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Abstract
[bookmark: _GoBack]The digestion, absorption and utilisation of dietary triglycerides are controlled by gut hormones, released from enteroendocrine cells along the length of the gastrointestinal tract. Major players in the detection of ingested lipids are the free fatty acid receptors FFA1 and FFA4, which are highly expressed on enteroendocrine cells. These receptors are activated as free fatty acids (FFA) are absorbed across the intestinal epithelium, and provide a dynamic hormonal signal indicating that lipids are arriving in the bloodstream from the gut. This review addresses our current knowledge of how ingested triglycerides modulate gut hormone release via FFA1 and FFA4. 

1. Introduction
Animals and humans depend on efficient assimilation of nutrients from ingested food whilst minimising the loss of energy-rich components in the faeces. The gastrointestinal (GI) tract has thus evolved to continuously monitor the progress of digestion and absorption, and correspondingly to adapt rates of GI motility and secretion. This coordination of activity is, at least in part, mediated by gut hormones secreted from enteroendocrine cells, which also help to prepare the body for the arrival of additional nutrients. 
Fat is an important macronutrient in the human diet, contributing on average 30-40% of the total energy in food, although the percentage can be much higher in western diets, mostly in the form of triglycerides. In addition to its role as an energy source fat also aids the absorption of lipophilic compounds, including many vitamins, and provides essential fatty acids such as linoleic and -linolenic acid which cannot be synthesised de novo by the human body. In all cases examined to date, the detection of ingested fat by enteroendocrine cells has been linked to the generation and/or absorption of triacylglycerol digestion products rather than raised concentrations of triglycerides themselves. The availability of free fatty acids can be detected by the G-protein coupled receptors FFA1 and FFA4. This review focusses on these long chain FFA receptors, but in the context of gut endocrine cells, these receptors work in concert with other G-protein coupled receptors responsive to 2-monoglycerides (GPR119) and bile acids (GPBAR1) (Reimann et al., 2012). 
Gut hormones released following fat ingestion have local and peripheral actions that control activity of the GI tract and modulate food intake, insulin secretion and adipocyte function. To understand the roles of FFA receptors in the gut endocrine system, it is important to take into account the spatial distribution of different receptors and hormones along the GI tract, the processes of triglyceride digestion and absorption, how the ligands access their receptors, and the cellular effects of activating FFA receptors on enteroendocrine cells. 

1.1 Gut hormones responsive to fat absorption
The intestinal epithelium secretes a number of peptides, rendering it the largest endocrine organ in the body. Its complexity arises not only from the diversity of hormones secreted but also from the range of stimuli and signalling pathways involved in gut hormone release. Secretin was discovered by Starling & Bayliss in 1902 (Bayliss and Starling, 1902) and was the first gut peptide to be characterised as a hormone. The discovery of gastrin and cholecystokinin (CCK) followed, and today, approximately 30 genes encoding gut hormones have been identified (Ahlman and Nilsson, 2001). Gut hormones are loosely categorised by their structural characteristics, physiological roles, cells of origin and locations along the GI tract (Sjölund et al., 1983). In the context of fat sensing, much attention has focussed on CCK, glucose-dependent insulinotropic-polypeptide (GIP), glucagon-like peptide-1 (GLP-1) and ghrelin. In the small intestine, all are produced by open-type endocrine cells, which lie scattered through the epithelial layer and face into the gut lumen (Gribble and Reimann, 2016, Ku et al., 2003). Gastric ghrelin is released by closed-type cells that don’t make contact with the luminal contents (Stengel and Taché, 2009). 
CCK is produced by I-cells in the small intestine, predominantly in the duodenum, where it is found colocalised in many of the same cells as GIP and GLP-1 (Habib et al., 2012, Egerod et al., 2012). Its local actions are to stimulate gall bladder contraction and increase pancreatic enzyme secretion, and it inhibits gastric emptying through a neural circuit involving the vagus nerve (Dockray, 2009). These properties serve to link digestive processes to the rate of arrival of fats in the duodenal lumen. Because the bile and pancreatic enzymes that promote intestinal fat digestion only arrive in the lumen as a consequence of CCK action, the first peak of CCK secretion after fat ingestion is likely to be triggered by products of gastric triglyceride digestion. CCK action on the afferent vagus also inhibits food intake (Dockray, 2009).
