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It is increasingly clear that some of the effects of both free and derivatised long chain fatty acids in pancreatic beta-cells are mediated by a group of G-protein coupled receptors. Some of these display close structural homology while others are more divergent. This Commentary reviews the expression and functional roles of three such molecules, GPR40, GPR119 and GPR120. GPR40 is the best characterised of this group and appears to mediate the acute stimulatory effects of long chain fatty acids on insulin secretion. GPR40 has also been proposed as a potential mediator of fatty acid toxicity but this is more controversial. GPR119 is also involved in stimulation of insulin secretion and responds primarily to ethanolamine derivatives of long chain fatty acids and also to some lysophospholipids rather than to free fatty acids. It may represent a useful target for the development of new insulin secretagogues aimed to enhance insulin release in patients with type 2 diabetes. GPR120 is the most enigmatic of the lipid responsive cell-surface receptors and its function remains to be established. It has been proposed to play a cytoprotective role in certain other cell types but it is unclear whether it fulfils a similar function in beta-cells.

Introduction

It has long been appreciated that free fatty acids can serve as metabolic substrates in the pancreatic β-cell and that they are able to regulate the secretory activity of these cells by coordinating the oxidation of relevant fuel molecules within the mitochondria [START_REF] Prentki | Signal transduction mechanisms in nutrientinduced insulin secretion[END_REF]. It has also been proposed that fatty acids can subserve more specific intracellular signalling functions by, for example, altering the formation of acyl-CoA species within β-cells or, in the case of arachidonic acid, by modulating the availability of lipoxygenase and/or cyclo-oxygenasederived metabolites [START_REF] Turk | Amplification of insulin secretion by lipid messengers[END_REF]. In addition, excessively high concentrations of free fatty acids exert detrimental effects on β-cells in that they cause both a loss of glucose-induced insulin secretion and a subsequent decline in cell viability [3;4]. As such, elevated levels of circulating fatty acids may contribute to the decline in glucose homeostasis seen in patients with type 2 diabetes [START_REF] Eizirik | The role for endoplasmic reticulum stress in diabetes mellitus[END_REF][START_REF] Morgan | Fatty acids and beta-cell toxicity[END_REF][START_REF] Poitout | Glucolipotoxicity: fuel excess and beta-cell dysfunction[END_REF].

Until recently, it was considered that fatty acids must enter the β-cell in order to elicit the majority of their effects. However, it is now clear that these molecules can also exert important signalling functions by acting more directly from the extracellular environment. This is because β-cells express, on their surface, various members of a family of G-protein coupled receptors that can bind fatty acids in the extracellular space and which transmit signals to the intracellular environment. These molecules were originally identified as orphan A c c e p t e d M a n u s c r i p t receptors during scans of the genome for putative receptor sequences but it is now established that their endogenous ligands are free fatty acids and/or fatty acid derivatives.

Such receptors are implicated in mediating at least part of the stimulatory actions of free fatty acids on insulin secretion and they have also been proposed as mediators of altered β-cell viability in type 2 diabetes. The present commentary aims to summarise some of the recent evidence and ongoing controversies relating to these conclusions but readers are also pointed to a range of additional review articles which deal with aspects of the topic from different perspectives [START_REF] Covington | The G-protein-coupled receptor 40 family (GPR40-GPR43) and its role in nutrient sensing[END_REF][START_REF] Rayasam | Fatty acid receptors as new therapeutic targets for diabetes[END_REF][START_REF] Stoddart | International Union of Pharmacology. LXXI. Free fatty acid receptors FFA1, -2, and -3: pharmacology and pathophysiological functions[END_REF][START_REF] Swaminath | Fatty acid binding receptors and their physiological role in type 2 diabetes[END_REF][START_REF] Hirasawa | Free fatty acid receptors and drug discovery[END_REF][START_REF] Wellendorph | Molecular pharmacology of promiscuous 7TM receptors sensing organic nutrients[END_REF]. It is also important to note that intracellular fatty acid receptors are present in β-cells (including, for example, members of the PPAR family [14]) but that their contribution will not be considered here.

The family of G-protein coupled free fatty acid receptors includes one group of molecules which share a moderate degree of structural homology and whose genes are all located within a closely aligned region of human chromosome 19 (19q13.1) [START_REF] Sawzdargo | A cluster of four novel human G protein-coupled receptor genes occurring in close proximity to CD22 gene on chromosome 19q13.1[END_REF]. These proteins display the typical seven-transmembrane domain organisation of G-protein coupled receptors and were originally termed GPR40, 41 & 43 before their endogenous ligands were known. They have since been re-designated FFA1, 3 and 2 respectively [START_REF] Stoddart | International Union of Pharmacology. LXXI. Free fatty acid receptors FFA1, -2, and -3: pharmacology and pathophysiological functions[END_REF] but, for ease of identification in the literature references cited, the original designation will be retained here.

Human chromosomal region 19q13.1 also contains an additional gene which is highly homologous to GPR43 and was originally termed GPR42. However, this is now thought to represent a pseudogene that is unlikely to be expressed as a functional protein [START_REF] Brown | The Orphan G protein-coupled receptors GPR41 and GPR43 are activated by propionate and other short chain carboxylic acids[END_REF]. GPR40 is abundantly expressed in pancreatic β-cells (see below) but GPR41 may be predominantly localised on immune cells [START_REF] Nilsson | Identification of a free fatty acid receptor, FFA2R, expressed on leukocytes and activated by short-chain fatty acids[END_REF] and GPR43 on adipocytes [START_REF] Gotoh | The regulation of adipogenesis through GPR120[END_REF]. In addition to these molecules, certain structurally more divergent receptors whose ligands are free or derivatised fatty acids are encoded elsewhere in the genome, including GPR84, GPR119 and GPR120 [START_REF] Tanaka | Cloning and characterization of the rat free fatty acid receptor GPR120: in vivo effect of the natural ligand on GLP-1 secretion and proliferation of pancreatic beta cells[END_REF][START_REF] Fredriksson | Seven evolutionarily conserved human rhodopsin G protein-coupled receptors lacking close relatives[END_REF][START_REF] Wang | Saturated fatty acids promote endoplasmic reticulum stress and liver injury in rats with hepatic steatosis[END_REF].

