of the remaining membrane-

localised 2-AG hydrolysis, FAAH accounted for < 1% of activity (Blankman et al., 

2007). In porcine brain preparations, MAGL was found to have an optimal pH of 7 

(Goparaju et al., 1999), but has also been described elsewhere as having an optimal 

pH of 8 (see review by Blankman et al (2007)). MAGL is typically described as having 

a higher activity for 2-AG over other MAGs (see review by Blankman et al. (2007)) but 

the study by Dinh et al. (2002) found that MAGL hydrolysed 2-oleyl glycerol at a faster 

rate (~2 fold) than 2-AG.  

 

1.4.4 “Classical” Cannabinoid receptors 
To date, there are two confirmed (‘classical’) cannabinoid receptors, CB1 and CB2, 

both of which have been identified as inhibitory G protein coupled receptors 

(G�i/oPCR), and were originally believed to localised to the CNS and immune tissue, 

respectively (Bayewitch et al., 1995; Howlett et al., 2002; Jarrahian et al., 2004). 

Studies over recent years have confirmed the expression (at least mRNA) of CB1 

receptors in peripheral tissues such as liver, islet, adipose tissue and gastrointestinal 

tract (Juan-Pico et al., 2006; Starowicz et al., 2008; Izzo & Sharkey, 2010). CB1 

receptors are involved in a wide range of physiological systems such as the regulation 

of neuronal activity in the CNS by post-synaptic inhibition, nociception, and regulation 

of blood vessel dilation (as discussed in the review by Pacher et al. (2006)). The study 

by Liu et al. (2009a) has also reported the expression of CB2 receptor mRNAs in non-

immune tissues such as brain, kidney, and testes. However, the expression of CB2 
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may have gone previously undetected as its expression may be inducible; for 

instance, the study by Viscomi et al. (2009) found that CB2 expression by neurons in 

the cerebellum was only induced under conditions of neurodegeneration. In 

physiological and pathological conditions, CB2 receptor signalling in the immune 

system has an immunosuppressive effect which is thought to be protective as it 

prevents excessive immune responses (see review by Patel et al. (2006)). CB2 

receptor signalling also serves a protective role in other tissues; in pathological states 

as it reduces inflammation and injury in the cardiovascular system, reduces liver 

fibrosis and stimulates neurogenesis in the CNS (as discussed in the review by 

Pacher et al. (2006)) 

 

CB1 and CB2 receptor activation is known to result in inhibition of adenylyl cyclase 

activity, and activation of mitogen-activated protein kinase (MAPK) signalling 

cascades (see the review by Bosier et al. (2010)). Additionally, CB1 receptors are 

known to inhibit the activities of voltage-gated calcium channels but activate G 

protein-coupled inwardly rectifying potassium channels (see review by Turu & 

Hunyady (2010)). It should be noted that in several studies, it has been observed that 

some cannabinoids (typically AEA) have been found to inhibit ion channel activities 

independently of the CB1 receptor (Shimasue et al., 1996; Chemin et al., 2001; 

Maingret et al., 2001; Sade et al., 2006).  

 

Both CB1 and CB2 receptors have been described as possessing constitutive activity; 

this is primarily based on observations of CB-receptor antagonists having the opposite 

effect to CB-receptor agonists in studies in vivo and in vitro (this concept is discussed 

further by Pertwee (2003)). Briefly, if receptors have two states, dormant and active, 

the receptor can only switch to the active state upon binding of an agonist. The 

receptor will remain in the active state until the agonist dissociates from the receptor. 

In this model, antagonists block the binding of agonists to the receptor, preventing it 

from switching on, whereas receptors which are constitutively active can switch 

between the dormant and active states in the absence of any agonist. However, only 
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a portion of the constitutively-active receptors will be in the active state at any one 

time. Upon binding of an agonist, the active state of the constitutively-active receptor 

will be stabilised (i.e. it will not switch back to the dormant state) until the agonist 

dissociates from the receptor. An antagonist that blocks the binding of the agonist but 

does not affect either state of the receptor is referred to as a neutral antagonist, 

whereas an antagonist that also stabilises the dormant state of the receptor is called 

an inverse agonist. There is disagreement as to whether certain CB1 and CB2 

receptors antagonists are inverse agonists; one such argument is that the constitutive 

CB receptor activity may be a result of low level endocannabinoid production. As 

discussed in the study by Savinainen et al. (2003), observations of inverse agonism 

by the putative CB1 receptor antagonist/inverse agonist rimonabant, at micromolar 

concentrations, in cerebellar membranes may have been due to blockade of 

adenosine A1 receptor signalling. 

 

In addition to acting at cannabinoid receptors, it has been recognised that there may 

be additional receptors at which the endocannabinoids and endogenous cannabinoids 

exert their effects. In brain membrane preparations from CB1 receptor KO mice, it was 

observed that AEA stimulated GTP binding in a concentration-dependent manner 

which was not affected by CB1 or CB2 receptor antagonism, thus, indicating that there 

was at least one extra uncharacterised CB-like GPCR expressed in mouse brain (Di 

Marzo et al., 2000). Similarly, cannabinoid studies in the vascular system have also 

indicated that there is another cannabinoid-like receptor expressed by the 

endothelium aside from the CB1 receptor (see review by Kunos et al. (2002)). This 

was first suggested by Wagner et al. (1999) as AEA-mediated vessel relaxation in 

mesenteric arteries did not appear to be CB1 receptor-mediated and the effects of 

AEA were not reproduced by 2-AG or THC (Kunos et al., 2002). The following 

sections describes several receptors which are either associated with cannabinoid 

signalling or are currently classed as putative cannabinoid receptors. 
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1.4.5 Peroxisome proliferator-activated receptors (PPARs) 
There are three isoforms of PPAR receptors, �, �, and �/	 (which have different 

physiological functions, different ligand selectivity and different tissues distributions), 

expressed by a wide range of tissues (Braissant et al., 1996). The PPAR receptors 

when activated are known to heterodimerise with the retinoid X receptor, which bind to 

peroxisome proliferator response elements and recruit co-activators to form active 

transcription complexes (Desvergne & Wahli, 1999; Zoete et al., 2007). Kozak et al. 

(2002) was the first study to suggest a link between the endocannabinoid system and 

PPAR receptors by observing that the 15-LOX metabolite of 2-AG was a PPAR� 

agonist. As discussed in O'Sullivan & Kendall (2010), there is reasonable evidence to 

suggest that cannabinoid signalling can either directly or indirectly (via oxygenation by 

COX and LOX) agonise PPAR� and/or PPAR� receptor. Data from several in vitro 

studies suggest that AEA (either directly or via COX-2 metabolism) may produce a 

significant PPAR�-mediated signalling event (Rockwell & Kaminski, 2004; Bouaboula 

et al., 2005; O'Sullivan et al., 2009). 

 

Briefly, PPAR� is typically expressed in tissues with high levels of fatty acid oxidation 

(e.g. skeletal muscle) and its activation results in the increased expression of genes 

required for fatty acid uptake and �-oxidation (see review by Ferre (2004)). PPAR� 

receptors are targetted by the fibrates, which are PPAR� agonists that are used in the 

treatment of dyslipidemia because they reduce plasma triglyceride levels, raise high 

density lipoprotein (HDL)-cholesterol levels, and have been found to have positive 

effects on CVD (Keech et al., 2005). As discussed in the review by Stienstra et al. 

(2007), PPAR� activation is also associated with anti-inflammatory effects. The 

expression of PPAR�/	 in rat tissue has been found to be wide-spread (Braissant et 

al., 1996). PPAR�/	 function is the least understood amongst the PPAR isoforms but 

appears to be involved in the regulation of fat mass, type 1 skeletal fibre formation, 

cardiomyocyte growth as well as increasing fatty acid metabolism (see review by 

Wagner & Wagner (2010)). Two separate isoforms of PPAR� have been identified, 

PPAR�1 and PPAR�2, with PPAR�2 expression being most prevalent in adipose 

tissue (Tontonoz et al., 1994). PPAR� signalling is a key step in the adipocyte 
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differentiation, regulates lipid deposition and also has anti-inflammatory actions 

(Leesnitzer et al., 2002; Ferre, 2004; Stienstra et al., 2007; Scheen et al., 2009). As 

discussed in section 1.3.3, PPAR� agonists (the TZDs) are currently used in the 

treatment of type 2 diabetes as peripheral insulin sensitisers but may also exert 

benifical effects of �-cell function and activity too.  

 

1.4.6 Transient receptor potential vallinoid type 1 (TRPV1) 
The TRPV1 channel was first characterised by Caterina et al. (1997) and was 

originally called vallinoid receptor 1.  TRPV1 channels were found to open in response 

to noxious heat and acidic pH, allowing the influx of positive mono- and divalent ions 

into TRPV1-expressing cells (Caterina et al., 1997). TRPV1 was found to have 

highest permeability for Ca2+ ions, and its expression is limited to sensory neurons 

(Caterina et al., 1997). Since this study, expression of TPRV1 channels has also been 

found in tissues such as brain, smooth muscle and lungs (Jara-Oseguera et al., 

2008). Zygmunt et al. (1999) was the first study to establish AEA as an endovallinoid 

as well as an endocannabinoid, as it was observed that AEA caused vasorelaxation in 

arteries via TRPV1 channels expressed by vessel-associated sensory neurons. As 

discussed in the review by Jara-Oseguera et al. (2008), TRPV1 activity is associated 

with various inflammatory disorders and pain perception but is also associated with 

protective effects in the cardiovascular system and gastrointestinal tract.  

 

1.4.7 GPR119 
The expression of GPR119 mRNA has been reported, albeit at low levels, in a large 

number of tissues including brain, heart, spleen and stomach (Soga et al., 2005; Chu 

et al., 2008). The highest levels of GPR119 expression has been reported in islets, �-

cell lines, and intestinal L-cells (Sakamoto et al., 2006; Chu et al., 2008; Lan et al., 

2009). Evidence largely suggests that GPR119 is a G�sPCR as its activation leads to 

increases in cAMP levels and potentiates the secretion of insulin, GLP-1 and GIP from 

islets and L-cells, respectively (Soga et al., 2005; Overton et al., 2006; Chu et al., 

2007; Chu et al., 2008). GPR119 has received interest with regard to cannabinoid 
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signalling as the NAEs, including AEA, have been reported as endogenous ligands (in 

order of potency, OEA> PEA > SEA> AEA), as have the lysophosphatidylcholines 

(Soga et al., 2005; Overton et al., 2006). However, the study by Lan et al. (2009) in 

which GPR119 KO mice were used, found that the effects of OEA and 

lysophosphatidylcholine on insulin secretion were similar in islets isolated from WT 

and KO mice. This may suggest that OEA and lysophosphatidylcholine were 

potentiating insulin secretion via non-GPR119 receptors. 

 

1.4.8 GPR18 
Expression of GPR18 has primarily been found in spleen, thymus, testis and 

leukocytes, with N-arachidonoyl glycine (NAGly, produced from AEA) and N-palmitoyl 

glycine being suggested as endogenous agonists for GPR18 (Gantz et al., 1997; 

Rimmerman et al., 2008; Bradshaw et al., 2009). Evidence for NAGly as an 

endogenous GPR18 agonist is still controversial as studies in cell lines disagree as to 

whether NAGly possess significant GPR18 agonistic behaviour (Kohno et al., 2006; 

Rimmerman et al., 2008). Data suggest that GPR18 is a G�iPCR, the activation of 

which results in the influx of Ca2+ influx (Ikeda et al., 2005; Kohno et al., 2006; 

Rimmerman et al., 2008). The physiological role of GPR18 remains unknown but 

there are suggestions that GPR18 may regulate sensory neuron activity and immune 

cell function (Rimmerman et al., 2008).  

 

1.4.9 GPR55 
The expression of the GPR55 (mRNA) has been reported in a wide number of tissues, 

with highest expression levels reported in adrenal glands, brain and small intestine 

(Sawzdargo et al., 1999; Ryberg et al., 2007; Lauckner et al., 2008; Waldeck-

Weiermair et al., 2008; Whyte et al., 2009). The physiological effects of GPR55 

signalling, thus far, are the regulation of bone mass and hyperalgesia (increased 

sensitivity to painful stimuli) in response to inflammatory and neuropathic pain (Staton 

et al., 2008; Whyte et al., 2009). Activation of GPR55 in natively-expressing cells has 

been suggested to lead to activation of RhoA (Ras homologue gene family, member 
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A) and Rho-Associated Kinase (ROCK) mediated by either G�12 or G�13 proteins 

(Lauckner et al., 2008; Waldeck-Weiermair et al., 2008; Henstridge et al., 2009; Oka 

et al., 2009; Whyte et al., 2009). In addition, activation of GPR55 has also been linked 

to PLC, via Gq activation (Sawaki et al., 1993; Iismaa et al., 2000; Duttaroy et al., 

2004; Waldeck-Weiermair et al., 2008; Henstridge et al., 2009). While there is strong 

consensus that lysophosphatidylinositols are endogenous ligands for GPR55, there is 

controversy surrounding which cannabinoids also have GPR55 activity although there 

are more studies that suggest that the CB1 receptor antagonists AM251 and 

rimonabant are GPR55 agonists than those that do not (Waldeck-Weiermair et al., 

2008; Kapur et al., 2009; Oka et al., 2009; Yin et al., 2009; Henstridge et al.). 

 

1.4.10 The endocannabinoid system with respect to insulin 
signalling and islet function  
While the stimulatory effects of cannabis on appetite were widely-known before the 

discovery of the endocannabinoid system, it was not until studies such as Williams & 

Kirkham (1999) that endocannabinoid signalling was shown to induce hyperphagia. 

Given the rise in the prevalence of obesity, the development of appetite suppressors 

has received interest as a means of weight control. Therefore, research was (and still 

is being) conducted to assess whether CB1 receptor antagonists could be used as 

viable anti-obesity treatments (Ravinet Trillou et al., 2003; Pi-Sunyer et al., 2006; 

Nogueiras et al., 2008). This research subsequently led to the discovery that the 

endocannabinoid system, in particular CB1 receptor signalling in the CNS and in the 

periphery, plays a central role in energy homeostasis (Ravinet Trillou et al., 2003; 

Janiak et al., 2007; Nogueiras et al., 2008).  

 

In a recent review by Andre & Gonthier (2010), the physiological role of the 

endocannabinoid system is to promote food intake and food assimilation while 

decreasing fatty acid oxidation and increasing lipogenesis. In obese states, the 

endocannabinoid system is believed to become overactive and contributes to 

dyslipidaemia and insulin resistance in hepatic, adipose and skeletal muscle tissues 
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(Andre & Gonthier, 2010). Overactivity of the endocannabinoid system in peripheral 

tissues will inadvertently affect �-cells, because greater amounts of insulin release will 

be needed from the �-cells in order to compensate the peripheral insulin resistance. 

Therefore, dysfunctional endocannabinoid signalling in non-islet tissues may indirectly 

contribute towards islet dysfunction in obese pre-diabetic states.  

 

Review of the literature regarding the in vivo effects of cannabinoids on glucose 

tolerance and insulin secretion in humans is limited but it has been reported that 

injection of a 6mg dose of THC induces glucose intolerance (determined by 100g 

OGTT; Hollister & Reaven, 1974). This data appears to coincide with the study by 

Bermudez-Silva et al. (2006) that found that administration of AEA and ACEA (a CB1 

receptor agonist) prior to intraperitoneal glucose loading in Wistar rats also induced 

glucose intolerance. In a follow up study to Bermudez-Silva et al. (2006), it was found 

that administration of 2-AG and JWH-133 (a CB2 receptor agonist) prior to 

intraperitoneal glucose loading in Wistar rat promoted glucose tolerance (Bermudez-

Silva et al., 2007). Therefore, this would suggest that THC in the study by Hollister & 

Reaven (1974) was acting as a CB1 receptor agonist, assuming that the roles of the 

cannabinoid receptors in glucose homeostasis are conserved between rats and 

humans. Hollister & Reaven (1974) also measured changes in plasma insulin levels 

and found there was not a significant alteration in �-cell secretory activity. While it is 

uncertain whether THC induced glucose intolerance by peripheral insulin resistance, 

Hollister & Reaven (1974) did find a potentiation of plasma growth hormone levels, 

especially in the most glucose intolerant subjects, that corresponded with the time 

periods where plasma glucose were significantly higher than vehicle control data. This 

may suggest that excessive activation of CB1 receptors in obese pre-diabetic states 

may contribute towards glucose intolerance by increasing hepatic glucose production 

and/or promoting peripheral insulin resistance. 

 

Despite the observation by Hollister & Reaven (1974) that THC administration did not 

affect GSIS there are now several studies that have found that CB receptor activation, 
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in isolated islets and primary �-cells, affects insulin secretion. However, there is 

controversy regarding the effects of CB1 and CB2 receptor signalling on insulin 

secretion from islets and primary �-cells, which, does not appear to specie-dependent. 

Briefly, the studies by Juan-Pico et al. (2006) and Nakata & Yada (2008) suggest that 

CB1 receptors are negatively coupled to insulin secretion, whereas, the studies by 

Bermudez-Silva et al. (2008), Li et al. (2010) and Vilches-Flores et al. (2010) have 

found that CB1 receptor agonism potentiates insulin secretion. With regard to CB2 

receptor signalling, Juan-Pico et al. (2006) and Bermudez-Silva et al. (2008) both 

reported CB2 receptor activation led to an inhibtion of insulin secretion whereas, data 

presented in the study by Li et al. (2010) suggests that the CB2 receptor activation 

potentiates insulin secretion. 

 

With regard to endocannabinoid dysfunction in islets, the study by Matias et al. (2006) 

reported that AEA and 2-AG were produced in RIN-m5F cells (a glucose 

unresponsive, insulin-secreting �-cell line). It was found that 2-AG biosynthesis by 

RIN-m5F cells cultured at 25mM glucose for 24 hours (compared to cells cultured at 

13mM glucose) was upregulated in response to 33mM glucose. A subsequent study 

by the same group also found that PEA and OEA were produced by RIN-m5F cells, 

and that regulation of their production was also affected by hyperglycaemia (Matias et 

al., 2007). Several studies have now been conducted regarding the expression of 

endocannabinoid synthesising and metabolising enzymes in islets and islet cell lines, 

which are detailed in Table 1.4. 

 

Matias et al. (2006) also reported that CB1 receptor-signalling in RIN-m5F cells kept at 

25mM glucose for 24 hours (compared to cells cultured at 13mM glucose) potentiated 

insulin secretion indicating that CB1 receptor signalling may have also become 

dysregulated as a result of hyperglycaemia. Therefore, the results from Matias et al. 

(2006) may indicate that dysregulation of the endocannabinoid system in islets 

contributes to �-cell dysfunction, suggesting that correction of endocannabinoid 

dysfunction in islets may become a future treatment of type 2 diabetes. As described 
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above (Section 1.4.5), cannabinoids are also known to be capable of PPAR� receptor-

mediated signalling thus, the apparent dysfunction in �-cell endocannabinoid 

production may instead be a positive adaptation of the endocannabinoid system to 

increase �-cell survival in glucotoxic conditions. Again, this may suggest that 

manipulation of the endocannabinoid system might offer benefits in the treatment of 

type 2 diabetes.  

  

1.5 Aims and Objectives 
 

The role of the endocannabinoid system is well-recognised in the CNS and immune 

system but its role in glucose homeostasis is poorly understood. The principal aim of 

this study was to investigate the role of cannabinoid receptors and endogenous 

cannabinoids in the acute control and modulation of insulin secretion. Once the acute 

effects of cannabinoid signalling was established, the chronic effects of PPAR� 

receptor and cannabinoid signalling on islet function and insulin secretion were to be 

characterised under conditions similar to those found in type 2 diabetes. 

 

To achieve these aims, rat isolated islets and �-cell lines were used as model 

systems. The initial stages of study focused on the use of the endocannabinoids and 

CB-receptor (CB1- and CB2-receptor specific) antagonists to pharmacologically 

characterise the acute effects of cannabinoid signalling on insulin secretion. A FAAH 

inhibitor was used to ascertain the effects of local metabolism either alone or with 

additionally applied endocannabinoids. 

 

This study aimed to define the roles of cannabinoids in insulin secretion and provide 

insights into their therapeutic potential in the treatment or limitation of impaired � cell 

function in Type 2 diabetes. 
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2  

 

Materials and Methods 
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2.1 Animals 
 

Wistar and Zucker rats were purchased from Charles River UK (Kent, UK) and kept 

in-house for at least 4 days prior to experimentation. Animals were housed at 20-22ºC 

and kept in a standard 12-hour light cycle (on 7am: off 7pm). Water and standard rat 

chow (Taklad Global ~70% carbohydrate; Harlan, WI, USA) were available ad libitum. 

Animals were either killed according to Schedule 1 killing practices by asphyxiation 

(using CO2) or stunning followed by cervical dislocation or decapitation.  

 

2.2 Materials 
 

Bovine serum albumin (BSA; Fraction V) and collagenase P (from Clostridium 

histolytiam, non-sterile) were purchased from Roche Diagnostics (Mannhein, 

Germany). Sac-Cel (Donkey anti-guinea pig secondary Ab coupled to cellulose) was 

purchased from Immunodiagnostic Services (Bolton, UK). Goat anti-guinea pig anti-

serum was purchased from Equitech-Bio Inc. (Texas, USA). AEA (N-(2-Hydroxyethyl)-

5Z,8Z,11Z,14Z-eicosatetraenamide), R-(+)-methanandamide ((R)-N-(2-Hydroxy-1-

methylethyl)-5Z,8Z,11Z,14Z-eicosatetraenamide), AM251 (N-(Piperidin-1-yl)-5-(4-

iodophenyl)-1-(2,4-dichlorophenyl)-4-methyl-1H-pyrazole-3-carboxamide), O-2050 

((6aR,10aR)-3-(1-Methanesulfonylamino-4-hexyn-6-yl)-6a,7,10,10a-tetrahydro-6,6,9-

trimethyl-6H-dibenzo[b,d]pyran), ACEA (N-(2-Chloroethyl)-5Z,8Z,11Z,14Z-

eicosatetraenamide), JWH-133 ((6aR,10aR)-3-(1,1-Dimethylbutyl)-6a,7,10,10a-

tetrahydro-6,6,9-trimethyl-6H-dibenzo[b,d]pyran), AM630 (6-Iodo-2-methyl-1-[2-(4-

morpholinyl)ethyl]-1H-indol-3-yl](4-methoxyphenyl)methanone), GW9662 (2-Chloro-5-

nitro-N-phenylbenzamide), and BIM 23056 (D-Phe-Phe-Tyr-D-Trp-Lys-Val-Phe-D-Nal-

NH2) were purchased from Tocris (Bristol, UK). Guinea-pig anti-bovine insulin anti-

serum, RPMI-1640 media, URB597 (cyclohexylcarbamic acid 3´-carbamoyl-biphenyl-

3-yl ester), somatostatin-14 and LPI (L-�-lysophosphatidylinositol) sodium salt (from 

Glycine max) were purchased from Sigma-Aldrich (Dorset, UK). [3H]-AEA was 



 53

purchased from American Radiolabeled Chemicals (MO, USA). Any other chemicals 

used were of reagent grade.  

 

AEA, methanandamide, and ACEA solutions were purchased as 5mg/ml solutions 

pre-dissolved in ethanol. O-2050, GW9662, JWH 133, and URB597 were first 

dissolved in 100% ethanol to produce 1mg/ml stock solutions. AM251 and AM630 

1mg/ml stock solutions were prepared by dissolving the drug in DMSO. LPI was 

dissolved in ddH2O to produce a 10mM solution. A 1mM somatostatin-14 stock was 

prepared by dissolving the peptide in 10% (v/v) acetic acid/ 1% (w/v) BSA. BIM 23056 

was first dissolved in 10% (v/v) DMSO solution to produce a 1mg/ml solution. All drug 

stock solutions were kept at -20ºC. The stock solutions that were either made up in 

DMSO or water (i.e. frozen when stored at -20ºC) were aliquoted in order to order to 

minimise degradation from repeated freeze/thaw cycles. Where appropriate, drug 

stocks were diluted to the required concentration by serial dilution, with no greater 

than a 10-fold dilution per step. If the concentration of the stock solution was < 1mM, 

then solutions were diluted in ddH2O. In the case of AEA, methanandamide and 

ACEA, where serial dilution steps used stock solutions at concentrations � 1mM, then 

50% (v/v) ethanol solution was used instead of ddH2O to avoid emulsion formation. 

 

2.3 Buffers and cell culture media 
 

2.3.1 Gey & Gey buffer 
NaCl2 111mM, NaHCO3 25.2mM, KCl 5mM, MgCl2 1mM, MgSO4 0.3mM, Na2HPO4 

0.4mM, KH2PO4 0.3mM and CaCl2 1mM. Gassed for 10 minutes with 95% O2/ 5% 

CO2 at the start of the experiment to oxygenate the buffer and adjust the pH of the 

buffer to 7.4.  Gey & Gey buffer was periodically re-gassed to ensure the pH of the 

buffer was maintained at 7.4. 
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2.3.2 Insulin Assay Buffer (IAB) 
Na2HPO4 15.9mM, KH2PO4 9.9mM, NaCl 154mM, EDTA 10mM and BSA 5% (w/v). 

Buffer pH is 6.5. 

 

2.3.2 RPMI-1640 media 
RPMI-1640 media were supplemented with 5% (v/v) foetal calf serum, 2mM 

glutamine, 10mM HEPES, 1mM sodium pyruvate, 50�M 2-mercaptoethanol and either 

5mM or 11.1mM glucose. 

 

2.4 Insulin secretion studies 
 

Insulin secretion can be studied by various methods which have been reviewed in 

Table 2.1. The use of isolated exocrine-free islets, as in this study, is advantageous 

as the effects of treatments on insulin secretion directly reflect alterations in islet cell 

activities. A limitation of this approach is the potential damage to cell surface proteins 

during the isolation procedure which could affect islet function. This can be 

circumvented by culturing the islets to allow protein expression recovery. The isolated 

islets will not solely consist of the islet endocrine cells but the islets may also contain 

endothelial cells as islets are highly vascularised (Weaver & Sorenson, 1989; Olsson 

& Carlsson, 2006).  

 

2.4.1 Islet preparations 
As the islets are interspersed throughout the pancreas, they first need to be isolated 

from the surrounding exocrine tissue before any isolated islet experiments can be 

performed. A two-step method employing collagenase digestion of pancreata is a 

commonly used for the isolation of islets. Collagenase enzymes are either applied in 

solution to chopped tissue or injected via the pancreatic bile duct (van Suylichem et 

al., 1992). The collagenase enzymes specifically hydrolyse the collagen fibres which 

connect the endocrine and exocrine tissues together. However, care must be taken 

with collagenase enzymes as given enough time the enzymes will degrade the 
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intercellular proteins which form physical connections between the islet cells, causing 

the islets to disperse. Both methodologies require an isolation step to obtain exocrine-

free islets. This is achieved either by manually picking the islets or through the use of 

density gradient purification techniques (van Suylichem et al., 1992; Wang & 

Rosenberg, 1999). 

 

While collagenase-based islet isolation techniques have been used for several 

decades, it is still not fully understood why preparations are more efficient in some 

species compared to others. The efficacy of islet isolation by collagenase is in part 

mediated by the peri-insular cap (Section 1.2). For instance, rat islets are mostly 

covered by a peri-insular cap and high yields are obtained from collagenase-based 

isolation techniques (van Deijnen et al., 1992), whereas porcine islets have poor 

coverage and islet yields by collagenase digestion are poor (van Deijnen et al., 1992). 

However, canine islets are fully covered by the peri-insular cap but are associated 

with intermediate yields indicating that other aspects of islet structure also contribute 

to efficacy of collagenase based islet isolation techniques (van Deijnen et al., 1992). 

 

It must be noted that there are several complications in isolating large quantities of 

islets by collagenase digestion especially as an estimated 50% of islets are lost in the 

most efficient of islet preparations (van Suylichem et al., 1992). Commercial 

collagenases contain contaminating protease activity from other proteases, such as 

trypsin, which may affect islet activity by hydrolysing extracellular regions of cell 

surface proteins. In addition, proteases and other digestive enzymes are also 

released from the exocrine tissues which may further add to cell damage and 

reduction in islet yields. In this study, it was also found that the age of the rat was also 

a confounding factor as the older rats (with body weights > 300g) generally had more 

fibrous pancreata than younger rats (with body weights � 300g). Fibrosis of the 

pancreas is known to occur as a result of aging (Reaven et al., 1979) and can also be 

caused by hyperglycaemia (see review by Czako et al. (2009)). This had a negative 
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effect as pancreata from older/larger animals, at times led to inefficient handling of the 

tissue (distension, chooping; see later) and subsequently uneven digest. 

 

2.4.1.1 General Procedure 
The method used for the isolation of islets described below is based upon the protocol 

described in Howell & Taylor (1968). The protocol uses Gey & Gey buffer (Section 

2.3.1) which is a bicarbonate-buffered physiological saline solution and has been 

supplemented with 4mM glucose for use in this protocol. 

 

Either one or two pancreata were used per preparation. Once the pancreas had been 

isolated, further cleaning was required to remove contaminating tissue from the 

pancreatic tissue, including spleen, adipose tissue, lymph nodes and large blood 

vessels. The remaining tissue was then thoroughly distended using a needle and 

syringe to inject Gey and Gey buffer into the tissue. This step is important as it 

physically separates the tissues and allows oxygenation of the tissue. The tissue was 

then roughly chopped into ~1mm3 pieces and transferred to a conical tube, where it 

was centrifuged (Eppendorf Centrifuge 5810R) at 3000rpm for 3 seconds in 12ml of 

buffer. The supernatant was poured off and the pellet was transferred to a 25ml 

plastic conical flask (Nalgene, NY, USA), to which collagenase P (~2.4mg 

collagenase per pancreas) and 1-2 equivalent volumes of buffer to tissue were added. 

The mixture was then shaken vigorously (~200 shakes/minute) at 37°C for ~5-6 

minutes using a Griffin flask shaker (Griffin and George Ltd., UK). The conical flask 

was then hand-shaken until the digest was smooth and homologous in appearance. 

Samples of the digest were taken periodically during hand-shaking and viewed under 

a dissecting binocular SZ4045 microscope (Olympus, Essex, UK). The digestion 

procedure was terminated when samples of the digest contained a majority of 

exocrine-free islets. The digest was then spun for a further 3 seconds at 3000rpm, the 

supernatant was then poured off and the pellet resuspended in 10ml of buffer. 

Exocrine-free islets were then manually isolated from the digest and transferred to a 

conical tube containing buffer, using a drawn-out Pasteur pipette under a dissecting 

binocular microscope. Typical preparations yielded between 75-180 islets per 
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pancreas. Islets isolated from Wistar rats typically had a uniform morphology as the 

islets were white in colour and were spheroid shape. For this reason, islets were 

picked in a black coated-Petri dish as islets could be easily distinguished from 

exocrine tissues which are diffuse in appearance and grey in colour except for acinar 

bodies. Acinar bodies have a similar morphology to islets but are smaller in size, are 

brighter in appearance and have a slight blue colouration. 

 

2.4.2 Islet static incubation studies 
The buffer used for these studies (Gey & Gey buffer; Section 2.3.1) was 

supplemented with 4mM glucose and 1% (w/v) BSA. Initially, LP3 tubes were used for 

the islet incubation experiments but 96-well plates were used for the majority of the 

islets studies as they were more convenient. The following protocol describes the use 

96-well plates. For conditions where higher glucose concentrations were required 

glucose solution was used to adjust stocks of 4mM glucose Gey & Gey buffer. The 

adjustment of the buffer glucose concentration was performed prior to addition of the 

buffer to wells. 

 

Two microlitres of drug stock solution (at 100x the final concentration) were first added 

to the wells followed by the addition of 200μl buffer (at the required glucose 

concentration). Batches of 3 islets were carefully added to each well using a drawn-

out Pasteur pipette; extra care was taken to avoid the addition of buffer to the well. 

The 96-well plates were then incubated at 37ºC in a 95% O2 /5% CO2 atmosphere 

using a Sanyo CO2 incubator, with an incubation period of 60 minutes. An additional 5 

minutes were added to the incubation period to allow buffer to warm to 37ºC. Where 

LP3 tubes were used instead of 96-well plates 5μL of 100x drug stock and 500μl of 

buffer was added to each tube. After the addition of the islets the tubes were briefly 

gassed with 95% O2 / 5% CO2, capped and then incubated at 37ºC for 60 minutes in a 

water bath. At the end of the incubation period, the 96 well-plate was agitated to allow 

mixing and transferred to a fridge/freezer for 5 minutes to inhibit further insulin 

release. Samples of the incubation media were then taken from each well and the 
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insulin content was determined by radioimmunoassay (RIA; Section 2.6.1) or samples 

were stored at -20ºC for later use. Insulin secretion rates were determined as ng of 

insulin secreted/islet/hour. 

 

2.4.2.1 Basic experimental setup 
In all experiments, islets were incubated at 4mM and 20mM glucose in order to 

assess for islet viability. These two concentrations represent basal and maximal levels 

of glucose-stimulated insulin secretion, see Figure 2.1. The islets were deemed viable 

(i.e. the islets are functioning normally) if there was a � 2-fold difference in insulin 

secretion rates between 4mM and 20mM glucose. All experiments, unless stated 

otherwise, were compiled from a n of � 5 experiments (performed with separate islet 

isolations). Compilation and statistical testing of experimental data were carried out as 

described in Section 2.4.5. 

 

 
Figure 2.1  The effects of glucose on insulin secretion from Wistar rat isolated islets of 
Langerhans. Islets were incubated at the indicated glucose concentrations for 1 hour 
at 37ºC. Results shown are the mean insulin secretion rate ± 1 SD from a single 
experiment. n = 4-6 replicates per condition. 
  

2.4.3 INS-1 823/13 �-cell secretion studies 
INS-1 823/13 cells were used to assess whether cannabinoid signalling was directly 

affecting �-cell activity. INS-1 823/13 cells were seeded in 48-well plates at a density 

of 5x104 cells per well in 0.5ml of RPMI-1640 media containing 11.1mM glucose 

(Section 2.3.3) and were kept under a 95% O2/5% CO2 atmosphere at 37 ºC until cells 

reached 70% confluency. 18 hours before experimentation, the RPMI-1640 media 
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was changed to RPMI media containing 5mM glucose. The glucose concentration of 

the media was reduced prior to experimentation to improve the glucose 

responsiveness of the INS-1 823/13 cells. 

 

On the day of the experiment, the RPMI-1640 media was aspirated off, 1ml of pre-

warmed Gey & Gey buffer (Section 2.3.1) was added to each well and then aspirated 

off. This washing step was repeated twice more and then 0.5ml of pre-warmed Gey 

and Gey buffer, supplemented with 3mM glucose and 1% (w/v) BSA, was then added 

to each well and the plate was incubated at 95% O2/5% CO2 atmosphere at 37 ºC for 

30-60 minutes. Once this time period had elapsed, the media was then aspirated and 

0.5ml of pre-warmed 1% (w/v) BSA supplemented Gey and Gey buffer (with the 

required amount glucose) was added to each well. 5�l of drug (at 100x the required 

concentration) or appropriate vehicle solution was added to each well as required. 

The plate was then gently agitated and then incubated at 95% O2/5% CO2 

atmosphere at 37 ºC for 1 or 2 hours. Once the time period had elapsed, the plate 

was agitated and then transferred to a fridge/freezer for 5 minutes. Then, a 0.25ml 

samples were taken from each well to determine the amount of insulin secreted by 

RIA. Insulin secretion was determined as ng of insulin secreted/islet/hour. 

 

Glucose (3mM) was used to determine basal insulin secretion rates for INS-1 823/13 

cells instead of 4mM glucose which was used for islets. Compilation, normalisation 

and statistical testing of experimental data were carried out as described in Section 

2.4.5.  

 

2.4.4 Islet perifusion studies 
The buffer used for the islet perifusion studies was Gey & Gey buffer supplemented 

with 4mM glucose and 1% (w/v) BSA (fraction V) which was kept under a 95% O2/5% 

CO2 atmosphere. The perifusion system was housed in a Stuart Scientific S160D 

incubator (Staffordshire, UK) and the temperature was kept at 39ºC for the duration of 

the perifusions to maintain the islets at 37 ºC. Batches of 65-75 islets were loaded into 

glass wool plugged chambers. The chambers were perifused with buffer at a rate of 



 61

1ml of buffer per minute using a Minipuls 3 peristaltic pump (Gilson, USA). The 

glucose concentration was adjusted by addition of an appropriate volume of 1M 

glucose stock solution to the perifusion buffer reservoir (the volume of glucose 

solution added was dependent on reservoir volume). Vehicle or drug (at 100x the 

working concentration) was infused at a rate of 10�l/minute by a second Minipuls 3 

peristaltic pump. Figure 2.2 shows a simplified diagram of how the equipment was 

arranged. The islets were equilibrated for 20-40 minutes (once the temperature had 

stabilised) before the start of each experiment, after which the media was collected in 

LP3 tubes in 2 minute fractions. The fractions were either used immediately for RIA or 

stored at -20ºC for assaying at a later time point. Insulin secretion rates were 

determined as pg of insulin secreted/islet/minute. 

 
95% O2/ 5%CO2

LP3 tubeBuffer 
reservoir

Drug 
reservoir

Peristaltic 
pumps

Needle

Islet

chamber

Glass 
wool plug

Islets

 
Figure 2.2  A diagrammatic representation of the perifusion equipment. Buffer is 
peristaltically pumped from the buffer reservoir, through the islet chamber and 
collected in LP3 tubes. Drug is peristaltically pumped from the drug reservoir and 
infused into buffer line. For simplicity, multiple islet chambers and lines (with individual 
drug/vehicle reservoirs), and the S106D incubator (in which the equipment was 
housed) were excluded from the diagram. For the duration of the experiment, the 
buffer reservoir was kept under a 95% O2/5% CO2 atmosphere. Buffer was pumped 
(at a rate of 1ml/minute) from the reservoir to the islets and then collected in LP3 
tubes. When appropriate, the glucose concentration of the buffer was adjusted by the 
addition of 1M glucose solution directly to the reservoir which was then agitated to 
ensure thorough mixing. When required drug stock (or vehicle control) was infused at 
100 times the required concentration, by peristaltic pump at a rate of 10�l/minute, 
upstream of the islets through the buffer line which fed to the appropriate islet 
chamber.  
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2.4.5 Data analysis 
For pharmacological studies (e.g. use of endogenous compounds/receptor 

agonists/receptor antagonists at fixed concentrations), the mean insulin secretion rate 

were determined for each group (both control and test groups). Outliers were removed 

based on objective judgement to reduce variation (standard error of the mean � 10, if 

possible) and was based on the following rules: each group within the experiment 

were considered separately, no more than half the replicates were removed with no 

less than three replicates left per condition; the mean insulin secretion rates within the 

experiment were then standardised against the 20mM glucose control group (unless 

stated otherwise). The mean insulin secretion rate for each condition, from each 

individual experiment, was then averaged again to give the overall mean insulin 

secretion rate. Mean insulin secretion rates were expressed as a percentage of the 

20mM glucose control (which was always 100%). Variation was expressed as the 

mean ± 1 SD unless stated otherwise. One-way ANOVA analysis was used in co-

junction with Tukey’s post-hoc testing. For experiments where the glucose-dependent 

effects of a compound were being tested all conditions were included in the statistical 

analysis. However, for studies where the effects of treatment/s were exclusively 

examined at 20mM glucose, the 4mM glucose control was not included in the 

statistical analysis because it was only used to asses islet viability. For all experiments 

a P value < 0.05 was considered significant. 

 

Firstly for concentration-response curves, different methods were used to establish 

IC50 values, and to produce the figures showing the average rate of insulin secretion 

at 20mM glucose at all drug concentrations. The IC50 value refers to the concentration 

of drug required to cause a 50% inhibition of the variable being examined. IC50 values 

were first calculated for each experiment with the raw insulin secretion data using 

Prism 5.0 software by the following method (GraphPad software Inc., CA, USA). The 

drug concentrations were then converted to logarithms. The data were then 

normalised using the built-in functions, whereby the smallest value in each data set 

was set to 0% and the largest to 100%. The log10IC50 for each experiment was 
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calculated using the built-in non-linear regression for variable slope analysis 

(log[inhibitor] vs. normalised response). The equation for the variable slope analysis 

was Y=100/(1+10^((Log10IC50-X)*HillSlope))). The fitting method for the non-linear 

regression for variable slope analysis was the least squares ordinary fit and no 

constraints or weighting methods were used. Data from these experiments were 

expressed as the antilog of the mean log10IC50 value with the 95% confidence 

intervals (95% CI). The 95% confidence intervals were calculated from the antilog 

pIC50 values using the built-in PRISM column analysis feature. The figures used to 

display concentration-response data were compiled from 20mM glucose control 

normalised data in the same way as the basic pharmacological studies but were not 

used for calculation of IC50 data. Variation is expressed as mean ± 1 SD. Statistical 

significance (P< 0.05) was determined from all the data sets performed at 20mM 

glucose by one-way ANOVA analysis with Dunnett’s post-hoc test using the 20mM 

glucose control as the control group. 

 

Post-hoc tests were only used in conjunction with one-way and two-way ANOVA 

analysis when the ANOVA analysis determined that there was significant variation 

between the means. Where significant differences were found (P< 0.05), only 

comparisons of interest were displayed/reported in the results chapters. For example, 

if the insulin secretion rates were significantly different (P< 0.05) between the 8mM 

glucose control and the “20mM glucose + agonist” groups, this information was not 

included because the conditions were not directly comparable. 