GIP is synthesized by K-cells, found in greatest numbers in the epithelium of the duodenum and proximal jejunum (Sjölund et al., 1983, Parker et al., 2009). GLP-1 is produced by an overlapping population of enteroendocrine cells known as L-cells, but is found in highest amounts in the distal small intestine and colon (Holst, 2007). Both hormones are released into the bloodstream within minutes of food ingestion, and are rapidly inactivated in the circulation by the hydrolytic enzyme dipeptidyl-peptidase 4 (Mentlein, 1999, Hansen et al., 1999). Their concentrations remain elevated for several hours, depending on the meal composition, and whereas free sugars trigger rapid and short lived GLP-1 and GIP transients, responses to fat ingestion are more sustained (Thomsen et al., 1999). 
GIP and GLP-1 have effects on gastric acid secretion and gastric emptying, but are better known for their actions as incretin hormones, responsible for augmenting glucose-dependent insulin secretion (Creutzfeldt, 1979, Nauck et al., 1993). The incretin effect accounts for 50-70% of normal post-prandial insulin secretion (Baggio and Drucker, 2007, Holst, 2007), and may be physiologically important for the insulin response to lipid ingestion (Lindgren et al., 2011). As insulin is the body’s major anabolic hormone critical for promoting fat uptake and storage in adipocytes, the fat-triggered secretion of incretin hormones and insulin can be considered as a mechanism to prepare tissues for the arrival of lipids in the bloodstream from ingested food. It should be noted that FFA1 is also expressed in the insulin-secreting pancreatic -cell itself, whereas FFA4 in the endocrine pancreas seems to be restricted to -cells secreting somatostatin, an inhibitor of insulin secretion. Direct monitoring of FFA by the endocrine pancreas, however, lacks the inherent link with postprandial absorption, whereas GIP and GLP-1 concentrations in plasma convey this information, analogous to their incretin action boosting autonomous glucose sensing by the -cell. In this context it is interesting that GIP has been shown also to exert direct effects on adipose tissue, such as promotion of triglyceride incorporation (Weaver et al., 2008, Yip et al., 1998). GLP-1 and the cosecreted hormone peptide YY (PYY) also play a major role in the ileal brake – a mechanism that slows gastric emptying if nutrients reach too low in the GI tract, thereby restoring an appropriate balance between the rate of arrival of nutrients in the small intestine and their rates of digestion and absorption (Wen et al., 1995). GLP-1 and PYY additionally promote satiety and reduce food intake (Karra and Batterham, 2010).
Ghrelin is produced by closed-type enteroendocrine cells in the stomach, as well as a smaller population of small intestinal open-type cells (Stengel and Taché, 2009). Ghrelin has an interesting, although not completely established, relationship with ingested fat. Active ghrelin contains an octanoyl group, added by the enzyme ghrelinO-acyltransferase, which mostly sources the octanoyl fatty acid group from ingested lipids (Nishi et al., 2005).  Secretion of ghrelin, however, is high in the fasting state and reduced following ingestion of high fat foods (Erdmann et al., 2003). Instillation of olive oil into the stomach with the pylorus ligated, was sufficient to suppress plasma ghrelin concentrations (Lu et al., 2012b), suggesting the involvement of FFA released in the gastric lumen. Ghrelin is best known as a “hunger hormone” as it promotes food seeking behaviour in the fasting state (Skibicka and Dickson, 2013).
A number of cell lines have been used to model these different enteroendocrine cell types (Kuhre et al., 2016). STC-1 cells are a mouse line from a small intestinal tumour and are used to study the secretion of GIP (Rindi et al., 1990), secretin, CCK and GLP-1 (Geraedts et al., 2009). GLUTag cells were derived from a murine colonic tumour and predominantly secrete GLP-1 and CCK (Drucker et al., 1994, Sidhu et al., 2000). NCI-H716 cells are often used as a human model of GLP-1 release, although do not respond to all physiological stimuli (Reimer et al., 2001). SG-1 and MGN3-1 are murine cell lines used to study gastric ghrelin secretion (Gong et al., 2014, Koyama et al., 2016).

1.2 Generation of FFA in the gut lumen
Digestion of fats begins in the oral cavity and stomach through the action of lingual and gastric lipases. These are acid lipases with pH optima between 3.5 and 5 that preferentially cleave FFA from the sn-3 position of triglycerides (Carrière et al., 1997, Liao et al., 1984). Through the action of acid lipases, chyme leaving the stomach contains FFA that can target CCK-producing I-cells in the proximal duodenum. However, gastric lipase activity only releases approximately 10% of FFA from triglycerides in the stomach leaving a mixture of intact triglycerides, FFA and 1,2 diglycerides, so CCK and GIP producing cells in the proximal duodenum predominantly encounter long chain FFA rather than 2-monoglycerides. In keeping with the idea that lipid-triggered CCK release is dependent on FFA rather than 2-monoglycerides, 1,3-dioctanoyl-2-oleoylglycerol was a much weaker stimulant of CCK release than olive oil in humans (Mandøe et al., 2015). Interestingly, diacylglyerols were also a weaker stimulus of GIP secretion than triacylglyerols when administered by gavage in mice, although the corresponding release of FFA from the two oils was not assessed in this study (Shimotoyodome et al., 2009).