The present Commentary will focus on lipid-responsive G-protein coupled receptors that are likely to influence pancreatic β-cell function; notably GPR40, GPR119 & GPR120.

GPR40

GPR40 is the best-studied of the cell surface receptors for fatty acids expressed on β-cells and it is strongly implicated in the regulation of insulin secretion. This receptor may also play a role in mediating the detrimental effects of fatty acids on β-cell function (termed "lipotoxicity") but this remains a controversial topic that is not fully resolved.

A c c e p t e d M a n u s c r i p t Expression of GPR40

There is a firm consensus that GPR40 is expressed in β-cells and this has been confirmed at the mRNA level in a range of species including mouse [START_REF] Steneberg | The FFA receptor GPR40 links hyperinsulinemia, hepatic steatosis, and impaired glucose homeostasis in mouse[END_REF], rat [START_REF] Itoh | GPR40, a free fatty acid receptor on pancreatic beta cells, regulates insulin secretion[END_REF] and man [START_REF] Tomita | GPR40 gene expression in human pancreas and insulinoma[END_REF].

Definitive proof of β-cell GPR40 protein production has been harder to provide, but this is due mainly to the lack of fully reliable antisera capable of detecting the molecule on Western blots or by immunohistochemistry. However, a recent report has described the successful generation of a monoclonal antibody directed against a peptide localised within the Nterminal region of human and mouse GPR40 [START_REF] Hirasawa | Production and characterization of a monoclonal antibody against GPR40 (FFAR1; free fatty acid receptor 1)[END_REF]. This antibody labelled some (but, apparently, not all) insulin-positive cells in sections of mouse pancreas, consistent with the expression of GPR40 on β-cells. The antibody did not co-localise with anti-glucagon staining suggesting that GPR40 may not be expressed on α-cells. A similar conclusion had already been drawn on the basis of in situ hybridisation analysis of rat islet sections (where labelling of β-cells was evident and α-cells appeared negative [START_REF] Itoh | Free fatty acids regulate insulin secretion from pancreatic beta cells through GPR40[END_REF]) but this view contrasts sharply with the findings of Flodgren et al [START_REF] Flodgren | GPR40 is expressed in glucagon producing cells and affects glucagon secretion[END_REF] who used a different antiserum to GPR40 to reveal the presence of this receptor on α-cells in mouse pancreas. Clearly, further work is required to clarify the situation and to establish whether species differences might account for the divergent results obtained to date for expression of GPR40 in α-cells.

The discovery that GPR40 is abundantly expressed in β-cells has prompted an analysis of the factors regulating expression of the receptor [29;30]. In mice, the gene consists of 2 exons spanning 24 and 4402bp respectively, of which the first is non-coding while the second specifies the full coding sequence. The two exons are separated by a 698bp intron which is spliced out during RNA processing. Upstream of the first exon are several regulatory sites which appear to be responsible for directing the expression of the gene in βcells since reporter constructs derived from this region showed marked regulatory potential when expressed in β-cells but not in CHO cells [START_REF] Bartoov-Shifman | Regulation of the gene encoding GPR40, a fatty acid receptor expressed selectively in pancreatic beta cells[END_REF]. In particular, a region designated HR2 contains an E-box element that binds the helix-loop-helix transcription factor, BETA2, and it also encodes a consensus site for the homeodomain protein PDX-1. Both of these transcription factors are considered to be critical for determination of the β-cell phenotype. In addition, PDX-1 may also drive the expression of certain proteins within intestinal neuroendocrine cells and recent evidence suggests that GPR40 is expressed by both K [START_REF] Parker | Nutrient-dependent secretion of glucose-dependent insulinotropic polypeptide from primary murine K cells[END_REF] and L-cells [START_REF] Edfalk | Gpr40 is expressed in enteroendocrine cells and mediates free fatty acid stimulation of incretin secretion[END_REF] in the gut. As such, it may play a role in sensing ingested fat within the intestinal lumen and thereby contribute to the incretin-effect by promoting the release of peptides such as glucagon-like-peptide-1 (GLP-1) and glucose-dependent insulinotropic A c c e p t e d M a n u s c r i p t polypeptide (GIP) into the circulation. These agents can then impinge on the β-cell to enhance insulin secretion and it seems likely, therefore, that fatty acids may exert both indirect (via incretin release) and direct (via FFA receptors expressed on β-cells) stimulatory effects on insulin release. In both cases, of course, FFA receptors serve as the primary sensor of fatty acid availability.

Ligand specificity of GPR40

GPR40 appears to possess a relatively wide substrate specificity in that it is activated by saturated fatty acids having chain lengths from as few as 10 carbon atoms (capric acid) to at least 23 (tricosanoic acid) as well as by various mono-(e.g. palmitoleic (C16:1) and oleic (C18:1) acids) and poly-unsaturated fatty acids (e.g. linoleic (C18:2) and eicosatrienoic (C20:3) acids) [START_REF] Itoh | Free fatty acids regulate insulin secretion from pancreatic beta cells through GPR40[END_REF][START_REF] Schnell | Free fatty acids increase cytosolic free calcium and stimulate insulin secretion from beta-cells through activation of GPR40[END_REF][START_REF] Briscoe | The orphan G protein-coupled receptor GPR40 is activated by medium and long chain fatty acids[END_REF]. The potency of these species varies but the EC 50 values for activation of the ectopically expressed human receptor by different fatty acids are, typically, in the µM range. This suggests that GPR40 could be activated by free concentrations of fatty acids within the physiological range. In drawing this conclusion, it is important to emphasise that, under most experimental conditions, the free concentration of fatty acids available for receptor binding is several orders of magnitude lower than the total concentration, since the majority of fatty acid molecules are complexed to proteins (such as serum albumin) present in the incubation medium.