 

2.4.5.1 Justification for the statistical analysis tests used 
The data are typically expressed as a percentage of the mean insulin secretion rate of 

the 20mM glucose control (unless stated otherwise). The data were normalised to 

reduce the amount of inter-experimental variation, as the difference between basal 

and maximal secretion insulin rates can vary between two to tenfold which further 

contributes to variation within the data sets. This variation can have a profound effect 

as a treatment may have a consistent effect inter-experimentally (e.g. 50% inhibition 
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at a specific glucose concentration compared to control) but this is not apparent in the 

compiled un-normalised data. By normalising the data, the variation is reduced but 

this does not result in a loss of data as the relative changes in insulin secretion rates 

are more informative than the changes in quantity of insulin released. Indeed, no 

external controls were included in the radioimmunoassay, meaning there was no inter-

assay standardisation; it cannot be assumed that the assays estimated insulin levels 

to a comparable degree. The normalised data was then entered into Prism 5 software 

(Graphpad, CA, USA) for statistical analysis. 

 

As data sets were standardised to a control, the use of non-parametric testing would 

have been statistically appropriate as normal distribution of data cannot be assumed 

as small experimental n numbers were used. Yet non-parametric testing has lower 

statistical power compared to parametric testing and use of non-parametric testing 

may have resulted in higher rates of type 2 statistical (false negative) errors. It was 

assumed that insulin secretion rates show normal distribution (as observed in most 

biological systems) and this was used to justify the use of parametric testing instead 

the use of non-parametric testing. 

 

2.5 Endocannabinoid metabolism assay 
 

The endocannabinoid metabolism assay is based on the methods described by Holt 

et al. (2005) and Boldrup et al. (2004). AEA consists of a hydrophilic ethanolamine 

head group covalently attached to a hydrophobic arachidonic acid (AA) molecule. 

When the [3H]-AEA is hydrolysed, the [3H]-ethanolamine resides in polar phases, 

whereas the liberated AA moiety and non-hydrolysed [3H]-AEA will reside in non-polar 

phases. By measuring the level of �-radiation emitted from samples from the 

hydrophilic phase then the level of AEA hydrolysis can be determined by the use of 

internal controls included in the assay and the quantity of AEA added. 

 



 65

2.5.1 Pancreatic and liver tissue protocol 
The buffer used for the preparation of the tissue homogenates was Gey & Gey buffer 

(Section 2.3.1) supplemented with 4mM glucose and 1% (w/v) BSA. Pancreatic and 

liver tissue (taken from the small liver lobe which was situated at the bottom of the 

stomach and behind the duodenum) were taken from the same male Wistar rat and 

were immediately placed in buffer on ice. Contaminating tissue from the pancreatic 

tissue including the spleen, adipose tissue, lymph nodes and large blood vessels was 

removed and the pancreatic tissue was placed back into buffer. The amount (wet 

weight) of tissue to be homogenised was weighed, after which liver tissue was 

transferred to a 1.5ml microfuge tube and pancreatic tissue was transferred to a 25ml 

universal tube. To each tube, ice cold fresh buffer was added until a pre-determined 

volume was reached. The tissues were then homogenised using an Ultra Turrax T8  

homogeniser (Ika, Staufen, Germany) on the fourth setting for 10-30 seconds on ice 

until smooth and homogeneous in appearance. 

 

The buffer used for the endocannabinoid metabolism assays was Gey & Gey buffer 

supplemented with 4mM glucose and 1% (w/v) BSA. Each condition consisted of 

three replicates of 190�l of tissue homogenate in 6ml polypropylene scintillation tubes 

(Sarstedt, Leicester, UK) and two additional scintillation tubes that contained 190�l of 

the Gey & Gey assay buffer which were used as controls (non-enzymatic AEA 

hydrolysis and total radiation). Where appropriate, 3�l of 1M glucose and/or 2�l of 

100�M URB597 were added to conditions in order to achieve a glucose or URB597 

concentration of 20mM and 1�M, respectively. The homogenates were then incubated 

and agitated for 15 minutes at 37ºC using a shaking water bath. Once the 15 minutes 

had elapsed, then 10�l of 40�M [3H]-AEA solution was added to each condition to 

give a final AEA concentration of 2μM. The 40�M [3H]-AEA solution was prepared by 

the addition of 2�l [3H]-AEA to 200�l of non-radiolabeled 40�M AEA solution (to give 

~20 000cpm/�l). The tubes were then further incubated and agitated for 30 minutes. 

At the end of the second incubation period, 400�l of 0.5M HCl solution with 4% (w/v) 

charcoal was added to each sample and one of the controls (non-enzymatic AEA 

hydrolysis). For the total radiation control, 400�l of 0.5M HCl solution (without 
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charcoal) was added. Each tube was then vortexed and left to stand. After 30 

minutes, the tubes were then centrifuged at 3000rpm for 5 minutes using a Centuar 2 

centrifuge (MSE, London, UK). 200�l of the supernatant was then transferred to fresh 

scintillation tubes. To each tube, 3ml of scintillation fluid (PerkinElmer, MA, USA) was 

added and the �-radiation levels for each tube were counted for 3 minutes using a 

Packard 1900TR liquid scintillation analyser (Perkin-Elmer, MA, USA). AEA hydrolytic 

activity was expressed as pmol of AEA hydrolysed per minute per mg of wet weight 

tissue. 

 

2.5.2 Islet protocol 
The pancreatic and liver tissue protocol was altered in the following ways for use with 

islets. 190�l of buffer at the required glucose concentration were added to 1.5ml 

microfuge or scintillation tube. To this, 3-20 islets were added to each tube. URB597 

was used at a final concentration of 10μM and islets were pre-incubated for 30 

minutes. This was done in order to validate, the URB597 pre-incubation protocol 

described in Section 3.2.3.1. All other variables were kept constant. AEA hydrolytic 

activity was expressed as pmol of AEA hydrolysed per minute per islet. 

 

2.6 Radioimmunoassay 
 

Radioimmunoassays are competition based assays that allow the quantification of ng 

levels of protein. The assays utilise antigen-specific (e.g. anti-insulin) antibodies, 

which will bind to a target ligand (referred herein as antigen) with high specificity (but 

not irreversibly) to form an antibody-antigen complex. In radioimmunoassays, a 

sample consists of a fixed volume of sample containing either a known or unknown 

amount of non-radiolabeled target (“cold”) antigen, to which fixed amounts of 

radiolabeled (“hot”) antigen and a limited amount of antibody are added in each assay 

sample. The samples are then left for a set amount of time to allow a stable 

equilibrium (in the ratio of antibody bound “hot” and “cold” antigen) to form. At the end 

of the equilibration period, a separation step is performed to separate antibody-
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antigen complex from unbound reagents. Typically, this involves the precipitation of 

an antigen-antibody complex, which can be separated from the unbound “hot” and 

“cold” antigen by centrifugation to form a pellet. The amount of radioactivity in the 

pellet will be dependent on the ratio of “cold”-to-“hot” antigens. Thus, the level of 

radioactivity in the pellet will be inversely proportional to the concentration of “cold” 

antigen. Standard samples, of known amounts of “cold” antigen, are included in an 

assay to allow a standard (also known as a calibration) curve can be constructed, 

where concentration of the cold antigen (x -axis) is plotted against radioactivity (y-

axis). From this standard curve, the concentration of antigen in a sample can be 

estimated by the amount of radioactivity in the antigen-antibody complex. 

 

2.6.1 Insulin RIA 
All solutions were made using the insulin assay buffer (IAB, Section 2.3.2). 

Recombinant human insulin was used as the standard and a stock was initially 

prepared in 10% (v/v) acetic acid/ 1% (w/v) BSA at a concentration of 1mg/ml. The 

standard curve consisted of insulin standards (0.125-8ng/ml) constructed by two-fold 

serial dilution of the 8ng/ml standard in IAB. The standard curve also includes non-

specific binding and total radioactivity controls. All samples and standards were 

assayed in duplicate. 50μl sample or standards were incubated with 50μl of 1:6000 

guinea pig anti-bovine insulin anti-serum and 50μl of 125I labelled insulin (to give 

approximately 2500cpm/tube), at 4ºC, overnight.  

 

Two different methods were employed to separate the primary antibody from solution. 

The first method used 50μl of 1:1 Sac-Cel solution(Donkey anti-guinea pig secondary 

Ab coupled to cellulose : IAB), which was added to each assay sample, mixed and left 

for 20-30 minutes at room temperature before 1ml ddH2O was added to each tube 

and the tubes were then centrifuged at 4000rpm (Eppendorf Centrifuge 5810R) for 5 

minutes at room temperature. The supernatant was then carefully aspirated off, 

making sure not to disturb the pellet. The second method used 50�l of 1:10 goat anti-

guinea pig secondary antibody, the tubes were mixed and then incubated at 4ºC for 
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10 minutes. 500�l of 5% (w/v) PEG (molecular weight 8000) solution to the tubes 

which were then further incubated for a further 2-4 hours at 4ºC. The PEG solution 

acts as a precipitating agent for the secondary-primary antibody complex which would 

otherwise normally need an additional overnight incubation period (Peterson & 

Swerdloff, 1979). The PEG solution also contains a small quantity of Brilliant Blue 

(Sigma Aldrich; Dorset, UK) which is used to visually identify the pellet. The samples 

were then centrifuged at 3000rpm (Eppendorf Centrifuge 5810R) for 15 minutes at 4 

ºC and the supernatant was then carefully aspirated off, making sure not to disturb the 

pellet. 

  

The amount of � radiation being emitted by the pellets was counted using a Packard 

Cobra 2 �-counter (Perkin-Elmer, MA, USA). The insulin content within each sample 

was automatically determined, as ng of insulin/ml, by interpolation of the RIA standard 

curve by the Packard Cobra 2 �-counter. 
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3.1 Introduction 
 

The endocannabinoid system, as reviewed in Section 1.4, is involved in a number of 

systems, with intensive research being conducted with respect to role of the 

endocannabinoid system in energy homeostasis. Chronic dosing of mice with 

rimonabant (SR141716A, a CB1 receptor antagonist/inverse agonist) has been used 

in studies in vivo to examine whether CB1 receptor antagonism would act as an 

appetite suppressant, therefore, promoting weight loss (Ravinet Trillou et al., 2003). It 

was found that mice treated with rimonabant had reduced food intake and weighed 

less than vehicle-treated animals; however, the effects on food intake were transient, 

whereas weight loss persisted (Ravinet Trillou et al., 2003). Rimonabant has also 

been used in clinical trials and has been found to cause similar persistent weight loss 

in people who were either overweight or obese (Despres et al., 2005; Pi-Sunyer et al., 

2006).  As it was found to be an effective weight loss therapy, rimonabant was 

available for clinical use in 2006 as an anti-obesity treatment, until its withdrawal from 

clinical use in 2009 (see below). It is now thought that the effects of chronic 

rimonabant treatment are mediated through the central nervous system and 

peripheral tissues (Ravinet Trillou et al., 2003; Janiak et al., 2007; Nogueiras et al., 

2008).  

 

As described in Section 1.3.3, weight loss is recommended in patients with type 2 

diabetes who are obese, as even modest weight loss reduces the risk of 

cardiovascular events. Hence, rimonabant was also trialled in overweight/obese 

people who have type 2 diabetes (Scheen et al., 2006; Rosenstock et al., 2008). It 

was found in these clinical trials that people not only lost weight but rimonabant 

treatment also significantly reduced levels of glycated haemoglobin, fasting plasma 

glucose levels and insulin resistance (Scheen et al., 2006; Rosenstock et al., 2008). 

The reductions in glycated haemoglobin, fasting plasma glucose levels and insulin 

resistance were not primarily due to weight loss, indicating that other therapeutic 

effects were occurring. This suggests that blockade of CB1 receptor signalling may be 
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a novel treatment for type 2 diabetes. The blood glucose lowering effects of 

rimonabant has subsequently been reported in 12-month old Zucker obese rats 

(genetic model of obesity; Chapter 6) which appeared to be diabetic or have impaired 

fasting blood glucose with a mean blood glucose level of 10mM after 24-hour fasting 

(Janiak et al., 2007). It was also found in the same study that rimonabant treatment 

prevented loss of � cell mass and increased � cell numbers per islet suggesting that 

rimonabant protected islet viability (Janiak et al., 2007). The clinical use of rimonabant 

is no longer permitted in the USA and EU countries due to concerns over the 

development of depression and the risk of suicide (Johansson et al., 2009). Therefore, 

a greater understanding of how the endocannabinoid systems works in the periphery 

may allow more targeted modulation of endocannabinoid signalling to be developed 

for the treatment of type 2 diabetes without significant CNS side-effects.  

 

In further support of a possible role of the endocannabinoid system in the treatment of 

type 2 diabetes, it has been reported in rodent studies in vivo that acute application of 

CB1 and CB2 receptor specific agonists and antagonists prior to intraperitoneal 

glucose loading affects the subsequent clearance of excess plasma glucose 

(Bermudez-Siva et al., 2006; Bermudez-Silva et al., 2007). As described in Section 

1.1, the regulation of blood glucose is the result of the interplay of the islet hormones 

(glucagon and insulin) and their subsequent effects on peripheral tissues. Therefore, 

the observed decreases in glucose clearance caused by CB1 receptor agonism and 

CB2 antagonism prior to glucose loading may be due to decreased insulin release 

from islets and/or decreased peripheral insulin sensitivity. Several studies have 

reported that various components of the endocannabinoid system are expressed 

within mouse, rat and human islets, suggesting that the endocannabinoid system is 

active in these tissues (Juan-Pico et al., 2006; Bermudez-Silva et al., 2007; 

Bermudez-Silva et al., 2008; Nakata & Yada, 2008; Starowicz et al., 2008; Tharp et 

al., 2008; Bermudez-Silva et al., 2009). While the expression levels and cell 

distributions of different components of the endocannabinoid system still remains 
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controversial, it appears that the in vivo effects of cannabinoids on glucose tolerance 

may have involved a direct effect of islet function.  

 

Despite the lack of information regarding what role(s) the endocannabinoid system 

plays within islets, data from in vivo rodent and clinical studies suggest that that 

endocannabinoid system may play a direct role in preserving islet function in 

pathological disease states. To determine whether endocannabinoid signalling within 

islets may offer novel treatments for type 2 diabetes, it is first necessary to 

characterise the system in islets which have been isolated from lean non-diabetic rats. 

Therefore, the principal aim of this chapter was to examine whether endocannabinoid 

signalling acutely effects insulin secretion. In order to achieve this, anandamide (AEA) 

was used in freshly isolated islets of Langerhans from male Wistar rats. 
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3.2 Methods 
 

3.2.1 Materials 
All drugs and buffers were prepared as described in Sections 2.2.  

 

3.2.2 Animals 
All procedures were performed using tissues obtained from male Wistar rats whose 

weights ranged from 230-350g. Animals were housed and killed as described in 

Section 2.1.  

 

3.2.3 Insulin secretion studies 
Islets were isolated from male Wistar rats according to the isolation procedure 

described in 2.4.1.1.  

 

3.2.3.1 Static incubations 
Freshly isolated islets were used in static incubation studies, as described in 2.4.2. 

Once the hour incubation had finished, then samples were taken from each condition 

and the amount of insulin in the samples was determined by RIA as described in 2.6. 

Analysis of experimental data was carried out as described in 2.4.5. Where indicated, 

the Spearman rank (non-parametric) correlation test was used to determine whether 

there was a significant correlation between two parameters.  

 

For experiments where 10�M URB597 (a fatty acid amide hydrolase specific inhibitor) 

was used, islets were pre-incubated for 30 minutes at 4mM glucose with either 

URB597 or vehicle (ethanol at a final concentration of 0.34% (v/v)). A pre-incubation 

period of 30 minutes was chosen as a high level of FAAH inhibition should occur 

within this time-frame (Ahn et al., 2007) without compromising islet function, which 

diminishes with time. While other studies have found FAAH to be expressed within 

islets, the level of FAAH activity within islets has not been characterised (Bermudez-
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Silva et al., 2008; Starowicz et al., 2008; Tharp et al., 2008). It was decided that 

URB597 would be used at 10�M, despite the possibility of non-specific actions 

occurring, as it was uncertain whether URB597 at lower concentrations would 

successfully penetrate the islets in sufficient time to successfully inhibit FAAH activity 

(Ahn et al., 2007; Zhang et al., 2007). Following the pre-incubation period, test 

reagents were added and the 96-well plate was then agitated by hand to ensure 

thorough mixing before the plate was incubated for a further hour. AEA was used at 

10�M in these URB597 experiments as the largest difference in insulin secretion rates 

was observed at this concentration between AEA responsive and non-responsive 

islets (based on compiled data, Figure 3.3). 

 

3.2.3.1 Islet perifusion 
The perifusion equipment was set up as described in 2.4.4. For the first ten minutes of 

the experiment, islets were exposed to 4mM glucose and after this time point the 

islets were exposed to 20mM glucose. Islets were then left for 20 minutes at 20mM 

glucose to establish glucose responsiveness. Islets were either continuously exposed 

to 30�M AEA or vehicle control (ethanol 0.6% (v/v) - final concentration) at 20mM 

glucose for 30 minutes. A concentration of 30�M AEA was chosen as it was found to 

cause a 50% (and reproducible) inhibition of insulin secretion in statically-incubated 

islets (Section 4.3.1). 

 

Islets were considered to be glucose-responsive if the islets from the vehicle group 

were found to display a biphasic response of insulin release as a result of exposure to 

20mM glucose, see Section 1.2.2. Additionally for experimental data to be useful, 

islets from the AEA treatment group had to show similar responses to glucose within 

the first 30 minutes as the control group (i.e. prior to exposure to AEA). This was to 

demonstrate islet viability and that insulin secretion rates were comparable between 

vehicle and test groups during the first 30 minutes- prior to the addition of AEA or 

vehicle. Insulin secretion for each individual time point was expressed as a 

percentage of the mean basal insulin secretion rate (the first 10 minutes, which was 
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set at 100%). The area under curve (AUC) was then calculated using the integration 

function in Prism 5 using the trapezium rule. The AUC was compiled into 10 minute 

bins and was subjected to two-way ANOVA analysis. 

 

3.2.4 Endocannabinoid metabolism assays 
Preparation of homogenised tissues and isolated islets were performed as described 

in Section 2.5. The experiments were performed and AEA hydrolytic rates calculated 

as described in Section 2.5. 

 

Homogenised pancreatic tissue or freshly isolated islets were incubated at either 4mM 

or 20mM glucose to determine whether there was glucose-dependent hydrolysis of 

AEA. In addition to this, pancreatic and liver tissue homogenates or islets were 

incubated in either the absence or presence of URB597 in order to establish FAAH 

activity. For homogenised pancreas studies, a pre-incubation period of 15 minutes 

with vehicle or 1�M URB597 was used. For whole islet assays, cells were pre-

incubated for period of 30 minutes with vehicle (ethanol 0.34% (v/v) final 

concentration) or 10�M URB597. Conditions were carried out in duplicate or triplicate. 

Liver homogenates were used at 4mM glucose and employed as a positive control for 

AEA hydrolysis and URB597 mediated inhibition of FAAH activity. FAAH activity was 

calculated as the difference in the AEA hydrolytic rates between the control and 

URB597 pre-treated experimental means. Significant difference between the means 

(FAAH activity was not included as this was not raw data) was then tested using one-

way ANOVA followed by Tukey’s post-hoc test. All data are expressed as the mean ± 

SD. 
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3.3 Results 
 

3.3.1 Glucose- and concentration-dependent effects of 
anandamide on insulin secretion in isolated islets of Langerhans 
In static incubations, rat isolated islets were incubated for one hour in the absence or 

the presence of 1�M AEA at basal (4mM), intermediate (8mM), and maximal (20mM) 

levels of glucose-stimulated insulin secretion. AEA did not affect basal or intermediate 

levels of glucose-stimulated insulin secretion but AEA significantly inhibited insulin 

secretion at 20mM glucose (Figure 3.1). Islet perifusions were performed to determine 

the effects of AEA on the kinetics of insulin secretion at 20mM glucose. On exposure 

of the islets to 20mM glucose (t= 10 minutes), there was a small, transient increase in 

insulin secretion rates which lasted for ~10 minutes (first phase), immediately followed 

by a much larger and sustained second phase of insulin secretion (Figure 3.2A). The 

time-course and biphasic response in insulin secretion concur with other studies using 

perifused rat islets, however the level of response, especially the first phase, was 

lower than that typically reported (Section 1.2.2). Area under curve analysis of the 

compiled perifusion data demonstrated that differences between the vehicle and AEA 

groups were not statistically significant prior to and during exposure of the islets to 

30�M AEA or vehicle (Figure 3.2B). 
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Figure 3.1  The effects of anandamide (AEA) on glucose-dependent insulin secretion. 
Islets were incubated at 4mM, 8mM or 20mM glucose in the absence (control) or 
presence of 1�M AEA. All graphs are produced from the same data set that have 
been normalised according to different criteria. All results are presented as mean 
insulin secretion rates ± SD (n= 10). A) Insulin secretion rates have not been 
normalised. ** P< 0.01 vs. 20mM glucose control. B) Results from each experiment 
have been normalised against the 20mM glucose control. *** P< 0.001 vs. 20mM 
glucose control. C) Results from each experiment have been normalised against the 
difference (glucose response) between the insulin secretion rates observed for the 
4mM (0%) and 20mM (100%) glucose controls. ** P< 0.01 vs. 20mM glucose control. 
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Figure 3.2  The effects of 30�M anandamide (AEA) on insulin secretion at 20mM 
glucose from perifused islets. A) Islets were perifused at 37ºC in medium containing 
4mM glucose for 30 minutes prior to the start of the experiment (at  t= 0). Insulin 
secretion was determined at 2 minute intervals. At t= 10 minutes, 20mM glucose was 
introduced into the medium. AEA (30�M) or vehicle (control, 0.6% (v/v) final 
concentration) was infused at t= 30 minutes (indicated by the arrow). Results 
represent the mean insulin secretion rates ± SD for three individual experiments. B) 
Area under curve for 10-minute blocks was calculated from the data in Figure A 
according to the protocol in Section 3.2.3.1. 
 

To ascertain whether the effects of AEA were concentration-dependent, 

concentration-response experiments were performed at 20mM glucose. It was found 

that AEA inhibited insulin secretion in a concentration dependent manner with AEA 

fully inhibiting insulin secretion at 100�M. The mean IC50 for 10 of the 13 AEA 

concentration-response data set (the statistical software was unable to fit the data 

from 3 experiments to a sigmoidal curve) was calculated as 1.6�M (95% CI: 227nM to 

4.0�M; Figure 3.3A). The mean Hill slope was calculated as -2.5 ± 2.6. 
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Figure 3.3  The effects of increasing concentrations of anandamide (AEA) on insulin 
secretion at 20mM glucose. A) Islets were incubated at 20mM glucose with various 
concentrations of AEA. Basal insulin secretion rates for all (n= 13), responsive (n= 5) 
and non-responsive groups (n= 8) were 34.7 ± 10.8%, 37.6 ± 7.9% and 32.9 ± 12.4% 
respectively. Results are presented as mean insulin secretion rates ± SD * P< 0.05, 
*** P< 0.001, +++ P< 0.001 vs. 20mM glucose control. B) Distribution frequency of 
log10IC50 values (calculated by fitting individual AEA concentration-response 
experimental results to sigmoidal curves; n= 10). 
 

On further analysis of the data, it appeared that in 8 of the 13 experiments, AEA 

displayed a lack of inhibitory effect on insulin secretion at 1�M. The compiled 

concentration-response data from these 8 experiments suggest that AEA, at 

concentrations � 10μM, was unable to cause a substantial (> 25%) reduction in insulin 

secretion rates. These islets were labelled as being “non-responsive” to AEA and 

exhibited an IC50 of 12.3�M (95% CI: 6.8�M to 19.4�M; n= 5, the statistical software 

was unable to fit the data to a sigmoidal curve for 3 of the 8 experiments; Figure 

3.3A). The mean Hill slope for the non-responsive islets was calculated as -3.6 ± 3.0. 

The islets from the remaining five experiments were deemed to be responsive to AEA, 
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with AEA displaying a clear concentration-dependent effect as a marked inhibition of 

insulin secretion was observed at 100nM with the IC50 for the AEA responsive islets 

calculated as 220nM (95% CI: 21.9nM to 2.2�M). The mean Hill slope for the 

responsive islets was calculated as -1.3 ± 1.6. In both populations of islets, 100�M 

AEA was found to fully reduce glucose-stimulated insulin secretion to within basal 

insulin secretion levels (Figure 3.3A). The distribution of all AEA IC50 values was not 

found to be normally distributed, instead AEA-response and non-responsive islets 

appear to be distributed about two separate means (Figure 3.3B) 

 

As the effects of 1μM AEA were glucose-dependent the responsiveness of islets may 

have been linked to how glucose responsive the islets were. Further analysis of all the 

1μM AEA at 20mM glucose data did not reveal a significant correlation between the 

glucose- and AEA-responsive states of the islets (Figure 3.4). The AEA concentration-

response data was also re-analysed with the insulin secretion rates normalised 

against the glucose response (Figure 3.5.A). The distribution of the log10IC50 values 

for AEA calculated by this method were found to occur independently (P> 0.05) of the 

islets glucose responsiveness as determined by the Spearman rank correlation test 

(Figure 3.5.B). 

 

 
Figure 3.4  The individual experimental effects of 1μM AEA at 20mM glucose plotted 
against the glucose responsiveness of the islets. Data has been taken from the 1μM 
AEA glucose response and AEA concentration-response data sets. % inhibition of the 
glucose response was calculated as 100x (20mM glucose control - 1μM AEA at 20mM 
glucose)/(20mM glucose control - 4mM glucose control). 
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Figure 3.5  The effects of increasing concentrations of anandamide (AEA) on insulin 
secretion at 20mM glucose expressed as a function of glucose responsiveness. A) 
Islets were incubated at 20mM glucose with various concentrations of AEA. Results 
have been normalised against the difference (glucose response) between the insulin 
secretion rates observed for the 4mM (0%) and 20mM (100%) glucose controls. 
Results are presented as mean insulin secretion rates (n= 13). B) The AEA 
responsive state of the islets (represented by the individual log10IC50 values calculated 
from the data presented in figure A) plotted against the corresponding glucose 
responsiveness of the islets (n= 10). 
 

3.3.2 N-acylethanolamine metabolism in islets 
As described above, there appeared to be two populations of islets based on the level 

of inhibition caused by 1�M AEA on 20mM GSIS (glucose stimulated insulin 

secretion). One possible cause of the apparent variability could have been due to 

variations in local metabolism of anandamide and so additional experiments were 

carried out with the metabolically stable analogue, methanandamide. 

Methanandamide (10�M) consistently inhibited insulin secretion at 20mM glucose but 
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did not affect insulin secretion at basal and intermediate levels of GSIS (Figure 3.6A). 

The concentration-response curve for methanandamide appeared similar to that of the 

AEA responsive data as there was a clear concentration-dependent inhibition of 

insulin secretion. The IC50 of methanandamide was 682nM (95% CI: 94.2nM to 

4.9�M; Figure 3.6B) and the mean Hill slope was calculated as -3.0 ± 3.2. However, 

the mean IC50 value for methanandamide was not statistically different from the mean 

IC50 values calculated for the either the anandamide responsive or anandamide non-

responsive groups. 

 

A 

 
B 

 
Figure 3.6  The glucose and concentration-dependent effects of methanandamide on 
insulin secretion. A) Islets were incubated at 4mM, 8mM, or 20mM glucose in the 
absence (control) or presence of 10�M methanandamide. Results are presented as 
mean insulin secretion rates ± SD (n= 5) ***P< 0.001 vs. 20mM glucose control B) 
Islets were incubated at 20mM glucose with increasing concentrations of 
methanandamide. The basal insulin secretion rate for the methanandamide 
concentration-response curve data was 33.2 ± 18.1 %. Results are presented as 
mean insulin secretion rates ± SD (n= 5) ** P< 0.01, *** P< 0.001 vs. 20mM glucose 
control. 
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The fatty acid amide hydrolase (FAAH) specific inhibitor URB597 (10�M) alone did not 

affect insulin secretion at 4mM or 20mM glucose (Figure 3.7A). Hence, pre-incubation 

of the islets with 10μM URB597 was deemed appropriate for future use with AEA. It 

was found that pre-incubation of islets with 10�M URB597 did not affect islet 

responses to AEA (Figure 3.7B). Upon further analysis of the data in Figure 3.7B, 

islets where 10�M AEA inhibited insulin secretion, 10�M URB597 also inhibited 

insulin secretion, whereas if 10�M AEA did not affect insulin secretion, neither did 

10�M URB597 (Figure 3.7C). Subsequent re-analysis of the URB597 glucose-

response data found there were two experiments where pre-incubation with URB597 

inhibited insulin secretion by > 25% (Figure 3.7A).  

 
In light of the URB597 static incubation experiments, endocannabinoid metabolism 

assays were performed to ascertain the amount of AEA hydrolysis occurring in islets 

and to determine whether URB597 pre-treatment was effective at blocking AEA 

hydrolysis. It was found that much larger quantities of homogenised pancreas were 

required in comparison to homogenised liver to detect measurable levels of AEA 

hydrolysis (Figure 3.8A). Additionally AEA hydrolytic rates in homogenised pancreatic 

samples were unaffected by glucose. In total, three endocannabinoid metabolism 

assays were performed with whole tissue homogenates. The level of AEA hydrolysis, 

when standardised against the amount (wet weight) of tissue used, in homogenised 

liver samples was found to be significantly higher in comparison to AEA hydrolytic 

rates in homogenised pancreatic samples (Figure 3.8B & 3.8C). Pre-incubation of 

homogenates with 1�M URB597 was found to block fully AEA hydrolysis in liver 

samples (Figure 3.8B), but only blocked approximately a third of AEA hydrolytic 

activity in pancreatic samples (Figure 3.8C). Use of whole islets in the 

endocannabinoid metabolism assays was attempted on several occasions but 

measurable amounts of hydrolysis were not observed in islets as AEA hydrolytic rates 

were less than or equal to the AEA hydrolytic rates observed in the non-enzymatic 

control (Figure 3.9). 
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Figure 3.7  The effects of URB597 on AEA induced inhibition of glucose-mediated 
insulin secretion. A) Islets were pre-incubated with either vehicle (control) or 10�M 
URB597. Insulin secretion was then determined at either 4mM or 20mM glucose. 
Results are presented as mean insulin secretion rates ± SD (n= 6). B) Islets were pre-
incubated with either vehicle (control) or 10�M URB597. Insulin secretion was then 
determined at either 4mM or 20mM glucose in the absence or presence of 10μM AEA. 
Results are presented as mean insulin secretion rates ± SD (n= 7). * P< 0.05 vs. 
20mM glucose control. C) Division of the data presented in B, whereby experiments in 
which URB597 did not inhibit insulin secretion are shown on the left of the X axis 
break (n= 3) and experiments where URB597 was found to inhibit (> 25%) insulin 
secretion on the right of the X axis break (n= 4). Islets were pre-incubated with either 
vehicle (control) or 10�M URB597. Insulin secretion was then determined at either 
4mM or 20mM glucose. Results are presented as mean insulin secretion rates ± SD. 
NS Not significant; *** P< 0.001 vs. 20mM glucose. 
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Figure 3.8  The effects of URB597 on AEA hydrolysis in homogenised samples of 
liver and pancreatic tissues. A) Samples of homogenised tissues were pre-incubated 
in the absence or presence of 1�M URB597 for 15 minutes prior to an incubation with 
2�M [3H]-AEA at 4mM or 20mM glucose for 30 minutes. Each condition was 
performed in triplicate. AEA hydrolysis is expressed as the % of [3H]-AEA hydrolysed. 
Data shown are the mean ± SD from one representative experiment. AEA hydrolysis 
in rat liver (B) and pancreas (C) where AEA hydrolytic activity was standardised 
according to wet weight of tissue used. Data shown are the mean ± SD (n= 3) * P< 
0.05 vs. total liver activity. 

C 
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Figure 3.9  The effect of URB597 on AEA hydrolysis in whole islets. Islets were pre-
incubated at 4mM glucose in the presence of 10�M URB597 or a vehicle control for 
30 minutes prior to a 30 minute incubation with 2�M [3H]-AEA. Each condition was 
performed in duplicate. AEA hydrolysis is expressed as the % of [3H]-AEA hydrolysed. 
Data shown are the mean hydrolytic activities from one representative experiment 
 

3.3.3 Effects of clonidine on insulin secretion at 20mM glucose 
The potent �2-adrenoceptor agonist clonidine was used to ascertain whether the 

responsive state of islets to AEA was due to the loss or degradation of cell surface 

receptors, which may have occurred during islet isolation.  When islets were 

incubated from 1 hour at either 4mM or 20mM glucose in the absence or presence of 

100nM clonidine or 10�M AEA, it was found that clonidine consistently inhibited 

insulin secretion, whereas 10�M AEA did not (Figure 3.10). 

 
Figure 3.10  The effects of 100nM clonidine and 10�M anandamide (AEA) on insulin 
secretion at 20mM glucose. Islets were incubated at 4mM or 20mM glucose for 1 hour 
in the absence (control) or presence of clonidine or anandamide. Results are 
presented as mean insulin secretion rates ± SD (n= 5) ** P< 0.01 vs. 20mM glucose 
control. 
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3.4 Discussion 
 

The endocannabinoid AEA was found to inhibit insulin secretion in a glucose-

dependent manner. Further experimentation also found that the effects of AEA on 

insulin secretion were concentration-dependent. Furthermore, the concentration-

dependent effects of AEA on insulin secretion appeared to be governed by the 

responsive state of the islets as there appeared to be two populations of islets, 

responsive and non-responsive. In an effort to determine whether islet sensitivity to 

AEA was due to differing levels of AEA hydrolysis between populations of islets, 

methanandamide (a non hydrolysable analogue of AEA) was used. Methanandamide 

was also found to inhibit insulin secretion in a glucose- and concentration-dependent 

manner similar to AEA in AEA-responsive islets (Figure 3.3A & 3.4B). Pre-incubation 

of islets with the fatty acid amide hydrolase (FAAH) inhibitor URB597 did not affect 

islet responsiveness to AEA, but in some experiments URB597 was found to inhibit 

insulin secretion too. Endocannabinoid metabolism assays were performed to 

determine whether URB597 pre-treatment was effective in blocking FAAH activity. 

However, it was found that AEA hydrolysis in control islets was too low for the 

metabolism assay to detect, therefore, it remains unclear whether URB597 pre-

treatment in islets was effective in blocking AEA metabolism. 

 

3.4.1 Effects of anandamide on glucose-stimulated insulin 
secretion 
It was initially found that AEA inhibited GSIS, albeit with tissue variability (Figure 3.1). 

To date, five studies have examined the effects of AEA on insulin secretion in isolated 

islets. The studies by Juan-Pico et al. (2006) and Nataka & Yada (2008) have 

reported that AEA (in mouse islets) inhibits GSIS, whereas the study Bermudez-Silva 

et al. (2008) has reported that AEA (in human islets) potentiates insulin secretion. 

Therefore, the finding that AEA inhibits insulin secretion in this study is in agreement 

with the studies that have used mouse islets but not in studies that have used human 

islets, suggesting that AEA signalling in rodent islets is conserved but differs from that 
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in human islets (Juan-Pico et al., 2006; Bermudez-Silva et al., 2008; Nakata & Yada, 

2008). However, the recent study by Vilches-Flores et al. (2010) using islets isolated 

from Wistar rats, found that AEA produced effects similar to that found in Bermudez-

Silva et al. (2008), and disputes the species-dependent hypothesis. The islets used in 

this study and the studies by Juan-Pico et al. (2006) and Nataka & Yada (2008) were 

freshly isolated, whereas the islets used in the studies by Vilches-Flores et al. (2010) 

and Bermudez-Silva et al. (2008) were cultured at 5.5mM glucose for 16 hours or 3-5 

days in culture media, respectively. Differences between endocannabinoid signalling 

may be due to the activities of stress-related proteins being up-regulated in freshly 

isolated islets (as a result of the animals’ death and/or the process of islet isolation) in 

comparison to cultured islets (Ihm et al., 2009). Alternatively, islet culture could 

potentially bring about alterations in endocannabinoid signalling and/or metabolism 

pathways. Therefore, the differences in AEA signalling could be due methodological 

differences in the preparation of islets. 

 

Li et al. (2010) has recently reported that ACEA, a CB1 receptor agonist, potentiated 

insulin secretion from perifused ICR mouse islets at 20mM glucose but not 2mM 

glucose. Once again, this may be due to the use of cell culture affecting cannabinoid 

signalling as Li et al. (2010) cultured the islets overnight at 11mM glucose whereas, 

the previously mentioned study by Nataka & Yada (2008) found that ACEA inhibited 

insulin release from freshly isolated ICR mouse islets. This observation appears to 

provide further support the hypothesis that cell culture may affect cannabinoid 

signalling in islets. However, Li et al. (2010) measured insulin secretion from perifused 

islets whereas, Nataka & Yada (2008) used statically incubated the islets, therefore, 

differences in the affects of ACEA on GSIS may also be due to secondary signalling 

molecules being washed away before being able to affect �-cell activity. Therefore, to 

test the hypothesis that cell culture affects cannabinoid signalling in islets, identical 

experiments should be performed with freshly isolated and cultured islets from the 

same preparation. 
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The findings in the present study indicate that AEA inhibits insulin secretion in a 

glucose-dependent manner which has not been reported in other studies (Juan-Pico 

et al., 2006; Bermudez-Silva et al., 2008; Nakata & Yada, 2008). However, it is not 

apparent whether the inhibitory effects of AEA within this study were limited by the 

glucose concentration at which the islets were incubated or whether inhibition of 

insulin secretion by AEA occurs once a threshold level of GSIS had been achieved. In 

this regard, the studies by Juan-Pico et al. (2006), Nataka & Yada (2008) and 

Bermudez-Silva et al. (2008) reported that the effects of AEA on insulin secretion 

rates occurred at the intermediate levels of GSIS. This was consistently not observed 

in the present study at 8mM glucose.  

 

In continuation to the static incubation studies, the effects of 30μM AEA were 

examined on insulin secretion from perifused islets. Overall, it did not appear as 

though AEA had an effect on insulin secretion but this was due to considerable 

variation. As discussed in Chapter 4, AEA may indirectly affect � cell activity by 

paracrine signalling (Section 1.2.3) which would depend on the release of secondary 

signalling molecules (e.g. somatostatin-14) which then bind to their receptors 

expressed on the � cell surface. Therefore, the variability in the effects of AEA on 

insulin secretion may have been due to the secondary signalling molecules being 

washed away before being able to affect � cell activity, as flow rate for the perifusions 

may have been too high. However, reduction of the flow rate to 0.7ml/minute was not 

found to to alter the variability. 

 

3.4.2 Characterisation of anandamide responsive and non-
responsive islets  
In light of the effects of 1�M AEA on glucose-stimulated insulin secretion, further 

experiments were carried out to determine the concentration-response relationship. In 

these experiments, only a third of islets were found to be sensitive to 1�M AEA found, 

determined by a greater than 25% inhibition of insulin secretion. Accordingly, the data 

were re-analysed and split into AEA responsive and non-responsive groups (Figure 
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3.3A) and were consistent with two separate islet populations. For consistency the two 

groups will be referred to as responsive and non-responsive, however, it would be 

more accurate to refer to the two populations as sensitive and less-sensative, 

respectively. That there are 2 distinct populations of islets with respect to the effects of 

anandamide is a novel observation and was not identified in other studies (Juan-Pico 

et al., 2006; Bermudez-Silva et al., 2008; Nakata & Yada, 2008). Additionally, there is 

no evidence in the literature that would readily explain this observation. In order to 

investigate the variability, the effects of the �2–adrenoceptor agonist clonidine were 

examined, to assess the viability of GiPCR signalling (Yamazaki et al., 1982). The 

results suggest that responsiveness of islets to AEA was not due to wide-spread 

degradation of plasma membrane receptors or defective Gi protein coupling. This was 

concluded as the responses to AEA were variable, whereas, clonidine consistently 

inhibited insulin secretion (Figure 3.10). As the effects of AEA were glucose-

dependent and only inhibited insulin secretion at maximal, but not intermediate, levels 

of GSIS this suggested that AEA may be inhibiting one or more amplification 

pathways (Section 1.2.2.3). Thus, in less glucose-responsive islets (where the 

amplification pathways are not as prominent) the effects of AEA may have appeared 

diminished. Subsequent analysis of the AEA glucose- and concentration-response 

data (Figures 3.4 & 3.5B) suggest that the sensitivity of islets to AEA does not 

correlate to how glucose responsive the islets are. Therefore, it appears that the 

responsiveness of islets to AEA was not a direct result of isolation or handling of the 

islets but may be due to inherent differences in the islets themselves. For instance, 

the study by Juan-Pico et al. (2006) found that the effects of AEA (but not 2-AG) on 

glucose-stimulated oscillations in [Ca2+]i varied between islets, as the effects of AEA 

appeared to be either CB1 or CB2 receptor-mediated. However, the reason why AEA 

signalling differed between islets when the effects of 2-AG appeared to be consistent 

in the study by Juan-Pico et al. (2006) was not investigated. Additionally, this 

observation is of limited value as changes in [Ca2+]i can be linked to insulin granule 

exocytosis but these changes cannot be readily quantified into insulin secretion rates 

(Barbosa et al., 1998).  
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Despite variations in potency, 100�M AEA fully blocked GSIS in all of the AEA 

concentration response experiments. One possible explanation for these differences 

in potency could be endocannabinoid uptake and metabolism. In order to assess this, 

the non-hydrolysable analogue of AEA, methanandamide was used (Abadji et al., 

1994; Lin et al., 1998). The concentration-dependent effects of methanandamide were 

comparable to those of AEA. Specifically, 10�M methanandamide consistently 

inhibited insulin secretion, even in islets which were found not to respond to 10μM 

AEA (see later, Figure 4.7B). This suggests that the islet responsiveness may be due 

to metabolism of AEA or, alternatively, minor differences in AEA and 

methanandamide pharmacology (e.g. differences in CB1 and CB2 receptor affinities) 

are exacerbated in islets (Lin et al., 1998). 