In the small intestine triglycerides and their hydrolysis products form complexes with phospholipids, cholesterol and bile salts to generate structures known as lipid micelles. Pancreatic lipases hydrolyse triglycerides at both the sn-1 and sn-3 positions, producing further FFA and 2-monoglycerides (Carrière et al., 1997) and the emulsification promotes substrate delivery to the epithelial brush border for uptake by enterocytes (Lindström et al., 1988).  
2. FFA1 and FFA4 in the regulation of gut hormone secretion
2.1 Expression of FFA1 in the gut
Expression of G-protein coupled receptors (GPCRs) in intestinal endocrine cells has been investigated by a variety of methodologies. The generation in recent years of genetically modified mouse models expressing fluorescent reporters in different enteroendocrine cell populations driven by cell-specific hormonal promoters, has enabled the purification and transcriptomic analysis of different endocrine cell types. By this method, ffar1 expression has been detected in L, K and I cells (Parker et al., 2009, Reimann et al., 2008, Sykaras et al., 2012, Liou et al., 2011), but not gastric ghrelin cells (Engelstoft et al., 2013, Lu et al., 2012b) or gastric somatostatin-secreting D-cells (Adriaenssens et al., 2015, Egerod et al., 2015). Using an alternative approach, genetically modified mice were generated with the lacZ reporter gene inserted into the ffar1 locus. In these mice, lacZ activity, representing sites of ffar1 expression, was observed in scattered epithelial cells along the length of the gastrointestinal track and more specifically in the gastric pylorus, duodenum, jejunum, ileum and colon (Edfalk et al., 2008). Double immunohistochemical analysis of mouse duodenum showed that lacZ expressed from the ffar1 locus was located in intestinal cells staining positive for GIP, GLP-1, gastrin, ghrelin, CCK, PYY, secretin and serotonin but not somatostatin. In the distal small intestine, ffar1-driven lacZ was largely colocalised with GLP-1 (Edfalk et al., 2008, Xiong et al., 2013). 
FFA1 has also been identified in the human intestinal tract. Transcripts of the receptor were found in human duodenum, and immunostaining with a FFA1-specific antibody showed that the labelled epithelial cells had a flask-shaped morphology typical of enteroendocrine cells (Little et al., 2014). Dual-immuno-labelling established that FFA1 was located in cells expressing GLP-1 and CCK, although the percentage overlap was low, with only 2% of GLP-1 positive cells and 0.3% of CCK positive cells exhibiting staining for FFA1 (Little et al., 2014). FFA1 mRNA and protein have also been detected in human ileal mucosa (Tsukahara et al., 2015). In cell line models, ffar1 has been found in STC-1, GLUTag and NCI-H716 cells (Katsuma et al., 2005, Hirasawa et al., 2005, Reimann et al., 2008, Lauffer et al., 2009).
2.2 Expression of FFA4  in the gut
Similar to FFA1, FFA4 has been detected along the length of the intestinal tract, with levels being higher in human and mouse colon than in the small intestine (Hirasawa et al., 2005). In the colon, GLP-1 immunopositive cells were found to contain Ffar4 by in situ hybridisation (Hirasawa et al., 2005). Human duodenal biopsies confirmed the epithelial expression of FFA4 and localized it in ‘open type’ intestinal endocrine cells, particularly those containing GLP-1 and CCK. Percentages of enteroendocrine cells staining positive for FFA4 were higher than observed for FFA1, accounting for 23% of GLP-1 positive cells (c.f. 3% for FFA1) and 3% of CCK positive cells (c.f. 0.3% for FFA1) (Little et al., 2014). 