In order to serve as an agonist at GPR40, a free carboxyl group appears to be required in the fatty acid ligand since the methyl ester of linoleate is inactive whereas unesterified linoleate activates the receptor with an EC 50 of ~ 2µM [START_REF] Itoh | Free fatty acids regulate insulin secretion from pancreatic beta cells through GPR40[END_REF]. This conclusion has been confirmed by initial structural analysis which implies the existence of a 3-dimensional cluster of residues in the human receptor which specifically coordinate the carboxylate group of ligands [START_REF] Sum | Identification of residues important for agonist recognition and activation in GPR40[END_REF]. These amino acids, Arg 183 , Asn 244 and Arg 258 , are located close to the extracellular domains of the three most distal transmembrane regions (TM5, 6 and 7) suggesting that ligand binding may occur close to, or within, the plane of the membrane; as might be expected for ligands which are predominantly hydrophobic. Interestingly, a range of low molecular weight, non-fatty acid, agonists of GPR40 have been developed and many (but not all; see below) of these molecules retain a free carboxylate group, suggesting that these synthetic ligands may bind to the receptor in a similar manner to fatty acids [39].

Recent evidence derived from molecular modelling and in vitro mutagenesis [40] indicates that two critical glutamic acid residues in the 3 rd extracellular loop (Glu 145 and Glu 172 ) of GPR40 form an "ionic lock" with 2 of the arginine residues identified above as being required for agonist binding (Arg 183 and Arg 258 respectively). This lock maintains the molecule in an values as low as 15nM in transfected cell experiment. Since these reagents lack the free carboxyl group of native fatty acids it seems probable that they may bind to the receptor via different coordination sites but, nevertheless, they appear to retain full agonist activity.

Whether any of the beneficial effects of the currently available thiazolidinediones in patients with type 2 diabetes reflects an action on β-cell GPR40 remains to be established. However, this seems improbable given that their potency as PPARγ ligands is some 1000-fold higher than their reported EC 50 values for interaction at GPR40. Nevertheless, it is conceivable that a new generation of thiazolidinediones drugs, specifically targeted to GPR40, might have therapeutic benefit in type 2 diabetes. In support of this, Tan et al show that one of their newly-developed thiazolidinedione GPR40 agonists caused an improvement in blood glucose excursion during an intraperitoneal glucose tolerance test in mice maintained on a high fat diet to simulate obesity-induced changes to β-cell responsiveness [44]. This compound also restored the first phase of glucose-induced insulin release from the islets of animals previously rendered diabetic with streptozotocin.

Signal transduction mechanisms of GPR40

As indicated above, there is a strong consensus that GPR40 is expressed abundantly on pancreatic β-cells and that it is coupled to intracellular signalling systems which regulate insulin exocytosis. Initial data, obtained in cultured cells transfected with GPR40, revealed that appropriate agonists elicited a rapid and large rise in intracellular free [Ca] ([Ca i ]) [45;46] and similar data were also reported in pancreatic β-cell lines [47;48] and in primary islet cells [49]. This response was accompanied by a marked, glucose-dependent, increase in insulin secretion suggesting that the amplifying actions of fatty acids on insulin release may be mediated, at least in part, by changes in [Ca i ] deriving from activation of GPR40. These responses are insensitive to pertussis toxin, suggesting that that GPR40 does not couple to Gi/Go in β-cells [50]. In transfected HEK293 cells, the GPR40 agonist, linoleic acid, promoted the hydrolysis of inositol lipids in a manner which is consistent with the activation of phospholipase C via a Gq mediated mechanism [START_REF] Salehi | Free fatty acid receptor 1 (FFA(1)R/GPR40) and its involvement in fatty-acidstimulated insulin secretion[END_REF]. Breakdown of inositol lipids has not A c c e p t e d M a n u s c r i p t been studied directly in β-cells exposed to GPR40 agonists but the rise in β-cell [Ca i ] that accompanies fatty acid treatment is consistent with the involvement of PLC. In support of this, Shapiro et al [START_REF] Shapiro | Role of GPR40 in fatty acid action on the beta cell line INS-1E[END_REF] observed that the rise in [Ca i ] caused by palmitate in INS-1E cells was attenuated by chemical inhibitors of PLC and Latour and colleagues noted that PLC inhibitors also attenuate the acute elevation of insulin secretion mediated by palmitate in isolated mouse islets [START_REF] Latour | GPR40 is necessary but not sufficient for fatty acid stimulation of insulin secretion in vivo[END_REF]. However, whether the rise in GPR40-induced cytosolic Ca derives entirely from intracellular stores remains to be established and there is some evidence that this may not be the case. Thus, in their original description of the actions of GPR40, Itoh et al observed that the rise in [Ca i ] induced by fatty acids in MIN6 cells was inhibited by the Ltype Ca channel blocker, nifedipine, suggesting some involvement of a Ca influx mechanism [START_REF] Itoh | Free fatty acids regulate insulin secretion from pancreatic beta cells through GPR40[END_REF]. However, nifedipine did not prevent the earliest phase of the increase in [Ca i ] seen under these conditions implying that both early intracellular Ca mobilisation as well as a later influx from the extracellular milieu, may be required for full development of the Ca signal and of the subsequent insulin secretory response.

Classically, it is considered to be the case that receptors coupled to Gq cause the mobilisation of intracellular Ca from stores localised within the endoplasmic reticulum (ER).