 

The expression of FAAH, a key enzyme in the degradation of AEA (Section 1.4.2.1), 

has been reported in mouse, rat and human islets (Starowicz et al., 2008; Tharp et al., 

2008). Therefore, if islet responsiveness to AEA was a result of differing levels of 

FAAH activity then inhibition of this enzyme prior to the application of AEA should 

overcome the variability. As with methanandamide, 10�M AEA was chosen over the 

concentration of 1�M, as it was found when reviewing the concentration-response 

curves for responsive and non-responsive islets that the difference in secretion rates 

between responsive and non-responsive islets was greatest at 10�M (Figure 3.3A). 

To inhibit FAAH, islets were pre-incubated with 10�M URB597 as this should inhibit 

even high levels of FAAH activity (Ahn et al., 2007; Zhang et al., 2007). Initial testing 

found that pre-treatment of islets with 10μM URB597 did not significantly alter basal or 

maximal levels of GSIS suggesting that 10�M URB597 was suitable for use with AEA. 

However, it was noted that the effects of 10�M URB597 at 20mM glucose were 

variable, so it was unclear whether there was an increased basal endocannabinoid 

tone (Section 1.4.3) within some islets as a result of URB597 pre-treatment. The 

variability of 10μM URB597 at 20mM glucose is probably not due to vehicle effects as 

the islets in the glucose controls were also exposed to an equivalent amount of 
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ethanol for an identical period time. Subsequently, it was found that pre-treatment with 

URB597 did not affect islet responsiveness to AEA but it was observed that in these 

experiments inhibition of insulin secretion by 10μM AEA coincided with 10�M URB597 

inhibiting insulin secretion too (Figure 3.7C). It is unclear whether the linkage in the 

level of inhibition caused by 10�M URB597 and 10�M AEA can be attributed to islet 

responsiveness, as it was found in three of the AEA non-responsive concentration-

response experiments; 10�M AEA caused a < 37% inhibition of insulin secretion at 

20mM glucose. It is unclear whether confirmation of the responsive state to AEA 

would have contributed to a deeper understanding of islet variability without first 

knowing whether URB597 pre-treatment was blocking FAAH activity. 

 

Data from Bermudez-Silva et al. (2008) suggests that 2-AG (and presumably other 

endocannabinoids) production in human islets is linked to GSIS and so the inhibition 

caused by URB597 may have been due to a full blockade of FAAH activity resulting a 

net increase in islet N-acylethanolamine levels. An increase in islet-derived AEA 

levels would lead to the inhibition of insulin secretion, assuming that rat islets produce 

AEA endogenously. Alternatively, the effects of URB597 could have been occurring 

as the result of non-specific inhibition of non-FAAH serine hydrolases or other 

enzymes (Alexander & Cravatt, 2006; Zhang et al., 2007). Therefore, if inhibition of 

insulin secretion was not observed when islets were pre-treated with URB597 at 

concentrations � 1μM, this would imply that the effects of 10μM URB597 on insulin 

secretion were due to non-specific effects. Rather than conducting this experiment, it 

was chosen to perform endocannabinoid assays instead, as the results from these 

assays would allow a direct measurement of AEA hydrolysis within islets and 

establish whether the 10μM URB597 pre-treatment was effective in blocking AEA 

hydrolysis. The preliminary experiments with whole islets did not produce meaningful 

data as the protocol was not sufficient to account for islet viability and responsiveness. 

Firstly, liver samples could only act as a positive control for FAAH activities in the 

assay but does not control for the treatment of intact islets with URB597 (Figure 3.9). 

Ideally, additional islets would be needed to run a static incubation in parallel with the 
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AEA hydrolysis assays, to demonstrate islet viability and to determine the AEA 

responsive state of the islets, but islet yields at the time were not sufficient. It must 

also be noted that the endocannabinoid assay only detects metabolism of the [3H]-

AEA if the radiolabeled ethanolamine head group is separated from the arachidonic 

acid moiety. However, if AEA is inhibiting insulin secretion via a plasma membrane 

receptor’s extracellular binding site, then deactivation of AEA could occur by rapid 

uptake and retention within the islet cells. Therefore, AEA uptake studies may also be 

useful in probing whether variability in AEA responses are due to non-metabolic 

means. It must also be considered that if islets were found to have intrinsically low 

FAAH activity then alternate metabolic pathways may be of increasing importance 

(Section 1.4.2). For example, islets are thought to express several isoforms of the 

cyclooxygenase and lipoxygenase enzymes which can oxygenate various 

endocannabinoids, including AEA, thus making cannabinoid signalling more diverse 

(Yamamoto et al., 1983; Shannon et al., 1992; Ueda et al., 1995; Han et al., 2002; 

Kozak et al., 2002; Ross et al., 2002; van der Stelt et al., 2002; Heitmeier et al., 2004; 

Woodward et al., 2008). Factors such as these may also exacerbate differences in the 

pharmacology of AEA and methanandamide, which increases the need to 

characterise AEA signalling (Gardiner et al., 2009). Thus, the status of 

endocannabinoid metabolic activities within batches of islets may go some way to 

explaining the variability in islet sensitivity to AEA as observed in the current study. 

 

3.4.3 Conclusions 
The data presented in this chapter provide evidence that AEA acutely inhibits insulin 

secretion from statically-incubated islets, but the effects of AEA on insulin secretion 

was found to differ when islets were perifused. As the inhibition of insulin secretion 

caused by AEA is glucose and concentration-dependent, this indicates that the effects 

of AEA are controlled by receptor-specific signalling pathways. The nature of these 

signalling pathways were investigated and the findings are presented in Chapter 4. 
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Intriguingly, the concentration-dependent effects of AEA were variable which has not 

been documented by other groups. This may suggest that this variability is an artefact 

of the isolation and/or incubation process; however, attempts to identify the causes 

were unsuccessful. Hence, it was viewed that the responsive state of the islets may 

be due to integral rather than induced differences between islets. This led to the role 

of local metabolism (as the source of islet variability) being investigated using 

methanandamide and URB597. The data suggest that AEA hydrolysis by FAAH was 

not the cause of islet un-responsiveness, however, these findings are not conclusive 

without further evidence. Therefore, it remains unclear as to why the effects of AEA 

between islet preparations were variable in this study but alternate theories are 

suggested in later chapters. 
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4.1 Introduction 
 

In Chapter 3, anandamide (AEA) was found to inhibit insulin secretion in a glucose-

dependent manner and it was assumed that AEA was acting in a receptor-dependent 

manner. As discussed in Section 1.4.3., CB1-, CB2-, TRPV1-receptors, PPAR�, and 

PPAR� are all receptors linked to endocannabinoid signalling, but there are also data 

to suggest that endocannabinoids may act through GPR18, GPR55, and GPR119 

receptors. Therefore, AEA may be inhibiting insulin secretion via a number of 

receptors. However, it is uncertain whether all of these receptors are expressed in 

islets.  

 

It is also uncertain whether AEA is acting directly or indirectly to inhibit insulin 

secretion, as the expression of CB receptors have been detected on non-� cells which 

are located in the periphery of the rat islet (Table 4.1). This may indicate that AEA can 

affect insulin secretion by altering paracrine signalling within islets (Section 1.2.3). 

Indeed, the study by Bermudez-Silva et al. (2008) reported that acute cannabinoid 

treatment in human islets not only affected the amount of insulin secreted but also 

affected that of glucagon and somatostatin-14 (sst-14). Therefore, the inhibitory 

effects of AEA on insulin secretion may have originated from a signalling pathway in 

non-� islet cells.  

 

The inhibition of insulin release by AEA was glucose- and concentration-dependent. 

Therefore, the primary aim of this study was to characterise the receptor signalling 

pathway(s) by which AEA inhibits insulin release. There was also a secondary aim 

which was to determine whether AEA was inhibiting insulin secretion by paracrine 

means. In order to achieve these aims, receptor-specific antagonists were used in co-

junction with AEA in freshly isolated islets of Langerhans from male Wistar rats. 
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Table 4.1  Expression of CB1 and CB2 receptors in rat islets 

 

Reference Rat breed 
RT-PCR Immunohistochemistry 

CB1 CB2
CB1 CB2 
� 
 	 PP � � 	 PP

Bermudez-
Silva et al. 
(2007) 

Wistar ND ND +? + ? ? +? + ? ? 

Starowicz et 
al. (2008) Wistar ND ND + - ? ? + + ? ? 

Vilches-Flores 
et al. (2010) Wistar + ND + - ? ? ND ND ND ND 

Tharp et al. 
(2008) 

Zucker lean 
control + - - - + - - - - - 

Bermudez-
Silva et al. 
(2009) 

Not 
specified1 ND ND + - ? ? + + ? ? 

 
RT-PCR was performed using RNA extracted from whole islets. 
Immunohistochemistry was performed using hormone-specific antibodies and 
receptor isoform-specific antibodies.1 Rat strain was not specified by Bermudez-Silva 
et al. (2009) but it is likely that the tissue originated from male Wistar rats, used 
similarly in their earlier study (Bermudez-Silva et al., 2007).  ND not determined; + 
expressed; - not expressed; +? expression in cell type confirmed by basic cell 
morphology; ? Expression of CB1 or CB2 receptors detected on the periphery of the 
islet but the cell types was not confirmed. 
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4.2 Methods 
 

4.2.1 Materials 
All drugs and buffers were prepared as described in Sections 2.2. The somatostatin-

14 enzyme-linked immunosorbent assay (ELISA) kit was purchased from Bachem 

(Bubendorf, Switzerland). 

 

4.2.2 Animals 
All procedures were performed using tissues obtained from male Wistar rats with body 

weights ranging from 230-350g. Animals were housed and killed as described in 

Section 2.1.  

 

4.2.3 Insulin secretion studies 
Islets were isolated from male Wistar rats according to the isolation procedure 

described in 2.4.2. 48-well plates with 70% confluent INS-1 823/13 cells (passages 

86-91) were prepared as described in 2.4.3. 

 

4.2.3.1 Static incubations 
Freshly isolated islets were used in 1-hour static incubation studies, as described in 

2.4.2. INS-1 823/13 cells were used in either 1- or 2-hour static incubation studies, as 

described in 2.4.3. The effects of AEA on insulin secretion from INS-1 823/13 cells did 

vary between 1 or 2 hour incubations. Once the incubations had finished, samples of 

incubation buffer were taken from each well and the amount of insulin in the samples 

was determined by RIA as described in 2.6. Analyses of experimental data were 

carried out as described in 2.5. Where indicated, the Spearman rank (non-parametric) 

correlation test was used to determine whether there was a significant correlation 

between two parameters. 
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4.3 Results 
 

4.3.1 Characterisation of signalling pathways involved in inhibition 
of insulin release induced by anandamide 
In light of the variability in the sensitivity of islets towards AEA treatment (Figure 3.3), 

a concentration of AEA greater than 10�M was needed in order to cause a 

reproducible inhibition of insulin secretion. Accordingly, 30μM AEA was found to 

cause a reproducible and significant inhibition of insulin release at 20mM glucose, and 

was therefore used for all of the antagonist studies (Figure 4.1).  

 

 
Figure 4.1  The effects of 30�M and 100�M AEA on insulin secretion at 20mM 
glucose. Islets were incubated at 4mM or 20mM glucose in the absence (control) or 
presence of 30�M or 100�M AEA. Results are presented as mean insulin secretion 
rates ± SD (n= 10). *** P< 0.001 vs. 20mM glucose control. 
 

4.3.1.1 Effects of CB1 receptor antagonists, AM251 and O-2050, on 
responses to anandamide 
AM251 is a widely-used CB1 receptor-specific antagonist/inverse agonist which has 

been used to investigate CB1 receptor mediated signalling in both murine and human 

isolated islets (Savinainen et al., 2003; Juan-Pico et al., 2006; Bermudez-Silva et al., 

2008; Xiao et al., 2008). O-2050, another CB1 receptor-specific antagonist, was also 

used as a comparison (Martin et al., 2002). Unlike AM251, O-2050 is a relatively new 

compound that has primarily been used in in vivo behavioural studies and so 

information of its effects in vitro are limited. The concentrations of AM251 and O-2050 

were restricted to 100nM to limit non-selective effects (Section 5.3.2). AM251 did not 
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significantly affect insulin secretion at 20mM glucose and did not significantly affect 

the inhibition of insulin secretion caused by AEA (Figure 4.2A). As observed with 

AM251, O-2050 alone did not affect maximal levels of insulin secretion and O-2050 

did not affect the inhibitory effects of AEA (Figure 4.2B) 

 

A 

 
B 

 
Figure 4.2  The effects of the CB1 receptor antagonists AM251 and O-2050 on 
responses to AEA. Islets were incubated at either 4mM or 20mM glucose in the 
absence (control) or presence of 30μM AEA, with or without a CB1 receptor 
antagonist. A) Effects of AM251 on responses to AEA. Results are presented as 
mean insulin secretion rates ± SD (n= 5). * P< 0.05 vs. 20mM glucose control. B) 
Effects of O-2050 on responses to AEA. Results are displayed as mean insulin 
secretion rates ± SD (n= 5). ** P> 0.01 vs. 20mM glucose control. 
 

4.3.1.2 Effects of the CB2 receptor antagonist/inverse agonist AM630 on 
responses to anandamide 
AM630 is described as a CB2 receptor-selective antagonist/inverse agonist which has 

been used to attenuate CB2 receptor signalling in islets without affecting insulin 

secretion itself (Ross et al., 1999; Mukherjee et al., 2004; Juan-Pico et al., 2006; 
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Bermudez-Silva et al., 2008). The concentration of AM630 used here was 100nM to 

limit the possibility of AM630 affecting insulin secretion itself (see Section 5.3.3). In six 

experiments where AM630 was used in conjunction with AEA, it was found that that 

AM630 did not significantly affect 20mM glucose-stimulated insulin secretion (Figure 

4.3). The compiled results also suggest that AM630 did not affect the inhibition of 

insulin secretion caused by AEA (Figure 4.3). However, on further analysis, it appears 

that in four of the six experiments, 100nM AM630 attenuated or blocked the effects of 

30μM AEA, whereas in the remaining two experiments, AM630 appeared to potentiate 

the effects of AEA (Table 4.2). 

 

 
Figure 4.3  The effects of AM630 on responses to AEA. Islets were incubated at 
either 4mM or 20mM glucose in the absence (control) or presence of 30μM AEA with 
or without 100nM AM630. Results are presented as mean insulin secretion rates ± SD 
(n= 6). ** P> 0.01 vs. 20mM glucose control 
 
 
Table 4.2  Mean insulin secretion rates for the six individual experiments examining 
the effect of AM630 on AEA-induced inhibition of insulin release 
 

Experiment no 100nM AM630 30μM AEA 30μM AEA + 
100nM AM630 

Net effect on 
30μM AEA 

1 100 ± 12.5 52.6 ± 18.5 96.3 ± 18.21 +43.7 
2 136 ± 10.0 54.0 ± 12.4 111 ± 7.2 +57 
3 148 ± 13.0 39.8 ± 20.6 70.9 ± 29.4 +31.1 
4 66 ± 8.6 15.7 ± 2.1 64.9 ± 9.3 +49.2 
5 89.7 ± 17.5 39.6 ± 12.5 24.3 ± 7.6 -15.3 
6 92 ± 27.7 51.5 ± 12.5 19.8 ± 9.6 -31.7 

  
All values are the mean insulin secretion rates expressed as a percentage of the 
20mM glucose control. Net effect on 30μM AEA was calculated as the mean 
experimental insulin secretion rate for 30μM AEA + 100nM AM630 minus mean 
experimental insulin secretion rate for.  
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4.3.1.3 Effects of the PPAR�-antagonist GW9662 on responses to 
anandamide 
GW9662 (1�M) did not affect basal, intermediate or maximal levels of glucose-

stimulated insulin secretion (Figure 4.4A). Subsequent testing found that GW9662 did 

not affect the level of inhibition caused by AEA at 20mM glucose (Figure 4.4B). 

 
A 

 
B 

 
 
Figure 4.4  The effects of GW9662 on glucose-induced insulin release. A) Islets were 
incubated at basal (4mM), intermediate (8mM) or maximal (20mM) levels of insulin 
secretion in the absence (control) or presence of 1μM GW9662. Results are 
presented as mean insulin secretion rates ± SD (n= 10, except for conditions at 8mM 
glucose where n= 3). B) Islets were incubated at either 4mM or 20mM glucose in the 
absence (control) or presence of 30μM AEA with or without 1μM GW9662. Results 
are displayed as mean insulin secretion rates ± SD (n= 5). 
 

4.3.2 Effects of AEA on insulin secretion from the INS-1 823/13 �-
cell line 
To determine whether the inhibitory effects of AEA on insulin secretion were caused 

by a direct effect on �-cell activity or through paracrine signalling insulin secretion 

experiments were performed in the INS-1 823/13 �-cell line. In compliance with the 
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previous insulin secretion experiments with AEA in islets, 1�M, 10�M and 30�M AEA 

were tested at 20mM glucose. AEA did not significantly affect insulin secretion at any 

concentration tested, Figure 4.5. 

 

Figure 4.5  The effects of AEA on insulin secretion at 20mM glucose from INS-1 
812/13 �-cells. INS 812/13 �-cells were incubated at 20mM glucose in the presence 
of vehicle (ethanol at a final concentration of 1% (v/v)) or with increasing 
concentrations of AEA for either 1 or 2 hours. Results are presented as mean insulin 
secretion rates ± SD (n= 3). 
 

4.3.3 Effects of somatostatin-14 on glucose-stimulated insulin 
secretion 
Next, a series of experiments were performed to investigate whether AEA inhibited 

insulin secretion via somatostatin-14 (sst-14) signalling within islets. Sst-14 potently 

inhibited insulin secretion at 20mM glucose in a concentration-dependent fashion, with 

inhibition occurring at concentrations as low as 10nM. The IC50 and Hill slope of sst-14 

were calculated as 3.8nM (95% CI: 1.2nM to 11.6nM; Figure 4.6A) and -5.9 ± 9.9, 

respectively. From the sst-14 concentration-response data (Figure 4.6), it was decided 

to use sst-14 at concentration of 100nM in future experiments to produce a 

reproducible inhibition of insulin secretion. Preliminary experiments with the putative 

SSTR5 antagonist BIM-23056 were unsuccessful as BIM-23056 (at concentration � 

30nM) was found to inhibit insulin secretion at 20mM glucose (data not shown). 
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In a subsequent set of experiments, it was found that the effects of 100nM sst-14 and 

10μM AEA on insulin secretion at 20mM glucose were variable without marked overall 

inhibitory effects as observed previously, whereas 10μM methanandamide caused a 

consistent inhibition of insulin secretion (Figure 4.7A). Further analysis of the 

individual experimental results indicated that islet responsiveness to 10μM AEA 

appeared to coincide with islet responsiveness to 100nM sst-14 but did not reach 

statistical significance (Figures 4.7B & 4.7C). As with the AEA concentration response 

data islet sensitivity to 100nM sst-14 and 10μM AEA did not coincide with glucose 

responsiveness (data not shown). 

A 

 
B 

 
Figure 4.6  The effects of somatostatin-14 (sst-14) on insulin secretion at 20mM 
glucose. Islets were incubated at 20mM glucose in the presence of somatostatin-14 at 
increasing concentrations. A) Insulin secretion rates have been normalised against 
the 20mM glucose control. The mean basal secretion rate is represented as a triangle. 
B) Insulin secretion rates been normalised against the difference (glucose response) 
between the insulin secretion rates observed for the 4mM (0%) and 20mM (100%) 
glucose controls. All results are presented as mean insulin secretion rates ± SD (n= 
4). * P< 0.05, ** P< 0.01 vs. 20mM glucose control.  
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A 

 
B 

 
C 

 
Figure 4.7  The effects of somatostatin-14 (sst-14), AEA and methanandamide 
(metAEA) on insulin secretion at 20mM glucose. Islets were incubated for 1-hour at 
4mM or 20mM glucose in the absence (control) or presence of either 100nM 
somatostatin-14, 10μM AEA or 10μM metAEA. A) Compiled results which are 
presented as mean insulin secretion rates ± SD (n= 5). ** P< 0.01 vs. 20mM glucose 
control B) Individual experimental mean insulin secretion rates in the presence of sst-
14, metAEA and AEA. Results from each experiment were standardised against the 
difference between the insulin secretion rates observed for the 4mM (0%) and 20mM 
(100%) glucose controls. C) The individual experimental mean insulin secretion rates 
(from figure B) of 10μM AEA plotted against the corresponding data for 100nM sst-14.  
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4.3.4 Effects of lysophosphatidylinositol (LPI) on glucose-
stimulated insulin secretion 
LPI (10�M), a putative endogenous GPR55 agonist, was used at basal and maximal 

levels of GSIS, and it was found that LPI did not significantly affect insulin secretion at 

4mM (Figure 4.8A). However, LPI was found to have a variable effect on insulin 

secretion at 20mM glucose (Figure 4.8B). 

  

A 

 
B 

 
 
Figure 4.8  The effects of the endogenous GPR55 ligand lysophosphatidylinositol 
(LPI), on insulin secretion. A) Islets were incubated at 4mM or 20mM glucose for 1 
hour in the absence or presence of 10μM LPI. Results are presented as mean insulin 
secretion rates ± SD (n= 8). B) The effects of 10�M LPI on 20mM glucose-induced 
insulin secretion expressed as a histogram produced from the 20mM glucose + 10�M 
LPI data presented in Figure A. 
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4.4 Discussion 
 

AEA at 30�M caused a consistent and reproducible inhibition of insulin secretion at 

20mM glucose and therefore was used in all antagonism studies. Cannabinoid CB1, 

CB2, and PPAR� receptor antagonists did not cause reproducible alterations in islet 

responses to 30�M AEA. However, on closer examination results from antagonism 

studies with the CB2 receptor antagonist AM630 indicated that 30�M AEA may inhibit 

insulin secretion by more than one inhibitory signalling pathway (including a CB2 or 

CB2-like receptor dependent signalling pathway). Despite attempts to establish a 

direct link between AEA and sst-14-mediated inhibition of insulin secretion preliminary 

results found that islet responsiveness to 10�M AEA coincided with islet 

responsiveness to 100nM sst-14. Additionally preliminary findings with LPI, a putative 

GPR55 agonist, suggest that the effects of AEA are unlikely to be mediated by 

GPR55. 

 

4.4.1 Effects of CB1-, CB2-, and PPAR�-receptor antagonists on 
responses to 30�M AEA  
Classically, AEA is assumed  to act largely in a CB1 receptor-dependent manner but 

Juan-Pico et al. (2006) have also indicated significant activity at CB2 receptors. Due to 

recent interest in the involvement of PPAR� in cannabinoid actions, as well as the use 

of PPAR� agonists for the treatment of type 2 diabetes (Section 1.3.3), the role of 

PPAR� signalling was also tested. Hence, the antagonists described as being CB1 

receptor (AM251 and O-2050), CB2 receptor (AM630) and PPAR� (GW9662) 

receptor-specific were used in order to probe the mechanisms of action of AEA. When 

islets were co-incubated in the presence of AEA and a CB1, CB2, or PPAR� receptor 

antagonist, none of the receptor antagonists examined were found to consistently 

attenuate the inhibitory effects of AEA. While there is little consensus on the 

expression patterns of the CB receptors in islet cells, it appears that the expression of 

the CB receptors within islet to be constant/consistent between lean, obese and type 

2 diabetic tissue (Bermudez-Siva et al., 2006; Juan-Pico et al., 2006; Starowicz et al., 
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2008; Tharp et al., 2008; Bermudez-Silva et al., 2009). Similarly, the expression of 

PPAR� has been reported to be consistent between islets isolated from lean non-

diabetic rodents (Braissant et al., 1996; Patane et al., 2002). Therefore, it was 

assumed that if AEA was inhibiting insulin secretion through a single receptor type 

then use of the correct type of receptor specific antagonist should consistently 

attenuate or block the effects of AEA. Thus, the results presented in this chapter 

suggest that 30�M AEA inhibits insulin via a mechanism that appears to be 

independent of CB1, CB2, and PPAR� signalling pathway. This conclusion appears to 

be verified by initial observations in Chapter 5, which found that use of 1�M ACEA 

(CB1 receptor-specific agonist) and 1�M JWH133 (CB2 receptor-specific agonist) did 

not consistently reproduce the inhibitory effects of AEA.  

 

Although the present study would appear to exclude the involvement of ‘classical’ 

cannabinoid and PPAR� receptors, this is based on the individual application of 

antagonists. It is conceivable that AEA might have a multiple sites of action and so 

future experiments might be designed with combinations of antagonists to address 

this possibility.  

 

Recent evidence from Vilches-Flores et al. (2010) suggests that CB1 receptor 

expression in islets (determined by RT-PCR and immunohistochemistry) is glucose-

dependent, as higher expression levels were described in islets isolated from Wistar 

rats that were fasted prior to death. It is unclear whether CB2 receptor expression 

within islets is influenced by the fasting state of the animal too. As the Wistar rats 

used in this study were fed ad libitum then it may be possible that CB receptor 

expression within islets also varied between preparations. Hence, it may be more 

reasonable to re-assess the experimental results from the antagonism studies on an 

individual islet batch basis as cannabinoid receptor signalling may differ between 

islets. When the data are viewed in this context, then it appears that AEA inhibited 

insulin secretion by a CB2 receptor-dependent signalling pathway, as in the majority of 

islets co-incubation with AEA and AM630 attenuated the inhibitory effects of AEA 
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(Table 4.2). Interestingly, in the remaining two experiments of this type, co-incubation 

of islets with AEA and AM630 resulted in a greater inhibition of insulin secretion 

(Table 4.2). Therefore, the effects of 30�M AEA may be restricted to a CB2 (or CB2-

like) receptor signalling pathway in some islets, but in other islets AEA at 30�M may 

act by other signalling pathways. It may also be that the responsive state of islets to 

AEA could be due to the presence or absence of a specific signalling pathway. As 

such, in non-responsive islets, 30μM AEA may be able to cause significant activation 

of signalling pathways that concentrations of AEA � 10μM would not be able to 

stimulate. Therefore, future antagonism experiments should be designed around a 

complex, rather than a simplistic, pharmacological model of cannabinoid signalling 

within islets.  

 

4.4.2 Effects of lysophosphatidylinositol on glucose-stimulated 
insulin secretion 
LPI has been reported to be an endogenous ligand for the GPR55 receptor by several 

in vitro studies using transfected HEK293 cell lines and primary cells (Section 1.4.9). 

A concentration of 10�M LPI was chosen as it has been reported to induce maximal 

or near maximal responses in GPR55 expressing cells at this concentration (Oka et 

al., 2007; Lauckner et al., 2008; Henstridge et al., 2009; Oka et al., 2009; Yin et al., 

2009).  LPI did not affect the basal insulin secretion rate but the effect of LPI at 20mM 

glucose varied. In some experiments, it was found that LPI caused significant 

potentiation (> 25%) of insulin secretion, whereas in others LPI potently inhibited 

insulin secretion.  

 

At present, there are no published data regarding the expression of GPR55 in islets or 

the pancreas as a whole. Hence, it is unknown whether any of the effects of LPI on 

insulin secretion were GPR55-mediated. As mentioned in Section 1.4.9, experimental 

evidence suggests that activation of GPR55 leads to activation of RhoA-ROCK 

signalling and/or PLC via G�12/13- or Gq-coupled receptor signalling, respectively. 

Information regarding RhoA-ROCK signalling in islets is limited but information from a 
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study using dispersed primary �-cells, from male Wistar rat islets, suggests that 

activation of this signalling pathway inhibits GSIS by stabilisation of the F-actin 

cytoskeleton (Hammar et al., 2009). Based on the activation of other GqPCR 

receptors in �-cells, it would be expected that if GPR55 were signalling via Gq 

signalling pathways, then this would result in the potentiation of insulin secretion 

(Sawaki et al., 1993; Iismaa et al., 2000; Duttaroy et al., 2004; Waldeck-Weiermair et 

al., 2008; Henstridge et al., 2009). Therefore, if both effects of LPI were GPR55-

mediated then this would suggest that AEA was inhibiting by a GPR55 receptor-

independent signalling pathway. 

 

Alternatively, the inhibitory and stimulatory effects of LPI on insulin secretion (Figure 

4.8D) could be due to alternate signalling pathways as 10�M LPI has been reported to 

potentiate TRPV2 (transient receptor potential vallinoid-type 2, divalent ion channel) 

and TREK-2 (TWIK-related K+ channel 2) activity in transfected cell lines (Lesage et 

al., 2000; Monet et al., 2009). TRPV2 expression in mouse islets is believed to be 

restricted to �-cells and information gathered from primary islet �-cells and MIN6-cells 

suggests that activation of TRPV2 channels leads to the influx of extracellular Ca2+, 

which may also explain the potentiation of insulin secretion by LPI (Hisanaga et al., 

2009). TREK-2 has been described as a slightly inward-rectifying K+ channel in both 

transfected COS cell and natively-expressing MIN6 cells (Lesage et al., 2000; Kang et 

al., 2004). Lesage et al. (2000) postulated that activation of TREK-2 in �-cells may 

lead to a reduction in GSIS by re-stabilisation of the resting (polarised) state as the 

channel was more active in the depolarised state than the hyperpolarised state 

(Lesage et al., 2000). Therefore, further work is needed to characterise LPI signalling 

within islets to ascertain whether either effect of LPI was GPR55-mediated. It may first 

be appropriate to determine whether islets express GPR55 mRNA by RT-PCR before 

characterising GPR55 signalling by pharmacological means. This could be further 

examined by determining whether islets express GPR55 receptors under 

experimental conditions by western blotting and/or immunohistochemistry too.   
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4.4.3 AEA as a paracrine mediator of islet activity 
As shown in Table 4.1, expression of cannabinoid receptors has been detected in rat 

islets on the surfaces of non-� cells, therefore endocannabinoids may mediate 

inhibition of insulin secretion by activating CB receptors on the �-cells or through 

paracrine signalling within islets. To determine whether the effects of AEA were due to 

cannabinoid signalling in �-cells, the INS-1 823/13 �-cell line was used (Hohmeier et 

al., 2000). The primary advantage of this approach over the use of purified �-cells was 

that INS-1 823/13 �-cells can be rapidly grown, whereas there was insufficient primary 

tissue available to produce the required amounts of primary �-cells required for insulin 

secretion studies. Hence, the effects of AEA, at micromolar concentrations, on insulin 

secretion at 20mM glucose in INS-1 823/13 were tested but it was found that AEA did 

not significantly affect insulin secretion in these cells. The lack of effect of AEA in 

these cells may have been caused by de-differentiation of the INS-1 823/13 cells 

(through successive passages) which leads to the progressive loss of the �-cell 

phenotype in �-cell lines (Hohmeier et al., 2000; Nakashima et al., 2009). This could 

have occurred as the INS-1 823/13 were not found to be glucose-repsonsive. The 

results may also have been indicative that the inhibition of insulin secretion (caused 

by AEA in islets) was due to alterations in paracrine signalling, therefore, this was 

investigated further. 

 

Based on the information in Section 1.2.3, it was viewed that the most likely paracrine 

mechanism by which AEA could be inhibiting insulin secretion was through 

potentiation of sst-14 secretion from 	-cells. The general consensus is that sst-14 

inhibits insulin secretion by a SSTR5-mediated signalling pathway, but, as shown 

previously in Table 1.2, there is also evidence that inhibition may occur via SSTR2-

mediated signalling pathway (Rossowski & Coy, 1994; Atiya et al., 1997; Zambre et 

al., 1999; Strowski et al., 2000; Cejvan et al., 2003; Strowski et al., 2003; Wang et al., 

2004; Yao et al., 2005; Singh et al., 2007). In accordance with the literature, sst-14 

was found to inhibit insulin secretion at 20mM glucose in a concentration-dependent 

manner with high potency (Figure 4.6) and, from these data, it was decided that sst-14 

would be used at 100nM to produce a reproducible and consistent inhibition of insulin 
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secretion (Schuit et al., 1989; Hurst & Morgan, 1990; Rossowski & Coy, 1994; Wang 

et al., 2004). It was planned that SSTR antagonists would be used to verify the 

involvement of endogenous sst-14 in the mechanism of AEA-mediated inhibition of 

insulin secretion. However it was found that BIM-23056, a putative SSTR5 selective 

antagonist, inhibited insulin secretion itself. Hence, it was not possible to directly test 

whether AEA was inhibiting insulin secretion by a sst-14 mediated mechanism by 

pharmacological means. 

 

During the testing of BIM-23056, it was found that islet responsiveness to 100nM sst-

14, in common with AEA, was variable with islets appearing to either be responsive or 

non-responsive to sst-14. The data presented in Figure 4.7B suggest that AEA 

responsive islets are also responsive to sst-14, implying that at concentrations � 

10�M, AEA may inhibit insulin secretion by an sst-14-dependent mechanism. 

However, there was not a significant correlation between the inhibitory effects of sst-

14 and AEA but this may be due to the limited number of experiments in this data set. 

Therefore, additional experiments should be performed to verify whether the 

observation that inhibition of insulin secretion by 10μM AEA is mediated by sst-14. If 

AEA inhibited insulin secretion by an sst-14 dependent signalling mechanism then 

variability in AEA responsiveness may be dependent on the 	-cell content of the 

islets. The composition of islets (ratio of �: �: 	 cells) is known to differ between 

different regions of the pancreas (Tasaka et al., 1989). Therefore, the variation in islet 

responses to AEA and sst-14 may have inadvertently been pre-determined by the islet 

isolation step as a larger number of islets may have isolated from a certain region of 

the pancreas despite whole pancreata being used (especially as islet preparations are 

considered, at best, to be 50% efficient; van Suylichem et al. (1992)). Alternatively the 

SSTR receptors may have been degraded (Turcot-Lemay et al., 1975) or 	-cells lost 

(Hauge-Evans et al., 2009) during the collagenase isolation step. Thus, the 

responsiveness of islets to AEA may be linked to the number of functional SSTR 

receptors left on the plasma membranes of the �-cells after the process of islet 

isolation. Therefore, use of islet culture may be beneficial to allow the �-cells to 
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synthesis new somatostatin receptors but, as mentioned in Chapter 3, the use of islet 

culture may also affect CB signalling in islets. However, both theories are confounded 

with the observation that 10�M methanandamide-mediated inhibited of insulin 

secretion consistently. Alternatively, 10�M methanandamide might be able to inhibit 

insulin secretion through several different signalling pathways in a manner similar to 

30�M AEA (Section 4.4.1). 

 

Measurement of sst-14 and insulin secretion by RIA in parallel could be used in future 

studies to determine whether alterations in somatostatin secretion coincide with the 

inhibition of insulin secretion. This was attempted in the current study but too few 

islets (5 islets/well) were used to reliably detect sst-14 secretion by ELISA. As 

described in Section 1.2.3, glucagon secretion may also contribute to maximal rates of 

insulin secretion. Therefore, determination of glucagon secretion by RIA may also be 

beneficial. This too could be expanded to determine if cannabinoid signalling may 

alter glucagon secretion at low glucose concentrations. This information would also 

develop a more complete understanding of the physiological role that cannabinoid 

signalling has in islets.  

 

On reviewing the literature regarding somatostatin signalling in islets, two studies 

found that binding of radiolabeled sst-14 increased in proportion to the external 

glucose concentration (Mehler et al., 1980; Draznin et al., 1985). Hence, AEA may be 

able to increase somatostatin signalling independently or in parallel to potentiating 

somatostatin secretion. Therefore, alternate approaches aside from measuring 

somatostatin secretion may be needed to confirm negative findings. Alternate 

approaches may include expansion of the INS-1 823/13 �-cell work by co-culturing �-

cells with 	-cell lines (and possibly �-cell lines) to confirm the whether the effects in 

islets can be recreated in mixed islet-cell line populations. Finally, alternate SSTR 

antagonists could be tested to assess whether AEA-mediated inhibition of insulin 

secretion is dependent on SSTR5 and/or other SSTR receptor signalling.  
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4.4.4 Conclusions 
The experiments performed within this chapter were designed with the notion that 

cannabinoid signalling was conserved in islets and that variation in the 

responsiveness of islets to AEA (as observed in Chapter 3) was the result of local 

metabolism. Based on such a hypothesis, it was found that AEA inhibited insulin 

secretion in a CB1, CB2, and PPAR� receptor independent manner. However, data 

from the AEA antagonism studies and the sst-14 studies suggests that AEA signalling 

within islets was more complex than originally thought. For instance, islet 

responsiveness to AEA at concentrations � 10�M may be solely dependent on a sst-

14 mediated signalling pathway, whereas at higher concentrations AEA may be able 

to inhibit insulin secretion by a sst-14 mediated signalling pathway and/or by a CB2 (or 

CB2-like) receptor signalling pathway and/or other unidentified pathway(s). 

Intriguingly, such a scenario may not only be dependent on the concentration of AEA 

used but may be influenced by the islet cell composition and fasting state of the 

animal prior to tissue collection. Unfortunately, the data within this chapter is not 

sufficient to verify such a model. 
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The acute effects of 

cannabinoid receptor ligands 

on insulin secretion from 

Wistar rat isolated pancreatic 

islets 
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5.1 Introduction 
 

As discussed in Chapter 4, the expression of the cannabinoid (CB) receptors (CB1 

and CB2) have been detected in pancreatic islets isolated from rats. However, the 

specific roles of the CB1 and CB2 receptors in the control of insulin secretion have not 

been characterised. This information may clarify the signalling pathways involved in 

AEA-mediated inhibition of insulin release. Therefore, the principal aim of this chapter 

was to characterise the acute effects of CB1- and CB2-receptor activation on insulin 

secretion. Hence, CB1 and CB2 receptor agonists and antagonists were used in 

freshly isolated islets of Langerhans from male Wistar rats. 
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5.2 Methods 
 

5.2.1 Materials 
All drugs and buffers were prepared as described in Sections 2.2.  

 

5.2.2 Animals 
All procedures were performed using tissues obtained from male Wistar rats with body 

weight ranging from 230-350g. Animals were housed and killed as described in 

Section 2.1.  

 

5.2.3 Insulin secretion studies 
Islets were isolated from male Wistar rats according to the isolation procedure 

described in 2.4.1.1.  

 

5.2.3.1 Static incubations 
Freshly isolated islets were used in static incubation studies, as described in 2.4.2. 

Once the one hour incubation had finished, samples of incubation buffer were taken 

from each well and the amount of insulin in the samples was determined by RIA as 

described in 2.6. Analysis of experimental data was carried out as described in 2.4.5. 
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5.3 Results 
 

5.3.1 Effects of arachidonyl-2-chloroethylamide (ACEA), a CB1 
receptor agonist, on glucose-dependent insulin secretion 
ACEA, a CB1 receptor agonist, was chosen to investigate CB1 receptor signalling as it 

is reported to have a high affinity, efficacy, and selectivity for the CB1 receptor (Hillard 

et al., 1999). ACEA has been used in a number of cell types and tissues, with 1�M 

ACEA typically reported in most studies to induce substantial CB1 receptor specific 

signalling events (Sterin-Borda et al., 2005; Mato et al., 2009; Cencioni et al., 2010). 

In isolated islets ACEA (1�M) did not affect basal rates of insulin secretion and failed 

to consistently affect 20mM glucose stimulated insulin secretion, with a large degree 

of variability in the secretory response at 20mM glucose (Figure 5.1A). Subsequent 

experiments with 10μM and 30μM ACEA also appeared not to affect insulin secretion 

at 20mM glucose either but again there was wide variability (Figure 5.1B). 
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Figure 5.1  The effects of ACEA, a CB1 receptor agonist, on glucose-dependent 
insulin secretion. A) Islets were incubated at 4mM or 20mM glucose in the absence 
(control) or presence of 1�M ACEA for 1 hour. Results are presented as mean insulin 
secretion rates ± SD (n= 6). B) A distribution frequency presenting all the observed 
effects of ACEA at 1�M (n= 6), 10�M (n= 7) and 30�M (n=6) on insulin secretion at 
20mM glucose.  
 

5.3.2 Effects of CB1 receptor antagonists, AM251 and O-2050, on 
glucose-dependent insulin secretion 
AM251 (a CB1 receptor antagonist) was tested at a concentration of 1�M as it has 

been reported that 1�M AM251 did not affect  glucose stimulated oscillations in [Ca2+]i 

or GSIS from murine islets, which may occur if higher concentrations of AM251 were 

used (Savinainen et al., 2003; Juan-Pico et al., 2006; Price et al., 2007). The effects 

of 1�M AM251 were found to be highly variable with no consistent effect on insulin 

secretion being observed at any glucose concentration tested (Figure 5.2A). As the 
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observed effects of AM251 may have been due to non-specific concentration-

dependent effects, concentration-response experiments with AM251 were performed 

at 20mM glucose (Figure 5.2B). At concentrations > 100nM, AM251 inhibited insulin 

release more frequently as the concentration increased. At concentrations > 1�M, 

AM251 consistently inhibited insulin secretion with the maximal inhibitory effects of 

AM251 being observed at 10�M. The IC50 of AM251 for inhibition of 20mM GSIS was 

1.6�M (95% CI: 507nM to 3.3�M). The mean Hill slope was calculated as -3.1 ± 5.4. 