Transgenic mouse models with labelled enteroendocrine cell populations have shown that ffar4 is expressed in small intestinal K-cells (Parker et al., 2009, Iwasaki et al., 2015), L-cells (Reimann et al., 2008) and I-cells (Liou et al., 2011, Sykaras et al., 2012). In purified K-cells, ffar4 expression was found to be higher in cells from the proximal compared with the distal small intestine, whereas ffar1 exhibited the reverse gradient, being more highly expressed in distal than proximal K-cells (Iwasaki et al., 2015). Using similar techniques, ffar4 expression has also been detected in gastric ghrelin-secreting cells (Engelstoft et al., 2013, Lu et al., 2012b) and somatostatin-producing D-cells (Egerod et al., 2015). Using mice with targeted lacZ expression in the ffar4 locus, labelled cells were found scattered in the intestinal epithelial layer (Stone et al., 2014). Ffar4 expression was found in STC-1 (Katsuma et al., 2005), GLUTag (Reimann et al., 2008) and NCI-H716 (Lauffer et al., 2009) cells, as well as the ghrelin-secreting cell lines SG-1 and MGN3-1 (Koyama et al., 2016, Gong et al., 2014).
2.3 Natural and small molecule ligands for FFA1 and FFA4 
Deorphanisation of FFA1 (GPR40) revealed it to be a receptor responsive to a broad range of medium and long chain FFA with chain lengths as low as C6 (pEC50 4.3), exhibiting the highest potency for 5,8,11-Eicosatriynoic acid (C20; pEC50 5.7) (Briscoe et al., 2003). Responses of heterologously expressed FFA1 in HEK293 cells to FFA were predominantly attributable to Gq/11 activation (Briscoe et al., 2003). Despite the similarities between the fatty acid responsiveness of FFA1 and enteroendocrine hormone secretion, however, FFA1 was not immediately linked to intestinal fat sensing. 
Cloned, heterologously expressed FFA4 similarly exhibited relatively broad fatty acid specificity, responding to FFA with chain lengths of C14 (pEC50 4.5) and above, with a particularly high potency for -linolenic acid (pEC50 6.4) (Hirasawa et al., 2005). A more recent head to head comparison of FFA1 and FFA4, however, concluded that the two receptors exhibit very similar affinities across a range of fatty acids (Christiansen et al., 2015).
The overlapping profiles of natural ligands for FFA1 and FFA4, and the finding that both receptors are predominantly coupled to Gq signalling pathways in HEK293 and STC-1 cells, have made it difficult to distinguish the relative functional importance of each receptor for gut hormone secretion. Although -linolenic acid is frequently used as a “specific” agonist of FFA4, it is also active on FFA1 at similar concentrations (Christiansen et al., 2015). The first widely used small molecule agonist of FFA receptors, GW9508, was also only of limited use in this context, as it exhibited limited selectivity for FFA1 over FFA4 (Hudson et al., 2013). More recently, however, a number of small molecules have been generated, that exhibit good receptor specificity and high potency, including TAK-875, AMG837, AM1638 and AM8182. Several binding sites have been postulated for these FFA1 specific agonists, based on the reciprocal enhancement of AMG837- and AM1638-binding and negative cooperativity between  AMG837 and AM8182 (Lin et al., 2012). Binding to either site seems to promote Gq-signalling, but positive functional cooperativity was observed when both sides were occupied simultaneously. In support of this idea, AMG837 and AM1638 exhibited different behaviour when compared in functional assays. In one study, AMG837 was reported as a partial agonist due to its lower efficiency in IP3 generation and Ca2+ signalling (Lin et al., 2012), whereas in another study, AM1638 was found additionally to trigger Gs dependent cAMP elevation (Hauge et al., 2015). Molecular docking simulation based on the published crystal structure of FFA1 (after removal of the co-crystallised TAK-875 from the model), however, failed to identify different sites for AM1638 and AMG837, as all the investigated agonists were found to dock into the TAK-875 site (Hauge et al., 2015).