Consistent with this, Feng et al [START_REF] Feng | Reduction in voltage-gated K+ currents in primary cultured rat pancreatic beta-cells by linoleic acids[END_REF] observed that prior depletion of ER Ca stores with thapsigargin resulted in the failure of the GPR40 agonist, linoleic acid, to elevate [Ca i ] in primary rat β-cells. By contrast, Gwiazda and colleagues observed that treatment of MIN6 cells with palmitate (which also elevated [Ca i ] via GPR40 in these cells) did not lead to sustained depletion of ER Ca stores since subsequent addition of the muscarinic cholinergic agonist, carbachol, still elicited a rise in [Ca i ] despite the continued presence of palmitate [START_REF] Gwiazda | Effects of palmitate on ER and cytosolic Ca2+ homeostasis in beta-cells[END_REF]. Since GPR40 does not appear to be subject to short-term desensitisation in β-cells, these results imply that activation of this receptor by palmitate causes only a partial release of ER Ca in β-cells and/or that this Ca is retained in a compartment different from that accessed upon stimulation of the cells with carbachol. Further work will be required to distinguish between these possibilities but, currently, it seems likely that activation of PLC and the subsequent generation of inositol 1,4,5 trisphosphate may not be the sole mechanism by which GPR40 causes a rise in β-cell [Ca i ].

One possible alternative mechanism by which GPR40 may elevate [Ca i ] is offered by the demonstration that this receptor regulates the gating of voltage-dependent K-channels in βcells [START_REF] Feng | Reduction in voltage-gated K+ currents in primary cultured rat pancreatic beta-cells by linoleic acids[END_REF]. These channels play a role in repolarisation of the plasma membrane during glucose stimulation and, as such, they facilitate the closure of voltage sensitive Ca channels and contribute to the lowering of cytosolic Ca levels. Feng et al [START_REF] Feng | Reduction in voltage-gated K+ currents in primary cultured rat pancreatic beta-cells by linoleic acids[END_REF] have presented evidence that the gating of voltage-gated K channels is impaired upon stimulation of GPR40 and that this then serves to prolong the opening of voltage sensitive Ca channels and to A c c e p t e d M a n u s c r i p t maintain cytosolic Ca at an elevated level. This action would, therefore, sustain [Ca i ] by influencing the influx of extracellular Ca rather than by promoting the mobilisation of Ca from within the ER. The mechanism by which GPR40 regulates voltage-gated K channel activity has not been established although the effects of linoleic acid were blocked by protein kinase A inhibitors and reproduced by addition of a cell-permeable analogue of cAMP. On this basis, the authors speculate that GPR40 may couple to adenylate cyclase via Gs thereby leading to a rise in cAMP. However, this conclusion remains to be substantiated since the addition of fatty acids typically causes little or no rise in β-cell cAMP [START_REF] Welters | Differential protective effects of palmitoleic acid and cAMP on caspase activation and cell viability in pancreatic beta-cells exposed to palmitate[END_REF], suggesting that GPR40 does not couple strongly to Gs under most circumstances.

It has recently been reported that at least two single nucleotide polymorphisms (SNPs) can be distinguished in the coding region of the human GPR40 gene which may exert functional effects [60;61]. One of these leads to an amino acid substitution (arginine to histidine) at position 211 in the third intracellular loop of the receptor which was reported to cause enhanced insulin secretion in Japanese males [START_REF] Ogawa | GPR40 gene Arg211His polymorphism may contribute to the variation of insulin secretory capacity in Japanese men[END_REF], although it was not associated with altered insulin secretion in European populations. A second SNP, located in a region of the coding sequence close to the junction between the second extracellular loop and the 5 th TM region, also results in an amino acid substitution (Gly 180 Ser) [START_REF] Vettor | Loss-offunction mutation of the GPR40 gene associates with abnormal stimulated insulin secretion by acting on intracellular calcium mobilization[END_REF]. In this case, possession of the less frequent variant (Ser 180 ) was associated with elevated body-mass index in Europeans and a reduction in insulin secretion following an oral glucose load. Similarly, insulin secretion was also reduced in this cohort during an oral lipid load. On the basis of in vitro studies in transfected HeLa cells, it was established that the Ser 180 variant is processed and expressed at the cell surface normally but that cells expressing this molecule display a reduced rise in cytosolic Ca compared to those expressing the Gly 180 receptor. Thus, it appears that naturally occurring variants of GPR40 may have differing propensities to elicit a rise in cytosolic Ca and, possibly, insulin secretion in humans.

Role of GPR40 in lipotoxicity

Although it is increasingly accepted that agonists of GPR40 can promote insulin secretion acutely, the role of the receptor in mediating the longer term deleterious effects of fatty acids on β-cells ("lipotoxicity") is still a matter of debate. In particular, it is known that prolonged elevation of circulating fatty acids leads to a decline in insulin secretion and, ultimately, to loss of β-cell viability but there are conflicting views as to the role played by GPR40 in these processes. Initial data were provided by Steneberg and colleagues [START_REF] Steneberg | The FFA receptor GPR40 links hyperinsulinemia, hepatic steatosis, and impaired glucose homeostasis in mouse[END_REF] who generated GPR40 knock-out (KO) mice and observed that, when maintained on a high fat diet, these animals failed to develop the characteristic metabolic abnormalities seen in wild type animals. Specifically, the GPR40 KO animals had lower fasting insulin, greater insulin A c c e p t e d M a n u s c r i p t sensitivity and improved glucose tolerance than the animals with normal levels of GPR40 expression. The GPR40 KO animals were also protected against hepatic steatosis during high fat feeding and they did not develop hypertriglyceridaemia. Moreover, following 48h exposure of the islets of these animals to palmitate in vitro, their insulin secretory response to glucose was dramatically improved compared to wild type animals. These data provided striking evidence that GPR40 may be required not only for the acute stimulatory effects of fatty acids in β-cells but also for the longer term detrimental effects. As such, this led to the concept that, from a therapeutic point of view, a selective antagonist of GPR40 might be beneficial as a means to minimise the role of this receptor in causing lipid-induced β-cell toxicity and such molecules are under development [START_REF] Humphries | Synthesis and SAR of 1,2,3,4-tetrahydroisoquinolin-1-ones as novel Gprotein-coupled receptor 40 (GPR40) antagonists[END_REF].