 
A 

 
B 

 
Figure 5.2  The effects of AM251, a CB1 receptor antagonist, on glucose-dependent 
insulin release. A) Islets were incubated at 4mM, 8mM or 20mM in the absence 
(control) or presence of 1�M AM251. Results are presented as mean insulin secretion 
rates ± SD (n= 9). B) Islets were incubated at 20mM glucose with increasing 
concentrations of AM251. The mean basal insulin secretion rate is represented as a 
square. Results shown as mean insulin secretion rates ± SD (n= 6). ** P< 0.01, *** P< 
0.001 vs. 20mM glucose control. 
 

AM251 when used at a concentration of 10�M, caused a marked inhibition of insulin 

secretion at 20mM glucose, but in islets incubated at 4mM and 8mM glucose, AM251 

did not significantly affect insulin release (Figure 5.3). The effects of 10μM AM251 
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may have been due to PPAR� activation (O'Sullivan et al., 2007) or inverse agonism 

at the CB1 receptor (Section 1.4.3). Therefore, 10μM AM251 was used in antagonist 

studies with GW9662, a PPAR� antagonist, and the CB1 receptor antagonist O-2050. 

Use of 1μM GW9662 did not affect islet responses to AM251 (Figure 5.4A). O-2050 

(100nM), which is structurally dissimilar to AM251, did not affect islet responses to 

20mM glucose and failed to modify the inhibitory effect of 10�M AM251 (Figure 5.4B). 

At the higher concentration of 1�M, O-2050 did not affect insulin secretion at 20mM 

glucose but significantly attenuated the inhibitory effects of 10μM AM251 on insulin 

secretion (Figure 5.5A). Again, there appeared to be some variability in the responses 

to O-2050 alone since subsequent sub-analysis revealed that O-2050 at 1�M caused 

a slight inhibition of insulin release insulin secretion, whereas 100nM O-2050 did not 

(Figure 5.5B). 

 
 

 
Figure 5.3  The effects of 10�M AM251 on glucose-dependent insulin secretion. Islets 
were incubated at 4mM, 8mM or 20mM in the absence (control) or presence of 10�M 
AM251. Results are presented as mean insulin secretion rates ± SD (n= 7). * P< 0.05 
vs. 20mM glucose control. 
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Figure 5.4  The effects of the PPAR� antagonist GW9662 and the CB1 receptor 
antagonist O-2050 on islets responses to 10�M AM251. A) Islets were incubated for 1 
hour at 4mM or 20mM glucose in the absence (control), or presence of 10�M AM251, 
with or without 1�M GW9662 (GW). Results are presented as mean insulin secretion 
rates ± SD (n= 6). *** P< 0.001 vs. 20mM glucose control B) Islets were incubated for 
1 hour at 4mM or 20mM glucose in the absence or presence of 10�M AM251 with or 
without 100nM O-2050. Results shown are mean insulin secretion rates ± SD (n= 5) * 
P< 0.05, *** P< 0.001 vs. 20mM glucose control. 
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Figure 5.5  The effects of 100nM and 1�M O-2050 (O-2) on insulin secretion at 20mM 
glucose and islet responses to 10�M AM251. A) Islets were incubated for 1 hour at 
4mM or 20mM glucose in the absence or presence of 10�M AM251 with or without 
1μM O-2050. Results are presented as mean insulin secretion rates ± SD (n= 7). 
***P< 0.001 vs. 20mM glucose control; # P< 0.05. B) Distribution frequency of all the 
observed effects of 100nM and 1�M O-2050 on insulin secretion at 20mM glucose. 
1�M O-2050 n= 17; 100nM O-2050 n= 10. 
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5.3.3 The effects of CB2 receptor ligands on glucose-dependent 
insulin secretion 
AM630 is a CB2 receptor antagonist but at concentrations � 1μM AM630 may also act 

as a CB1 receptor agonist in CB1 receptor-transfected Chinese hamster overy cells 

(Ross et al., 1999). Therefore, AM630 was not only tested at 100nM but at 1�M too. 

Neither 100nM nor 1�M AM630 significantly affected insulin release at 4mM or 20mM 

glucose (Figure 4.3 & 5.6A). JWH-133 has been reported to be a potent and selective 

(at concentrations � 1�M) CB2 receptor agonist and has been used in numerous 

studies performed in islets and other tissues to investigate the effects of CB2 receptor 

signalling (Huffman et al., 1999; Juan-Pico et al., 2006; Mule et al., 2007; Bermudez-

Silva et al., 2008). JWH-133 (1μM) failed to significantly alter insulin release at basal 

or maximal levels of GSIS (Figure 5.6B). However, on further experimentation, when 

used at 10μM, JWH-133 inhibited insulin secretion induced by 20mM glucose (by > 

25%) in the majority of experiments (Table 5.1). In the same set of experiments, islets 

were also co-incubated with 100nM AM630 and 10μM JWH-133 to determine whether 

JWH-133 was acting in a CB2 receptor-specific manner. Due to a large degree of 

variation in the effects of 100nM AM630, when used alone, it could not be verified 

whether the effects of 10μM JWH-133 were CB2 receptor-specific (Table 5.1).  



 125

A 

 

 
Figure 5.6  The effects of JWH-133 (a CB2 receptor agonist) and AM630 (a CB2 
receptor antagonist) on basal and maximal levels of glucose-stimulated insulin 
secretion. A) Islets were incubated at 4mM or 20mM glucose for 1 hour in absence 
(control) or presence of AM630 at either 100nM or 1�M. Results are presented as 
mean insulin secretion rates ± SD (n= 7, except for 100nM and 1�M AM630 at 4mM 
glucose where n= 3). B) Islets were incubated at 4mM or 20mM glucose for 1 hour in 
the absence (control) or presence of 1�M JWH-133. Results are shown as mean 
insulin secretion rates ± SD (n= 9).  
 
Table 5.1  The mean insulin secretion rates from 6 individual experiments detailing 
the effects of AM630 on islet responses to JWH-133.  
 

Experiment 
no. 

100nM 
AM630 

10�M 
JWH-133 

10�M JWH-133 + 
100nM AM630 

Net effect of 100nM 
AM630 on 10�M 

JWH-133 
1 36.3 ± 3.4 36.3 ± 7.9 38.5 ± 7.1 +2.2 
2 148 ± 13 32.2 ±  9.4 82.3 ± 23.3 +50.1 
3 89.7 ± 6.8 32.7 ± 10.4 72 ± 14.3 +39.3 
4 92 ± 27.7 49.5 ± 9.2 37.5 ± 6.1 -12.0 
5 133 ± 23.4 66.8 ± 17.1 93.7 ± 7.6 +26.9 
6 174 ± 44.8 105 ± 42.3 50.3 ± 12.1 -54.7 

 
Islets were incubated for 1 hour at 4mM or 20mM glucose in the absence or presence 
of 10�M JWH-133 (a CB2 receptor agonist) with or without 100nM AM630 (a CB2 
receptor antagonist). All values are the mean insulin secretion rate (expressed as a 
percentage of the 20mM glucose control) ± SD for n= 3-5 replicates per condition. The 
net effect of 100nM AM630 on 10μM JWH-133 was calculated as the mean insulin 
secretion rate for 30μM AEA + 100nM AM630 minus the mean insulin secretion rate 
for 10μM JWH-133.  

B 
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5.4 Discussion 
 

In this chapter, ligands which have been described as cannabinoid receptor-specific, 

were used to examine the involvement of CB1 and CB2 receptors in the regulation of 

insulin secretion. The CB1 receptor agonist ACEA did not affect basal insulin 

secretion. In addition, ACEA did not produce a clear-cut effect on maximal levels of 

GSIS despite being tested at several micromolar concentrations. Similarly, JWH-133, 

a CB2 receptor agonist, at 1�M did not affect basal or maximal levels of GSIS, but at 

10�M, it inhibited insulin secretion at 20mM glucose. It is uncertain whether the effects 

of 10�M JWH-133 were CB2 receptor-specific. In conjunction with testing of CB 

receptor agonists, the effects of CB receptor antagonists on insulin release were 

examined. AM251 (CB1 receptor antagonist) inhibited insulin secretion in a glucose- 

and concentration-dependent manner at concentrations greater than 100nM. The 

inhibition of insulin secretion caused by 10�M AM251 was attenuated by another CB1 

receptor antagonist O-2050 (1μM) but not by the PPAR� antagonist GW9662. 

However, when used at 1μM, O-2050 behaved in a similar manner to AM251, causing 

an inhibition of GSIS in 53% of experiments in which it was used. 

 

5.4.1 Effects of ACEA on glucose-dependent insulin secretion 
In the present study, the CB1 receptor agonist ACEA was found to have an 

inconsistent effect on 20mM glucose, as ACEA potentiated insulin secretion in some 

islets but inhibited insulin release in others (Figure 5.1B). To date, ACEA has been 

used at 100nM in two other islet studies, and it has been shown to inhibit insulin 

secretion in mouse islets but to potentiate insulin secretion in human islets 

(Bermudez-Silva et al., 2008; Nakata & Yada, 2008). This may appear to suggest that 

there are species-dependent differences in the effects of ACEA between rodent and 

human islets. However, as discussed in Chapter 3, the difference in effect of ACEA 

could be due to how the islets were prepared, as Nakata & Yada (2008) using freshly 

isolated islets, whereas Bermudez-Silva et al. (2008) used cultured islets. Regardless 

of the effects of ACEA on insulin secretion, neither study reported ACEA to have 
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mixed effects on insulin secretion whereas, the effects of 1, 10 and 30μM ACEA in 

this study were variable (Figure 5.1B). CB1-receptors has been described to be 

expressed along the periphery of the islets, in �-cells (Bermudez-Silva et al., 2007; 

Starowicz et al., 2008; Tharp et al., 2008; Bermudez-Silva et al., 2009; Vilches-Flores 

et al., 2010) and in 	-cells (Tharp et al., 2008). As shown in Figure 5.7, the 

potentiation and inhibition of insulin secretion by ACEA could be explained by the 

hypothesis that CB1 receptors, expressed on �- and 	-cells, are postively linked to the 

secretion of glucagon and somatostatin, respectively. However, CB1 receptor-

mediated potentiation of glucagon secretion (and the resultant increase in insulin 

release) would only be apparent if sst-14 signalling was somehow blocked in islets. As 

discussed in Section 4.4.3, islet respones to 100nM sst-14 were found to be variable 

suggesting that sst-14 signalling could be blocked in some islets, therefore, both 

scenarios appear to be feasible. As suggested previously for AEA (see Chapter 4), 

several approaches could be used to test whether certain effects of ACEA are linked 

to alterations in paracrine signalling events. 
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Figure 5.7  Two schematics of ACEA signalling in islets at 20mM glucose based on 
the assumption that CB1 receptor signalling potentiates the secretion of glucagon, 
from �-cells, and sst-14, from 	-cells. A) ACEA-mediated potentiation of somatostatin-
14 (sst-14) release inhibits the secretion of glucagon and insulin. B) ACEA potentiates 
the release of sst-14 but sst-14 signalling on the �- and �-cells is somehow blocked. 
Thus, allowing increased glucagon to be secreted from the �-cells, which in turn 
potentiates insulin release from the �-cells. Bold block arrows represent dominant 
signalling pathways and faint broken arrows signify recessive (A) or non-functioning 
(B) signalling pathways. + and - represent positive and negative effects on hormone 
secretion. 
 
The differential effects of ACEA may be due to the occurrence of CB1 receptor 

signalling in some islets, with non-CB1 receptor signalling in other islets, despite 
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ACEA being described as CB1 receptor-specific at 1μM (Hillard et al., 1999; Mule et 

al., 2007). The use of CB1 and CB2 receptor antagonists with ACEA would determine 

the specificity of ACEA signalling in islets. This would also help to clarify which effects 

of ACEA were associated with which CB receptor. However, as observed in this 

chapter, the availability of truly “neutral” antagonists at CB receptors which bind 

without affecting insulin secretion may be an issue. It should also be considered 

whether ACEA may be affecting insulin secretion via non-CB receptor(s). For 

instance, ACEA may be acting at GPR55 and/or a CB2-like receptor as LPI (Chapter 

4) and AM630 (discussed below) were the two only compounds, aside from ACEA, 

used in this study which were found to sporadically potentiate insulin secretion. The 

potentiation of insulin secretion by ACEA may have also been caused by activation of 

�-cell TRPV1 channels but currently the literature suggests that primary �-cells do not 

express TRPV1 channels (Akiba et al., 2004; Price et al., 2004; Razavi et al., 2006; 

Gram et al., 2007).  

 

5.4.2 Effects of JWH-133 on glucose-dependent insulin secretion 
In the literature, JWH-133 is described to act in a CB2 receptor-dependent manner, 

with nanomolar concentrations of JWH-133 being reported to significantly inhibit 

insulin secretion in islets (human and mouse) but potentiate insulin secretion in RIN-

m5F (�-cell line) cells (Juan-Pico et al., 2006; De Petrocellis et al., 2007; Mule et al., 

2007; Bermudez-Silva et al., 2008). However, in the present study, JWH-133, used at 

a concentration of 1μM (several fold higher than that used in the studies described 

above) failed to affect insulin secretion in rat islets (Figure 5.6B). However, when used 

at 10�M, JWH-133 was found to inhibit insulin secretion in 83% of experiments. This 

is in accordance with earlier experiments, in which 30�M AEA was used in the 

presence of 100nM AM630, which lead to the suggestion that CB2 (or CB2-like 

receptors) may be negatively coupled to insulin secretion (Chapter 4). Assuming that 

CB2 receptor signalling directly affects �-cell activity, the low potency of JWH-133 in 

islets may be due to the number of islet cells which express the CB2 receptor. Indeed, 

immunohistological data presented in Bermudez-Silva et al. (2009) suggest that CB2 
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receptors are not uniformly expressed by rat �-cells. Therefore, it may be beneficial in 

future work to determine whether the potency of JWH-133 is linked to the ratio of CB2 

receptor expressing � cells to non-CB2 receptor expressing �-cells. Information from 

studies performed in other tissues suggests that at 10μM, JWH-133 can also act via 

the CB1 receptor (Baldassano et al., 2008). Hence, the specificity of 10μM JWH-133 

should not only be examined in the context of CB2 receptor signalling on insulin 

secretion but CB1 receptor signalling too. As discussed with ACEA, this may not be 

easily implemented as it is uncertain whether other CB1 or CB2 antagonists would be 

able to block CB receptor signalling without affecting insulin secretion. It is also 

feasible that the effects of 10μM JWH-133 occurred independently of either 

cannabinoid receptor. 

 

5.4.3 Effects of AM251 and O-2050 on glucose-dependent insulin 
secretion 
Initial testing of the CB1 receptor antagonist AM251 began with use of 1μM AM251 at 

basal, intermediate and maximal levels of GSIS. Despite 1μM AM251 being reported 

by Juan-Pico et al. (2006) not to affect glucose-stimulated oscillations in [Ca2+]i in 

mouse islets, it was found in the current study that the effects of 1μM AM251 on GSIS 

were variable (Figure 5.2A). In subsequent experiments, AM251 displayed clear 

concentration-dependent effects on insulin secretion at 20mM glucose with 100nM 

AM251 not affecting insulin secretion, while 10μM AM251 fully inhibited insulin 

secretion. The study by Bermudez-Silva et al. (2008) confirms the finding that 100nM 

AM251 does not affect insulin secretion but the effects of AM251 at concentrations > 

1μM have not been reported in islets. At low micromolar concentrations, AM251 and 

its structural analogue rimonabant, are either known or thought to act as inhibitors of 

adenosine A1 receptors, dopamine transporters, voltage-gated L-type Ca2+ channels, 

KATP channels and large conductance Ca2+-activated K+ channels (White & Hiley, 

1998; Savinainen et al., 2003; Price et al., 2007). Therefore, the inhibition of insulin 

secretion caused by AM251 may have been CB1 receptor-independent. Subsequent 

experiments found that 10μM AM251 inhibited insulin secretion in a glucose-
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dependent manner (Figure 5.3). Similar findings have also been reported with 1�M 

rimonabant on insulin secretion from Zucker Fatty rat islets but the results from the 

study by Getty-Kaushik et al. (2009) contrast with data presented in Chapter 6. This 

may be due to the use of overnight-cultured, instead of freshly isolated, Zucker Fatty 

rat isolated islets (Getty-Kaushik et al., 2009). Similarly, 1μM BAR-1, a novel analogue 

of AM251, was reported by Vilches-Flores et al. (2010) to potentiate insulin secretion 

at 3mM and 16mM glucose in islets from Wistar rats, which is again contrary to the 

present findings with AM251. The differences in the effects of the CB1 receptor 

antagonists on insulin secretion may be due to the use of freshly isolated islets in this 

study and the use of cultured islets in the study by Vilches-Flores et al. (2010). 

However, the contrasting findings between Vilches-Flores et al. (2010) and this study 

may be because AM251 and BAR-1 were affecting insulin secretion by different non-

CB1 receptor-mediated signalling events. 

 

As the effects of AM251 may have been caused by PPAR� agonism, islets were co-

incubated with GW9662, a PPAR� receptor antagonist (O'Sullivan et al., 2007). The 

results from these experiments suggest that 10�M AM251 inhibited insulin secretion 

by a PPAR� receptor-independent signalling pathway. Based on the study by Chaytor 

et al. (1999), an alternative mechanism by which 10μM AM251 may inhibit insulin 

secretion is by the blockade of gap junctions (Bertuzzi et al., 1999; Calabrese et al., 

2003; Rocheleau et al., 2006). The synchronised release of insulin from islets is 

mediated by the activity of gap junctions which electrically couple the �-cells, allowing 

the co-ordinated release of insulin secretion from �-cells within an islet (Ravier et al., 

2005). This can be observed using calcium imaging techniques, as GSIS is Ca2+ 

dependent (Section 1.2.2). Therefore, in islets where gap junction function is inhibited, 

oscillations in cytosolic Ca2+ levels will no longer be synchronised between all the �-

cells within an islet (Ravier et al., 2005). Hence, Ca2+ imaging techniques could be 

used to determine whether 10μM AM251 was inhibiting gap junction functionality in 

islets. However, the study by Juan-Pico et al. (2006) has already investigated the 

affects of 1μM AM251 on glucose-stimulated Ca2+ oscillations and reported that 
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AM251 had no effect on glucose induced [Ca2+]i oscillations in mouse islets. 

Additionally, Ravier et al. (2005) found that genetic knock-out of Connexin36 in mice 

abolished gap-junction function in �-cells. The resultant loss of gap junction function in 

islets was only found to significantly potentiate basal insulin secretion rates of insulin 

secretion but did not significantly affect GSIS (Ravier et al., 2005). Therefore, 

inhibition of gap junction function does not appear to account for 10μM AM251 

mediated inhibition of insulin release at 20mM glucose.  

 

O-2050, another CB1 antagonist, was used to determine whether the effects of AM251 

were CB1-receptor mediated, as CB1 receptor signalling may potentiate insulin 

secretion in islets. In such a model, CB1 receptors in islets may be constitutively-active 

(Section 1.4.3). Therefore, the inhibitory effects of AM251 on insulin release could be 

explained by inverse agonism (Xiao et al., 2008). However, the CB1 receptors may be 

constitutively activated by islet-derived endocannabinoids that are produced in a 

glucose-dependent manner (Konrad et al., 1994; Bermudez-Silva et al., 2008). 

Therefore, the apparent inverse agonistic activty of AM251 may also be due to 

blockade of an endocannabinoid tone in islets. O-2050 was chosen over other CB1 

antagonists despite being a relatively poorly-characterised CB1 receptor antagonist, 

as O-2050, at the time of use, was reported to be devoid of inverse agonistic 

behaviour. Additionally, O-2050 is structurally dissimilar to AM251, therefore, it is less 

probable that the two CB1 receptor antagonists would have the same non-CB1 

receptor mediated effects. Use of 100nM O-2050 did not consistently attenuate the 

effects of 10μM AM251. Therefore, the experiments were repeated with 1μM O-2050 

and it was found that 1μM O-2050 did not significantly affect insulin secretion but 

consistently attenuated the inhibitory effects of 10μM on AM251 on insulin secretion. 

On further analysis, 1μM O-2050 was found to inhibit insulin secretion (by > 25%) in 

approximately half of the experiments (Figure 5.5B). As mentioned above, the effects 

of AM251 and O-2050 could be rationalised by the blockade of an islet-derived 

endocannabinoid mediated CB1-receptor tone in islet. As ACEA did not consistently 

potentiate insulin secretion, the hypothesis that CB1 receptor signalling potentiates 
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then seems unlikely. This suggests that 1μM O-2050 was inhibiting insulin secretion 

by non-CB1 receptor-mediated signalling. This has also been suggested in the study 

by Gardner & Mallet (2006) which reported that O-2050 induced behavioural changes 

in vivo that were not associated with “classical” CB1 receptor signalling. So, O-2050 

may act similarly to AM251, with both molecules interacting through a common 

binding site at a CB1-like receptor. The results suggest that O-2050 (at concentrations 

greater than 100nM) has a similar or higher affinity for the CB1-like receptor compared 

to AM251 but is a partial agonist. 

 

The CB1-like receptor site could be GPR55, as AM251 is frequently reported to be a 

GPR55 agonist in GPR55 transfected cell lines and natively expressing primary cells 

(Janiak et al., 2007; Getty-Kaushik et al., 2009; Kapur et al., 2009; Yin et al., 2009; 

Henstridge et al., 2010a). The study by Janiak et al. (2007) reported that daily 

ingestion of rimonabant had beneficial effects on Zucker fatty islet morphology and 

function, which was believed to be due to blockade of CB1 receptor signalling. 

However, if some of the positive effects of rimonabant treatment were mediated by 

signalling via the CB1-like receptor site, then its identification should be considered in 

future studies.  

 

5.4.4 Effects of AM630 on glucose-dependent insulin secretion 
Neither 100nM nor 1�M AM630 significantly affected basal or maximal levels of insulin 

secretion, which is in accordance with other studies performed in islets (Juan-Pico et 

al., 2006; Bermudez-Silva et al., 2008). There was a large variability in the secretory 

rates when islets were treated with AM630, with either potentiation or inhibition insulin 

release at 20mM glucose. Based on the finding by Bermudez-Silva et al. (2008), that 

2-AG production is positively linked to extracellular glucose concentration, there may 

be a constitutive endocannabinoid tone in islets at 20mM glucose. The constitutive 

endocannabinoid tone may then negatively affect GSIS via CB2 receptor signalling. If 

the theory is correct, then this may explain the instances in which AM630 potentiates 

insulin secretion. Yet, this theory does not explain the instances where AM630 inhibits 
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insulin secretion unless CB2 receptor signalling is compromised in some islets. In 

these instances, AM630 may block “non-functional” CB2 receptor sites allowing 

endocannabinoids to inhibit insulin secretion by non-CB2 receptor mediated means. It 

may also be that AM630 is affecting insulin secretion by CB1 receptors mediated 

signalling (Ross et al., 1999). Therefore, future experiments should establish whether 

endocannabinoid production is linked to GSIS. If there is an endogenous 

endocannabinoid tone in islets, it should then be determined what endocannabinoids 

(or endocannabinoid-like molecules) are produced by islets and what their effects on 

insulin secretion are.   

 

5.4.5 Conclusions 
The results from the present study suggest that CB or CB-like receptor signalling does 

occur within islets. Additionally, the effects of 10�M JWH-133 appeared to corroborate 

previous findings in Chapter 4, that a large CB2 or CB2-like receptor mediated 

signalling event can lead to an inhibition of insulin secretion in a majority of islets. 
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6  

 

Acute effects of cannabinoids 

and fatty acid amide hydrolase 

enzyme inhibition on insulin 

secretion in a rat model of 

obesity and type 2 diabetes 
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6.1 Introduction 
 

As described in Section 1.3.1, several genetic and environmental risk factors have 

been identified or have been linked to the development of type 2 diabetes mellitus. 

The interactions between the different genetic and environmental risk factors are 

complex, and deliberate induction of diabetes in humans to assess these interactions 

would be unethical. Hence, a wide variety of animal models are used to study the 

progression  of islet dysfunction and/or insulin resistance, as well as for the testing of 

treatments for the control or prevention of type 2 diabetes, many of which have been 

reviewed by Srinivasan & Ramarao (2007) and Franconi et al. (2008). As discussed in 

these reviews, animal models used for the study of type 2 diabetes range from strains 

that were observed to become diabetic (either spontaneously or induced by high fat 

diet), had specific alterations made to their genome, through to those who had 

diabetes induced by surgery or drug treatment. 

 

6.1.1 The Zucker rat strain 
In the present study, Zucker Fatty (ZF) and Diabetic Fatty (ZDF) rats were used as 

models for obesity and obesity-induced type 2 diabetes. Zucker Fatty rats, in common 

with obese humans, have insulin resistant peripheral tissue, hyperinsulinaemia, high 

plasma triglycerides (TG) levels, hypertension (increases proportionately with body 

weight) and high plasma levels of non-esterified free fatty acids (Kurtz et al., 1989; 

Sreenan et al., 1996; Despres et al., 2005; Janiak et al., 2007; Di Nardo et al., 2009). 

Despite these factors, they do not develop diabetes and their plasma glucose levels 

remain similar to those of their lean littermates (Sreenan et al., 1996; Nolan et al., 

2006). ZDF rats, up to seven weeks of age, are considered to be pre-diabetic as their 

plasma glucose levels are similar to age-matched Zucker Lean Control (ZLC) rats and 

are phenotypically similar to age-matched ZF rats (Pick et al., 1998; Harmon et al., 

1999; Harmon et al., 2001; Nolan et al., 2006). After seven weeks of age, diabetes is 

known to occur spontaneously (without any special dietary requirements) in male ZDF 

rats, and by 12 weeks of age all untreated male ZDF rats have type 2 diabetes (Orci 
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et al., 1990). While the diabetic ZDF rats are still obese compared to age-matched 

ZLC rats, they are usually lighter than age-matched ZF rats (Pick et al., 1998). Unlike 

their male counterparts, obese female ZDF rats do not become spontaneously 

diabetic but diabetes can be induced by a high fat diet (Clark et al., 1983; Pick et al., 

1998; Corsetti et al., 2000). As discussed in the review by Franconi et al. (2008), the 

prevalence of type 2 diabetes between genders in humans is roughly equal, therefore 

this is a limitation of ZDF rat as a model of human type 2 diabetes.    

 

6.1.1.1 Establishment and maintenance of the Zucker rat strain 
The Zucker rat strain was originally derived from cross breeding Merck Stock M and 

Sherman rats, with the rats either having lean or spontaneously obese phenotypes 

(Bray, 1977). It was found that obesity was inherited following a simple Mendelian 

pattern, in which obesity was found to be caused by a single recessive allele of an 

unknown gene (Bray, 1977). The lean littermates were called Zucker Lean Controls 

(ZLC) and the genetically obese rats were called Zucker Fatty rats.  

 

Several years after the establishment of the Zucker rat strain, it was observed in a 

small colony of Zucker rats that some of the ZF animals became spontaneously 

hyperglycaemic (Clark et al., 1983). Subsequent testing established that the diabetic 

trait was only manifested in the genetically obese rats and diabetes could not be 

induced in the ZLC rats by a high fat and sucrose diet or by pregnancy (Clark et al., 

1983). The majority of the ZF rats which were hyperglycaemic were male, with only 

two of the rats being female (Clark et al., 1983). From this colony, an inbred line of 

Zucker rats was created consisting of ZLC rats and the diabetic ZF rats, which were 

renamed Zucker Diabetic Fatty rats. It was later found that the genetic cause for the 

obesity seen in the ZF and ZDF rat strains was due to a mutated, non-functional form 

of the leptin receptor which results in the blockade of leptin signalling (Wang et al., 

1998). The ZLC rats for ZF and ZDF rat strains are either homozygous for the wild 

type receptor (+/+) or are heterozygous for the mutated leptin receptor (fa/+), while 

the ZF and ZDF rats are homozygous with mutated form of the leptin receptor (fa/fa). 
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ZF rat colonies are maintained by outbreeding ZF (fa/fa) males with ZLC (fa/+) 

females, while ZDF rats colonies are maintained by inbreeding ZLC males (fa/+) with 

(fa/+) females (Charles River Laboratories International, 2010b, a).  

 

6.1.1.2 Islet dysfunction in the Zucker diabetic fatty rats 
Progression of diabetes in the ZDF rat brings about marked effects on islet 

morphology. Typically, the most notable change is increased islet size and 

subsequent loss of a regular spherical shape, which are the result of multiple factors 

reported to primarily affect �-cells. A leading cause of islet size increase is the 

accumulation of triglycerides, which is common to islets isolated from ZF and ZDF rats 

(Nolan et al., 2006). Similarly, both ZF and ZDF islets are reported to have higher �-

cell replication rate than their ZLC littermates, which also contributes to the increase in 

islet size (Tokuyama et al., 1995; Pick et al., 1998; Li et al., 2006; Larsen et al., 2008). 

Similarly, �-cell apoptosis rates are increased too, but in ZF and pre-diabetic ZDF 

animals the apoptotic rate is exceeded by the rate of �-cell proliferation (Pick et al., 

1998). As the ZDF animals become diabetic, �-cell mass decreases; this is thought to 

be due to a shift in the �-cell proliferation: apoptosis ratio, in the favour of apoptosis 

(Pick et al., 1998). Islet cell organisation is also affected in ZF and ZDF islets as it has 

been noted that the other non-� cells (normally found on the periphery) are partially 

interspersed throughout the islet (Pick et al., 1998). 

 

It has also been observed in people with type 2 diabetes that their islets have lost their 

organised morphology (Tokuyama et al., 1995; Iki & Pour, 2007). In islets from human 

type 2 diabetics, the ratio of �-cells to non-�-cells is decreased, with respect to islets 

from weight- and age-matched non-diabetic controls (Yoon et al., 2003; Iki & Pour, 

2007). As with ZDF rats, reductions in �-cell mass in islets isolated from obese people 

with type 2 diabetes is also believed to be caused by increased rates of apoptosis 

(Butler et al., 2003).  
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The alterations in islet morphology also coincide with changes in glucose-stimulated 

insulin secretion responses, as the islets from ZF and ZDF rats adapt to meet the 

increased need for insulin due to increasing peripheral insulin resistance. This need 

for additional insulin is achieved by the islets by increases to both basal and maximal 

rates of insulin release (Sreenan et al., 1996; Harmon et al., 1999; Zhou et al., 1999). 

In ZF islets, it has been noted that there is a leftward shift in islet glucose 

responsiveness, particularly in the larger islets, as well as an increase in basal insulin 

secretion rates in comparison to islets isolated from ZLC rats (Chan et al., 1998; Zhou 

et al., 1999). As with ZF rats, pre-diabetic ZDF rats show similar changes in GSIS, 

with an increased basal secretion rate and a leftward shift in GSIS (Pick et al., 1998). 

When the ZDF rats develop diabetes, their islets no longer secrete insulin with a 

distinct increase in insulin secretion rates in response to increasing glucose 

concentrations (Sreenan et al., 1996; Zhou et al., 1999). The loss of glucose 

responsiveness by the ZDF islets is thought to be due to maximal levels of GSIS 

decreasing with increased rates of basal insulin secretion (Sreenan et al., 1996; 

Harmon et al., 1999; Zhou et al., 1999). In humans, the loss of the glucose-stimulated 

insulin release is thought to be due to the loss of a distinct first phase of insulin 

secretion rather than alterations in basal secretion rates, as observed in the Zucker 

rats (Bogardus & Tataranni, 2002; Festa et al., 2008; Nijpels et al., 2008). 

 

6.1.1.3 Secondary complications in the Zucker diabetic fatty rat 
As stated in Section 1.3, people with type 2 diabetes are at an increased risk of 

developing various secondary complications, many of which can be modelled in the 

ZDF rats. ZDF rats are employed as models of impaired wound healing, retinopathy, 

cardiac dysfunction, vascular dysfunction, nephropathy and neuropathy in type 2 

diabetes (Vrabec, 1998; Chatham & Seymour, 2002; Chander et al., 2004; Behl et al., 

2008; Brussee et al., 2008; Romanovsky et al., 2008; Sugimoto et al., 2008; Oltman et 

al., 2009). However, there are limitations in the relevance of ZDF rats as a model for 

secondary complications in type 2 diabetes. The study by Marsh et al. (2007) 

suggests that the Zucker rats (ZLC, ZF and ZDF) are susceptible to renal 
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abnormalities independent of phenotype. Therefore, increased risk in renal 

abnormalities may increase the incidence of cardiac dysfunction, especially in ZDF 

rats. 

 

6.2 Zucker Fatty and Diabetic Fatty rats as models of human 
obesity and type 2 diabetes 
As stated above, obesity in the Zucker strain is due to a defect in the leptin receptor, 

while obesity in humans is mainly attributed to hyper calorific diets (Wang et al., 

1998). As ZF rats display several characteristics associated with obesity in humans 

(Section 6.1), they are thought to be a good model of obesity. Metabolic syndrome is 

primarily based on the observation that people with central obesity and insulin 

resistance are at highest risk of developing type 2 diabetes and/or cardiovascular 

disease (Alberti et al., 2006). The 2006 World Health Organisation definition of 

metabolic syndrome  is the occurrence of central obesity with at least two of the 

following symptoms- raised triglycerides, low or reduced levels of HDL-cholesterol, 

raised blood pressure and IFG (or IGT, section 1.3.1; Alberti et al., 2006). Therefore, 

ZF rats can be used as models of metabolic syndrome as they posses central obesity, 

have impaired glucose tolerance and raised blood pressure (Section 6.1). However, 

as ZF rats are not considered to become diabetic and do not appear to be used as 

models of cardiovascular disease, their use in studying the progression of the 

syndrome is therefore limited. However, as ZDF rats become diabetic (Section 6.1.1) 

and develop cardiovascular disease (Section 6.1.1.3), they appear to be a good 

animal model for studying metabolic syndrome. 

 

With regard to ZDF rats as a model of type 2 diabetes in humans, they have several 

limitations with respect to �-cell dysfunction (such as differences in the loss of GSIS), 

which have already been described in Section 6.1.1.2. There is also evidence to 

suggest that islet amyloid polypeptide (otherwise known as amylin) may be linked to 

the loss of �-cell mass in type 2 diabetes in humans, as Butler et al. (2003) reported 

high incidence of amyloid plaque formation in islets obtained from people with type 2 
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diabetes. As rat amylin does not undergo fibrosis (Betsholtz et al., 1989), this would 

suggest that this is another limitation in the ZDF rat as a model of type 2 diabetes, but 

Yoon et al. (2003) who also studied amyloid plaque formation in pancreata from 

human type 2 diabetic did not reproduce the observations made by Butler et al. 

(2003). This may emphasise the ethnicity linked risk factor in the development type 2 

diabetes, as Yoon et al. (2003) used South Korean donors, whereas 98% of donors 

for the study by Butler et al. (2003) were Caucasian American of north European 

descent. 

 

Using islets from ZF and ZDF rats, the aim of this study was to assess whether any 

potential differences in cannabinoid signalling in islets may have occurred as a result 

of obesity or type 2 diabetes. Due to the limited availability of tissue, 10μM 

methanandamide and 10μM AM251 were used due their consistent inhibition of 

insulin secretion from normal Wistar rat islets (see Chapters 3 and 5). Additionally, the 

effects of fatty acid amide hydrolase inhibition, by 30 minute pre-incubation with 10μM 

URB597, was also used to assess whether any potential changes in endocannabinoid 

metabolism and/or endocannabinoid tone had occurred. 
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6.2 Methods 
 

6.2.1 Materials 
All drugs and buffers were prepared as described in Sections 2.2. 

 

6.2.2 Animals 
All procedures using tissues obtained from male Wistar rats were obtained from rats 

with body weight ranging from 230-350g. Six-week old male Zucker Fatty and Zucker 

Diabetic Fatty rats (Charles River, UK) were kept in-house until 9-11 weeks of age 

when they were used for experimentation. All animals were housed and killed as 

described in Section 2.1. Blood samples were taken and blood glucose levels were 

measured using a blood glucose meter (Medisense, Optuim). Unfortunately, ZLC rats 

were not available. 

  

6.2.3 Insulin secretion studies 
Islets isolated from male Wistar rats were produced according to the isolation 

procedure described in 2.4.1. Zucker rat isolated islets were prepared from a single 

pancreas and were isolated using an adapted version of the isolation procedure 

described in 2.4.1. The islets isolated from the ZF and ZDF rats varied in size, shape, 

and appeared grey in colour when examined on a dark background. This meant that 

the islets isolated from the Zucker rats could not be easily distinguished from exocrine 

tissue. Therefore, to identify islets, the digested tissue was stained with the zinc-

chelating substance dithizone (diphenylthiocarbazone; Sigma, Dorset, UK) at the end 

of the digestion. This allowed islets to be identified by their pink/red colour when 

viewed against a white background. 

 

Briefly, 50mg DTZ was dissolved in 2ml DMSO/3ml ethanol to produce a 10mg/ml 

stock solution. At the time of use, the 10mg/ml DTZ stock was then diluted 10-fold in 

70% (v/v) ethanol to produce a 1mg/ml solution. The collagenase-digested tissue was 
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resuspended in 10ml of buffer, to which 100μl of the 1mg/ml DTZ solution was added 

and then left to stand for 60 seconds. Once this time period had elapsed, the DTZ-

stained digest was briefly centrifuged at 3000rpm for 3 seconds. The supernatant was 

then poured off and the pellet resuspended in 10ml buffer. The islets (now pink in 

colour) were then handpicked in a clear Petri dish on a white background. 

 

6.2.3.1 Static incubations 
Incubation studies used freshly isolated islets with batches of 5 ZF islets or 10 ZDF 

islets. Islets were incubated in 0.5ml of Gey and Gey buffer (Section 2.3.1) with test 

reagents in 1.5ml micro-centrifuge tubes and incorporated the URB597 pre-incubation 

protocol described in Chapter 3. Briefly, islets were pre-incubated for 30 minutes at 

4mM glucose with either 10�M URB597 or 0.7% (v/v) ethanol. Following the pre-

incubation period, test reagents were added, the 1.5ml micro centrifuge were agitated, 

briefly re-gassed, recapped and incubated for a further hour.  

 

Once the hour incubation had finished, the tubes were inverted and centrifuged at 

2000g (Hermle Z233MK-2) at room temperature for 3 minutes. Samples of the 

incubation media were removed for determination of insulin secretion rates by RIA 

(see section 2.6). The rest of the supernatant was then carefully removed from the 

tubes taking care not to disturb the pellet. The islets were then homogenised, using an 

Ultra Turrax T8 (Ika, Staufen, Germany), for 30 seconds (on setting 3) in 0.5ml acidic 

ethanol (ethanol: 0.8M HCl, 3:1). Following a brief centrifugation step, samples of 

supernatant were taken to determine islet insulin content by RIA (see section 2.6). 

Insulin secretion for each replicate was determined as the amount of insulin present in 

incubation media and expressed as a percentage of the total insulin (islet insulin 

content plus secreted insulin). Insulin secretion was then standardised against the 

4mM glucose control. 
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6.2.3.2 Comparison of basal insulin secretion rates 
The mean basal insulin secretion rates for Wistar rat islets was averaged from static 

incubation studies performed 1 week before and after the experiments when the 

Zucker islet studies were performed.  

 

6.2.4 Data analysis 
All data are presented as the mean ± SD. ZDF rat physiological parameters were 

compared against the corresponding ZF rat parameters using the unpaired two-tailed 

Student’s t-test. Analysis of insulin secretion data were carried out as described in 

2.4.5. Basal insulin secretion rates from Wistar, ZF and ZDF islets were compared 

using one-way ANOVA analysis. For all statistical comparisons, a P value < 0.05 was 

considered significant.  
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6.3 Results 
 

The ZDF rats had reduced body weight, were hyperglycaemic and had a lower islet 

insulin content compared to age-matched ZF rats (Table 6.1). Islets obtained from ZF 

rats had an approximate two-fold difference in the insulin secretion rates between 

4mM (basal secretion) and 20mM (maximal levels of secretion) glucose-stimulated 

insulin secretion (Figure 6.1A). The ZF islet insulin content was found to be ~2 fold 

higher than the ZDF islet insulin content (Table 6.1). Meanwhile, the ZDF islets 

showed minimal glucose responsiveness, as insulin secretion rates at 20mM glucose 

were only ~40% higher than basal release rates (Figure 6.1B). The mean basal insulin 

secretion rates for ZF and ZDF islet data sets were calculated as 0.56 ± 0.21 and 0.47 

± 0.30 ng of insulin secreted/islet/hour, respectively. In addition, the mean basal 

insulin secretion rate for Wistar rat isolated islets was determined as 0.34 ± 0.15 ng of 

insulin secreted/islet/hour (n=9). The mean basal insulin secretion rates for Wistar, ZF 

and ZDF did not significantly differ.  