However, after the initial flush of excitement spawned by the early findings of Steneberg et al [START_REF] Steneberg | The FFA receptor GPR40 links hyperinsulinemia, hepatic steatosis, and impaired glucose homeostasis in mouse[END_REF], the field has become more circumspect since a number of workers have now developed GPR40 KO mice but none has shown the dramatic improvement in phenotype during high fat feeding, reported initially. For example, Kebede et al [START_REF] Kebede | The fatty acid receptor GPR40 plays a role in insulin secretion in vivo after high-fat feeding[END_REF] observed that deletion of GPR40 did not prevent any of the detrimental metabolic effects of a high fat diet in C57BL/6 mice. The mice with reduced expression of GPR40 did, though, display an impaired insulin secretory response to glucose suggesting that this receptor may confer aspects of glucose-responsiveness as well as mediating the stimulatory actions of free fatty acids on insulin secretion. However, the KO mice were not protected from the metabolic consequences of a lipid-enriched diet. Essentially similar conclusions were reached in an independent study by Lan et al. [START_REF] Lan | Lack of FFAR1/GPR40 does not protect mice from highfat diet-induced metabolic disease[END_REF] who tested both moderate (45% calories from fat) and high (60% calories) fat diets in mice with deletions of GPR40 on several genetic backgrounds and reported no consistent improvement in glucose tolerance and no reduction in liver fat accumulation compared to mice expressing GPR40.

Brownlie et al have also examined this topic in a further group of GPR40 KO mice and, consistent with all other reports, they observed that loss of the receptor leads to impaired insulin secretory responses to fatty acids [START_REF] Brownlie | The long-chain fatty acid receptor, GPR40, and glucolipotoxicity: investigations using GPR40-knockout mice[END_REF]. They also confirmed that deletion of GPR40 failed to prevent hepatic steatosis during high fat feeding. However, when studying the glucose tolerance of animals on a high fat diet, their results were somewhat intermediate between the two extremes seen in other studies. In particular, these authors reported that glucose tolerance was impaired within 1 week of increased fat ingestion in wild type mice but that this did not occur in GPR40 KO animals. However, this difference was not sustained when the time course of the experiment was extended. By way of explanation, the authors noted an unexpected improvement in the glucose tolerance of wild type animals during sustained high fat feeding (for more than 8 weeks) which was associated with a decrease in circulating free fatty acid concentrations. This resulted in a convergence of the data; due A c c e p t e d M a n u s c r i p t largely to metabolic improvements in the wild type animals rather than to specific protective actions occurring in the GPR40 KO mice. Overall, they concluded that mice lacking GPR40 may show some protection from the early deleterious effects of elevated circulating fatty acids on glucose tolerance but that this is not associated with any attenuation of liver fat accumulation.

Recently, a line of mice over-expressing GPR40 under the control of an insulin-promoter have been developed [START_REF] Nagasumi | Overexpression of GPR40 in pancreatic beta-cells augments glucose-stimulated insulin secretion and improves glucose tolerance in normal and diabetic mice[END_REF] and these animals displayed improved oral glucose tolerance as well as enhanced glucose-and fatty-acid stimulated insulin secretion compared to wild type mice. Interestingly, these animals were resistant to the detrimental effects of a high fat diet and, when the transgene was expressed against a genetic background predisposing to type 2 diabetes, enhanced insulin secretion was observed.

Taken together, it seems that further work is still required to provide definitive confirmation, but the emerging consensus favours the view that loss of GPR40 does not protect against the deleterious effects of high fat feeding over the medium to long term. As such, development of antagonists of GPR40 may not prove to be a fruitful therapeutic approach for type 2 diabetes. Conversely, since GPR40 activation leads to enhancement of insulin secretion and improved glucose tolerance, even under conditions of reduced islet cell responsiveness, the development of receptor agonists may be more beneficial as a therapeutic approach in type 2 diabetes. Direct support for this proposition has come from recent studies revealing that a selective GPR40 agonist promotes a glucose-dependent rise in insulin secretion in rats and that this is accompanied by improved glucose tolerance [START_REF] Doshi | Acute administration of GPR40 receptor agonist potentiates glucose-stimulated insulin secretion in vivo in the rat[END_REF].

Before leaving this topic, it is important to also refer to one further aspect of the actions of fatty acids in β-cells; namely, the observation that certain mono-unsaturated long chain molecules (e.g. palmitoleate and oleate) are much less effective as inducers of lipotoxicity than saturated species. Indeed, at least under in vitro conditions, the mono-unsaturates can exert potent cytoprotective actions which display a structure-activity relationship that is fully consistent with receptor involvement [72;73]. The identity of the putative receptor mediating this response has not been defined but Zhang et al [START_REF] Zhang | The role of G protein-coupled receptor 40 in lipoapoptosis in mouse beta-cell line NIT-1[END_REF] have suggested that GPR40 could play a role. This conclusion was drawn from evidence that knock-down of GPR40 expression in the rodent β-cell line, NIT-1, by interference RNA technology resulted in an impairment of the ability of oleate to exert a cytoprotective response. However, the known selectivity of GPR40 does not readily accord with a primary involvement of this receptor in mediating cytoprotection. For example, GPR40 is known to be activated by both saturated and unsaturated fatty acids but only the latter are cytoprotective [START_REF] Morgan | The cytoprotective actions of long-chain mono-unsaturated fatty acids in pancreatic beta-cells[END_REF]. Furthermore, methylated fatty acids do not activate GPR40 whereas they are equipotent with underivatised molecules A c c e p t e d M a n u s c r i p t as mediators of cytoprotection [START_REF] Dhayal | Structural requirements for the cytoprotective actions of mono-unsaturated fatty acids in the pancreatic beta-cell line, BRIN-BD11[END_REF]. On this basis, it seems unlikely that GPR40 plays a major role in protecting β-cells against toxic insults.

GPR119

Aside from GPR40, arguably the best-studied lipid-responsive G-protein coupled receptor in the β-cell is GPR119. Unlike GPR40, however, this receptor does not bind fatty acids per se but, rather, it is activated by certain ethanolamide derivatives of these molecules and also by some lysophospholipid species that contain defined fatty acids at the C-1 position [77;78].