 

The use of methanandamide, AM251 or URB597 (at 10�M) did not significantly affect 

insulin secretion rates at 4mM or 20mM glucose in either ZF or ZDF islets. The same 

drug stocks were used in experiments with Wistar rat isolated islets (preceding these 

experiments) and it was found that the drugs performed in accordance with previous 

observations made in Wistar rat islets. Thus, the lack of drug effect in the Zucker 

islets, in comparison to Wistar islets, was due to differences in cannabinoid signalling 

pathways (rather than drug degradation).  
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Table 6.1  Physiological variables, including islet insulin content, of the ZF and ZDF 
rats used in the study 
  

Zucker rat type Zucker Fatty Zucker Diabetic Fatty

Number of rats 8 8 

Age in weeks 9-11 9-11 

Body weight (g) 362 ± 16.4 325 ± 18.9 *** 

Blood glucose (mM) 10.2 ± 1.7 18.3 ± 4.2 *** 

Islet insulin content 
(ng of insulin/islet) 15.8 ± 2.0 8.8 ± 0.9 *** 

 
Data are presented as the mean ± SD (n= 8 except for ZDF rat blood glucose where 
n=6). *** p< 0.001 vs. corresponding ZF condition 
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A  Zucker Fatty islets  

 
B  Zucker Diabetic Fatty islets 
 

 
Figure 6.1  The effects of cannabinoid treatments in insulin secretion from isolated 
Zucker Fatty (A) and Zucker Diabetic Fatty (B) rats. Islets were pre-incubated with 
either vehicle (control) or 10�M URB597. Insulin secretion was then determined at 
either 4mM or 20mM glucose in the absence or presence of 10�M methanandamide 
(metAEA) or 10�M AM251. Results are displayed as mean insulin secretion rates ± 
SD (n= 8). 
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6.4 Discussion 

 

ZDF rats had lower body weights but had significantly higher blood glucose levels 

than age-matched ZF rats. Unlike ZDF islets, ZF islets were found to be glucose 

responsive, and had higher insulin contents. Neither 10�M methanandamide, 10�M 

AM251 nor 10�M URB597 significantly affected insulin secretion from ZF or ZDF 

islets. 

 

6.4.1 Pathology of the Zucker Fatty and Zucker Diabetic Fatty rats 
It was found that the ZDF rats weighed less than the age-matched ZF rats which is in 

accordance with observations made by Pick et al. (1998). The weights of the ZF and 

ZDF rats are also in agreement with other studies which used ZF and/or ZDF rats of a 

similar age range (Tokuyama et al., 1995; Chan et al., 1999; Liu et al., 2002). The 

blood glucose levels of the ZF rats were found to be similar to that typically reported 

(~8mM) by other groups (Pick et al., 1998; Li et al., 2006). As the average ZF rat 

plasma glucose concentration was 10.2mM, this may suggest that the ZF rats had 

raised plasma glucose levels which could be due to impaired glucose tolerance 

(Section 1.3.1). It was also found that the ZDF rats had blood glucose levels > 

11.0mM glucose which would suggest that these animals were diabetic (Section 

1.3.1). As discussed in the Introduction for this chapter, diabetes can occur 

spontaneously in ZDF rats past seven weeks of age, therefore, the occurrence of 

diabetes in the ZDF animals was expected. 

 

The islets isolated from the Zucker rats, especially the ZDF islets, were typically 

larger, irregularly shaped and more grey in colour which made it more difficult to 

distinguish between islet and exocrine tissues than experienced with age-matched 

Wistar rat islet. As discussed in the Introduction, these changes in islet morphology 

are typical of those reported for islets from ZF and ZDF. Therefore, DZT was used to 

identify the islets as �-cells contain considerably higher levels of Zn2+ ions than any 

other cell type in the pancreas (Section 6.2). In addition to morphological changes, it 
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was observed that the ZF islets were glucose responsive, whereas, the ZDF islets had 

all but lost their glucose responsiveness. Both these observations were in line with 

other studies that have used similarly aged ZF and diabetic ZDF rats (Lee et al., 1994; 

Sreenan et al., 1996; Pick et al., 1998). The insulin contents of ZF and ZDF islets 

were lower than that reported by other group’s, but this anomaly may be due to the 

varying precisions in each groups insulin assay (Tokuyama et al., 1995; Zhou et al., 

1999; Harmon et al., 2001; Liu et al., 2002). The insulin content of the ZDF islets was 

approximately half that of the ZF islets. Pick et al. (1998) reported a 50% reduction in 

ZDF islet � cell mass in comparison to age-matched islets from ZF rats, which may 

explain the difference in islet insulin content. A similar deficit (~4 fold) in the insulin 

content of ZDF islets, in comparison to the insulin content of ZF islets, has also been 

reported in the study by Zhou et al. (1999). However, Zhou et al. (1999) reported that 

the ~4 fold deficit in ZDF islet insulin content was not due to alterations in insulin 

mRNA levels or alterations in �-cell mass, and may be due, instead, to reductions in 

the level of insulin mRNA translation (Fred & Welsh, 2009).  

 

6.4.2 Effects of methanandamide, AM251 and URB597 on insulin 
secretion in ZF and ZDF islets 
Within this study, it was found that 10μM methanandamide, 10μM AM251 and pre-

incubation with 10μM URB597 did not affect basal or maximal levels of GSIS in ZF or 

ZDF islets. It was reported by Getty-Kaushik et al. (2009) that acute (30 minute) 

exposure of ZLC and ZF rat isolated islets to 1�M rimonabant (a structural analogue 

of AM251) resulted in a lowering of insulin release at 16mM glucose. If the effects of 

AM251 were due to the blockade of islet-derived endocannabinoid CB1 receptor 

signalling or inverse agonism at the CB1 receptor then it would be expected that the 

results in ZF rat islets presented here would have been similar to those reported for 

rimonabant in Getty-Kaushik et al. (2009). As this was not the same, then the 

differences between AM251 and rimonabant may be due to differences in 

pharmacology, use of freshly picked vs. 24 hour cultured islets or variations between 

ZF rat colonies. 
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Despite methanandamide, AM251 and URB597 not significantly affecting insulin 

secretion, it appeared that all three compounds caused a slight increase in the basal 

insulin secretion rate in the ZF islets. Further examination of the data also indicates 

that methanandamide inhibited basal secretion in the majority of ZDF islets, but this 

was not observed in ZF islets. This suggests a cannabinoid signalling pathway may 

have become dysfunctional as insulin secretion at 4mM appeared to be affected by 

methanandamide, an effect not observed with methanandamide in Wistar rat islets 

(Chapter 3). Additionally, methanandamide also appeared to inhibit insulin secretion 

at 20mM glucose in the majority of experiments performed with ZF and ZDF islets. 

This may indicate that one or more pathways by which methanandamide could inhibit 

insulin release at 20mM glucose in Wistar islets may have been affected by obesity. 

Whether these findings indicate that cannabinoid signalling differs between obese and 

obese type 2 diabetic states is uncertain without a greater number of experiments 

being performed. 

 

Pre-incubation of islets with 10�M URB597 did not significantly affect insulin secretion 

from ZF or ZDF islets at either 4mM or 20mM glucose. As discussed in Section 3.4.2, 

further work is needed to confirm the level of FAAH activity and specificity of URB597 

pre-incubation protocol within these islets before the affects of FAAH inhibition can be 

discussed with confidence. In Wistar rat islets, both 10�M methanandamide (Chapter 

3) and 10�M AM251 (Chapter 5) consistently inhibited insulin secretion. This would 

primarily suggest that the receptor signalling pathways through which these 

cannabinoids affected insulin release in the lean (Wistar) islets are altered as a result 

of obesity and/or type 2 diabetes in the Zucker rat islets. Yet without similar 

information from ZLC rats, it cannot be ascertained whether the differences in 

cannabinoid signalling in islets is primarily affected by the physiological state of the 

animal, a lack of leptin signalling, or differences between Zucker and Wistar strains. 

Indeed, future experiments must include islets from ZLC rats (that are age-matched to 

the Wistar rats), to establish whether islet responses to cannabinoids are comparable 
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between the rat strains before it can be determined whether endocannabinoid 

signalling is altered in diabetes. Future experiments should also include comparisons 

of islet responses between diet-induced obese ZLC and ZF rats to establish whether 

the lack of leptin signalling, rather than obesity, effects cannabinoid signalling within 

Zucker islets. 

 

6.4.3 Conclusions 
Methanandamide and AM251 have been demonstrated to inhibit insulin secretion 

from Wistar islets but failed to significantly affect insulin secretion rates from either ZF 

or ZDF islets. The results from this study suggest that cannabinoid signalling in islets 

is affected by obesity but it is unclear whether cannabinoid signalling is altered further 

when islets become dysfunctional at the onset of type 2 diabetes. However, as islets 

from ZLC rats were not used, it is uncertain whether cannabinoid signalling in islets 

fundamentally differs between Wistar and Zucker islets. It is also unclear whether the 

lack of leptin signalling also has an effect on cannabinoid signalling. Therefore, future 

experiments first need to determine whether the Zucker rat is a suitable model to 

study any potential cannabinoid dysfunction that may occur as a result of obesity 

and/or type 2 diabetes. If these studies confirm that Zucker islets are suitable then 

further work can then proceed to characterise whether cannabinoid signalling plays a 

causative role in the development of islet dysfunction in type 2 diabetes. 
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7  

 

General Discussion 
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The principal aim of this programme of research was to characterise the effects of 

cannabinoid signalling on insulin secretion from islets. A variety of ligands which are 

reported to interact with cannabinoid receptors, together with inhibition of 

endocannabinoid metabolising enzymes were used in secretion studies. Figure 7.1 

presents a schematic summary of cannabinoid signalling in islets based on results 

from Chapters 4 and 5, which suggest that CB1-receptor signalling in some islets can 

potentiate insulin secretion but inhibit insulin secretion in others, whereas CB2-

receptor signalling can only inhibit insulin secretion. These conclusions are based on 

the effects of the endogenous cannabinoid AEA (Chapter 4) and the synthetic 

cannabinoids, ACEA and JWH-133 (which are described as CB1- and CB2-receptor 

specific agonists; Chapter 5) on insulin secretion. These conclusions assume that 

both the potentiation and inhibition of insulin secretion caused by ACEA, in separate 

islet preparations, were CB1-receptor specific and as discussed in section 5.4.1 are 

due to differences in sst-14 signalling. These conclusions also assume JWH-133 was 

inhibiting insulin release in a CB2-receptor specific manner and that AEA, as 

implicated in cell lines and other tissues, displays a higher affinity for CB1 receptors 

over CB2 receptors (McPartland et al., 2007). These data have then been fitted to the 

expression of CB-receptor on specific cell types and is based on data from Table 4.1. 

The schematic also assumes that CB1 and CB2 receptors are expressed on 	-cells. 

However, this schematic diagram does not factor in the possibility that other receptor 

signalling events (e.g. CB-like and GPR55) may also be occurring. It also does not 

account for the source of the endocannabinoids nor the influence that different 

endocannabinoid metabolising pathways may have. 

 

Due to the variability of islet responses to the different cannabinoids used, it still 

remains unclear whether there is an archetypal endocannabinoid signalling system in 

islets, especially if cannabinoid responses are dependent on the fasting state of the 

animal, islet cell composition, expression of endocannabinoid metabolising enzymes 

and CB/CB-like receptor expression patterns. If cannabinoid signalling in islets were 

to be affected by these factors then it may explain why a consensus has not been 
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reached yet within this field. To address this question, it may be appropriate to 

perform immunohistological or in situ hybridization studies with whole pancreata. 

Ideally, such a study would address whether factors such as islet size, pancreatic 

location and fasting state influence the expression and/or activity of receptors and 

metabolising enzymes of the endocannabinoid system in islets.  
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Figure 7.1  Schematic diagram of possible CB1- and CB2-receptor signalling events 
that may occur in islets at maximal levels of glucose-stimulated insulin secretion. 
Within the islet, glucagon secreted by �-cells act on insulin-secreting �-cells in a 
positive manner, while somatostatin (sst-14) secreted by 	-cells inhibit hormone 
release from both �- and �-cells. Activation of cannabinoid receptors (CB1 and CB2) 
expressed on islet cell potentiate (+) or inhibit (-) hormone secretion from the cell type 
indicated. 
 

In addition, the influence of endocannabinoid tone on islet function should also be 

assessed. As discussed in Chapters 3 and 5, endocannabinoid tone in islets may 

have also been a confounding factor when interpreting the effects of CB receptor 

antagonists (AM251, O-2050 and AM630) and the FAAH inhibitor URB597. Therefore, 

it should be determined which endocannabinoids (including endocannabinoid-like 

molecules) are produced by islets and whether endocannabinoid production is linked 

to GSIS. This could be accomplished using techniques such as liquid 

chromatography-tandem electrospray ionization mass spectrometry which can be 

used to detect and measure the levels of a number of different endocannabinoids in 

parallel (Richardson et al., 2007). This work could then be followed by RT-PCR 

(reverse transcriptase polymerase chain reaction) and Western blotting to explicitly 

characterise the expression of endocannabinoid synthetic machinery within islets. As 
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shown in Table 1.4, this has been done to a limited extent by other groups but these 

studies have not accounted for alternate biosynthetic pathways which may be 

important in the production of N-acylethanolamines (Section 1.4.1.1). Once pathways 

have been identified then genetic alteration in the expression of key enzymes (e.g. 

MAGL knock-out, overexpression of MAGL or use of siRNA to reduce MAGL 

expression) could be used to examine how endocannabinoid tone affects islets 

function, especially if enzymes inhibitors were not available or were themselves found 

to affect insulin secretion. As discussed in Section 5.4, it is possible that the effects of 

the CB receptor agonists and antagonists on insulin secretion, observed within this 

study, could have been due to a reduced specificity at the concentrations used and/or 

previously uncharacterised activites at non-CB receptors. Therefore, the use of CB 

receptor knock-out animals or siRNA techniques could also be used to study 

cannabinoid signalling in islets in future studies instead of the pharmacological 

approaches. 

 

7.1 Physiological role of the endocannabinoid system in islets 
It was also found in this study that the effects of the cannabinoids were limited to 

maximal levels of insulin secretion. Assuming the results are physiologically-relevant, 

they suggest that endocannabinoid signalling does not play a major regulatory role on 

insulin secretion within physiological ranges of plasma glucose levels. If 

endocannabinoid signalling in islets were restricted to supraphysiological plasma 

glucose levels, it could suggest that the endocannabinoid system in islets plays a 

protective role in hyperglycaemic states. For example, endocannabinoid signalling 

may limit over activation of signalling pathways in islets which could lead to a longer-

term desensitisation of these pathways which could attenuate future insulin secretory 

responses. Yet, at physiological ranges of plasma glucose levels the role of 

endocannabinoid signalling has not been investigated with regards to other aspects of 

islet function. For example, cannabinoid signalling currently has not been investigated 

with regard to insulin secretion in response to other secretagogues, such as free fatty 

acids, or whether cannabinoid signalling may affect other receptor signalling pathways 
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(Selley et al., 2004; Cinar et al., 2008; Kim et al., 2008b). It must also be considered 

that islet-derived endocannabinoids may affect islet endothelial cell function or islet-

associated neuronal function (by pre-synaptic inhibition). 

 

In addition to affecting islet function, the endocannabinoid system may also affect islet 

cell viability, which may have important implications in pathological states. As 

discussed in Section 1.3.3, the preservation of �-cell function and mass is of key 

interest in the treatment and prevention of type 2 diabetes. Studies performed with 

islets and �-cell lines have implicated various factors contributing to the fate of �-cells 

in pathological states. Firstly, activation by phosphorylation of the serine/threonine 

protein kinase Akt through insulin receptor signalling promotes � cell survival 

(Srinivasan et al., 2002; Gonzalez-Pertusa et al., 2010; Natalicchio et al., 2010). 

Activation of mitogen-activated protein kinase (MAPK) signalling (by p38 and/or JNK 

signalling) promotes �-cell death (Bachar et al., 2010; Ma et al., 2010). Cytokines, 

such as interleukin-1� (IL-1�), tumour necrosis factor � (TNF�) and interferon � 

(IFN�), also promote increased rates of �-cell apoptosis and reductions in �-cell 

replication rates (Heitmeier et al., 2004; Donath et al., 2010; Ma et al., 2010). This is 

achieved by increased reactive oxygen species (ROS) generation (through expression 

of inducible nitric oxide synthase) and MAPK signalling, but may also involve other 

mechanisms, such as increased lipoxygenase-12 (LOX-12) activity (Heitmeier et al., 

2004; Donath et al., 2010; Ma et al., 2010; Natalicchio et al., 2010). Endoplasmic 

reticulum stress (excessive protein production and protein misfolding) is another factor 

contributing to �-cell apoptosis, as reviewed in Fonseca et al. (2009). 

 
CB2-receptor agonism (confirmed by a lack of effect in CB2-receptor knock-out mice) 

has been found to reduce the incidence of apoptosis in several in vivo studies, each 

examining a different model of apoptosis in different tissues (Defer et al., 2009; 

Viscomi et al., 2009; Mukhopadhyay et al., 2010). The anti-apoptotic effects of CB2-

receptor signalling were linked to reduced ROS generation, reduced cytokine 

expression and increased Akt signalling (Defer et al., 2009; Viscomi et al., 2009; 

Mukhopadhyay et al., 2010). As rat �-cells express CB2 receptors (Table 4.2) and CB 
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receptor expression patterns in islets have not been reported to in differ type 2 

diabetes, then CB2 receptor agonism in physiological and pathological states may 

have beneficial effects on �-cell function and survival (Srinivasan et al., 2002; Tharp et 

al., 2008; Natalicchio et al., 2010). Use of thiazolidinediones (TZDs) in genetically 

obese animals has been observed to preserve islet mass, insulin content and glucose 

responsiveness of the �-cells (Shimabukuro et al., 1998; Ishida et al., 2004; Kawasaki 

et al., 2005). Additionally, in vitro testing in human islets found that rosiglitazone 

reduced rates of �-cell apoptosis and �-cell stress induced by islet amyloid protein 

and palmitate (Lin et al., 2005; Vandewalle et al., 2008). As mentioned in Section 

1.4.5, endocannabinoids also possess agonistic activities at the PPAR� receptor, thus 

in lipotoxic conditions, endocannabinoids may also reproduce the protective effects of 

TZDs, through PPAR agonism, on �-cell survival and function. Yet, endocannabinoid 

signalling may also have pro-apoptotic effects in �-cells. For instance, chronic 

activation of pro-survival signalling pathways by CB2 signalling may make �-cells 

susceptible to free fatty acid (FFA) induced apoptosis (Gonzalez-Pertusa et al., 2010). 

Furthermore, CB2 signalling (involving TRPV1 signalling) has been reported to reduce 

mononuclear cell survival, which may involve increased ER stress (Saunders et al., 

2009). Meanwhile, CB1 receptor signalling may negatively affect �-cell survival 

indirectly by upregulating cytokine production, leading to the promotion of apoptosis in 

�-cells (Heitmeier et al., 2004; Donath et al., 2010; Ma et al., 2010; Mukhopadhyay et 

al., 2010). Cannabinoids have also been found to negatively affect mitochondrial 

activity which could also contribute to �-cell dysfunction and may trigger apoptotic 

signalling through cytochrome c release (Athanasiou et al., 2007; Catanzaro et al., 

2009). Finally, in islets the phytocannabinoid �9-tetrahydrocannabindiol was found to 

increase arachidonic acid oxidation by LOX-12 (Laychock et al., 1986). As stated 

above, increased LOX-12 activity is linked to increased rates of apoptosis through 

MAPK signalling, which again may suggest that the endocannabinoid system 

upregulates apoptotic signalling in �-cells (Ma et al., 2010). Altogether, the literature 

suggests that the endocannabinoid system may play a role in the development and 
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progression of type 2 diabetes by directly affecting �-cell viability and therefore 

warrants further investigation. 

 

Long-term incubation studies, where islets are co-incubated with cannabinoids in the 

absence or presence of hyperglycaemic and/or lipotoxic conditions, are a feasible 

means to assess the effects of prolonged CB-receptor signalling on islet function and 

insulin secretion. These types of experiments were originally planned at the start of 

this study with THC and rosiglitazone, to examine whether THC could exert effects 

similar to rosiglitazone through PPAR� receptor agonism. However, there was not 

sufficient time to perform these experiments but they still appear to be viable and 

should also included in future studies. In addtion to THC and rosiglitazone the use 

CB1 and CB2 receptor agonists/antagonists should also be tested in order to verify the 

predictions in the previous paragraph.  

 

7.2 Establishing the role of the endocannabinoid system in 
glucose homeostasis 
As described previously (Section 1.1), the regulation of blood glucose levels is 

achieved by the coordinated release of islet hormones which then affect peripheral 

tissue function. Hence, cannabinoid signalling may not only affect the release of 

insulin, and other islet hormones, but may also affect insulin-mediated glucose uptake 

too. Research into the role of the endocannabinoid system in peripheral tissue over 

recent years suggests that prolonged exposure to endocannabinoids promotes insulin 

resistant states (Esposito et al., 2008; Motaghedi & McGraw, 2008). This research 

field has primarily focused on the pathological state induced by chronic cannabinoid 

exposure and the benefits of global CB1 receptor blockade. As introduced in Section 

3.1, CB1 receptor antagonism may become a future treatment for type 2 diabetes as it 

promotes weight loss and increases glycaemic control. However, a viable CB1-

receptor antagonist for the treatment of type 2 diabetes may never be developed due 

to adverse side-effects, such as depression and risk of suicide (Johansson et al., 

2009). Therefore, more work needs to be performed to define and understand how 
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cannabinoid signalling affects insulin release from islets and insulin signalling in 

peripheral tissue (liver, skeletal muscle and adipose tissue). Such information would 

also be of wider use as research into the manipulation of the endocannabinoid system 

is being carried outside of the fields of obesity and type 2 diabetes. Hence, if 

treatments were used that affected the endocannabinoid system globally then other 

systems may also be affected promoting dysfunction in other systems. For instance, 

there is interest in the use endocannabinoid metabolising enzyme inhibitors and CB1 

receptor agonists for the treatment of inflammatory disorders (Cluny et al., 2010; 

Sagar et al., 2009). Therefore, therapeutic potential in one area might be negated by 

adverse effects on glucose homeostasis. 

 

As discussed in Chapter 3, AEA appears to inhibit insulin secretion from freshly-

isolated islets (which were used in this study) but potentiate insulin secretion when 

islets have been cultured. Therefore, it needs to be determined whether freshly-

isolated or cultured islets reproduce the affects of cannabinoid signalling on islet 

function in vivo. A similar in vivo approach to that used in Bermudez-Siva et al. (2006) 

could be used but changes in plasma insulin and glucagon levels should be measured 

alongside changes in plasma glucose levels. This will help to determine whether 

alterations in glucose tolerance were due to changes in islet function and/or insulin 

signalling (Section 1.1). This information could then be used to address the role of the 

endocannabinoid system in glucose-stimulated insulin secretion and its wider role in 

glucose homeostasis. 

 

As described in Section 1.4.10, chronic studies suggest that the endocannabinoid 

system appears to play a role in peripheral tissue dysfunction in dietary-induced 

obesity and affects several processes involved in glucose homeostasis. Thus, in co-

junction with the possible alterations in islet activity, other parameters should be 

measured to gain a greater understanding of acute cannabinoid signalling in other 

peripheral tissues. As discussed in Sections 1.2.5 and 1.3.3, the incretin hormones 

have an important effect on insulin secretion in response to orally ingested glucose 
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and also promote �-cell survival but whether cannabinoid signalling affects the release 

of the incretin hormones appears to be unknown. Therefore, changes in the plasma 

levels of the incretin hormones should be measured as this would affect islet function. 

If cannabinoid signalling in the gut was also involved in glucose homeostasis, it may 

be informative to compare the effects of cannabinoid signalling when glucose was 

loaded intra-peritoneally or intra-venously to oral ingestion. Another aspect would be 

to measure the acute effects of cannabinoid signalling and endocannabinoid 

metabolism on insulin-mediated glucose uptake in hepatic, adipose and skeletal 

muscle tissues. For instance, this could be tested in vitro and/or in vivo (Nogueiras et 

al., 2008) by measuring radiolabeled 2-deoxyglucose uptake. Chronic rimonabant 

dosing has also been demonstrated to affect hepatic glucose production, therefore, 

this parameter should also be measured in response to acute treatment (Nogueiras et 

al., 2008). 

 

The discussion, thus far, has focused on the role of endocannabinoid signalling once 

plasma glucose levels were high enough to induce GSIS but endocannabinoid 

signalling may be important during fasting states. Studies performed in the gut 

suggest that CB1 receptor expression is upregulated during extended periods of 

fasting (Burdyga et al., 2004). It has also been noted that the circulating levels of N-

acylethanolamines are highest during periods of fasting and in physiological states 

decrease once feeding has occurred (Matias et al., 2006; Matias et al., 2007). With 

regard to islet function the obvious question is, does cannanabinoid exposure during 

periods of fasting affect insulin secretory responses when glucose levels increase 

sufficiently to induce GSIS? This could be tested in vitro by culturing islets for 

increasing periods of time (e.g. 0.5, 1, 2, 4, 8 and 12 hours) in the absence or 

presence of endocannabinoids at non-stimulatory concentrations of glucose (� 4mM 

glucose) followed by acute secretion studies. In initial tests, comparisons between 

vehicle and endocannabinoid-treated islets could then assess whether �-cell glucose 

responsiveness, islet content and/or insulin secretion kinetics had been altered. The 

initial tests could also examine whether cannabinoid treatment had altered �- and/or 
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	-cell secretory activity and hormone content too. Experiments in islets could also be 

performed to assess whether the expression and/or activity of the cannabinoid 

receptors, endocannabinoid synthesising and metabolising enzymes are affected by 

different periods of �-cell activity and inactivity. 

 

As mentioned above, the endocannabinoid system appears to be most active during 

periods of fasting (Burdyga et al., 2004; Matias et al., 2006; Matias et al., 2007). Thus, 

the physiological role of the endocannabinoid system in the periphery may be to 

promote effective food assimilation. This could be achieved by promoting the 

upregulation of lipogenic pathways in the periphery as well as increasing nutrient 

absorbtion and increasing the amount of time food is in the gut (Carr et al., 2008; 

Duncan et al., 2008; Quarta et al., 2010; Zhao et al., 2010). Therefore, by 

understanding how the endocannabinoid system adapts in response to different 

physiological states in peripheral tissues, it would then help determine if and why 

endocannabinoid signalling may become dysfunctional in the periphery during obesity 

and/or type 2 diabetes. 

 

7.3 Conclusions 
While this PhD has not provided full characterisation of the endocannabinoid system 

within islets, it has highlighted that cannabinoid signalling within islets is more 

complex than has been reported by other research groups. For example, islet 

responsiveness to AEA at concentrations � 10�M varied between islet preparations in 

a FAAH-independent manner (Chapter 3). Results from Chapters 4 and 5 suggest 

that CB-receptor signalling pathways may differ between islets and may account for 

the variations in the potency of AEA between islet preparations. In addition, putative 

CB-receptor specific ligands, as discussed in Chapter 5, may possess extra non-CB-

receptor mediated activities within islets. It is hoped that the information obtained from 

these studies will aid future investigations in this field to gain a more complete 

understanding of the role of endocannabinoid system in glucose homeostasis. 



 161

References 
 

Abadji, V., Lin, S., Taha, G., Griffin, G., Stevenson, L. A., Pertwee, R. G. & 
Makriyannis, A. (1994) (R)-methanandamide: a chiral novel anandamide 
possessing higher potency and metabolic stability. J Med Chem, 37, 1889-93. 

Ahn, K., Johnson, D. S., Fitzgerald, L. R., Liimatta, M., Arendse, A., Stevenson, T., 
Lund, E. T., Nugent, R. A., Nomanbhoy, T. K., Alexander, J. P. & Cravatt, B. F. 
(2007) Novel mechanistic class of fatty acid amide hydrolase inhibitors with 
remarkable selectivity. Biochemistry, 46, 13019-30. 

Ahren, B. (2000) Autonomic regulation of islet hormone secretion--implications for 
health and disease. Diabetologia, 43, 393-410. 

Ahren, B., Wierup, N. & Sundler, F. (2006) Neuropeptides and the Regulation of Islet 
Function. Diabetes, 56, S98-S107. 

Aizawa, T., Kaneko, T., Yamauchi, K., Yajima, H., Nishizawa, T., Yada, T., 
Matsukawa, H., Nagai, M., Yamada, S., Sato, Y., Komatsu, M., Itoh, N., Hidaka, 
H., Kajimoto, Y. & Hashizume, K. (2001) Size-related and size-unrelated functional 
heterogeneity among pancreatic islets. Life Sci, 69, 2627-39. 

Akiba, Y., Kato, S., Katsube, K., Nakamura, M., Takeuchi, K., Ishii, H. & Hibi, T. 
(2004) Transient receptor potential vanilloid subfamily 1 expressed in pancreatic 
islet beta cells modulates insulin secretion in rats. Biochem Biophys Res Commun, 
321, 219-25. 

Alberti, K. G., Zimmet, P. & Shaw, J. (2006) Metabolic syndrome--a new world-wide 
definition. A Consensus Statement from the International Diabetes Federation. 
Diabet Med, 23, 469-80. 

Alexander, J. P. & Cravatt, B. F. (2006) The putative endocannabinoid transport 
blocker LY2183240 is a potent inhibitor of FAAH and several other brain serine 
hydrolases. J Am Chem Soc, 128, 9699-704. 

Ali, S. & Drucker, D. J. (2009) Benefits and limitations of reducing glucagon action for 
the treatment of type 2 diabetes. Am J Physiol Endocrinol Metab, 296, E415-21. 

Amed, S., Dean, H. J., Panagiotopoulos, C., Sellers, E. A., Hadjiyannakis, S., 
Laubscher, T. A., Dannenbaum, D., Shah, B. R., Booth, G. L. & Hamilton, J. K. 
(2010) Type 2 diabetes, medication-induced diabetes, and monogenic diabetes in 
Canadian children: a prospective national surveillance study. Diabetes Care, 33, 
786-91. 

Andralojc, K. M., Mercalli, A., Nowak, K. W., Albarello, L., Calcagno, R., Luzi, L., 
Bonifacio, E., Doglioni, C. & Piemonti, L. (2009) Ghrelin-producing epsilon cells in 
the developing and adult human pancreas. Diabetologia, 52, 486-93. 

Andre, A. & Gonthier, M. P. (2010) The endocannabinoid system: Its roles in energy 
balance and potential as a target for obesity treatment. Int J Biochem Cell Biol. 

Ashcroft, F. M., Ashcroft, S. J., Harrison, D. E., Newgard, C. B. & Wollheim, C. B. 
(1987) Effects of 2-ketoisocaproate on insulin release and single potassium 
channel activity in dispersed rat pancreatic beta-cells. J Physiol, 385, 517-29. 

Ashcroft, S. J. & Randle, P. J. (1970) Enzymes of glucose metabolism in normal 
mouse pancreatic islets. Biochem J, 119, 5-15. 

American Diabetes Association, A. D. (2010) Diagnosis and classification of diabetes 
mellitus. Diabetes Care, 33 Suppl 1, S62-9. 

Athanasiou, A., Clarke, A. B., Turner, A. E., Kumaran, N. M., Vakilpour, S., Smith, P. 
A., Bagiokou, D., Bradshaw, T. D., Westwell, A. D., Fang, L., Lobo, D. N., 
Constantinescu, C. S., Calabrese, V., Loesch, A., Alexander, S. P., Clothier, R. H., 
Kendall, D. A. & Bates, T. E. (2007) Cannabinoid receptor agonists are 
mitochondrial inhibitors: a unified hypothesis of how cannabinoids modulate 
mitochondrial function and induce cell death. Biochem Biophys Res Commun, 364, 
131-7. 

Atiya, A. W., Moldovan, S., Adrian, T. E., Coy, D., Walsh, J. & Brunicardi, F. C. (1997) 
Intraislet somatostatin inhibits insulin (via a subtype-2 somatostatin receptor) but 
not islet amyloid polypeptide secretion in the isolated perfused human pancreas. J 
Gastrointest Surg, 1, 251-6; discussion 256. 



 162

Bachar, E., Ariav, Y., Cerasi, E., Kaiser, N. & Leibowitz, G. (2010) Neuronal nitric 
oxide synthase protects the pancreatic beta cell from glucolipotoxicity-induced 
endoplasmic reticulum stress and apoptosis. Diabetologia. 

Baldassano, S., Serio, R. & Mule, F. (2008) Cannabinoid CB(1) receptor activation 
modulates spontaneous contractile activity in mouse ileal longitudinal muscle. Eur 
J Pharmacol, 582, 132-8. 

Bao, S., Jacobson, D. A., Wohltmann, M., Bohrer, A., Jin, W., Philipson, L. H. & Turk, 
J. (2008) Glucose homeostasis, insulin secretion, and islet phospholipids in mice 
that overexpress iPLA2beta in pancreatic beta-cells and in iPLA2beta-null mice. 
Am J Physiol Endocrinol Metab, 294, E217-29. 

Barbosa, R. M., Silva, A. M., Tome, A. R., Stamford, J. A., Santos, R. M. & Rosario, L. 
M. (1998) Control of pulsatile 5-HT/insulin secretion from single mouse pancreatic 
islets by intracellular calcium dynamics. J Physiol, 510 ( Pt 1), 135-43. 

Barg, S., Huang, P., Eliasson, L., Nelson, D. J., Obermuller, S., Rorsman, P., 
Thevenod, F. & Renstrom, E. (2001) Priming of insulin granules for exocytosis by 
granular Cl(-) uptake and acidification. J Cell Sci, 114, 2145-54. 

Bayewitch, M., Avidor-Reiss, T., Levy, R., Barg, J., Mechoulam, R. & Vogel, Z. (1995) 
The peripheral cannabinoid receptor: adenylate cyclase inhibition and G protein 
coupling. FEBS Lett, 375, 143-7. 

Behl, Y., Krothapalli, P., Desta, T., DiPiazza, A., Roy, S. & Graves, D. T. (2008) 
Diabetes-enhanced tumor necrosis factor-alpha production promotes apoptosis 
and the loss of retinal microvascular cells in type 1 and type 2 models of diabetic 
retinopathy. Am J Pathol, 172, 1411-8. 

Bermudez-Silva, F. J., Sanchez-Vera, I., Suarez, J., Serrano, A., Fuentes, E., Juan-
Pico, P., Nadal, A. & Rodriguez de Fonseca, F. (2007) Role of cannabinoid CB2 
receptors in glucose homeostasis in rats. Eur J Pharmacol, 565, 207-11. 

Bermudez-Silva, F. J., Suarez, J., Baixeras, E., Cobo, N., Bautista, D., Cuesta-Munoz, 
A. L., Fuentes, E., Juan-Pico, P., Castro, M. J., Milman, G., Mechoulam, R., Nadal, 
A. & Rodriguez de Fonseca, F. (2008) Presence of functional cannabinoid 
receptors in human endocrine pancreas. Diabetologia, 51, 476-87. 

Bermudez-Silva, F. J., Suarez Perez, J., Nadal, A. & Rodriguez de Fonseca, F. (2009) 
The role of the pancreatic endocannabinoid system in glucose metabolism. Best 
Pract Res Clin Endocrinol Metab, 23, 87-102. 

Bermudez-Siva, F. J., Serrano, A., Diaz-Molina, F. J., Sanchez Vera, I., Juan-Pico, P., 
Nadal, A., Fuentes, E. & Rodriguez de Fonseca, F. (2006) Activation of 
cannabinoid CB1 receptors induces glucose intolerance in rats. Eur J Pharmacol, 
531, 282-4. 

Bertuzzi, F., Davalli, A. M., Nano, R., Socci, C., Codazzi, F., Fesce, R., Di Carlo, V., 
Pozza, G. & Grohovaz, F. (1999) Mechanisms of coordination of Ca2+ signals in 
pancreatic islet cells. Diabetes, 48, 1971-8. 

Betsholtz, C., Christmansson, L., Engstrom, U., Rorsman, F., Svensson, V., Johnson, 
K. H. & Westermark, P. (1989) Sequence divergence in a specific region of islet 
amyloid polypeptide (IAPP) explains differences in islet amyloid formation between 
species. FEBS Lett, 251, 261-4. 

Bisogno, T., Howell, F., Williams, G., Minassi, A., Cascio, M. G., Ligresti, A., Matias, 
I., Schiano-Moriello, A., Paul, P., Williams, E. J., Gangadharan, U., Hobbs, C., Di 
Marzo, V. & Doherty, P. (2003) Cloning of the first sn1-DAG lipases points to the 
spatial and temporal regulation of endocannabinoid signaling in the brain. J Cell 
Biol, 163, 463-8. 

Bisogno, T., Sepe, N., Melck, D., Maurelli, S., De Petrocellis, L. & Di Marzo, V. (1997) 
Biosynthesis, release and degradation of the novel endogenous cannabimimetic 
metabolite 2-arachidonoylglycerol in mouse neuroblastoma cells. Biochem J, 322 ( 
Pt 2), 671-7. 

Blankman, J. L., Simon, G. M. & Cravatt, B. F. (2007) A comprehensive profile of 
brain enzymes that hydrolyze the endocannabinoid 2-arachidonoylglycerol. Chem 
Biol, 14, 1347-56. 

Blondel, O., Takeda, J., Janssen, H., Seino, S. & Bell, G. I. (1993) Sequence and 
functional characterization of a third inositol trisphosphate receptor subtype, IP3R-
3, expressed in pancreatic islets, kidney, gastrointestinal tract, and other tissues. J 
Biol Chem, 268, 11356-63. 



 163

Bogardus, C. & Tataranni, P. A. (2002) Reduced early insulin secretion in the etiology 
of type 2 diabetes mellitus in Pima Indians. Diabetes, 51 Suppl 1, S262-4. 

Boldrup, L., Wilson, S. J., Barbier, A. J. & Fowler, C. J. (2004) A simple stopped assay 
for fatty acid amide hydrolase avoiding the use of a chloroform extraction phase. J 
Biochem Biophys Methods, 60, 171-7. 

Bosier, B., Muccioli, G. G., Hermans, E. & Lambert, D. M. (2010) Functionally 
selective cannabinoid receptor signalling: therapeutic implications and 
opportunities. Biochem Pharmacol, 80, 1-12. 

Bouaboula, M., Hilairet, S., Marchand, J., Fajas, L., Le Fur, G. & Casellas, P. (2005) 
Anandamide induced PPARgamma transcriptional activation and 3T3-L1 
preadipocyte differentiation. Eur J Pharmacol, 517, 174-81. 

Bouzakri, K., Zachrisson, A., Al-Khalili, L., Zhang, B. B., Koistinen, H. A., Krook, A. & 
Zierath, J. R. (2006) siRNA-based gene silencing reveals specialized roles of IRS-
1/Akt2 and IRS-2/Akt1 in glucose and lipid metabolism in human skeletal muscle. 
Cell Metab, 4, 89-96. 

Bradshaw, H. B., Rimmerman, N., Hu, S. S., Benton, V. M., Stuart, J. M., Masuda, K., 
Cravatt, B. F., O'Dell, D. K. & Walker, J. M. (2009) The endocannabinoid 
anandamide is a precursor for the signaling lipid N-arachidonoyl glycine by two 
distinct pathways. BMC Biochem, 10, 14. 

Braissant, O., Foufelle, F., Scotto, C., Dauca, M. & Wahli, W. (1996) Differential 
expression of peroxisome proliferator-activated receptors (PPARs): tissue 
distribution of PPAR-alpha, -beta, and -gamma in the adult rat. Endocrinology, 137, 
354-66. 

Braun, M., Ramracheya, R., Bengtsson, M., Zhang, Q., Karanauskaite, J., Partridge, 
C., Johnson, P. R. & Rorsman, P. (2008) Voltage-gated ion channels in human 
pancreatic beta-cells: electrophysiological characterization and role in insulin 
secretion. Diabetes, 57, 1618-28. 

Bray, G. A. (1977) The Zucker-fatty rat: a review. Fed Proc, 36, 148-53. 
Brenner, M. B. & Mest, H. J. (2004) A buffer temperature controlled perifusion system 

to study temperature dependence and kinetics of insulin secretion in MIN6 
pseudoislets. J Pharmacol Toxicol Methods, 50, 53-7. 

Brissova, M., Fowler, M. J., Nicholson, W. E., Chu, A., Hirshberg, B., Harlan, D. M. & 
Powers, A. C. (2005) Assessment of human pancreatic islet architecture and 
composition by laser scanning confocal microscopy. J Histochem Cytochem, 53, 
1087-97. 

Brussee, V., Guo, G., Dong, Y., Cheng, C., Martinez, J. A., Smith, D., Glazner, G. W., 
Fernyhough, P. & Zochodne, D. W. (2008) Distal degenerative sensory neuropathy 
in a long-term type 2 diabetes rat model. Diabetes, 57, 1664-73. 

Burcelin, R., Knauf, C. & Cani, P. D. (2008) Pancreatic alpha-cell dysfunction in 
diabetes. Diabetes Metab, 34 Suppl 2, S49-55. 

Burdyga, G., Lal, S., Varro, A., Dimaline, R., Thompson, D. G. & Dockray, G. J. (2004) 
Expression of cannabinoid CB1 receptors by vagal afferent neurons is inhibited by 
cholecystokinin. J Neurosci, 24, 2708-15. 

Burks, D. J. & White, M. F. (2001) IRS proteins and beta-cell function. Diabetes, 50 
Suppl 1, S140-5. 

Buteau, J., Foisy, S., Rhodes, C. J., Carpenter, L., Biden, T. J. & Prentki, M. (2001) 
Protein kinase Czeta activation mediates glucagon-like peptide-1-induced 
pancreatic beta-cell proliferation. Diabetes, 50, 2237-43. 

Butler, A. E., Janson, J., Bonner-Weir, S., Ritzel, R., Rizza, R. A. & Butler, P. C. 
(2003) Beta-cell deficit and increased beta-cell apoptosis in humans with type 2 
diabetes. Diabetes, 52, 102-10. 

Butler, P. C., Matveyenko, A. V., Dry, S., Bhushan, A. & Elashoff, R. (2010) Glucagon-
like peptide-1 therapy and the exocrine pancreas: innocent bystander or friendly 
fire? Diabetologia, 53, 1-6. 

Cadas, H., di Tomaso, E. & Piomelli, D. (1997) Occurrence and biosynthesis of 
endogenous cannabinoid precursor, N-arachidonoyl phosphatidylethanolamine, in 
rat brain. J Neurosci, 17, 1226-42. 

Cadas, H., Gaillet, S., Beltramo, M., Venance, L. & Piomelli, D. (1996) Biosynthesis of 
an endogenous cannabinoid precursor in neurons and its control by calcium and 
cAMP. J Neurosci, 16, 3934-42. 



 164

Calabrese, A., Zhang, M., Serre-Beinier, V., Caton, D., Mas, C., Satin, L. S. & Meda, 
P. (2003) Connexin 36 controls synchronization of Ca2+ oscillations and insulin 
secretion in MIN6 cells. Diabetes, 52, 417-24. 

Camina, J. P. (2006) Cell biology of the ghrelin receptor. J Neuroendocrinol, 18, 65-
76. 

Cantley, J., Choudhury, A. I., Asare-Anane, H., Selman, C., Lingard, S., Heffron, H., 
Herrera, P., Persaud, S. J. & Withers, D. J. (2007) Pancreatic deletion of insulin 
receptor substrate 2 reduces beta and alpha cell mass and impairs glucose 
homeostasis in mice. Diabetologia, 50, 1248-56. 

Carr, T. P., Jesch, E. D. & Brown, A. W. (2008) Endocannabinoids, metabolic 
regulation, and the role of diet. Nutr Res, 28, 641-50. 

Catanzaro, G., Rapino, C., Oddi, S. & Maccarrone, M. (2009) Anandamide increases 
swelling and reduces calcium sensitivity of mitochondria. Biochem Biophys Res 
Commun, 388, 439-42. 

Caterina, M. J., Schumacher, M. A., Tominaga, M., Rosen, T. A., Levine, J. D. & 
Julius, D. (1997) The capsaicin receptor: a heat-activated ion channel in the pain 
pathway. Nature, 389, 816-24. 

Cejvan, K., Coy, D. H. & Efendic, S. (2003) Intra-islet somatostatin regulates glucagon 
release via type 2 somatostatin receptors in rats. Diabetes, 52, 1176-81. 

Cencioni, M. T., Chiurchiu, V., Catanzaro, G., Borsellino, G., Bernardi, G., Battistini, L. 
& Maccarrone, M. (2010) Anandamide suppresses proliferation and cytokine 
release from primary human T-lymphocytes mainly via CB2 receptors. PLoS One, 
5, e8688. 

Chan, C. B., MacPhail, R. M., Sheu, L., Wheeler, M. B. & Gaisano, H. Y. (1999) Beta-
cell hypertrophy in fa/fa rats is associated with basal glucose hypersensitivity and 
reduced SNARE protein expression. Diabetes, 48, 997-1005. 

Chan, C. B., Wright, G. M., Wadowska, D. W., MacPhail, R. M., Ireland, W. P. & 
Sulston, K. W. (1998) Ultrastructural and secretory heterogeneity of fa/fa (Zucker) 
rat islets. Mol Cell Endocrinol, 136, 119-29. 

Chander, P. N., Gealekman, O., Brodsky, S. V., Elitok, S., Tojo, A., Crabtree, M., 
Gross, S. S. & Goligorsky, M. S. (2004) Nephropathy in Zucker diabetic fat rat is 
associated with oxidative and nitrosative stress: prevention by chronic therapy with 
a peroxynitrite scavenger ebselen. J Am Soc Nephrol, 15, 2391-403. 

Charles River Laboratories International, I. (2010a) ZDF rats, 
http://www.criver.com/SiteCollectionDocuments/Zucker%20Fatty.pdf, Date 
accessed 15/06/2010 

Charles River Laboratories International, I. (2010b) Zucker Fatty rats, 
http://www.criver.com/SiteCollectionDocuments/ZDF.pdf, Date accessed 
16/06/2010 

Chatham, J. C. & Seymour, A. M. (2002) Cardiac carbohydrate metabolism in Zucker 
diabetic fatty rats. Cardiovasc Res, 55, 104-12. 

Chaytor, A. T., Martin, P. E., Evans, W. H., Randall, M. D. & Griffith, T. M. (1999) The 
endothelial component of cannabinoid-induced relaxation in rabbit mesenteric 
artery depends on gap junctional communication. J Physiol, 520 Pt 2, 539-50. 

Chemin, J., Monteil, A., Perez-Reyes, E., Nargeot, J. & Lory, P. (2001) Direct 
inhibition of T-type calcium channels by the endogenous cannabinoid anandamide. 
Embo J, 20, 7033-40. 

Chiba, Y., Kawai, K., Okuda, Y., Munekata, E. & Yamashita, K. (1985) Effects of 
substance P and substance P-(6-11) on hormone release from isolated perfused 
pancreas: their opposite actions on rat and canine islets. Endocrinology, 117, 
1996-2000. 

Chu, Z. L., Carroll, C., Alfonso, J., Gutierrez, V., He, H., Lucman, A., Pedraza, M., 
Mondala, H., Gao, H., Bagnol, D., Chen, R., Jones, R. M., Behan, D. P. & Leonard, 
J. (2008) A role for intestinal endocrine cell-expressed g protein-coupled receptor 
119 in glycemic control by enhancing glucagon-like Peptide-1 and glucose-
dependent insulinotropic Peptide release. Endocrinology, 149, 2038-47. 

Chu, Z. L., Jones, R. M., He, H., Carroll, C., Gutierrez, V., Lucman, A., Moloney, M., 
Gao, H., Mondala, H., Bagnol, D., Unett, D., Liang, Y., Demarest, K., Semple, G., 
Behan, D. P. & Leonard, J. (2007) A role for beta-cell-expressed G protein-coupled 



 165

receptor 119 in glycemic control by enhancing glucose-dependent insulin release. 
Endocrinology, 148, 2601-9. 

Cinar, R., Freund, T. F., Katona, I., Mackie, K. & Szucs, M. (2008) Reciprocal 
inhibition of G-protein signaling is induced by CB(1) cannabinoid and GABA(B) 
receptor interactions in rat hippocampal membranes. Neurochem Int, 52, 1402-9. 

Clark, J. B., Palmer, C. J. & Shaw, W. N. (1983) The diabetic Zucker fatty rat. Proc 
Soc Exp Biol Med, 173, 68-75. 

Cluny, N. L., Keenan, C. M., Duncan, M., Fox, A., Lutz, B. & Sharkey, K. A. 
Naphthalen-1-yl-(4-pentyloxynaphthalen-1-yl)methanone (SAB378), a peripherally 
restricted, cannabinoid CB1/CB2 receptor agonist inhibits gastrointestinal motility, 
but has no effect on experimental colitis in mice. J Pharmacol Exp Ther. 

Corsetti, J. P., Sparks, J. D., Peterson, R. G., Smith, R. L. & Sparks, C. E. (2000) 
Effect of dietary fat on the development of non-insulin dependent diabetes mellitus 
in obese Zucker diabetic fatty male and female rats. Atherosclerosis, 148, 231-41. 

Cravatt, B. F., Demarest, K., Patricelli, M. P., Bracey, M. H., Giang, D. K., Martin, B. 
R. & Lichtman, A. H. (2001) Supersensitivity to anandamide and enhanced 
endogenous cannabinoid signaling in mice lacking fatty acid amide hydrolase. Proc 
Natl Acad Sci U S A, 98, 9371-6. 

Czako, L., Hegyi, P., Rakonczay, Z., Jr., Wittmann, T. & Otsuki, M. (2009) Interactions 
between the endocrine and exocrine pancreas and their clinical relevance. 
Pancreatology, 9, 351-9. 

Damholt, A. B., Kofod, H. & Buchan, A. M. (1999) Immunocytochemical evidence for a 
paracrine interaction between GIP and GLP-1-producing cells in canine small 
intestine. Cell Tissue Res, 298, 287-93. 

Date, Y., Nakazato, M., Hashiguchi, S., Dezaki, K., Mondal, M. S., Hosoda, H., 
Kojima, M., Kangawa, K., Arima, T., Matsuo, H., Yada, T. & Matsukura, S. (2002) 
Ghrelin is present in pancreatic alpha-cells of humans and rats and stimulates 
insulin secretion. Diabetes, 51, 124-9. 

De Marinis, Y. Z., Salehi, A., Ward, C. E., Zhang, Q., Abdulkader, F., Bengtsson, M., 
Braha, O., Braun, M., Ramracheya, R., Amisten, S., Habib, A. M., Moritoh, Y., 
Zhang, E., Reimann, F., Rosengren, A. H., Shibasaki, T., Gribble, F., Renstrom, 
E., Seino, S., Eliasson, L. & Rorsman, P. (2010) GLP-1 inhibits and adrenaline 
stimulates glucagon release by differential modulation of N- and L-type Ca2+ 
channel-dependent exocytosis. Cell Metab, 11, 543-53. 

De Petrocellis, L., Marini, P., Matias, I., Moriello, A. S., Starowicz, K., Cristino, L., 
Nigam, S. & Di Marzo, V. (2007) Mechanisms for the coupling of cannabinoid 
receptors to intracellular calcium mobilization in rat insulinoma beta-cells. Exp Cell 
Res, 313, 2993-3004. 

Defer, N., Wan, J., Souktani, R., Escoubet, B., Perier, M., Caramelle, P., Manin, S., 
Deveaux, V., Bourin, M. C., Zimmer, A., Lotersztajn, S., Pecker, F. & Pavoine, C. 
(2009) The cannabinoid receptor type 2 promotes cardiac myocyte and fibroblast 
survival and protects against ischemia/reperfusion-induced cardiomyopathy. Faseb 
J, 23, 2120-30. 

Despres, J. P., Golay, A. & Sjostrom, L. (2005) Effects of rimonabant on metabolic 
risk factors in overweight patients with dyslipidemia. N Engl J Med, 353, 2121-34. 

Desvergne, B. & Wahli, W. (1999) Peroxisome proliferator-activated receptors: 
nuclear control of metabolism. Endocr Rev, 20, 649-88. 

Devane, W. A., Hanus, L., Breuer, A., Pertwee, R. G., Stevenson, L. A., Griffin, G., 
Gibson, D., Mandelbaum, A., Etinger, A. & Mechoulam, R. (1992) Isolation and 
structure of a brain constituent that binds to the cannabinoid receptor. Science, 
258, 1946-9. 

Dezaki, K., Sone, H., Koizumi, M., Nakata, M., Kakei, M., Nagai, H., Hosoda, H., 
Kangawa, K. & Yada, T. (2006) Blockade of pancreatic islet-derived ghrelin 
enhances insulin secretion to prevent high-fat diet-induced glucose intolerance. 
Diabetes, 55, 3486-93. 

Di Marzo, V., Breivogel, C. S., Tao, Q., Bridgen, D. T., Razdan, R. K., Zimmer, A. M., 
Zimmer, A. & Martin, B. R. (2000) Levels, metabolism, and pharmacological 
activity of anandamide in CB(1) cannabinoid receptor knockout mice: evidence for 
non-CB(1), non-CB(2) receptor-mediated actions of anandamide in mouse brain. J 
Neurochem, 75, 2434-44. 



 166

Di Nardo, F., Burattini, R., Cogo, C. E., Faelli, E. & Ruggeri, P. (2009) Age-related 
analysis of insulin resistance, body weight and arterial pressure in the Zucker fatty 
rat. Exp Physiol, 94, 162-8. 

Dinh, T. P., Carpenter, D., Leslie, F. M., Freund, T. F., Katona, I., Sensi, S. L., 
Kathuria, S. & Piomelli, D. (2002) Brain monoglyceride lipase participating in 
endocannabinoid inactivation. Proc Natl Acad Sci U S A, 99, 10819-24. 

Donath, M. Y., Boni-Schnetzler, M., Ellingsgaard, H., Halban, P. A. & Ehses, J. A. 
(2010) Cytokine production by islets in health and diabetes: cellular origin, 
regulation and function. Trends Endocrinol Metab, 21, 261-7. 

Donev, S. R. (1984) Ultrastructural evidence for the presence of a glial sheath 
investing the islets of Langerhans in the pancreas of mammals. Cell Tissue Res, 
237, 343-8. 

Draznin, B., Leitner, J. W. & Sussman, K. E. (1985) A unique control mechanism in 
the regulation of insulin secretion. Secretagogue-induced somatostatin receptor 
recruitment. J Clin Invest, 75, 1510-6. 

Duncan, M., Thomas, A. D., Cluny, N. L., Patel, A., Patel, K. D., Lutz, B., Piomelli, D., 
Alexander, S. P. & Sharkey, K. A. (2008) Distribution and function of 
monoacylglycerol lipase in the gastrointestinal tract. Am J Physiol Gastrointest 
Liver Physiol, 295, G1255-65. 

Duttaroy, A., Zimliki, C. L., Gautam, D., Cui, Y., Mears, D. & Wess, J. (2004) 
Muscarinic stimulation of pancreatic insulin and glucagon release is abolished in 
m3 muscarinic acetylcholine receptor-deficient mice. Diabetes, 53, 1714-20. 

Dyachok, O. & Gylfe, E. (2004) Ca(2+)-induced Ca(2+) release via inositol 1,4,5-
trisphosphate receptors is amplified by protein kinase A and triggers exocytosis in 
pancreatic beta-cells. J Biol Chem, 279, 45455-61. 

Eberhard, D., Kragl, M. & Lammert, E. (2010) 'Giving and taking': endothelial and 
beta-cells in the islets of Langerhans. Trends Endocrinol Metab, 21, 457-463. 

El-Assaad, W., Buteau, J., Peyot, M. L., Nolan, C., Roduit, R., Hardy, S., Joly, E., 
Dbaibo, G., Rosenberg, L. & Prentki, M. (2003) Saturated fatty acids synergize 
with elevated glucose to cause pancreatic beta-cell death. Endocrinology, 144, 
4154-63. 

Elayat, A. A., el-Naggar, M. M. & Tahir, M. (1995) An immunocytochemical and 
morphometric study of the rat pancreatic islets. J Anat, 186 ( Pt 3), 629-37. 

Elbein, S. C. (2009) Genetics factors contributing to type 2 diabetes across ethnicities. 
J Diabetes Sci Technol, 3, 685-9. 

Eliasson, L., Ma, X., Renstrom, E., Barg, S., Berggren, P. O., Galvanovskis, J., 
Gromada, J., Jing, X., Lundquist, I., Salehi, A., Sewing, S. & Rorsman, P. (2003) 
SUR1 regulates PKA-independent cAMP-induced granule priming in mouse 
pancreatic B-cells. J Gen Physiol, 121, 181-97. 

Ernst, S. J., Aguilar-Bryan, L. & Noebels, J. L. (2009) Sodium channel beta1 
regulatory subunit deficiency reduces pancreatic islet glucose-stimulated insulin 
and glucagon secretion. Endocrinology, 150, 1132-9. 

Esposito, I., Proto, M. C., Gazzerro, P., Laezza, C., Miele, C., Alberobello, A. T., 
D'Esposito, V., Beguinot, F., Formisano, P. & Bifulco, M. (2008) The cannabinoid 
CB1 receptor antagonist rimonabant stimulates 2-deoxyglucose uptake in skeletal 
muscle cells by regulating the expression of phosphatidylinositol-3-kinase. Mol 
Pharmacol, 74, 1678-86. 

Evellin, S., Nolte, J., Tysack, K., vom Dorp, F., Thiel, M., Weernink, P. A., Jakobs, K. 
H., Webb, E. J., Lomasney, J. W. & Schmidt, M. (2002) Stimulation of 
phospholipase C-epsilon by the M3 muscarinic acetylcholine receptor mediated by 
cyclic AMP and the GTPase Rap2B. J Biol Chem, 277, 16805-13. 

Farfari, S., Schulz, V., Corkey, B. & Prentki, M. (2000) Glucose-regulated anaplerosis 
and cataplerosis in pancreatic beta-cells: possible implication of a pyruvate/citrate 
shuttle in insulin secretion. Diabetes, 49, 718-26. 

Ferrannini, E. (1998) Insulin resistance versus insulin deficiency in non-insulin-
dependent diabetes mellitus: problems and prospects. Endocr Rev, 19, 477-90. 

Ferre, P. (2004) The biology of peroxisome proliferator-activated receptors: 
relationship with lipid metabolism and insulin sensitivity. Diabetes, 53 Suppl 1, 
S43-50. 



 167

Festa, A., Williams, K., Hanley, A. J. & Haffner, S. M. (2008) Beta-cell dysfunction in 
subjects with impaired glucose tolerance and early type 2 diabetes: comparison of 
surrogate markers with first-phase insulin secretion from an intravenous glucose 
tolerance test. Diabetes, 57, 1638-44. 

Fonseca, S. G., Burcin, M., Gromada, J. & Urano, F. (2009) Endoplasmic reticulum 
stress in beta-cells and development of diabetes. Curr Opin Pharmacol, 9, 763-70. 

Franconi, F., Seghieri, G., Canu, S., Straface, E., Campesi, I. & Malorni, W. (2008) 
Are the available experimental models of type 2 diabetes appropriate for a gender 
perspective? Pharmacol Res, 57, 6-18. 

Fred, R. G. & Welsh, N. (2009) The importance of RNA binding proteins in 
preproinsulin mRNA stability. Mol Cell Endocrinol, 297, 28-33. 

Fritsche, L., Weigert, C., Haring, H. U. & Lehmann, R. (2008) How insulin receptor 
substrate proteins regulate the metabolic capacity of the liver--implications for 
health and disease. Curr Med Chem, 15, 1316-29. 

Fujita, Y., Wideman, R. D., Asadi, A., Yang, G. K., Baker, R., Webber, T., Zhang, T., 
Wang, R., Ao, Z., Warnock, G. L., Kwok, Y. N. & Kieffer, T. J. (2010) Glucose-
dependent insulinotropic polypeptide is expressed in pancreatic islet alpha-cells 
and promotes insulin secretion. Gastroenterology, 138, 1966-75. 

Gantz, I., Muraoka, A., Yang, Y. K., Samuelson, L. C., Zimmerman, E. M., Cook, H. & 
Yamada, T. (1997) Cloning and chromosomal localization of a gene (GPR18) 
encoding a novel seven transmembrane receptor highly expressed in spleen and 
testis. Genomics, 42, 462-6. 

Gaoni, Y. & Mechoulam, R. (1964) Isolation, Structure, and Partial Synthesis of an 
Active Constituent of Hashish. Journal of the American Chemical Society, 86, 
1646-1647. 

Gardiner, S. M., March, J. E., Kemp, P. A. & Bennett, T. (2009) Factors influencing 
the regional haemodynamic responses to methanandamide and anandamide in 
conscious rats. Br J Pharmacol, 158, 1143-52. 

Gardner, A. & Mallet, P. E. (2006) Suppression of feeding, drinking, and locomotion 
by a putative cannabinoid receptor 'silent antagonist'. Eur J Pharmacol, 530, 103-6. 

Gelling, R. W., Vuguin, P. M., Du, X. Q., Cui, L., Romer, J., Pederson, R. A., Leiser, 
M., Sorensen, H., Holst, J. J., Fledelius, C., Johansen, P. B., Fleischer, N., 
McIntosh, C. H., Nishimura, E. & Charron, M. J. (2009) Pancreatic beta-cell 
overexpression of the glucagon receptor gene results in enhanced beta-cell 
function and mass. Am J Physiol Endocrinol Metab, 297, E695-707. 

Getty-Kaushik, L., Richard, A. M., Deeney, J. T., Krawczyk, S., Shirihai, O. & Corkey, 
B. E. (2009) The CB1 antagonist rimonabant decreases insulin hypersecretion in 
rat pancreatic islets. Obesity (Silver Spring), 17, 1856-60. 

Giang, D. K. & Cravatt, B. F. (1997) Molecular characterization of human and mouse 
fatty acid amide hydrolases. Proc Natl Acad Sci U S A, 94, 2238-42. 

Gillies, C. L., Abrams, K. R., Lambert, P. C., Cooper, N. J., Sutton, A. J., Hsu, R. T. & 
Khunti, K. (2007) Pharmacological and lifestyle interventions to prevent or delay 
type 2 diabetes in people with impaired glucose tolerance: systematic review and 
meta-analysis. Bmj, 334, 299. 

Giorgino, F., Laviola, L. & Eriksson, J. W. (2005) Regional differences of insulin action 
in adipose tissue: insights from in vivo and in vitro studies. Acta Physiol Scand, 
183, 13-30. 

Giroix, M. H., Sener, A., Pipeleers, D. G. & Malaisse, W. J. (1984) Hexose metabolism 
in pancreatic islets. Inhibition of hexokinase. Biochem J, 223, 447-53. 

Gonzalez-Pertusa, J. A., Dube, J., Valle, S. R., Rosa, T. C., Takane, K. K., Mellado-
Gil, J. M., Perdomo, G., Vasavada, R. C. & Garcia-Ocana, A. (2010) Novel 
proapoptotic effect of hepatocyte growth factor: synergy with palmitate to cause 
pancreatic {beta}-cell apoptosis. Endocrinology, 151, 1487-98. 

Gonzalez, E. L., Johansson, S., Wallander, M. A. & Rodriguez, L. A. (2009) Trends in 
the prevalence and incidence of diabetes in the UK: 1996-2005. J Epidemiol 
Community Health, 63, 332-6. 

Goodge, K. A. & Hutton, J. C. (2000) Translational regulation of proinsulin 
biosynthesis and proinsulin conversion in the pancreatic beta-cell. Semin Cell Dev 
Biol, 11, 235-42. 



 168

Goparaju, S. K., Ueda, N., Taniguchi, K. & Yamamoto, S. (1999) Enzymes of porcine 
brain hydrolyzing 2-arachidonoylglycerol, an endogenous ligand of cannabinoid 
receptors. Biochem Pharmacol, 57, 417-23. 

Gram, D. X., Ahren, B., Nagy, I., Olsen, U. B., Brand, C. L., Sundler, F., Tabanera, R., 
Svendsen, O., Carr, R. D., Santha, P., Wierup, N. & Hansen, A. J. (2007) 
Capsaicin-sensitive sensory fibers in the islets of Langerhans contribute to 
defective insulin secretion in Zucker diabetic rat, an animal model for some 
aspects of human type 2 diabetes. Eur J Neurosci, 25, 213-23. 

Granata, R., Settanni, F., Biancone, L., Trovato, L., Nano, R., Bertuzzi, F., Destefanis, 
S., Annunziata, M., Martinetti, M., Catapano, F., Ghe, C., Isgaard, J., Papotti, M., 
Ghigo, E. & Muccioli, G. (2007) Acylated and unacylated ghrelin promote 
proliferation and inhibit apoptosis of pancreatic beta-cells and human islets: 
involvement of 3',5'-cyclic adenosine monophosphate/protein kinase A, 
extracellular signal-regulated kinase 1/2, and phosphatidyl inositol 3-Kinase/Akt 
signaling. Endocrinology, 148, 512-29. 

Gribble, F. M. & Reimann, F. (2003) Differential selectivity of insulin secretagogues: 
mechanisms, clinical implications, and drug interactions. J Diabetes Complications, 
17, 11-5. 

Hammar, E., Tomas, A., Bosco, D. & Halban, P. A. (2009) Role of the Rho-ROCK 
(Rho-associated kinase) signaling pathway in the regulation of pancreatic beta-cell 
function. Endocrinology, 150, 2072-9. 

Han, X., Chen, S., Sun, Y., Nadler, J. L. & Bleich, D. (2002) Induction of 
cyclooxygenase-2 gene in pancreatic beta-cells by 12-lipoxygenase pathway 
product 12-hydroxyeicosatetraenoic acid. Mol Endocrinol, 16, 2145-54. 

Hanus, L., Abu-Lafi, S., Fride, E., Breuer, A., Vogel, Z., Shalev, D. E., Kustanovich, I. 
& Mechoulam, R. (2001) 2-arachidonyl glyceryl ether, an endogenous agonist of 
the cannabinoid CB1 receptor. Proc Natl Acad Sci U S A, 98, 3662-5. 

Harmon, J. S., Gleason, C. E., Tanaka, Y., Oseid, E. A., Hunter-Berger, K. K. & 
Robertson, R. P. (1999) In vivo prevention of hyperglycemia also prevents 
glucotoxic effects on PDX-1 and insulin gene expression. Diabetes, 48, 1995-2000. 

Harmon, J. S., Gleason, C. E., Tanaka, Y., Poitout, V. & Robertson, R. P. (2001) 
Antecedent hyperglycemia, not hyperlipidemia, is associated with increased islet 
triacylglycerol content and decreased insulin gene mRNA level in Zucker diabetic 
fatty rats. Diabetes, 50, 2481-6. 

Hashimoto, N., Kido, Y., Uchida, T., Matsuda, T., Suzuki, K., Inoue, H., Matsumoto, 
M., Ogawa, W., Maeda, S., Fujihara, H., Ueta, Y., Uchiyama, Y., Akimoto, K., 
Ohno, S., Noda, T. & Kasuga, M. (2005) PKClambda regulates glucose-induced 
insulin secretion through modulation of gene expression in pancreatic beta cells. J 
Clin Invest, 115, 138-45. 

Hatakeyama, H., Kishimoto, T., Nemoto, T., Kasai, H. & Takahashi, N. (2006) Rapid 
glucose sensing by protein kinase A for insulin exocytosis in mouse pancreatic 
islets. J Physiol, 570, 271-82. 

Hauge-Evans, A. C., King, A. J., Carmignac, D., Richardson, C. C., Robinson, I. C., 
Low, M. J., Christie, M. R., Persaud, S. J. & Jones, P. M. (2009) Somatostatin 
secreted by islet delta-cells fulfills multiple roles as a paracrine regulator of islet 
function. Diabetes, 58, 403-11. 

Heart, E., Corkey, R. F., Wikstrom, J. D., Shirihai, O. S. & Corkey, B. E. (2006) 
Glucose-dependent increase in mitochondrial membrane potential, but not 
cytoplasmic calcium, correlates with insulin secretion in single islet cells. Am J 
Physiol Endocrinol Metab, 290, E143-E148. 

Hee-Park, S., Lim, B., Baek, W. K., Bae, J. H. & Song, D. K. (2007) Negative and 
positive feedback regulation of insulin in glucose-stimulated Ca2+ response in 
pancreatic beta cells. Diabetes Res Clin Pract, 77 Suppl 1, S143-9. 

Heitmeier, M. R., Kelly, C. B., Ensor, N. J., Gibson, K. A., Mullis, K. G., Corbett, J. A. 
& Maziasz, T. J. (2004) Role of cyclooxygenase-2 in cytokine-induced beta-cell 
dysfunction and damage by isolated rat and human islets. J Biol Chem, 279, 
53145-51. 

Heller, R. S., Jenny, M., Collombat, P., Mansouri, A., Tomasetto, C., Madsen, O. D., 
Mellitzer, G., Gradwohl, G. & Serup, P. (2005) Genetic determinants of pancreatic 
epsilon-cell development. Dev Biol, 286, 217-24. 



 169

Henquin, J. C., Dufrane, D. & Nenquin, M. (2006) Nutrient control of insulin secretion 
in isolated normal human islets. Diabetes, 55, 3470-7. 

Henstridge, C. M., Balenga, N. A., Ford, L. A., Ross, R. A., Waldhoer, M. & Irving, A. 
J. (2009) The GPR55 ligand L-alpha-lysophosphatidylinositol promotes RhoA-
dependent Ca2+ signaling and NFAT activation. Faseb J, 23, 183-93. 

Henstridge, C. M., Balenga, N. A., Schroder, R., Kargl, J. K., Platzer, W., Martini, L., 
Arthur, S., Penman, J., Whistler, J. L., Kostenis, E., Waldhoer, M. & Irving, A. J. 
(2010a) GPR55 ligands promote receptor coupling to multiple signalling pathways. 
Br J Pharmacol. 

Henstridge, C. M., Balenga, N. A., Schroder, R., Kargl, J. K., Platzer, W., Martini, L., 
Arthur, S., Penman, J., Whistler, J. L., Kostenis, E., Waldhoer, M. & Irving, A. J. 
(2010b) GPR55 ligands promote receptor coupling to multiple signalling pathways. 
Br J Pharmacol, 160, 604-14. 

Hermansen, K. & Ahren, B. (1990) Dual effects of calcitonin gene-related peptide on 
insulin secretion in the perfused dog pancreas. Regul Pept, 27, 149-57. 

Hillard, C. J., Manna, S., Greenberg, M. J., DiCamelli, R., Ross, R. A., Stevenson, L. 
A., Murphy, V., Pertwee, R. G. & Campbell, W. B. (1999) Synthesis and 
characterization of potent and selective agonists of the neuronal cannabinoid 
receptor (CB1). J Pharmacol Exp Ther, 289, 1427-33. 

Hippisley-Cox, J., Coupland, C., Robson, J., Sheikh, A. & Brindle, P. (2009) Predicting 
risk of type 2 diabetes in England and Wales: prospective derivation and validation 
of QDScore. Bmj, 338, b880. 

Hisanaga, E., Nagasawa, M., Ueki, K., Kulkarni, R. N., Mori, M. & Kojima, I. (2009) 
Regulation of calcium-permeable TRPV2 channel by insulin in pancreatic beta-
cells. Diabetes, 58, 174-84. 

Hohmeier, H. E., Mulder, H., Chen, G., Henkel-Rieger, R., Prentki, M. & Newgard, C. 
B. (2000) Isolation of INS-1-derived cell lines with robust ATP-sensitive K+ 
channel-dependent and -independent glucose-stimulated insulin secretion. 
Diabetes, 49, 424-30. 

Hollister, L. E. & Reaven, G. M. (1974) Delta-9-tetrahydrocannabinol and glucose 
tolerance. Clin Pharmacol Ther, 16, 297-302. 

Holt, S., Comelli, F., Costa, B. & Fowler, C. J. (2005) Inhibitors of fatty acid amide 
hydrolase reduce carrageenan-induced hind paw inflammation in pentobarbital-
treated mice: comparison with indomethacin and possible involvement of 
cannabinoid receptors. Br J Pharmacol, 146, 467-76. 

Holt, T. & Kumar, S. (2010) ABC of Diabetes, Oxford, Wiley-Blackwell. 
Holz, G. G. t., Kuhtreiber, W. M. & Habener, J. F. (1993) Pancreatic beta-cells are 

rendered glucose-competent by the insulinotropic hormone glucagon-like peptide-
1(7-37). Nature, 361, 362-5. 

Howell, S. L. & Taylor, K. W. (1968) Potassium ions and the secretion of insulin by 
islets of Langerhans incubated in vitro. Biochem J, 108, 17-24. 

Howlett, A. C., Barth, F., Bonner, T. I., Cabral, G., Casellas, P., Devane, W. A., 
Felder, C. C., Herkenham, M., Mackie, K., Martin, B. R., Mechoulam, R. & 
Pertwee, R. G. (2002) International Union of Pharmacology. XXVII. Classification 
of cannabinoid receptors. Pharmacol Rev, 54, 161-202. 

Hu, S. S., Bradshaw, H. B., Benton, V. M., Chen, J. S., Huang, S. M., Minassi, A., 
Bisogno, T., Masuda, K., Tan, B., Roskoski, R., Jr., Cravatt, B. F., Di Marzo, V. & 
Walker, J. M. (2009) The biosynthesis of N-arachidonoyl dopamine (NADA), a 
putative endocannabinoid and endovanilloid, via conjugation of arachidonic acid 
with dopamine. Prostaglandins Leukot Essent Fatty Acids, 81, 291-301. 

Huang, S. M., Bisogno, T., Trevisani, M., Al-Hayani, A., De Petrocellis, L., Fezza, F., 
Tognetto, M., Petros, T. J., Krey, J. F., Chu, C. J., Miller, J. D., Davies, S. N., 
Geppetti, P., Walker, J. M. & Di Marzo, V. (2002) An endogenous capsaicin-like 
substance with high potency at recombinant and native vanilloid VR1 receptors. 
Proc Natl Acad Sci U S A, 99, 8400-5. 

Huffman, J. W., Liddle, J., Yu, S., Aung, M. M., Abood, M. E., Wiley, J. L. & Martin, B. 
R. (1999) 3-(1',1'-Dimethylbutyl)-1-deoxy-delta8-THC and related compounds: 
synthesis of selective ligands for the CB2 receptor. Bioorg Med Chem, 7, 2905-14. 



 170

Hughes, E., Lee, A. K. & Tse, A. (2006) Dominant role of sarcoendoplasmic reticulum 
Ca2+-ATPase pump in Ca2+ homeostasis and exocytosis in rat pancreatic beta-
cells. Endocrinology, 147, 1396-407. 

Hurst, R. D. & Morgan, N. G. (1990) Evidence for differential effects of noradrenaline 
and somatostatin on intracellular messenger systems in rat islets of Langerhans. J 
Mol Endocrinol, 4, 231-7. 

Ihm, S. H., Matsumoto, I., Zhang, H. J., Ansite, J. D. & Hering, B. J. (2009) Effect of 
short-term culture on functional and stress-related parameters in isolated human 
islets. Transpl Int, 22, 207-16. 

Iismaa, T. P., Kerr, E. A., Wilson, J. R., Carpenter, L., Sims, N. & Biden, T. J. (2000) 
Quantitative and functional characterization of muscarinic receptor subtypes in 
insulin-secreting cell lines and rat pancreatic islets. Diabetes, 49, 392-8. 

Ikeda, Y., Iguchi, H., Nakata, M., Ioka, R. X., Tanaka, T., Iwasaki, S., Magoori, K., 
Takayasu, S., Yamamoto, T. T., Kodama, T., Yada, T., Sakurai, T., Yanagisawa, 
M. & Sakai, J. (2005) Identification of N-arachidonylglycine, U18666A, and 4-
androstene-3,17-dione as novel insulin Secretagogues. Biochem Biophys Res 
Commun, 333, 778-86. 

Iki, K. & Pour, P. M. (2007) Distribution of pancreatic endocrine cells including IAPP-
expressing cells in non-diabetic and type 2 diabetic cases. J Histochem Cytochem, 
55, 111-8. 

Ishida, H., Takizawa, M., Ozawa, S., Nakamichi, Y., Yamaguchi, S., Katsuta, H., 
Tanaka, T., Maruyama, M., Katahira, H., Yoshimoto, K., Itagaki, E. & Nagamatsu, 
S. (2004) Pioglitazone improves insulin secretory capacity and prevents the loss of 
beta-cell mass in obese diabetic db/db mice: Possible protection of beta cells from 
oxidative stress. Metabolism, 53, 488-94. 

Ishikawa, T., Iwasaki, E., Kanatani, K., Sugino, F., Kaneko, Y., Obara, K. & 
Nakayama, K. (2005) Involvement of novel protein kinase C isoforms in carbachol-
stimulated insulin secretion from rat pancreatic islets. Life Sci, 77, 462-9. 

Izzo, A. A. & Sharkey, K. A. (2010) Cannabinoids and the gut: new developments and 
emerging concepts. Pharmacol Ther, 126, 21-38. 

Jacobson, D. A., Weber, C. R., Bao, S., Turk, J. & Philipson, L. H. (2007) Modulation 
of the pancreatic islet beta-cell-delayed rectifier potassium channel Kv2.1 by the 
polyunsaturated fatty acid arachidonate. J Biol Chem, 282, 7442-9. 

Janiak, P., Poirier, B., Bidouard, J. P., Cadrouvele, C., Pierre, F., Gouraud, L., 
Barbosa, I., Dedio, J., Maffrand, J. P., Le Fur, G., O'Connor, S. & Herbert, J. M. 
(2007) Blockade of cannabinoid CB1 receptors improves renal function, metabolic 
profile, and increased survival of obese Zucker rats. Kidney Int, 72, 1345-57. 

Janosz, K. E., Zalesin, K. C., Miller, W. M. & McCullough, P. A. (2009) Treating type 2 
diabetes: incretin mimetics and enhancers. Ther Adv Cardiovasc Dis, 3, 387-95. 

Jara-Oseguera, A., Simon, S. A. & Rosenbaum, T. (2008) TRPV1: on the road to pain 
relief. Curr Mol Pharmacol, 1, 255-69. 

Jarrahian, A., Watts, V. J. & Barker, E. L. (2004) D2 dopamine receptors modulate 
Galpha-subunit coupling of the CB1 cannabinoid receptor. J Pharmacol Exp Ther, 
308, 880-6. 

Jensen, M. V., Joseph, J. W., Ilkayeva, O., Burgess, S., Lu, D., Ronnebaum, S. M., 
Odegaard, M., Becker, T. C., Sherry, A. D. & Newgard, C. B. (2006) Compensatory 
responses to pyruvate carboxylase suppression in islet beta-cells. Preservation of 
glucose-stimulated insulin secretion. J Biol Chem, 281, 22342-51. 

Jensen, M. V., Joseph, J. W., Ronnebaum, S. M., Burgess, S. C., Sherry, A. D. & 
Newgard, C. B. (2008) Metabolic cycling in control of glucose-stimulated insulin 
secretion. Am J Physiol Endocrinol Metab, 295, E1287-97. 

Jin, X. H., Okamoto, Y., Morishita, J., Tsuboi, K., Tonai, T. & Ueda, N. (2007) 
Discovery and characterization of a Ca2+-independent phosphatidylethanolamine 
N-acyltransferase generating the anandamide precursor and its congeners. J Biol 
Chem, 282, 3614-23. 

Jing, X., Li, D. Q., Olofsson, C. S., Salehi, A., Surve, V. V., Caballero, J., Ivarsson, R., 
Lundquist, I., Pereverzev, A., Schneider, T., Rorsman, P. & Renstrom, E. (2005) 
CaV2.3 calcium channels control second-phase insulin release. J Clin Invest, 115, 
146-54. 



 171

Jitrapakdee, S., Wutthisathapornchai, A., Wallace, J. C. & MacDonald, M. J. (2010) 
Regulation of insulin secretion: role of mitochondrial signalling. Diabetologia, 53, 
1019-32. 

Johansson, K., Neovius, K., DeSantis, S. M., Rossner, S. & Neovius, M. (2009) 
Discontinuation due to adverse events in randomized trials of orlistat, sibutramine 
and rimonabant: a meta-analysis. Obes Rev, 10, 564-75. 

Johansson, M., Mattsson, G., Andersson, A., Jansson, L. & Carlsson, P. O. (2006) 
Islet endothelial cells and pancreatic beta-cell proliferation: studies in vitro and 
during pregnancy in adult rats. Endocrinology, 147, 2315-24. 

Johnson, J. H., Newgard, C. B., Milburn, J. L., Lodish, H. F. & Thorens, B. (1990) The 
high Km glucose transporter of islets of Langerhans is functionally similar to the 
low affinity transporter of liver and has an identical primary sequence. J Biol Chem, 
265, 6548-51. 

Juan-Pico, P., Fuentes, E., Bermudez-Silva, F. J., Javier Diaz-Molina, F., Ripoll, C., 
Rodriguez de Fonseca, F. & Nadal, A. (2006) Cannabinoid receptors regulate 
Ca(2+) signals and insulin secretion in pancreatic beta-cell. Cell Calcium, 39, 155-
62. 

Juhl, K., Efanov, A. M., Olsen, H. L. & Gromada, J. (2003) Secretory phospholipase 
A2 is released from pancreatic beta-cells and stimulates insulin secretion via 
inhibition of ATP-dependent K+ channels. Biochem Biophys Res Commun, 310, 
274-9. 

Kaczocha, M., Glaser, S. T. & Deutsch, D. G. (2009) Identification of intracellular 
carriers for the endocannabinoid anandamide. Proc Natl Acad Sci U S A, 106, 
6375-80. 

Kahn, S. E. (2003) The relative contributions of insulin resistance and beta-cell 
dysfunction to the pathophysiology of Type 2 diabetes. Diabetologia, 46, 3-19. 

Kahn, S. E., Haffner, S. M., Heise, M. A., Herman, W. H., Holman, R. R., Jones, N. P., 
Kravitz, B. G., Lachin, J. M., O'Neill, M. C., Zinman, B. & Viberti, G. (2006) 
Glycemic durability of rosiglitazone, metformin, or glyburide monotherapy. N Engl J 
Med, 355, 2427-43. 

Kang, D., Choe, C. & Kim, D. (2004) Functional expression of TREK-2 in insulin-
secreting MIN6 cells. Biochem Biophys Res Commun, 323, 323-31. 

Kang, G., Chepurny, O. G., Malester, B., Rindler, M. J., Rehmann, H., Bos, J. L., 
Schwede, F., Coetzee, W. A. & Holz, G. G. (2006) cAMP sensor Epac as a 
determinant of ATP-sensitive potassium channel activity in human pancreatic beta 
cells and rat INS-1 cells. J Physiol, 573, 595-609. 

Kang, G., Leech, C. A., Chepurny, O. G., Coetzee, W. A. & Holz, G. G. (2008) Role of 
the cAMP sensor Epac as a determinant of KATP channel ATP sensitivity in 
human pancreatic beta-cells and rat INS-1 cells. J Physiol, 586, 1307-19. 

Kanno, T., Suga, S., Wu, J., Kimura, M. & Wakui, M. (1998) Intracellular cAMP 
potentiates voltage-dependent activation of L-type Ca2+ channels in rat islet beta-
cells. Pflugers Arch, 435, 578-80. 

Kapur, A., Zhao, P., Sharir, H., Bai, Y., Caron, M. G., Barak, L. S. & Abood, M. E. 
(2009) Atypical responsiveness of the orphan receptor GPR55 to cannabinoid 
ligands. J Biol Chem, 284, 29817-27. 

Karlsson, M., Contreras, J. A., Hellman, U., Tornqvist, H. & Holm, C. (1997) cDNA 
cloning, tissue distribution, and identification of the catalytic triad of monoglyceride 
lipase. Evolutionary relationship to esterases, lysophospholipases, and 
haloperoxidases. J Biol Chem, 272, 27218-23. 