The gene for GPR119 is present on the X-chromosome in mammals and a cDNA sequence encoding GPR119 was initially cloned from rat [START_REF] Fredriksson | Seven evolutionarily conserved human rhodopsin G protein-coupled receptors lacking close relatives[END_REF]. This was suggested to encode a protein of 468 amino acids but this now seems to have been an over-estimate since in most species (including human) the receptor is encoded by a transcript having an open reading frame of 1008bp, thereby yielding a protein composed of 335 residues. GPR119 was initially identified as a novel member of the general class of G-protein coupled receptors which had no close homologues, although it was subsequently proposed to possess certain structural similarity with cannabinoid receptors [START_REF] Brown | Novel cannabinoid receptors[END_REF]. The validity of this assertion is supported by the observation that, in common with cannabinoid receptors, GPR119 can bind certain fatty acid ethanolamides [START_REF] Overton | Deorphanization of a G protein-coupled receptor for oleoylethanolamide and its use in the discovery of small-molecule hypophagic agents[END_REF]. Identification of these molecules as potential ligands for GPR119 is significant since such compounds can negatively influence food intake, reduce visceral fat mass and lower body weight in various animal models of obesity [START_REF] Matias | Role and regulation of acylethanolamides in energy balance: focus on adipocytes and beta-cells[END_REF][START_REF] Lambert | Endocannabinoids and related N-acylethanolamines in the control of appetite and energy metabolism: emergence of new molecular players[END_REF][START_REF] Hansen | N-acylethanolamines, anandamide and food intake[END_REF]. In particular, it was known that the C18 monounsaturated derivative, oleoylethanolamide (OEA) is especially efficacious in this regard and cloning of human GPR119 revealed that OEA is a potent agonist of this receptor [85;86]. By contrast, the more classical cannabinoid agonist, arachidonylethanolamide, was much less potent. This supports the idea that GPR119 is not a cannabinoid receptor and suggests that it may represent an appropriate target for the design of novel, non-cannabinoid, anti-obesity drugs.

In order to evaluate this idea more fully, the distribution of GPR119 expression was examined in mammalian tissues by a number of authors and it was rapidly established that both the endocrine pancreas and certain cells of the GI tract express the receptor [87-92]. It is also possible that GPR119 may be expressed in some brain regions [93].

Inevitably, unequivocal confirmation of the expression of GPR119 at the protein level in any

given tissue depends on the availability of a reliable antiserum and, as indicated above for GPR40, such antisera can be difficult to develop for G-protein coupled receptors. Hence, expression is often monitored at the level of mRNA but this can be misleading since the A c c e p t e d M a n u s c r i p t correlation between mRNA and protein is rarely perfect. To address this problem, Sakamoto et al [94] used an anti-peptide approach to generate a specific antiserum directed against murine GPR119 and compared the expression pattern with that deduced from RT-PCR analysis of mRNA in various mouse tissues and cell lines. Their antibody was characterised in cells expressing a fusion protein containing yellow fluorescent protein and GPR119 and it was noted that there were discrepancies between the predicted size of the immunoreactive product and the location of bands seen on Western blots of cell extracts. This leaves open the possibility that the antiserum may not have been entirely specific for GPR119 but, nevertheless, the authors went on to use it for immunohistochemical analysis of pancreas.

This yielded an unexpected outcome in that GPR119 protein was detected in only a subset of islet endocrine cells; namely, those expressing pancreatic polypeptide. By contrast GPR119 immunoreactivity could not be detected in islet α-or β-cells despite clear evidence that mRNA encoding GPR119 is present in both clonal α-cells (α-TC) and β-cells (MIN6).

The authors concluded that the reported expression of GPR119 mRNA in various clonal islet β-cells (which include NIT-1[95] & HIT-T15 [96] in addition to MIN6) may be representative of an immature phenotype. This proposal requires further confirmation but it is interesting to note that GPR119 is reportedly absent from the rat β-cell line RINm5F [97;98] consistent with the possibility that GPR119 is not universally present in mammalian β-cells.

The conclusion that mature β-cells may not express GPR119 is contentious and is at variance with the results of a study which employed in situ hybridisation to demonstrate the presence of mRNA encoding GPR119 in both α-and β-cells of the rat [99]. These workers also developed their own antibody to GPR119 and used this to confirm the co-localisation of GPR119 with insulin in normal rat and mouse islets. These results stand in marked contrast to those of Sakamoto et al [100] but, importantly, the islets of mice which were genetically deficient in GPR119 did not stain positively with the antiserum raised by Chu et al, thereby providing strong support for the reported specificity of their antibody.

Signal transduction mechanism of GPR119

One area which has generated essentially complete concordance of opinion relates to the signal transduction system used by GPR119. Ectopic expression of GPR119 in various easily transfected cell lines has yielded unanimous support for the view that activation of the receptor is associated with a rise in cAMP levels [101][102][103][104]. Moeover, exposure of cultured β-cells to GPR119 ligands also elicits a rise in cAMP; as does treatment of the intestinal Lcell line, GLUTag [105]. Thus, it can be concluded that GPR119 is predominantly coupled to Gs and that activation of the receptor promotes a rise in intracellular cAMP. This then accounts for the ability of GPR119 agonists to enhance glucose-dependent insulin secretion.

A c c e p t e d M a n u s c r i p t

In drawing this conclusion, it is worth noting that we have not been able to find any direct evidence in the literature showing that cAMP is elevated in primary islet cells upon activation of GPR119, although it seems reasonable to assume that this will be the case.

Ligands of GPR119

As outlined above, certain ethanolamide derivatives of long chain fatty acids have been shown to activate GPR119 and, among these, OEA is the most potent. In addition, steroyland palmitoyl-ethanolamide are also agonistic although the maximal response generated in a fluorescence-based assay in transfected yeast cells was lower with these ligands than with OEA [106]. Lysophospholipids may also be agonistic at GPR119 since a range of lysophosphatidycholine species having oleoly, steroyl or palmitoyl derivatives at the C-1 position were all able to raise cAMP in cells expressing GPR119; as were lysophosphatidylethanolamine and lysophosphatidylinositol [107]. It remains uncertain which (if any) of these can serve as a physiological ligand but OEA is a strong candidate since this molecule is produced in the intestine and may also be present in blood as well as, locally, within other tissues [108][109][110][111].

OEA is well-known to exert a powerful orexogenic effect in vivo and this has raised the possibility that it (or a suitable derivative) may be useful in the treatment of obesity. However, it is not entirely clear whether this activity is mediated via GPR119, since OEA can also activate certain vanilloid receptors (notably TRPV1) and PPAR-α, either of which may mediate some of its actions [112]. Indeed, a recent study has revealed that, in mice deficient in GPR119, administration of OEA still exerts a powerful hypophagic response, suggesting that GPR119 is not absolutely required for this effect [113]. Nevertheless, GPR119 remains a potentially important pharmacological target for the improvement of glucose-induced insulin secretion in patients in whom this response is impaired.

In an attempt to move forward the development of pharmacological ligands targeted to GPR119, a number of groups have reported the synthesis of small molecules which can serve as agonists of this receptor [114][115][116]. These have largely been developed on the basis of their ability to elicit a response in cells transfected to express GPR119 but, encouragingly, several have also been shown to display activity in vivo. Among these, PSN632408, developed by Prosidion [117], causes a rise in cAMP and insulin secretion from HIT-T15 and MIN6 cells and also induces hypohagia in rats (although, as mentioned above, this latter response may not be completely dependent on GPR119). Interestingly, PSN632408 displays a bell-shaped dose response curve on insulin secretion (and cAMP accumulation) in MIN6 cells with concentrations in the low µM range causing a rise in A c c e p t e d M a n u s c r i p t secretion, while this effect is attenuated at higher doses [118]. The reasons for this have not been established.

A second low molecular weight GPR119 agonist, AR231453 (from Arena Pharmaceuticals) also promotes cAMP formation and insulin secretion from HIT-T15 cells and it improved glucose tolerance when given orally to a variety of animal models of type 2 diabetes [119].

There was a marked increase in glucose-induced insulin secretion in animals treated with AR231453 suggesting that the effects were a reflection of improved β-cell function.

Importantly (and as expected for an agent acting primarily via the cAMP signalling system) even high doses of AR231453 did not elicit hypoglycaemia in experimental animals, consistent with a clear glucose-dependence for the insulin secretory response. Deletion of GPR119 abrogated the responses to AR231453. Interestingly, however, GPR119-deficient animals did not display abnormal glucose homeostasis per se when fed a standard laboratory diet, suggesting that the receptor is not absolutely required for normal glucose tolerance [120;121].

In addition to exerting effects on insulin secretion, it was shown recently that oral administration of AR231453 to mice induced a rapid release of GLP-1 from intestinal L-cells [122]. This implies that GPR119 is also expressed by certain cells of the small intestine and this conclusion has received direct support by analysis of mRNA extracted from L-cells [123].

Since GLP-1 can, in turn, stimulate insulin secretion, it is possible that, when administered by the oral route, GPR119 agonists may exert a bi-functional effect to promote insulin release, involving both direct (via β-cells) and indirect (via intestinal cells) actions. Indeed, recent studies have confirmed that GPR119 is expressed in both K-and L-cells of the small intestine and that it acts functionally to control GIP and GLP-1 secretion, respectively, from these cells [124;125]. Since GIP and GLP-1 can each promote insulin secretion by acting on the β-cell, this provides a means by which agonism of GPR119 in the intestine can elicit a secondary insulin secretory response.

GPR120

A third G-protein coupled fatty acid receptor that may play a role in controlling pancreatic βcell function is GPR120. However, the idea that GPR120 is expressed in islet endocrine cells is still controversial since initial studies failed to detect GPR120 mRNA in MIN6 β-cells [126].

By contrast, we find that the mRNA encoding GPR120 is readily detected in a range of rat βcell lines (including INS-1 and BRIN-BD11) as well as in human islets (Dhayal & Morgan; unpublished studies). It remains to be confirmed whether GPR120 protein is present in these A c c e p t e d M a n u s c r i p t cells but, currently, this objective is difficult to achieve due to the lack of readily available antisera with proven specificity.

The gene encoding GPR120 is located on chromosome 10q23.33 and may have up to 4 exons [127]. Analysis of GPR120 cDNA sequences deposited in public databases suggests that at least two different splice variant forms may exist; one being 377 amino acids in the length while the second is shorter, at 361 residues. We have recently analysed the expression of these two variants in rodent β-cells and in human islet cDNA and could find only the shorter form (which lacks a sequence encoding 16 amino acids between positions 231 and 247 of the putative longer variant). Thus, it seems likely that the shorter form of GPR120 is the major isoforms present in the endocrine pancreas. At present, it is unclear whether these two forms of GPR120 are differentially coupled to intracellular signalling systems and their respective roles remain to be established.

Even if it is confirmed that GPR120 is present in β-cells at the protein level, it can be deduced from previous work that this receptor probably plays a negligible role in regulation of insulin secretion mediated by fatty acids. This is because deletion of GPR40 leads to loss of the acute insulin secretory response to fatty acids in mouse islets [128] and siRNAmediated knockdown of GPR40 in MIN6 cells also results in loss of this response [129].

Since GPR120 should retain its expression and functionality under these conditions, the results imply that GPR120 cannot play a primary role in mediating the acute effects of fatty acids on insulin secretion. Furthermore, it is also evident that any effects of orally administered GPR120 agonists on insulin secretion are likely to be mediated mainly by indirect actions on the intestine. This is because GPR120 is expressed on intestinal enteroendocrine cells where it regulates the secretion of incretins such as GIP, GLP-1 and cholecystokinin [130][131][132][133][134]. Therefore, on the basis of these considerations, it seems unlikely that GPR120 plays any direct role in regulating insulin secretion.