Kashima, Y., Miki, T., Shibasaki, T., Ozaki, N., Miyazaki, M., Yano, H. & Seino, S. 
(2001) Critical role of cAMP-GEFII--Rim2 complex in incretin-potentiated insulin 
secretion. J Biol Chem, 276, 46046-53. 

Kawasaki, F., Matsuda, M., Kanda, Y., Inoue, H. & Kaku, K. (2005) Structural and 
functional analysis of pancreatic islets preserved by pioglitazone in db/db mice. Am 
J Physiol Endocrinol Metab, 288, E510-8. 

Keech, A., Simes, R. J., Barter, P., Best, J., Scott, R., Taskinen, M. R., Forder, P., 
Pillai, A., Davis, T., Glasziou, P., Drury, P., Kesaniemi, Y. A., Sullivan, D., Hunt, D., 
Colman, P., d'Emden, M., Whiting, M., Ehnholm, C. & Laakso, M. (2005) Effects of 
long-term fenofibrate therapy on cardiovascular events in 9795 people with type 2 



 172

diabetes mellitus (the FIELD study): randomised controlled trial. Lancet, 366, 1849-
61. 

Kibbey, R. G., Pongratz, R. L., Romanelli, A. J., Wollheim, C. B., Cline, G. W. & 
Shulman, G. I. (2007) Mitochondrial GTP regulates glucose-stimulated insulin 
secretion. Cell Metab, 5, 253-64. 

Kim, J. W., Roberts, C. D., Berg, S. A., Caicedo, A., Roper, S. D. & Chaudhari, N. 
(2008a) Imaging cyclic AMP changes in pancreatic islets of transgenic reporter 
mice. PLoS One, 3, e2127. 

Kim, S. J., Choi, W. S., Han, J. S., Warnock, G., Fedida, D. & McIntosh, C. H. (2005) 
A novel mechanism for the suppression of a voltage-gated potassium channel by 
glucose-dependent insulinotropic polypeptide: protein kinase A-dependent 
endocytosis. J Biol Chem, 280, 28692-700. 

Kim, S. R., Bok, E., Chung, Y. C., Chung, E. S. & Jin, B. K. (2008b) Interactions 
between CB(1) receptors and TRPV1 channels mediated by 12-HPETE are 
cytotoxic to mesencephalic dopaminergic neurons. Br J Pharmacol, 155, 253-64. 

Klain, G. J. (1977) In vivo effects of glucagon on fatty acid synthesis in fasted and 
refed rats. J Nutr, 107, 942-8. 

Kogire, M., Ishizuka, J., Thompson, J. C. & Greeley, G. H., Jr. (1991) Inhibitory action 
of islet amyloid polypeptide and calcitonin gene-related peptide on release of 
insulin from the isolated perfused rat pancreas. Pancreas, 6, 459-63. 

Kohno, M., Hasegawa, H., Inoue, A., Muraoka, M., Miyazaki, T., Oka, K. & Yasukawa, 
M. (2006) Identification of N-arachidonylglycine as the endogenous ligand for 
orphan G-protein-coupled receptor GPR18. Biochem Biophys Res Commun, 347, 
827-32. 

Kojima, S., Ueno, N., Asakawa, A., Sagiyama, K., Naruo, T., Mizuno, S. & Inui, A. 
(2007) A role for pancreatic polypeptide in feeding and body weight regulation. 
Peptides, 28, 459-63. 

Konrad, R. J., Major, C. D. & Wolf, B. A. (1994) Diacylglycerol hydrolysis to 
arachidonic acid is necessary for insulin secretion from isolated pancreatic islets: 
sequential actions of diacylglycerol and monoacylglycerol lipases. Biochemistry, 
33, 13284-94. 

Kousta, E., Lawrence, N. J., Godsland, I. F., Penny, A., Anyaoku, V., Millauer, B. A., 
Cela, E., Johnston, D. G., Robinson, S. & McCarthy, M. I. (2003) Insulin resistance 
and beta-cell dysfunction in normoglycaemic European women with a history of 
gestational diabetes. Clin Endocrinol (Oxf), 59, 289-97. 

Kozak, K. R., Gupta, R. A., Moody, J. S., Ji, C., Boeglin, W. E., DuBois, R. N., Brash, 
A. R. & Marnett, L. J. (2002) 15-Lipoxygenase metabolism of 2-
arachidonylglycerol. Generation of a peroxisome proliferator-activated receptor 
alpha agonist. J Biol Chem, 277, 23278-86. 

Krook, A. & Zierath, J. R. (2009) Specificity of insulin signalling in human skeletal 
muscle as revealed by small interfering RNA. Diabetologia, 52, 1231-9. 

Kunos, G., Batkai, S., Offertaler, L., Mo, F., Liu, J., Karcher, J. & Harvey-White, J. 
(2002) The quest for a vascular endothelial cannabinoid receptor. Chem Phys 
Lipids, 121, 45-56. 

Kurtz, T. W., Morris, R. C. & Pershadsingh, H. A. (1989) The Zucker fatty rat as a 
genetic model of obesity and hypertension. Hypertension, 13, 896-901. 

Kwon, G., Pappan, K. L., Marshall, C. A., Schaffer, J. E. & McDaniel, M. L. (2004) 
cAMP Dose-dependently prevents palmitate-induced apoptosis by both protein 
kinase A- and cAMP-guanine nucleotide exchange factor-dependent pathways in 
beta-cells. J Biol Chem, 279, 8938-45. 

Lacey, R. J., Berrow, N. S., Scarpello, J. H. & Morgan, N. G. (1991) Selective 
stimulation of glucagon secretion by beta 2-adrenoceptors in isolated islets of 
Langerhans of the rat. Br J Pharmacol, 103, 1824-8. 

Lam, C. K., Chari, M. & Lam, T. K. (2009) CNS regulation of glucose homeostasis. 
Physiology (Bethesda), 24, 159-70. 

Lan, H., Vassileva, G., Corona, A., Liu, L., Baker, H., Golovko, A., Abbondanzo, S. J., 
Hu, W., Yang, S., Ning, Y., Del Vecchio, R. A., Poulet, F., Laverty, M., Gustafson, 
E. L., Hedrick, J. A. & Kowalski, T. J. (2009) GPR119 is required for physiological 
regulation of glucagon-like peptide-1 secretion but not for metabolic homeostasis. J 
Endocrinol, 201, 219-30. 



 173

Larsen, P. J., Wulff, E. M., Gotfredsen, C. F., Brand, C. L., Sturis, J., Vrang, N., 
Knudsen, L. B. & Lykkegaard, K. (2008) Combination of the insulin sensitizer, 
pioglitazone, and the long-acting GLP-1 human analog, liraglutide, exerts potent 
synergistic glucose-lowering efficacy in severely diabetic ZDF rats. Diabetes Obes 
Metab, 10, 301-11. 

Latour, M. G., Alquier, T., Oseid, E., Tremblay, C., Jetton, T. L., Luo, J., Lin, D. C. & 
Poitout, V. (2007) GPR40 is necessary but not sufficient for fatty acid stimulation of 
insulin secretion in vivo. Diabetes, 56, 1087-94. 

Lauckner, J. E., Jensen, J. B., Chen, H. Y., Lu, H. C., Hille, B. & Mackie, K. (2008) 
GPR55 is a cannabinoid receptor that increases intracellular calcium and inhibits M 
current. Proc Natl Acad Sci U S A, 105, 2699-704. 

Laychock, S. G., Hoffman, J. M., Meisel, E. & Bilgin, S. (1986) Pancreatic islet 
arachidonic acid turnover and metabolism and insulin release in response to delta-
9-tetrahydrocannabinol. Biochem Pharmacol, 35, 2003-8. 

Leahy, J. L. (2009) Thiazolidinediones in prediabetes and early type 2 diabetes: what 
can be learned about that disease's pathogenesis. Curr Diab Rep, 9, 215-20. 

Leclercq, I. A., Da Silva Morais, A., Schroyen, B., Van Hul, N. & Geerts, A. (2007) 
Insulin resistance in hepatocytes and sinusoidal liver cells: mechanisms and 
consequences. J Hepatol, 47, 142-56. 

Lee, Y., Hirose, H., Ohneda, M., Johnson, J. H., McGarry, J. D. & Unger, R. H. (1994) 
Beta-cell lipotoxicity in the pathogenesis of non-insulin-dependent diabetes mellitus 
of obese rats: impairment in adipocyte-beta-cell relationships. Proc Natl Acad Sci 
U S A, 91, 10878-82. 

Leesnitzer, L. M., Parks, D. J., Bledsoe, R. K., Cobb, J. E., Collins, J. L., Consler, T. 
G., Davis, R. G., Hull-Ryde, E. A., Lenhard, J. M., Patel, L., Plunket, K. D., Shenk, 
J. L., Stimmel, J. B., Therapontos, C., Willson, T. M. & Blanchard, S. G. (2002) 
Functional consequences of cysteine modification in the ligand binding sites of 
peroxisome proliferator activated receptors by GW9662. Biochemistry, 41, 6640-
50. 

Lehtovirta, M., Pietilainen, K. H., Levalahti, E., Heikkila, K., Groop, L., Silventoinen, K., 
Koskenvuo, M. & Kaprio, J. (2010) Evidence that BMI and type 2 diabetes share 
only a minor fraction of genetic variance: a follow-up study of 23,585 monozygotic 
and dizygotic twins from the Finnish Twin Cohort Study. Diabetologia, 53, 1314-21. 

Leibiger, I. B., Leibiger, B. & Berggren, P. O. (2008) Insulin signaling in the pancreatic 
beta-cell. Annu Rev Nutr, 28, 233-51. 

Leney, S. E. & Tavare, J. M. (2009) The molecular basis of insulin-stimulated glucose 
uptake: signalling, trafficking and potential drug targets. J Endocrinol, 203, 1-18. 

Lesage, F., Terrenoire, C., Romey, G. & Lazdunski, M. (2000) Human TREK2, a 2P 
domain mechano-sensitive K+ channel with multiple regulations by 
polyunsaturated fatty acids, lysophospholipids, and Gs, Gi, and Gq protein-coupled 
receptors. J Biol Chem, 275, 28398-405. 

Leung, D., Saghatelian, A., Simon, G. M. & Cravatt, B. F. (2006) Inactivation of N-acyl 
phosphatidylethanolamine phospholipase D reveals multiple mechanisms for the 
biosynthesis of endocannabinoids. Biochemistry, 45, 4720-6. 

Li, C., Bowe, J. E., Jones, P. M. & Persaud, S. J. (2010) Expression and function of 
cannabinoid receptors in mouse islets. Islets, In Press, Accepted Manuscript. 

Li, C., Najafi, H., Daikhin, Y., Nissim, I. B., Collins, H. W., Yudkoff, M., Matschinsky, F. 
M. & Stanley, C. A. (2003) Regulation of leucine-stimulated insulin secretion and 
glutamine metabolism in isolated rat islets. J Biol Chem, 278, 2853-8. 

Li, G., Zhang, P., Wang, J., Gregg, E. W., Yang, W., Gong, Q., Li, H., Li, H., Jiang, Y., 
An, Y., Shuai, Y., Zhang, B., Zhang, J., Thompson, T. J., Gerzoff, R. B., Roglic, G., 
Hu, Y. & Bennett, P. H. (2008) The long-term effect of lifestyle interventions to 
prevent diabetes in the China Da Qing Diabetes Prevention Study: a 20-year 
follow-up study. Lancet, 371, 1783-9. 

Li, X., Zhang, L., Meshinchi, S., Dias-Leme, C., Raffin, D., Johnson, J. D., Treutelaar, 
M. K. & Burant, C. F. (2006) Islet microvasculature in islet hyperplasia and failure 
in a model of type 2 diabetes. Diabetes, 55, 2965-73. 

Lichtman, A. H., Hawkins, E. G., Griffin, G. & Cravatt, B. F. (2002) Pharmacological 
activity of fatty acid amides is regulated, but not mediated, by fatty acid amide 
hydrolase in vivo. J Pharmacol Exp Ther, 302, 73-9. 



 174

Lin, C. Y., Gurlo, T., Haataja, L., Hsueh, W. A. & Butler, P. C. (2005) Activation of 
peroxisome proliferator-activated receptor-gamma by rosiglitazone protects human 
islet cells against human islet amyloid polypeptide toxicity by a phosphatidylinositol 
3'-kinase-dependent pathway. J Clin Endocrinol Metab, 90, 6678-86. 

Lin, S., Khanolkar, A. D., Fan, P., Goutopoulos, A., Qin, C., Papahadjis, D. & 
Makriyannis, A. (1998) Novel analogues of arachidonylethanolamide 
(anandamide): affinities for the CB1 and CB2 cannabinoid receptors and metabolic 
stability. J Med Chem, 41, 5353-61. 

Liu, J., Wang, L., Harvey-White, J., Osei-Hyiaman, D., Razdan, R., Gong, Q., Chan, 
A. C., Zhou, Z., Huang, B. X., Kim, H. Y. & Kunos, G. (2006) A biosynthetic 
pathway for anandamide. Proc Natl Acad Sci U S A, 103, 13345-50. 

Liu, Q. R., Pan, C. H., Hishimoto, A., Li, C. Y., Xi, Z. X., Llorente-Berzal, A., Viveros, 
M. P., Ishiguro, H., Arinami, T., Onaivi, E. S. & Uhl, G. R. (2009a) Species 
differences in cannabinoid receptor 2 (CNR2 gene): identification of novel human 
and rodent CB2 isoforms, differential tissue expression and regulation by 
cannabinoid receptor ligands. Genes Brain Behav, 8, 519-30. 

Liu, S., Okada, T., Assmann, A., Soto, J., Liew, C. W., Bugger, H., Shirihai, O. S., 
Abel, E. D. & Kulkarni, R. N. (2009b) Insulin signaling regulates mitochondrial 
function in pancreatic beta-cells. PLoS One, 4, e7983. 

Liu, Y. Q., Jetton, T. L. & Leahy, J. L. (2002) beta-Cell adaptation to insulin resistance. 
Increased pyruvate carboxylase and malate-pyruvate shuttle activity in islets of 
nondiabetic Zucker fatty rats. J Biol Chem, 277, 39163-8. 

Longo, E. A., Tornheim, K., Deeney, J. T., Varnum, B. A., Tillotson, D., Prentki, M. & 
Corkey, B. E. (1991) Oscillations in cytosolic free Ca2+, oxygen consumption, and 
insulin secretion in glucose-stimulated rat pancreatic islets. J Biol Chem, 266, 
9314-9. 

Lorenzo, C., Wagenknecht, L. E., D'Agostino, R. B., Jr., Rewers, M. J., Karter, A. J. & 
Haffner, S. M. (2010) Insulin resistance, beta-cell dysfunction, and conversion to 
type 2 diabetes in a multiethnic population: the Insulin Resistance Atherosclerosis 
Study. Diabetes Care, 33, 67-72. 

Ludvigsen, E., Olsson, R., Stridsberg, M., Janson, E. T. & Sandler, S. (2004) 
Expression and distribution of somatostatin receptor subtypes in the pancreatic 
islets of mice and rats. J Histochem Cytochem, 52, 391-400. 

Ludvigsen, E., Stridsberg, M., Janson, E. T. & Sandler, S. (2005) Expression of 
somatostatin receptor subtypes 1-5 in pancreatic islets of normoglycaemic and 
diabetic NOD mice. Eur J Endocrinol, 153, 445-54. 

Lupi, R., Del Guerra, S., D'Aleo, V., Boggi, U., Filipponi, F. & Marchetti, P. (2010) The 
direct effects of GLP-1 and GIP, alone or in combination, on human pancreatic 
islets. Regul Pept. 

Ma, K., Nunemaker, C. S., Wu, R., Chakrabarti, S. K., Taylor-Fishwick, D. A. & 
Nadler, J. L. (2010) 12-Lipoxygenase Products Reduce Insulin Secretion and 
{beta}-Cell Viability in Human Islets. J Clin Endocrinol Metab, 95, 887-93. 

Ma, Z., Ramanadham, S., Hu, Z. & Turk, J. (1998) Cloning and expression of a group 
IV cytosolic Ca2+-dependent phospholipase A2 from rat pancreatic islets. 
Comparison of the expressed activity with that of an islet group VI cytosolic Ca2+-
independent phospholipase A2. Biochim Biophys Acta, 1391, 384-400. 

Maccarrone, M., Bari, M., Lorenzon, T., Bisogno, T., Di Marzo, V. & Finazzi-Agro, A. 
(2000) Anandamide uptake by human endothelial cells and its regulation by nitric 
oxide. J Biol Chem, 275, 13484-92. 

MacDonald, P. E., De Marinis, Y. Z., Ramracheya, R., Salehi, A., Ma, X., Johnson, P. 
R., Cox, R., Eliasson, L. & Rorsman, P. (2007) A K ATP channel-dependent 
pathway within alpha cells regulates glucagon release from both rodent and human 
islets of Langerhans. PLoS Biol, 5, e143. 

Maida, A., Hansotia, T., Longuet, C., Seino, Y. & Drucker, D. J. (2009) Differential 
importance of glucose-dependent insulinotropic polypeptide vs glucagon-like 
peptide 1 receptor signaling for beta cell survival in mice. Gastroenterology, 137, 
2146-57. 

Maingret, F., Patel, A. J., Lazdunski, M. & Honore, E. (2001) The endocannabinoid 
anandamide is a direct and selective blocker of the background K(+) channel 
TASK-1. Embo J, 20, 47-54. 



 175

Malaisse, W. J., Best, L. C., Herchuelz, A., Hiriart, M., Jijakli, H., Kadiata, M. M., 
Larrieta-Carasco, E., Laghmich, A., Louchami, K., Mercan, D., Olivares, E., 
Sanchez-Soto, C., Scruel, O., Sener, A., Valverde, I., Villanueva-Penacarrillo, M. 
L., Vinambres, C. & Zawalich, W. S. (1998) Insulinotropic action of beta-L-glucose 
pentaacetate. Am J Physiol, 275, E993-E1006. 

Marsh, S. A., Powell, P. C., Agarwal, A., Dell'Italia, L. J. & Chatham, J. C. (2007) 
Cardiovascular dysfunction in Zucker obese and Zucker diabetic fatty rats: role of 
hydronephrosis. Am J Physiol Heart Circ Physiol, 293, H292-8. 

Martin, B. R., Stevenson, L. A., Pertwee, R. G., Breivogel, C. S., Williams, W., 
Mahadevan, A. & Razdan, R. K. (2002) Agonists and silent antagonists in a series 
of Cannabinoid sulfonamides. 2002 Symposium on the Cannabinoids, Burlington 
Vermont International Cannabinoid Research Society. 

Matias, I., Gonthier, M. P., Orlando, P., Martiadis, V., De Petrocellis, L., Cervino, C., 
Petrosino, S., Hoareau, L., Festy, F., Pasquali, R., Roche, R., Maj, M., Pagotto, U., 
Monteleone, P. & Di Marzo, V. (2006) Regulation, function, and dysregulation of 
endocannabinoids in models of adipose and beta-pancreatic cells and in obesity 
and hyperglycemia. J Clin Endocrinol Metab, 91, 3171-80. 

Matias, I., Gonthier, M. P., Petrosino, S., Docimo, L., Capasso, R., Hoareau, L., 
Monteleone, P., Roche, R., Izzo, A. A. & Di Marzo, V. (2007) Role and regulation 
of acylethanolamides in energy balance: focus on adipocytes and beta-cells. Br J 
Pharmacol, 152, 676-90. 

Mato, S., Alberdi, E., Ledent, C., Watanabe, M. & Matute, C. (2009) CB1 cannabinoid 
receptor-dependent and -independent inhibition of depolarization-induced calcium 
influx in oligodendrocytes. Glia, 57, 295-306. 

Matsuda, L. A., Lolait, S. J., Brownstein, M. J., Young, A. C. & Bonner, T. I. (1990) 
Structure of a cannabinoid receptor and functional expression of the cloned cDNA. 
Nature, 346, 561-4. 

Mazziotti, G., Floriani, I., Bonadonna, S., Torri, V., Chanson, P. & Giustina, A. (2009) 
Effects of somatostatin analogs on glucose homeostasis: a metaanalysis of 
acromegaly studies. J Clin Endocrinol Metab, 94, 1500-8. 

McCarthy, M. I. & Zeggini, E. (2009) Genome-wide association studies in type 2 
diabetes. Curr Diab Rep, 9, 164-71. 

McIntyre, N., Holdsworth, C. D. & Turner, D. S. (1965) Intestinal factors in the control 
of insulin secretion. J Clin Endocrinol Metab, 25, 1317-24. 

McKenna, M. C., Waagepetersen, H. S., Schousboe, A. & Sonnewald, U. (2006) 
Neuronal and astrocytic shuttle mechanisms for cytosolic-mitochondrial transfer of 
reducing equivalents: current evidence and pharmacological tools. Biochem 
Pharmacol, 71, 399-407. 

McKinney, M. K. & Cravatt, B. F. (2005) Structure and function of fatty acid amide 
hydrolase. Annu Rev Biochem, 74, 411-32. 

McPartland, J. M., Glass, M. & Pertwee, R. G. (2007) Meta-analysis of cannabinoid 
ligand binding affinity and receptor distribution: interspecies differences. Br J 
Pharmacol, 152, 583-93. 

Mechoulam, R., Ben-Shabat, S., Hanus, L., Ligumsky, M., Kaminski, N. E., Schatz, A. 
R., Gopher, A., Almog, S., Martin, B. R., Compton, D. R. & et al. (1995) 
Identification of an endogenous 2-monoglyceride, present in canine gut, that binds 
to cannabinoid receptors. Biochem Pharmacol, 50, 83-90. 

Mehler, P. S., Sussman, A. L., Maman, A., Leitner, J. W. & Sussman, K. E. (1980) 
Role of insulin secretagogues in the regulation of somatostatin binding by isolated 
rat islets. J Clin Invest, 66, 1334-8. 

Meidute Abaraviciene, S., Lundquist, I., Galvanovskis, J., Flodgren, E., Olde, B. & 
Salehi, A. (2008) Palmitate-induced beta-cell dysfunction is associated with 
excessive NO production and is reversed by thiazolidinedione-mediated inhibition 
of GPR40 transduction mechanisms. PLoS One, 3, e2182. 

Melloul, D., Marshak, S. & Cerasi, E. (2002) Regulation of insulin gene transcription. 
Diabetologia, 45, 309-26. 

Mentlein, R. (1999) Dipeptidyl-peptidase IV (CD26)--role in the inactivation of 
regulatory peptides. Regul Pept, 85, 9-24. 



 176

Metz, S. A., Meredith, M., Rabaglia, M. E. & Kowluru, A. (1993) Small elevations of 
glucose concentration redirect and amplify the synthesis of guanosine 5'-
triphosphate in rat islets. J Clin Invest, 92, 872-82. 

Moltz, J. H. & McDonald, J. K. (1985) Neuropeptide Y: direct and indirect action on 
insulin secretion in the rat. Peptides, 6, 1155-9. 

Monet, M., Gkika, D., Lehen'kyi, V., Pourtier, A., Vanden Abeele, F., Bidaux, G., Juvin, 
V., Rassendren, F., Humez, S. & Prevarsakaya, N. (2009) Lysophospholipids 
stimulate prostate cancer cell migration via TRPV2 channel activation. Biochim 
Biophys Acta, 1793, 528-39. 

Morozov, Y. M., Ben-Ari, Y. & Freund, T. F. (2004) The spatial and temporal pattern of 
fatty acid amide hydrolase expression in rat hippocampus during postnatal 
development. Eur J Neurosci, 20, 459-66. 

Motaghedi, R. & McGraw, T. E. (2008) The CB1 endocannabinoid system modulates 
adipocyte insulin sensitivity. Obesity (Silver Spring), 16, 1727-34. 

Mukherjee, S., Adams, M., Whiteaker, K., Daza, A., Kage, K., Cassar, S., Meyer, M. & 
Yao, B. B. (2004) Species comparison and pharmacological characterization of rat 
and human CB2 cannabinoid receptors. Eur J Pharmacol, 505, 1-9. 

Mukhopadhyay, P., Rajesh, M., Pan, H., Patel, V., Mukhopadhyay, B., Batkai, S., 
Gao, B., Hasko, G. & Pacher, P. (2010) Cannabinoid-2 receptor limits 
inflammation, oxidative/nitrosative stress, and cell death in nephropathy. Free 
Radic Biol Med, 48, 457-67. 

Mulder, A. M. & Cravatt, B. F. (2006) Endocannabinoid metabolism in the absence of 
fatty acid amide hydrolase (FAAH): discovery of phosphorylcholine derivatives of 
N-acyl ethanolamines. Biochemistry, 45, 11267-77. 

Mule, F., Amato, A., Baldassano, S. & Serio, R. (2007) Involvement of CB1 and CB2 
receptors in the modulation of cholinergic neurotransmission in mouse gastric 
preparations. Pharmacol Res, 56, 185-92. 

Munro, S., Thomas, K. L. & Abu-Shaar, M. (1993) Molecular characterization of a 
peripheral receptor for cannabinoids. Nature, 365, 61-5. 

Nakashima, K., Kanda, Y., Hirokawa, Y., Kawasaki, F., Matsuki, M. & Kaku, K. (2009) 
MIN6 is not a pure beta cell line but a mixed cell line with other pancreatic 
endocrine hormones. Endocr J, 56, 45-53. 

Nakata, M. & Yada, T. (2008) Cannabinoids inhibit insulin secretion and cytosolic 
Ca2+ oscillation in islet beta-cells via CB1 receptors. Regul Pept, 145, 49-53. 

Natalicchio, A., De Stefano, F., Orlando, M. R., Melchiorre, M., Leonardini, A., 
Cignarelli, A., Labarbuta, R., Marchetti, P., Perrini, S., Laviola, L. & Giorgino, F. 
(2010) Exendin-4 prevents c-Jun N-terminal protein kinase activation by tumor 
necrosis factor-alpha (TNFalpha) and inhibits TNFalpha-induced apoptosis in 
insulin-secreting cells. Endocrinology, 151, 2019-29. 

NCBI (2010) Preproinsulin [Homo sapiens] data 
http://www.ncbi.nlm.nih.gov/protein/CAA23828.1, Date accessed 16/08/10 

National Collaborating Centre for Chronic Conditions. Type 2 diabetes: national 
clinical guideline for management in primary and secondary care (update). London: 
Physicians, Royal College of, 2008. 

NICE (2009) Short clinical guideline 87, http://www.nice.org.uk/CG87, Date accessed 
21/09/2010 

Nijpels, G., Boorsma, W., Dekker, J. M., Hoeksema, F., Kostense, P. J., Bouter, L. M. 
& Heine, R. J. (2008) Absence of an acute insulin response predicts onset of type 
2 diabetes in a Caucasian population with impaired glucose tolerance. J Clin 
Endocrinol Metab, 93, 2633-8. 

Nogueiras, R., Veyrat-Durebex, C., Suchanek, P. M., Klein, M., Tschop, J., Caldwell, 
C., Woods, S. C., Wittmann, G., Watanabe, M., Liposits, Z., Fekete, C., Reizes, O., 
Rohner-Jeanrenaud, F. & Tschop, M. H. (2008) Peripheral, but not central, CB1 
antagonism provides food intake-independent metabolic benefits in diet-induced 
obese rats. Diabetes, 57, 2977-91. 

Nolan, C. J., Leahy, J. L., Delghingaro-Augusto, V., Moibi, J., Soni, K., Peyot, M. L., 
Fortier, M., Guay, C., Lamontagne, J., Barbeau, A., Przybytkowski, E., Joly, E., 
Masiello, P., Wang, S., Mitchell, G. A. & Prentki, M. (2006) Beta cell compensation 
for insulin resistance in Zucker fatty rats: increased lipolysis and fatty acid 
signalling. Diabetologia, 49, 2120-30. 



 177

Nolan, C. J. & Prentki, M. (2008) The islet beta-cell: fuel responsive and vulnerable. 
Trends Endocrinol Metab, 19, 285-91. 

Noormagi, A., Gavrilova, J., Smirnova, J., Tougu, V. & Palumaa, P. (2010) Zn(II) ions 
co-secreted with insulin suppress inherent amyloidogenic properties of monomeric 
insulin. Biochem J, 2010. 

Nyman, L. R., Wells, K. S., Head, W. S., McCaughey, M., Ford, E., Brissova, M., 
Piston, D. W. & Powers, A. C. (2008) Real-time, multidimensional in vivo imaging 
used to investigate blood flow in mouse pancreatic islets. J Clin Invest, 118, 3790-
7. 

O'Sullivan, S. E. & Kendall, D. A. (2010) Cannabinoid activation of peroxisome 
proliferator-activated receptors: potential for modulation of inflammatory disease. 
Immunobiology, 215, 611-6. 

O'Sullivan, S. E., Kendall, D. A. & Randall, M. D. (2009) Time-Dependent Vascular 
Effects of Endocannabinoids Mediated by Peroxisome Proliferator-Activated 
Receptor Gamma (PPARgamma). PPAR Res, 2009, 425289. 

O'Sullivan, S. E., Sun, Y., Alexander, S., Kendall, D. A., Randall, M. D. & Bennett, A. 
J. (2007) Rimonabant and AM251 show peroxisome proliferator activated activated 
receptor gamma (PPAR�)-like properties. 17th Annual Symposium on the 
Cannabinoids. Burlington, Vermont, International Cannabinoid Research Society, 
Page 190. 

Odegaard, M. L., Joseph, J. W., Jensen, M. V., Lu, D., Ilkayeva, O., Ronnebaum, S. 
M., Becker, T. C. & Newgard, C. B. (2010) The mitochondrial 2-oxoglutarate carrier 
is part of a metabolic pathway that mediates glucose- and glutamine-stimulated 
insulin secretion. J Biol Chem, 285, 16530-7. 

Ohara-Imaizumi, M., Fujiwara, T., Nakamichi, Y., Okamura, T., Akimoto, Y., Kawai, J., 
Matsushima, S., Kawakami, H., Watanabe, T., Akagawa, K. & Nagamatsu, S. 
(2007) Imaging analysis reveals mechanistic differences between first- and 
second-phase insulin exocytosis. J Cell Biol, 177, 695-705. 

Oka, S., Nakajima, K., Yamashita, A., Kishimoto, S. & Sugiura, T. (2007) Identification 
of GPR55 as a lysophosphatidylinositol receptor. Biochem Biophys Res Commun, 
362, 928-34. 

Oka, S., Toshida, T., Maruyama, K., Nakajima, K., Yamashita, A. & Sugiura, T. (2009) 
2-Arachidonoyl-sn-glycero-3-phosphoinositol: a possible natural ligand for GPR55. 
J Biochem, 145, 13-20. 

Okada, T., Liew, C. W., Hu, J., Hinault, C., Michael, M. D., Krtzfeldt, J., Yin, C., 
Holzenberger, M., Stoffel, M. & Kulkarni, R. N. (2007) Insulin receptors in beta-
cells are critical for islet compensatory growth response to insulin resistance. Proc 
Natl Acad Sci U S A, 104, 8977-82. 

Olsson, R. & Carlsson, P. O. (2006) The pancreatic islet endothelial cell: emerging 
roles in islet function and disease. Int J Biochem Cell Biol, 38, 710-4. 

Oltman, C. L., Davidson, E. P., Coppey, L. J., Kleinschmidt, T. L. & Yorek, M. A. 
(2009) Treatment of Zucker diabetic fatty rats with AVE7688 improves vascular 
and neural dysfunction. Diabetes Obes Metab, 11, 223-33. 

Orci, L., Ravazzola, M., Baetens, D., Inman, L., Amherdt, M., Peterson, R. G., 
Newgard, C. B., Johnson, J. H. & Unger, R. H. (1990) Evidence that down-
regulation of beta-cell glucose transporters in non-insulin-dependent diabetes may 
be the cause of diabetic hyperglycemia. Proc Natl Acad Sci U S A, 87, 9953-7. 

Ortega-Gutierrez, S., Hawkins, E. G., Viso, A., Lopez-Rodriguez, M. L. & Cravatt, B. 
F. (2004) Comparison of anandamide transport in FAAH wild-type and knockout 
neurons: evidence for contributions by both FAAH and the CB1 receptor to 
anandamide uptake. Biochemistry, 43, 8184-90. 

Otani, K., Kulkarni, R. N., Baldwin, A. C., Krutzfeldt, J., Ueki, K., Stoffel, M., Kahn, C. 
R. & Polonsky, K. S. (2004) Reduced beta-cell mass and altered glucose sensing 
impair insulin-secretory function in betaIRKO mice. Am J Physiol Endocrinol 
Metab, 286, E41-9. 

Overton, H. A., Babbs, A. J., Doel, S. M., Fyfe, M. C., Gardner, L. S., Griffin, G., 
Jackson, H. C., Procter, M. J., Rasamison, C. M., Tang-Christensen, M., 
Widdowson, P. S., Williams, G. M. & Reynet, C. (2006) Deorphanization of a G 
protein-coupled receptor for oleoylethanolamide and its use in the discovery of 
small-molecule hypophagic agents. Cell Metab, 3, 167-75. 



 178

Pacher, P., Batkai, S. & Kunos, G. (2006) The endocannabinoid system as an 
emerging target of pharmacotherapy. Pharmacol Rev, 58, 389-462. 

Palanivel, R., Maida, A., Liu, Y. & Sweeney, G. (2006) Regulation of insulin signalling, 
glucose uptake and metabolism in rat skeletal muscle cells upon prolonged 
exposure to resistin. Diabetologia, 49, 183-90. 

Park, H. S., Park, I. S., Lee, Y. L., Kwon, H. Y. & Park, H. J. (1999) Effects of 
intrapancreatic neuronal activation on cholecystokinin-induced exocrine secretion 
of isolated perfused rat pancreas. Pflugers Arch, 437, 511-6. 

Patane, G., Anello, M., Piro, S., Vigneri, R., Purrello, F. & Rabuazzo, A. M. (2002) 
Role of ATP production and uncoupling protein-2 in the insulin secretory defect 
induced by chronic exposure to high glucose or free fatty acids and effects of 
peroxisome proliferator-activated receptor-gamma inhibition. Diabetes, 51, 2749-
56. 

Pertwee, R. G. (2003) Inverse agonism at cannabinoid receptors. International 
Congress Series, 1249, 75-86. 

Peters, A. (2010) Incretin-based therapies: review of current clinical trial data. Am J 
Med, 123, S28-37. 

Peterson, M. A. & Swerdloff, R. S. (1979) Separation of bound from free hormone in 
radioimmunoassay of lutropin and follitropin. Clin Chem, 25, 1239-41. 

Pi-Sunyer, F. X., Aronne, L. J., Heshmati, H. M., Devin, J. & Rosenstock, J. (2006) 
Effect of rimonabant, a cannabinoid-1 receptor blocker, on weight and 
cardiometabolic risk factors in overweight or obese patients: RIO-North America: a 
randomized controlled trial. Jama, 295, 761-75. 

Pick, A., Clark, J., Kubstrup, C., Levisetti, M., Pugh, W., Bonner-Weir, S. & Polonsky, 
K. S. (1998) Role of apoptosis in failure of beta-cell mass compensation for insulin 
resistance and beta-cell defects in the male Zucker diabetic fatty rat. Diabetes, 47, 
358-64. 

Pinney, S. E. & Simmons, R. A. (2010) Epigenetic mechanisms in the development of 
type 2 diabetes. Trends Endocrinol Metab, 21, 223-9. 

Poitout, V., Hagman, D., Stein, R., Artner, I., Robertson, R. P. & Harmon, J. S. (2006) 
Regulation of the insulin gene by glucose and fatty acids. J Nutr, 136, 873-6. 

Poitout, V. & Robertson, R. P. (2002) Minireview: Secondary beta-cell failure in type 2 
diabetes--a convergence of glucotoxicity and lipotoxicity. Endocrinology, 143, 339-
42. 

Pongratz, R. L., Kibbey, R. G., Shulman, G. I. & Cline, G. W. (2007) Cytosolic and 
mitochondrial malic enzyme isoforms differentially control insulin secretion. J Biol 
Chem, 282, 200-7. 

Popescu, I. R., Helleboid-Chapman, A., Lucas, A., Vandewalle, B., Dumont, J., 
Bouchaert, E., Derudas, B., Kerr-Conte, J., Caron, S., Pattou, F. & Staels, B. 
(2010) The nuclear receptor FXR is expressed in pancreatic beta-cells and 
protects human islets from lipotoxicity. FEBS Lett, 584, 2845-51. 

Porter, A. C., Sauer, J. M., Knierman, M. D., Becker, G. W., Berna, M. J., Bao, J., 
Nomikos, G. G., Carter, P., Bymaster, F. P., Leese, A. B. & Felder, C. C. (2002) 
Characterization of a novel endocannabinoid, virodhamine, with antagonist activity 
at the CB1 receptor. J Pharmacol Exp Ther, 301, 1020-4. 

Price, D. A., Owens, W. A., Gould, G. G., Frazer, A., Roberts, J. L., Daws, L. C. & 
Giuffrida, A. (2007) CB1-independent inhibition of dopamine transporter activity by 
cannabinoids in mouse dorsal striatum. J Neurochem, 101, 389-96. 

Price, T. J., Patwardhan, A., Akopian, A. N., Hargreaves, K. M. & Flores, C. M. (2004) 
Modulation of trigeminal sensory neuron activity by the dual cannabinoid-vanilloid 
agonists anandamide, N-arachidonoyl-dopamine and arachidonyl-2-
chloroethylamide. Br J Pharmacol, 141, 1118-30. 

Quarta, C. F.-B., Luigi, Bellocchio, L. F.-M., Giacomo, Mancini, G. F.-M., Roberta, 
Mazza, R. F.-C., Cristina, Cervino, C. F.-B., Luzie J., Braulke, L. J. F.-F., Csaba, 
Fekete, C. F.-L., Rocco, Latorre, R. F.-N., Cristina, Nanni, C. F.-B., Marco, Bucci, 
M. F.-C., Laura E., Clemens, L. e. F.-H., Gerhard, Heldmaier, G. F.-W., Masahiko, 
Watanabe, M. F.-L.-L., Thierry, Leste-Lassere, T. F.-M., Marlene, Maitre, M. F.-T., 
Laura, Tedesco, L. F.-F., Flaminia, Fanelli, F. F.-R., Stefan, Reuss, S. F.-K., 
Susanne, Klaus, S. F.-S., Raj Kamal, Srivastava, R. K. F.-M., Krisztina, Monory, K. 
F.-V., Alessandra, Valerio, A. F.-G., Annamaria, Grandis, A. F.-D. G., Roberto, De 



 179

Giorgio, R. F.-P., Renato, Pasquali, R. F.-N., Enzo, Nisoli, E. F.-C., Daniela, Cota, 
D. F.-L., Beat, Lutz, B. F.-M., Giovanni, Marsicano, G. F.-P., Uberto & Pagotto, U. 
(2010) CB(1) signaling in forebrain and sympathetic neurons is a key determinant 
of endocannabinoid actions on energy balance. 

Quesada, I., Tuduri, E., Ripoll, C. & Nadal, A. (2008) Physiology of the pancreatic 
alpha-cell and glucagon secretion: role in glucose homeostasis and diabetes. J 
Endocrinol, 199, 5-19. 

Ramachandran, A., Snehalatha, C. & Vijay, V. (2004) Low risk threshold for acquired 
diabetogenic factors in Asian Indians. Diabetes Res Clin Pract, 65, 189-95. 

Randall, M. D., Alexander, S. P., Bennett, T., Boyd, E. A., Fry, J. R., Gardiner, S. M., 
Kemp, P. A., McCulloch, A. I. & Kendall, D. A. (1996) An endogenous cannabinoid 
as an endothelium-derived vasorelaxant. Biochem Biophys Res Commun, 229, 
114-20. 

Rasmussen, T. N., Bersani, M., Schmidt, P., Thim, L., Kofod, H., Jorgensen, P. N., 
Poulsen, S. S. & Holst, J. J. (1998) Isolation and molecular characterization of 
porcine calcitonin gene-related peptide (CGRP) and its endocrine effects in the 
porcine pancreas. Pancreas, 16, 195-204. 

Ravier, M. A., Guldenagel, M., Charollais, A., Gjinovci, A., Caille, D., Sohl, G., 
Wollheim, C. B., Willecke, K., Henquin, J. C. & Meda, P. (2005) Loss of 
connexin36 channels alters beta-cell coupling, islet synchronization of glucose-
induced Ca2+ and insulin oscillations, and basal insulin release. Diabetes, 54, 
1798-807. 

Ravinet Trillou, C., Arnone, M., Delgorge, C., Gonalons, N., Keane, P., Maffrand, J. P. 
& Soubrie, P. (2003) Anti-obesity effect of SR141716, a CB1 receptor antagonist, 
in diet-induced obese mice. Am J Physiol Regul Integr Comp Physiol, 284, R345-
53. 

Razavi, R., Chan, Y., Afifiyan, F. N., Liu, X. J., Wan, X., Yantha, J., Tsui, H., Tang, L., 
Tsai, S., Santamaria, P., Driver, J. P., Serreze, D., Salter, M. W. & Dosch, H. M. 
(2006) TRPV1+ sensory neurons control beta cell stress and islet inflammation in 
autoimmune diabetes. Cell, 127, 1123-35. 

Reaven, E. P., Gold, G. & Reaven, G. M. (1979) Effect of age on glucose-stimulated 
insulin release by the beta-cell of the rat. J Clin Invest, 64, 591-9. 

Rhodes, C. J. & White, M. F. (2002) Molecular insights into insulin action and 
secretion. Eur J Clin Invest, 32 Suppl 3, 3-13. 