The ligand specificity of GPR120 has been determined in a variety of functional analyses and it is clear that the receptor has a relatively wide specificity [135]. GPR120 is sometimes cited as an "unsaturated fatty acid receptor" but the available evidence suggests that this is an over-simplification. Rather, GPR120 can be activated by various saturated free fatty acids ranging in chain length from C14 to C18, as well as by both mono-and poly-unsaturated free fatty acids with chain lengths of between 16 to 22 carbon atoms [136]. Thus, it appears to display a considerable tolerance in the structural features required for ligand binding. In this context, it has been noted that the methyl-esters of long chain polyunsaturated fatty acids are inactive suggesting that, as in the case of GPR40, the presence of a free carboxylate group may be important for correct orientation of the ligand within the binding site [137].

A c c e p t e d M a n u s c r i p t Despite this, there is no obvious structural homology which might suggest that ligand binding to GPR40 and GPR120 involves equivalent amino acid residues.

Functionally, there is a consensus that GPR120 elicits a rise in cytosolic free Ca in cells suggesting that, similarly to GPR40, it is coupled primarily to Gq [138;139]. It can also induce the activation of extracellular signal-regulated kinases (ERK) under certain conditions [140;141] but it is unclear whether this response derives from the rise in cytosolic Ca or whether an independent coupling mechanism is involved. Activation of PI-3-kinase and of the serine/threonine protein kinase Akt, have also been seen in GPR120-expressing cells [142].

The functional role of GPR120 in the pancreatic β-cell remains to be established but consideration of its proposed mechanism of action in the STC-1 line of intestinal cells may be instructive. In these cells, long chain unsaturated free fatty acids are cytoprotective [143] and the mechanisms appear to involve GPR120 since knockdown of this receptor leads to attenuation of the cytoprotective response. Examination of the signalling mechanisms suggests that activation of both ERK and the PI-3-kinase/Akt pathways may be required and that these culminate in a reduction in the activity of the pro-apoptotic effector enzyme, caspase 3. Since unsaturated fatty acids can exert a similar cytoprotective action in the pancreatic β-cell [144;145], it is tempting to speculate that GPR120 might be implicated in mediating this response too. However, firm evidence to support this hypothesis is entirely lacking. Indeed, the demonstration that methyl-esters of unsaturated fatty acids are extremely potent cytoprotective agents in the β-cell [146] argues against this possibility since these fatty acids do not activate GPR120. Thus, at present its role in β-cells remains enigmatic.

Conclusions and perspectives

It is abundantly clear from recent studies that the actions of fatty acids in beta-cells are both metabolic and "hormonal". Mounting evidence suggests that the latter derive, in large part, from the binding of the molecules to cell surface receptors belonging to the family of 7transmembrane domain, G-protein coupled receptors. Among these, GPR40 is likely to mediate many of the acute stimulatory effects of long chain fatty acids on insulin secretion (via activation of Gq and Ca signalling) and GPR119 probably plays a similar role (mediated by increased cAMP) in response to ethanolamide fatty acid derivatives and certain lysophospholipids. GPR120 is also expressed in beta-cells but plays, at best, only a limited role in the regulation of insulin secretion. Its primary function has still to be defined. None of A c c e p t e d M a n u s c r i p t these fatty acid receptors has been shown unequivocally to mediate the chronic lipotoxic actions of fatty acids in beta-cells although a cytoprotective role for GPR120 cannot be excluded. Accumulating evidence suggests that small molecule ligands (which are not fatty acids) can be identified for these receptors and it is likely that such molecules will prove useful as therapeutic agents to promote insulin secretion in patients with type 2 diabetes in future.
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  c c e p t e d M a n u s c r i p t inactive conformation and is broken upon ligand binding (by coordination of the carboxyl group of the fatty acid ligand with Arg 183 and Arg 258 ) thereby leading to receptor activation. In initial studies of the ligand specificity of GPR40, Kotarsky et al. [41] made the interesting observation that certain clinically effective thiazolidinediones can activate the receptor with µM potency. In support of this, a recent report has demonstrated that thiazolidinediones can elicit proliferative responses in human bronchial epithelial cells via GPR40 [42]. Moreover, Tan et al [43] have substantiated the concept by describing a range of modified thiazolidinedione-derivatives that retain agonist activity at GPR40 but which display EC 50

Figure 1 .

 1 Figure 1. Signalling mechanisms mediated by GPR40 in pancreatic β-cells. Long chain saturated and mono-or poly-unsaturated fatty acids bind to GPR40 which then couples to the G-protein Gq. This leads to increased phospholipase C (PLC) activity leading to the hydrolysis of plasma membrane phosphatidylinositol-4,5 bisphosphate (PIP 2 ) and the consequent generation of inositol 1,4,5 trisphosphate (IP 3 ) and diacylglycerol (DAG). The latter can activate protein kinase C (PKC) to potentiate insulin secretion while the former diffuses to the endoplasmic reticulum causing the release of stored Ca 2+ . Activation of GPR40 also leads to inhibition of the opening of voltage-gated potassium channels thereby promoting enhanced membrane depolarisation and net Ca 2+ influx via L-type Ca 2+ channels.

Figure 2 .

 2 Figure 2. Putative topology of human GPR40 with the amino acid sequence shown in single letter code. GPR40 has the classical 7-transmembrane domain structure found in all G-protein coupled receptors. The N-terminus is external to the cell and the C-terminus resides in the cytosol. The putative transmembrane domains are shown in brown. Residues indicated in blue (Arg 183 , Asn 244 and Arg 258 ) are thought to be involved in coordination of the carboxyl group of fatty acids during ligand binding. In the absence of ligand, Arg 183 and Arg 258 form an ionic lock with two glutamate residues (Glu 145 and Glu 172 ; shown in red) located in the second extracellular loop. This stabilises the inactive conformation of the receptor. The ionic lock is broken during ligand binding to allow receptor activation. Two further residues (Gly 180 and Arg 211 ; shown in purple) are encoded within regions showing common variation (single nucleotide polymorphisms) which may influence receptor functionality.
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