Richardson, D., Ortori, C. A., Chapman, V., Kendall, D. A. & Barrett, D. A. (2007) 
Quantitative profiling of endocannabinoids and related compounds in rat brain 
using liquid chromatography-tandem electrospray ionization mass spectrometry. 
Anal Biochem, 360, 216-26. 

Rimmerman, N., Bradshaw, H. B., Hughes, H. V., Chen, J. S., Hu, S. S., McHugh, D., 
Vefring, E., Jahnsen, J. A., Thompson, E. L., Masuda, K., Cravatt, B. F., Burstein, 
S., Vasko, M. R., Prieto, A. L., O'Dell, D. K. & Walker, J. M. (2008) N-palmitoyl 
glycine, a novel endogenous lipid that acts as a modulator of calcium influx and 
nitric oxide production in sensory neurons. Mol Pharmacol, 74, 213-24. 

Robertson, R. P. (2009) Beta-cell deterioration during diabetes: what's in the gun? 
Trends Endocrinol Metab, 20, 388-93. 

Rocheleau, J. V., Head, W. S. & Piston, D. W. (2004) Quantitative 
NAD(P)H/flavoprotein autofluorescence imaging reveals metabolic mechanisms of 
pancreatic islet pyruvate response. J Biol Chem, 279, 31780-7. 

Rocheleau, J. V., Remedi, M. S., Granada, B., Head, W. S., Koster, J. C., Nichols, C. 
G. & Piston, D. W. (2006) Critical role of gap junction coupled KATP channel 
activity for regulated insulin secretion. PLoS Biol, 4, e26. 

Rockwell, C. E. & Kaminski, N. E. (2004) A cyclooxygenase metabolite of anandamide 
causes inhibition of interleukin-2 secretion in murine splenocytes. J Pharmacol Exp 
Ther, 311, 683-90. 

Roe, M. W., Worley, J. F., 3rd, Mittal, A. A., Kuznetsov, A., DasGupta, S., Mertz, R. J., 
Witherspoon, S. M., 3rd, Blair, N., Lancaster, M. E., McIntyre, M. S., Shehee, W. 
R., Dukes, I. D. & Philipson, L. H. (1996) Expression and function of pancreatic 
beta-cell delayed rectifier K+ channels. Role in stimulus-secretion coupling. J Biol 
Chem, 271, 32241-6. 



 180

Romanovsky, D., Walker, J. C. & Dobretsov, M. (2008) Pressure pain precedes 
development of type 2 disease in Zucker rat model of diabetes. Neurosci Lett, 445, 
220-3. 

Ronnebaum, S. M., Ilkayeva, O., Burgess, S. C., Joseph, J. W., Lu, D., Stevens, R. 
D., Becker, T. C., Sherry, A. D., Newgard, C. B. & Jensen, M. V. (2006) A pyruvate 
cycling pathway involving cytosolic NADP-dependent isocitrate dehydrogenase 
regulates glucose-stimulated insulin secretion. J Biol Chem, 281, 30593-602. 

Rorsman, P. (1997) The pancreatic beta-cell as a fuel sensor: an electrophysiologist's 
viewpoint. Diabetologia, 40, 487-95. 

Rosenstock, J., Hollander, P., Chevalier, S. & Iranmanesh, A. (2008) SERENADE: the 
Study Evaluating Rimonabant Efficacy in Drug-naive Diabetic Patients: effects of 
monotherapy with rimonabant, the first selective CB1 receptor antagonist, on 
glycemic control, body weight, and lipid profile in drug-naive type 2 diabetes. 
Diabetes Care, 31, 2169-76. 

Ross, R. A., Brockie, H. C., Stevenson, L. A., Murphy, V. L., Templeton, F., 
Makriyannis, A. & Pertwee, R. G. (1999) Agonist-inverse agonist characterization 
at CB1 and CB2 cannabinoid receptors of L759633, L759656, and AM630. Br J 
Pharmacol, 126, 665-72. 

Ross, R. A., Craib, S. J., Stevenson, L. A., Pertwee, R. G., Henderson, A., Toole, J. & 
Ellington, H. C. (2002) Pharmacological characterization of the anandamide 
cyclooxygenase metabolite: prostaglandin E2 ethanolamide. J Pharmacol Exp 
Ther, 301, 900-7. 

Rossowski, W. J. & Coy, D. H. (1994) Specific inhibition of rat pancreatic insulin or 
glucagon release by receptor-selective somatostatin analogs. Biochem Biophys 
Res Commun, 205, 341-6. 

Ryberg, E., Larsson, N., Sjogren, S., Hjorth, S., Hermansson, N. O., Leonova, J., 
Elebring, T., Nilsson, K., Drmota, T. & Greasley, P. J. (2007) The orphan receptor 
GPR55 is a novel cannabinoid receptor. Br J Pharmacol, 152, 1092-101. 

Saario, S. M. & Laitinen, J. T. (2007) Monoglyceride lipase as an enzyme hydrolyzing 
2-arachidonoylglycerol. Chem Biodivers, 4, 1903-13. 

Sade, H., Muraki, K., Ohya, S., Hatano, N. & Imaizumi, Y. (2006) Activation of large-
conductance, Ca2+-activated K+ channels by cannabinoids. Am J Physiol Cell 
Physiol, 290, C77-86. 

Sagar, D. R., Gaw, A. G., Okine, B. N., Woodhams, S. G., Wong, A., Kendall, D. A. & 
Chapman, V. (2009) Dynamic regulation of the endocannabinoid system: 
implications for analgesia. Mol Pain, 5, 59. 

Sakamoto, Y., Inoue, H., Kawakami, S., Miyawaki, K., Miyamoto, T., Mizuta, K. & 
Itakura, M. (2006) Expression and distribution of Gpr119 in the pancreatic islets of 
mice and rats: predominant localization in pancreatic polypeptide-secreting PP-
cells. Biochem Biophys Res Commun, 351, 474-80. 

Salehi, A., Dornonville de la Cour, C., Hakanson, R. & Lundquist, I. (2004) Effects of 
ghrelin on insulin and glucagon secretion: a study of isolated pancreatic islets and 
intact mice. Regul Pept, 118, 143-50. 

Santamaria, P. (2010) The long and winding road to understanding and conquering 
type 1 diabetes. Immunity, 32, 437-45. 

Saunders, C. I., Fassett, R. G. & Geraghty, D. P. (2009) Up-regulation of TRPV1 in 
mononuclear cells of end-stage kidney disease patients increases susceptibility to 
N-arachidonoyl-dopamine (NADA)-induced cell death. Biochim Biophys Acta, 
1792, 1019-26. 

Savinainen, J. R., Saario, S. M., Niemi, R., Jarvinen, T. & Laitinen, J. T. (2003) An 
optimized approach to study endocannabinoid signaling: evidence against 
constitutive activity of rat brain adenosine A1 and cannabinoid CB1 receptors. Br J 
Pharmacol, 140, 1451-9. 

Sawaki, K., Hiramatsu, Y., Baum, B. J. & Ambudkar, I. S. (1993) Involvement of G 
alpha q/11 in m3-muscarinic receptor stimulation of phosphatidylinositol 4,5 
bisphosphate-specific phospholipase C in rat parotid gland membranes. Arch 
Biochem Biophys, 305, 546-50. 

Sawzdargo, M., Nguyen, T., Lee, D. K., Lynch, K. R., Cheng, R., Heng, H. H., George, 
S. R. & O'Dowd, B. F. (1999) Identification and cloning of three novel human G 



 181

protein-coupled receptor genes GPR52, PsiGPR53 and GPR55: GPR55 is 
extensively expressed in human brain. Brain Res Mol Brain Res, 64, 193-8. 

Scheen, A. J., Finer, N., Hollander, P., Jensen, M. D. & Van Gaal, L. F. (2006) 
Efficacy and tolerability of rimonabant in overweight or obese patients with type 2 
diabetes: a randomised controlled study. Lancet, 368, 1660-72. 

Scheen, A. J., Tan, M. H., Betteridge, D. J., Birkeland, K., Schmitz, O. & Charbonnel, 
B. (2009) Long-term glycaemic effects of pioglitazone compared with placebo as 
add-on treatment to metformin or sulphonylurea monotherapy in PROactive 
(PROactive 18). Diabet Med, 26, 1242-9. 

Schramm, T. K., Gislason, G. H., Kober, L., Rasmussen, S., Rasmussen, J. N., 
Abildstrom, S. Z., Hansen, M. L., Folke, F., Buch, P., Madsen, M., Vaag, A. & Torp-
Pedersen, C. (2008) Diabetes patients requiring glucose-lowering therapy and 
nondiabetics with a prior myocardial infarction carry the same cardiovascular risk: 
a population study of 3.3 million people. Circulation, 117, 1945-54. 

Schuit, F. C., Derde, M. P. & Pipeleers, D. G. (1989) Sensitivity of rat pancreatic A 
and B cells to somatostatin. Diabetologia, 32, 207-12. 

Schulte, B. M., Kramer, M., Ansems, M., Lanke, K. H., van Doremalen, N., Piganelli, 
J. D., Bottino, R., Trucco, M., Galama, J. M., Adema, G. J. & van Kuppeveld, F. J. 
(2010) Phagocytosis of enterovirus-infected pancreatic beta-cells triggers innate 
immune responses in human dendritic cells. Diabetes, 59, 1182-91. 

Selley, D. E., Cassidy, M. P., Martin, B. R. & Sim-Selley, L. J. (2004) Long-term 
administration of Delta9-tetrahydrocannabinol desensitizes CB1-, adenosine A1-, 
and GABAB-mediated inhibition of adenylyl cyclase in mouse cerebellum. Mol 
Pharmacol, 66, 1275-84. 

Sener, A., Malaisse-Lagae, F., Dufrane, S. P. & Malaisse, W. J. (1984) The coupling 
of metabolic to secretory events in pancreatic islets. The cytosolic redox state. 
Biochem J, 220, 433-40. 

Sener, A. & Malaisse, W. J. (2002) The stimulus-secretion coupling of amino acid-
induced insulin release. Insulinotropic action of L-alanine. Biochim Biophys Acta, 
1573, 100-4. 

Setter, S. M., Iltz, J. L., Thams, J. & Campbell, R. K. (2003) Metformin hydrochloride 
in the treatment of type 2 diabetes mellitus: a clinical review with a focus on dual 
therapy. Clin Ther, 25, 2991-3026. 

Shannon, V. R., Ramanadham, S., Turk, J. & Holtzman, M. J. (1992) Selective 
expression of an arachidonate 12-lipoxygenase by pancreatic islet beta-cells. Am J 
Physiol, 263, E828-36. 

Shaw, R. J., Lamia, K. A., Vasquez, D., Koo, S. H., Bardeesy, N., Depinho, R. A., 
Montminy, M. & Cantley, L. C. (2005) The kinase LKB1 mediates glucose 
homeostasis in liver and therapeutic effects of metformin. Science, 310, 1642-6. 

Shibasaki, T., Takahashi, H., Miki, T., Sunaga, Y., Matsumura, K., Yamanaka, M., 
Zhang, C., Tamamoto, A., Satoh, T., Miyazaki, J. & Seino, S. (2007) Essential role 
of Epac2/Rap1 signaling in regulation of insulin granule dynamics by cAMP. Proc 
Natl Acad Sci U S A, 104, 19333-8. 

Shigeto, M., Katsura, M., Matsuda, M., Ohkuma, S. & Kaku, K. (2006) First phase of 
glucose-stimulated insulin secretion from MIN 6 cells does not always require 
extracellular calcium influx. J Pharmacol Sci, 101, 293-302. 

Shimabukuro, M., Zhou, Y. T., Lee, Y. & Unger, R. H. (1998) Troglitazone lowers islet 
fat and restores beta cell function of Zucker diabetic fatty rats. J Biol Chem, 273, 
3547-50. 

Shimasue, K., Urushidani, T., Hagiwara, M. & Nagao, T. (1996) Effects of 
anandamide and arachidonic acid on specific binding of (+) -PN200-110, diltiazem 
and (-) -desmethoxyverapamil to L-type Ca2+ channel. Eur J Pharmacol, 296, 347-
50. 

Shimono, D., Fujimoto, S., Mukai, E., Takehiro, M., Nabe, K., Radu, R. G., 
Shimodahira, M., Kominato, R., Aramaki, Y., Nishi, Y., Funakoshi, S., Yamada, Y. 
& Seino, Y. (2005) ATP enhances exocytosis of insulin secretory granules in 
pancreatic islets under Ca2+-depleted condition. Diabetes Res Clin Pract, 69, 216-
23. 

Sibal, L. & Home, P. D. (2009) Management of type 2 diabetes: NICE guidelines. Clin 
Med, 9, 353-7. 



 182

Singh, V., Brendel, M. D., Zacharias, S., Mergler, S., Jahr, H., Wiedenmann, B., 
Bretzel, R. G., Plockinger, U. & Strowski, M. Z. (2007) Characterization of 
somatostatin receptor subtype-specific regulation of insulin and glucagon 
secretion: an in vitro study on isolated human pancreatic islets. J Clin Endocrinol 
Metab, 92, 673-80. 

Soga, T., Ohishi, T., Matsui, T., Saito, T., Matsumoto, M., Takasaki, J., Matsumoto, 
S., Kamohara, M., Hiyama, H., Yoshida, S., Momose, K., Ueda, Y., Matsushime, 
H., Kobori, M. & Furuichi, K. (2005) Lysophosphatidylcholine enhances glucose-
dependent insulin secretion via an orphan G-protein-coupled receptor. Biochem 
Biophys Res Commun, 326, 744-51. 

Sorensen, H., Winzell, M. S., Brand, C. L., Fosgerau, K., Gelling, R. W., Nishimura, E. 
& Ahren, B. (2006) Glucagon receptor knockout mice display increased insulin 
sensitivity and impaired beta-cell function. Diabetes, 55, 3463-9. 

Spellman, C. W. (2007) Islet cell dysfunction in progression to diabetes mellitus. J Am 
Osteopath Assoc, 107 Suppl, S1-5. 

Sreenan, S., Sturis, J., Pugh, W., Burant, C. F. & Polonsky, K. S. (1996) Prevention of 
hyperglycemia in the Zucker diabetic fatty rat by treatment with metformin or 
troglitazone. Am J Physiol, 271, E742-7. 

Srinivasan, K. & Ramarao, P. (2007) Animal models in type 2 diabetes research: an 
overview. Indian J Med Res, 125, 451-72. 

Srinivasan, S., Bernal-Mizrachi, E., Ohsugi, M. & Permutt, M. A. (2002) Glucose 
promotes pancreatic islet beta-cell survival through a PI 3-kinase/Akt-signaling 
pathway. Am J Physiol Endocrinol Metab, 283, E784-93. 

Stark, R., Pasquel, F., Turcu, A., Pongratz, R. L., Roden, M., Cline, G. W., Shulman, 
G. I. & Kibbey, R. G. (2009) Phosphoenolpyruvate cycling via mitochondrial 
phosphoenolpyruvate carboxykinase links anaplerosis and mitochondrial GTP with 
insulin secretion. J Biol Chem, 284, 26578-90. 

Starowicz, K. M., Cristino, L., Matias, I., Capasso, R., Racioppi, A., Izzo, A. A. & Di 
Marzo, V. (2008) Endocannabinoid dysregulation in the pancreas and adipose 
tissue of mice fed with a high-fat diet. Obesity (Silver Spring), 16, 553-65. 

Staton, P. C., Hatcher, J. P., Walker, D. J., Morrison, A. D., Shapland, E. M., Hughes, 
J. P., Chong, E., Mander, P. K., Green, P. J., Billinton, A., Fulleylove, M., 
Lancaster, H. C., Smith, J. C., Bailey, L. T., Wise, A., Brown, A. J., Richardson, J. 
C. & Chessell, I. P. (2008) The putative cannabinoid receptor GPR55 plays a role 
in mechanical hyperalgesia associated with inflammatory and neuropathic pain. 
Pain, 139, 225-36. 

Stein, E. A., Fuller, S. A., Edgemond, W. S. & Campbell, W. B. (1996) Physiological 
and behavioural effects of the endogenous cannabinoid, arachidonylethanolamide 
(anandamide), in the rat. Br J Pharmacol, 119, 107-14. 

Stella, N., Schweitzer, P. & Piomelli, D. (1997) A second endogenous cannabinoid 
that modulates long-term potentiation. Nature, 388, 773-8. 

Sterin-Borda, L., Del Zar, C. F. & Borda, E. (2005) Differential CB1 and CB2 
cannabinoid receptor-inotropic response of rat isolated atria: endogenous signal 
transduction pathways. Biochem Pharmacol, 69, 1705-13. 

Stienstra, R., Duval, C., Muller, M. & Kersten, S. (2007) PPARs, Obesity, and 
Inflammation. PPAR Res, 2007, 95974. 

Straub, S. G. & Sharp, G. W. (2002) Glucose-stimulated signaling pathways in 
biphasic insulin secretion. Diabetes Metab Res Rev, 18, 451-63. 

Strowski, M. Z., Kohler, M., Chen, H. Y., Trumbauer, M. E., Li, Z., Szalkowski, D., 
Gopal-Truter, S., Fisher, J. K., Schaeffer, J. M., Blake, A. D., Zhang, B. B. & 
Wilkinson, H. A. (2003) Somatostatin receptor subtype 5 regulates insulin secretion 
and glucose homeostasis. Mol Endocrinol, 17, 93-106. 

Strowski, M. Z., Parmar, R. M., Blake, A. D. & Schaeffer, J. M. (2000) Somatostatin 
inhibits insulin and glucagon secretion via two receptors subtypes: an in vitro study 
of pancreatic islets from somatostatin receptor 2 knockout mice. Endocrinology, 
141, 111-7. 

Suga, S., Takeo, T., Nakano, K., Sato, T., Igarashi, T., Yamana, D. & Wakui, M. 
(2004) Pertussis toxin-sensitive pathway inhibits glucose-stimulated Ca2+ signals 
of rat islet beta-cells by affecting L-type Ca2+ channels and voltage-dependent K+ 
channels. Cell Calcium, 36, 469-77. 



 183

Sugimoto, K., Rashid, I. B., Kojima, K., Shoji, M., Tanabe, J., Tamasawa, N., Suda, T. 
& Yasujima, M. (2008) Time course of pain sensation in rat models of insulin 
resistance, type 2 diabetes, and exogenous hyperinsulinaemia. Diabetes Metab 
Res Rev, 24, 642-50. 

Sugiura, T., Kobayashi, Y., Oka, S. & Waku, K. (2002) Biosynthesis and degradation 
of anandamide and 2-arachidonoylglycerol and their possible physiological 
significance. Prostaglandins Leukot Essent Fatty Acids, 66, 173-92. 

Sugiura, T., Kondo, S., Sukagawa, A., Nakane, S., Shinoda, A., Itoh, K., Yamashita, 
A. & Waku, K. (1995) 2-Arachidonoylglycerol: a possible endogenous cannabinoid 
receptor ligand in brain. Biochem Biophys Res Commun, 215, 89-97. 

Suh, S. W., Hamby, A. M. & Swanson, R. A. (2007) Hypoglycemia, brain energetics, 
and hypoglycemic neuronal death. Glia, 55, 1280-6. 

Sun, Y., Zhang, L., Gu, H. F., Han, W., Ren, M., Wang, F., Gong, B., Wang, L., Guo, 
H., Xin, W., Zhao, J. & Gao, L. (2008) Peroxisome proliferator-activated receptor-
alpha regulates the expression of pancreatic/duodenal homeobox-1 in rat 
insulinoma (INS-1) cells and ameliorates glucose-induced insulin secretion 
impaired by palmitate. Endocrinology, 149, 662-71. 

Sun, Y. X., Tsuboi, K., Okamoto, Y., Tonai, T., Murakami, M., Kudo, I. & Ueda, N. 
(2004) Biosynthesis of anandamide and N-palmitoylethanolamine by sequential 
actions of phospholipase A2 and lysophospholipase D. Biochem J, 380, 749-56. 

Sun, Y. X., Tsuboi, K., Zhao, L. Y., Okamoto, Y., Lambert, D. M. & Ueda, N. (2005) 
Involvement of N-acylethanolamine-hydrolyzing acid amidase in the degradation of 
anandamide and other N-acylethanolamines in macrophages. Biochim Biophys 
Acta, 1736, 211-20. 

Suzuki, Y., Zhang, H., Saito, N., Kojima, I., Urano, T. & Mogami, H. (2006) Glucagon-
like peptide 1 activates protein kinase C through Ca2+-dependent activation of 
phospholipase C in insulin-secreting cells. J Biol Chem, 281, 28499-507. 

Tabak, A. G., Jokela, M., Akbaraly, T. N., Brunner, E. J., Kivimaki, M. & Witte, D. R. 
(2009) Trajectories of glycaemia, insulin sensitivity, and insulin secretion before 
diagnosis of type 2 diabetes: an analysis from the Whitehall II study. Lancet, 373, 
2215-21. 

Tahrani, A. A., Piya, M. K., Kennedy, A. & Barnett, A. H. (2010) Glycaemic control in 
type 2 diabetes: targets and new therapies. Pharmacol Ther, 125, 328-61. 

Takahashi, N., Hatakeyama, H., Okado, H., Noguchi, J., Ohno, M. & Kasai, H. (2010) 
SNARE conformational changes that prepare vesicles for exocytosis. Cell Metab, 
12, 19-29. 

Tamarina, N. A., Kuznetsov, A., Rhodes, C. J., Bindokas, V. P. & Philipson, L. H. 
(2005) Inositol (1,4,5)-trisphosphate dynamics and intracellular calcium oscillations 
in pancreatic beta-cells. Diabetes, 54, 3073-81. 

Tamarina, N. A., Wang, Y., Mariotto, L., Kuznetsov, A., Bond, C., Adelman, J. & 
Philipson, L. H. (2003) Small-conductance calcium-activated K+ channels are 
expressed in pancreatic islets and regulate glucose responses. Diabetes, 52, 
2000-6. 

Tan, C., Tuch, B. E., Tu, J. & Brown, S. A. (2002) Role of NADH shuttles in glucose-
induced insulin secretion from fetal beta-cells. Diabetes, 51, 2989-96. 

Tan, C. P., Feng, Y., Zhou, Y. P., Eiermann, G. J., Petrov, A., Zhou, C., Lin, S., 
Salituro, G., Meinke, P., Mosley, R., Akiyama, T. E., Einstein, M., Kumar, S., 
Berger, J. P., Mills, S. G., Thornberry, N. A., Yang, L. & Howard, A. D. (2008) 
Selective small-molecule agonists of G protein-coupled receptor 40 promote 
glucose-dependent insulin secretion and reduce blood glucose in mice. Diabetes, 
57, 2211-9. 

Taniyama, Y., Suzuki, T., Mikami, Y., Moriya, T., Satomi, S. & Sasano, H. (2005) 
Systemic distribution of somatostatin receptor subtypes in human: an 
immunohistochemical study. Endocr J, 52, 605-11. 

Tasaka, Y., Matsumoto, H., Inoue, Y. & Hirata, Y. (1989) Contents and secretion of 
glucagon and insulin in rat pancreatic islets from the viewpoint of their localization 
in pancreas. Tohoku J Exp Med, 159, 123-30. 

Tharp, W. G., Lee, Y. H., Maple, R. L. & Pratley, R. E. (2008) The cannabinoid CB1 
receptor is expressed in pancreatic delta-cells. Biochem Biophys Res Commun, 
372, 595-600. 



 184

Todd, J. A. (2010) Etiology of type 1 diabetes. Immunity, 32, 457-67. 
Tokuyama, Y., Sturis, J., DePaoli, A. M., Takeda, J., Stoffel, M., Tang, J., Sun, X., 

Polonsky, K. S. & Bell, G. I. (1995) Evolution of beta-cell dysfunction in the male 
Zucker diabetic fatty rat. Diabetes, 44, 1447-57. 

Tontonoz, P., Hu, E., Graves, R. A., Budavari, A. I. & Spiegelman, B. M. (1994) 
mPPAR gamma 2: tissue-specific regulator of an adipocyte enhancer. Genes Dev, 
8, 1224-34. 

Tsuboi, K., Sun, Y. X., Okamoto, Y., Araki, N., Tonai, T. & Ueda, N. (2005) Molecular 
characterization of N-acylethanolamine-hydrolyzing acid amidase, a novel member 
of the choloylglycine hydrolase family with structural and functional similarity to 
acid ceramidase. J Biol Chem, 280, 11082-92. 

Turcot-Lemay, L., Lemay, A. & Lacy, P. E. (1975) Somatostatin inhibition of insulin 
release from freshly isolated and organ cultured rat islets of Langerhans in vitro. 
Biochem Biophys Res Commun, 63, 1130-8. 

Turu, G. & Hunyady, L. (2010) Signal transduction of the CB1 cannabinoid receptor. J 
Mol Endocrinol, 44, 75-85. 

Tzoulaki, I., Molokhia, M., Curcin, V., Little, M. P., Millett, C. J., Ng, A., Hughes, R. I., 
Khunti, K., Wilkins, M. R., Majeed, A. & Elliott, P. (2009) Risk of cardiovascular 
disease and all cause mortality among patients with type 2 diabetes prescribed 
oral antidiabetes drugs: retrospective cohort study using UK general practice 
research database. Bmj, 339, b4731. 

Uchida, T., Iwashita, N., Ohara-Imaizumi, M., Ogihara, T., Nagai, S., Choi, J. B., 
Tamura, Y., Tada, N., Kawamori, R., Nakayama, K. I., Nagamatsu, S. & Watada, 
H. (2007) Protein kinase Cdelta plays a non-redundant role in insulin secretion in 
pancreatic beta cells. J Biol Chem, 282, 2707-16. 

Ueda, N., Tsuboi, K. & Uyama, T. (2010) N-acylethanolamine metabolism with special 
reference to N-acylethanolamine-hydrolyzing acid amidase (NAAA). Prog Lipid 
Res. 

Ueda, N., Yamamoto, K., Yamamoto, S., Tokunaga, T., Shirakawa, E., Shinkai, H., 
Ogawa, M., Sato, T., Kudo, I., Inoue, K. & et al. (1995) Lipoxygenase-catalyzed 
oxygenation of arachidonylethanolamide, a cannabinoid receptor agonist. Biochim 
Biophys Acta, 1254, 127-34. 

Ueda, N., Yamanaka, K., Terasawa, Y. & Yamamoto, S. (1999) An acid amidase 
hydrolyzing anandamide as an endogenous ligand for cannabinoid receptors. 
FEBS Lett, 454, 267-70. 

Umpierrez, G. E., Khajavi, M. & Kitabchi, A. E. (1996) Review: diabetic ketoacidosis 
and hyperglycemic hyperosmolar nonketotic syndrome. Am J Med Sci, 311, 225-
33. 

Unwin, N., Shaw, J., Zimmet, P. & Alberti, K. G. (2002) Impaired glucose tolerance 
and impaired fasting glycaemia: the current status on definition and intervention. 
Diabet Med, 19, 708-23. 

van Deijnen, J. H., Hulstaert, C. E., Wolters, G. H. & van Schilfgaarde, R. (1992) 
Significance of the peri-insular extracellular matrix for islet isolation from the 
pancreas of rat, dog, pig, and man. Cell Tissue Res, 267, 139-46. 

van der Stelt, M., van Kuik, J. A., Bari, M., van Zadelhoff, G., Leeflang, B. R., Veldink, 
G. A., Finazzi-Agro, A., Vliegenthart, J. F. & Maccarrone, M. (2002) Oxygenated 
metabolites of anandamide and 2-arachidonoylglycerol: conformational analysis 
and interaction with cannabinoid receptors, membrane transporter, and fatty acid 
amide hydrolase. J Med Chem, 45, 3709-20. 

van Suylichem, P. T., Wolters, G. H. & van Schilfgaarde, R. (1992) Peri-insular 
presence of collagenase during islet isolation procedures. J Surg Res, 53, 502-9. 

Vandewalle, B., Moerman, E., Lefebvre, B., Defrance, F., Gmyr, V., Lukowiak, B., Kerr 
Conte, J. & Pattou, F. (2008) PPARgamma-dependent and -independent effects of 
rosiglitazone on lipotoxic human pancreatic islets. Biochem Biophys Res Commun, 
366, 1096-101. 

Vieira, E., Salehi, A. & Gylfe, E. (2007) Glucose inhibits glucagon secretion by a direct 
effect on mouse pancreatic alpha cells. Diabetologia, 50, 370-9. 

Vilches-Flores, A., Delgado-Buenrostro, N. L., Navarrete-Vázquez, G. & Villalobos-
Molina, R. (2010) CB1 cannabinoid receptor expression is regulated by glucose 



 185

and feeding in rat pancreatic islets. Regulatory Peptides, In Press, Accepted 
Manuscript. 

Virtanen, I., Banerjee, M., Palgi, J., Korsgren, O., Lukinius, A., Thornell, L. E., 
Kikkawa, Y., Sekiguchi, K., Hukkanen, M., Konttinen, Y. T. & Otonkoski, T. (2008) 
Blood vessels of human islets of Langerhans are surrounded by a double 
basement membrane. Diabetologia, 51, 1181-91. 

Viscomi, M. T., Oddi, S., Latini, L., Pasquariello, N., Florenzano, F., Bernardi, G., 
Molinari, M. & Maccarrone, M. (2009) Selective CB2 receptor agonism protects 
central neurons from remote axotomy-induced apoptosis through the PI3K/Akt 
pathway. J Neurosci, 29, 4564-70. 

Vrabec, J. T. (1998) Tympanic membrane perforations in the diabetic rat: a model of 
impaired wound healing. Otolaryngol Head Neck Surg, 118, 304-8. 

Wagner, J. A., Varga, K., Jarai, Z. & Kunos, G. (1999) Mesenteric vasodilation 
mediated by endothelial anandamide receptors. Hypertension, 33, 429-34. 

Wagner, K. D. & Wagner, N. (2010) Peroxisome proliferator-activated receptor 
beta/delta (PPARbeta/delta) acts as regulator of metabolism linked to multiple 
cellular functions. Pharmacol Ther, 125, 423-35. 

Waldeck-Weiermair, M., Zoratti, C., Osibow, K., Balenga, N., Goessnitzer, E., 
Waldhoer, M., Malli, R. & Graier, W. F. (2008) Integrin clustering enables 
anandamide-induced Ca2+ signaling in endothelial cells via GPR55 by protection 
against CB1-receptor-triggered repression. J Cell Sci, 121, 1704-17. 

Wang, H., Shara, N. M., Calhoun, D., Umans, J. G., Lee, E. T. & Howard, B. V. (2010) 
Incidence rates and predictors of diabetes in those with prediabetes: the Strong 
Heart Study. Diabetes Metab Res Rev, 26, 378-85. 

Wang, J., Zhao, L. Y., Uyama, T., Tsuboi, K., Wu, X. X., Kakehi, Y. & Ueda, N. (2008) 
Expression and secretion of N-acylethanolamine-hydrolysing acid amidase in 
human prostate cancer cells. J Biochem, 144, 685-90. 

Wang, M. Y., Koyama, K., Shimabukuro, M., Mangelsdorf, D., Newgard, C. B. & 
Unger, R. H. (1998) Overexpression of leptin receptors in pancreatic islets of 
Zucker diabetic fatty rats restores GLUT-2, glucokinase, and glucose-stimulated 
insulin secretion. Proc Natl Acad Sci U S A, 95, 11921-6. 

Wang, R. N. & Rosenberg, L. (1999) Maintenance of beta-cell function and survival 
following islet isolation requires re-establishment of the islet-matrix relationship. J 
Endocrinol, 163, 181-90. 

Wang, X. P., Norman, M. A., Yang, J., Cheung, A., Moldovan, S., Demayo, F. J. & 
Brunicardi, F. C. (2004) Double-gene ablation of SSTR1 and SSTR5 results in 
hyperinsulinemia and improved glucose tolerance in mice. Surgery, 136, 585-92. 

Wang, Z. & Thurmond, D. C. (2009) Mechanisms of biphasic insulin-granule 
exocytosis - roles of the cytoskeleton, small GTPases and SNARE proteins. J Cell 
Sci, 122, 893-903. 

Warren, R. E. & Frier, B. M. (2005) Hypoglycaemia and cognitive function. Diabetes 
Obes Metab, 7, 493-503. 

Warwar, N., Efendic, S., Ostenson, C. G., Haber, E. P., Cerasi, E. & Nesher, R. 
(2006) Dynamics of glucose-induced localization of PKC isoenzymes in pancreatic 
beta-cells: diabetes-related changes in the GK rat. Diabetes, 55, 590-9. 

Weaver, F. C. & Sorenson, R. L. (1989) Islet vasculature in atrophic pancreas: 
evidence for coexisting parallel and serial (insuloacinar) angioarchitecture. 
Pancreas, 4, 10-22. 

Wei, B. Q., Mikkelsen, T. S., McKinney, M. K., Lander, E. S. & Cravatt, B. F. (2006) A 
second fatty acid amide hydrolase with variable distribution among placental 
mammals. J Biol Chem, 281, 36569-78. 

Weiss, M. A. (2009) Proinsulin and the genetics of diabetes mellitus. J Biol Chem, 
284, 19159-63. 

White, R. & Hiley, C. R. (1998) The actions of the cannabinoid receptor antagonist, 
SR 141716A, in the rat isolated mesenteric artery. Br J Pharmacol, 125, 689-96. 

WHO (2006) Definition and diagnosis of diabetes mellitus and intermediate 
hyperglycaemia, Geneva, WHO Document Production Services. 

Whyte, L. S., Ryberg, E., Sims, N. A., Ridge, S. A., Mackie, K., Greasley, P. J., Ross, 
R. A. & Rogers, M. J. (2009) The putative cannabinoid receptor GPR55 affects 



 186

osteoclast function in vitro and bone mass in vivo. Proc Natl Acad Sci U S A, 106, 
16511-6. 

Wild, S., Roglic, G., Green, A., Sicree, R. & King, H. (2004) Global prevalence of 
diabetes: estimates for the year 2000 and projections for 2030. Diabetes Care, 27, 
1047-53. 

Williams, C. M. & Kirkham, T. C. (1999) Anandamide induces overeating: mediation 
by central cannabinoid (CB1) receptors. Psychopharmacology (Berl), 143, 315-7. 

Winzell, M. S. & Ahren, B. (2007) G-protein-coupled receptors and islet function-
implications for treatment of type 2 diabetes. Pharmacol Ther, 116, 437-48. 

Wolf, B. A., Florholmen, J., Turk, J. & McDaniel, M. L. (1988) Studies of the Ca2+ 
requirements for glucose- and carbachol-induced augmentation of inositol 
trisphosphate and inositol tetrakisphosphate accumulation in digitonin-
permeabilized islets. Evidence for a glucose recognition site in insulin secretion. J 
Biol Chem, 263, 3565-75. 

Wolf, B. A., Pasquale, S. M. & Turk, J. (1991) Free fatty acid accumulation in 
secretagogue-stimulated pancreatic islets and effects of arachidonate on 
depolarization-induced insulin secretion. Biochemistry, 30, 6372-9. 

Woodward, D. F., Carling, R. W., Cornell, C. L., Fliri, H. G., Martos, J. L., Pettit, S. N., 
Liang, Y. & Wang, J. W. (2008) The pharmacology and therapeutic relevance of 
endocannabinoid derived cyclo-oxygenase (COX)-2 products. Pharmacol Ther, 
120, 71-80. 

Woolcott, O. O., Gustafsson, A. J., Dzabic, M., Pierro, C., Tedeschi, P., Sandgren, J., 
Bari, M. R., Nguyen, K. H., Bianchi, M., Rakonjac, M., Radmark, O., Ostenson, C. 
G. & Islam, M. S. (2006) Arachidonic acid is a physiological activator of the 
ryanodine receptor in pancreatic beta-cells. Cell Calcium, 39, 529-37. 

Xiao, J. C., Jewell, J. P., Lin, L. S., Hagmann, W. K., Fong, T. M. & Shen, C. P. (2008) 
Similar in vitro pharmacology of human cannabinoid CB1 receptor variants 
expressed in CHO cells. Brain Res, 1238, 36-43. 

Yada, T., Dezaki, K., Sone, H., Koizumi, M., Damdindorj, B., Nakata, M. & Kakei, M. 
(2008) Ghrelin regulates insulin release and glycemia: physiological role and 
therapeutic potential. Curr Diabetes Rev, 4, 18-23. 

Yamamoto, S., Ishii, M., Nakadate, T., Nakaki, T. & Kato, R. (1983) Modulation of 
insulin secretion by lipoxygenase products of arachidonic acid. Relation to 
lipoxygenase activity of pancreatic islets. J Biol Chem, 258, 12149-52. 

Yamazaki, S., Katada, T. & Ui, M. (1982) Alpha 2-adrenergic inhibition of insulin 
secretion via interference with cyclic AMP generation in rat pancreatic islets. Mol 
Pharmacol, 21, 648-53. 

Yao, C. Y., Gill, M., Martens, C. A., Coy, D. H. & Hsu, W. H. (2005) Somatostatin 
inhibits insulin release via SSTR2 in hamster clonal beta-cells and pancreatic 
islets. Regul Pept, 129, 79-84. 

Yates, M. L. & Barker, E. L. (2009) Inactivation and biotransformation of the 
endogenous cannabinoids anandamide and 2-arachidonoylglycerol. Mol 
Pharmacol, 76, 11-7. 

Yeung-Yam-Wah, V., Lee, A. K., Tse, F. W. & Tse, A. (2010) Arachidonic acid 
stimulates extracellular Ca(2+) entry in rat pancreatic beta cells via activation of 
the noncapacitative arachidonate-regulated Ca(2+) (ARC) channels. Cell Calcium, 
47, 77-83. 

Yin, H., Chu, A., Li, W., Wang, B., Shelton, F., Otero, F., Nguyen, D. G., Caldwell, J. 
S. & Chen, Y. A. (2009) Lipid G protein-coupled receptor ligand identification using 
beta-arrestin PathHunter assay. J Biol Chem, 284, 12328-38. 

Yoon, K. H., Ko, S. H., Cho, J. H., Lee, J. M., Ahn, Y. B., Song, K. H., Yoo, S. J., 
Kang, M. I., Cha, B. Y., Lee, K. W., Son, H. Y., Kang, S. K., Kim, H. S., Lee, I. K. & 
Bonner-Weir, S. (2003) Selective beta-cell loss and alpha-cell expansion in 
patients with type 2 diabetes mellitus in Korea. J Clin Endocrinol Metab, 88, 2300-
8. 

Zambre, Y., Ling, Z., Chen, M. C., Hou, X., Woon, C. W., Culler, M., Taylor, J. E., 
Coy, D. H., Van Schravendijk, C., Schuit, F., Pipeleers, D. G. & Eizirik, D. L. (1999) 
Inhibition of human pancreatic islet insulin release by receptor-selective 
somatostatin analogs directed to somatostatin receptor subtype 5. Biochem 
Pharmacol, 57, 1159-64. 



 187

Zarkovic, M., Ciric, J., Stojanovic, M., Penezic, Z., Trbojevic, B., Dresgic, M. & 
Nesovic, M. (1999) Effect of insulin sensitivity on pulsatile insulin secretion. Eur J 
Endocrinol, 141, 494-501. 

Zawalich, W. S., Bonnet-Eymard, M. & Zawalich, K. C. (2000) Insulin secretion, 
inositol phosphate levels, and phospholipase C isozymes in rodent pancreatic 
islets. Metabolism, 49, 1156-63. 

Zhang, D., Saraf, A., Kolasa, T., Bhatia, P., Zheng, G. Z., Patel, M., Lannoye, G. S., 
Richardson, P., Stewart, A., Rogers, J. C., Brioni, J. D. & Surowy, C. S. (2007) 
Fatty acid amide hydrolase inhibitors display broad selectivity and inhibit multiple 
carboxylesterases as off-targets. Neuropharmacology, 52, 1095-105. 

Zhang, Z., Liew, C. W., Handy, D. E., Zhang, Y., Leopold, J. A., Hu, J., Guo, L., 
Kulkarni, R. N., Loscalzo, J. & Stanton, R. C. (2010) High glucose inhibits glucose-
6-phosphate dehydrogenase, leading to increased oxidative stress and beta-cell 
apoptosis. Faseb J, 24, 1497-505. 

Zhao, W., Fong, O., Muise, E. S., Thompson, J., Weingarth, D., Qian, S. & Fong, T. 
M. (2010) Genome-wide expression profiling revealed peripheral effects of CB1 
inverse agonists in improving insulin sensitivity and metabolic parameters. Mol 
Pharmacol. 

Zhou, Y., Jetton, T. L., Goshorn, S., Lynch, C. J. & She, P. (2010) Transamination Is 
Required for {alpha}-Ketoisocaproate but not Leucine to Stimulate Insulin 
Secretion. J Biol Chem. 

Zhou, Y. P., Cockburn, B. N., Pugh, W. & Polonsky, K. S. (1999) Basal insulin 
hypersecretion in insulin-resistant Zucker diabetic and Zucker fatty rats: role of 
enhanced fuel metabolism. Metabolism, 48, 857-64. 

Zoete, V., Grosdidier, A. & Michielin, O. (2007) Peroxisome proliferator-activated 
receptor structures: ligand specificity, molecular switch and interactions with 
regulators. Biochim Biophys Acta, 1771, 915-25. 

Zygmunt, P. M., Petersson, J., Andersson, D. A., Chuang, H., Sorgard, M., Di Marzo, 
V., Julius, D. & Hogestatt, E. D. (1999) Vanilloid receptors on sensory nerves 
mediate the vasodilator action of anandamide. Nature, 400, 452-7. 

 
 

 