A number of small molecules have been developed specifically to target FFA4, including grifolic acid, TUG-891, NCG21, CpdA and GSK137647A. Grifolic acid is a partial agonist of GPR120, which promoted ERK phosphorylation and Ca2+ elevation in FFA4- but not FFA1-expressing cells (Hara et al., 2009). TUG-891 exhibited 50-300 fold greater potency on human FFA4 compared with human FFA1 in -arrestin 2 and Ca2+ assays, but was only weakly FFA4-specific on the corresponding murine receptors in Ca2+ mobilisation assays (Hudson et al., 2013). In parallel experiments, -linolenic acid exhibited only 3-fold higher affinity for FFA4 over FFA1, and NCG21 exhibited ~10 fold greater affinity for human FFA4 over FFA1 (Hudson et al., 2013, Sun et al., 2010). CpdA is an orally available ligand that exhibited at least 100-fold higher affinity for FFA4 over FFA1, and was equally effective on murine and human receptors (Oh et al., 2014). GSK137647A was generated as an FFA4 selective agonist, exhibiting >100-fold selectivity for FFA4 over FFA1 and retaining activity and selectivity for murine and human receptors (Sparks et al., 2014). Interestingly FFA4-selective agonists have been linked to the inhibition of ghrelin (Engelstoft et al., 2013) and somatostatin (Egerod et al., 2015, Stone et al., 2014) secretion. Rather than reflecting biased agonism of the drugs at the receptor level, a general “tuning” of signalling to Gi-dependent inhibition in ghrelin secreting cells was suggested, based on high expression of Gαi/o subunits (although high Gq expression was also observed). In support of this hypothesis, ghrelin secretion was also inhibited downstream of the calcium sensing receptor (CaSR), which in other cell types tends to preferentially couple to Gq (Engelstoft et al., 2013). However, a cell-type specific Gi-“tuning” does not hold for somatostatin-secreting D-cells, in which CaSR-stimulation elevated cytosolic Ca2+ and promoted secretion, whereas an FFA4 selective agonist inhibited secretion (Egerod et al., 2015).

2.4 Studies on FFA1 and FFA4 in enteroendocrine cell lines
Even before the identification of FFA1 and FFA4, FFA with chain lengths greater than C12 had been identified as stimulants of GLP-1, CCK and secretin secretion from enteroendocrine cell lines (McLaughlin et al., 1998, Sidhu et al., 2000, Chang et al., 2000). In fetal rat intestinal cultures and GLUTag cells, the response was found to be specific for monounsaturated FFA with chain length of C14 or above (Rocca and Brubaker, 1995, Brubaker et al., 1998). A number of studies proposed that fatty acid triggered hormone secretion from STC-1 and GLUTag cells was linked to the elevation of intracellular Ca2+ (Sidhu et al., 2000, McLaughlin et al., 1998), and in STC-1 cells it was shown that secretion triggered by sodium oleate involved L-type voltage gated Ca2+ channels and protein kinase C (Chang et al., 2000). Treatment of STC-1 cells with -linolenic acid or an alternative omega-3 fatty acid docosahexaenoic acid, as well as the omega-7 palmitoleic acid, promoted Ca2+ elevation, ERK phosphorylation and the secretion of GLP-1, suggesting the involvement of Gq dependent signalling pathways (Hirasawa et al., 2005). In the latter study, -linolenic acid triggered GLP-1 release was abolished by extracellular Ca2+ removal, but was not impaired by inhibitors of L-type Ca2+ channels, phospholipase C or ERK kinase.  
Knockdown and overexpression studies have been performed in cell lines to evaluate the relative importance of FFA1 and FFA4 for gut hormone secretion. In STC-1 cells, Ca2+ and secretory responses to -linolenic acid were abrogated by siRNA-mediated ffar4 but not ffar1 knockdown, leading the authors to conclude that only FFA4 is important for fatty acid-triggered hormone secretion from this cell line (Hirasawa et al., 2005). It should be noted, however, that the concentration of -linolenic acid used for Ca2+ imaging was relatively low (10 M), and might at this level have preferentially activated FFA4 rather than FFA1. Confirming the importance of FFA4, the human cell line NCI-H716 secreted GLP-1 in response to -linolenic acid when transfected with ffar4 but not ffar1 (Hirasawa et al., 2005). Knockdown of ffar4 but not ffar1 in STC-1 cells was also found to impair GLP-1 release triggered by 100 M -linolenic acid (Tanaka et al., 2008). 
Pharmacological studies support the importance of FFA4 for hormone secretion from enteroendocrine cell lines. GLP-1 secretion from GLUTag and STC-1 cells was strongly stimulated by the FFA4 agonist TUG-891, although it should be remembered that this compound had only weak selectivity for FFA4 over FFA1 in the mouse (Hudson et al., 2013). In STC-1 cells, NCG21 increased Ca2+, ERK phosphorylation and GLP-1 secretion (Sun et al., 2010), and grifolic acid enhanced GLP-1 release (Hara et al., 2009). In the human cell line NCI-H716, the FFA4 agonist GSK137647A increased GLP-1 secretion (Sparks et al., 2014).
It is surprising that activation of Gq-coupled FFA receptors in STC-1 and GLUTag cells by natural fatty acid ligands triggers a Ca2+ signal that is dependent on extracellular Ca2+ and in some cases on L-type voltage-gated Ca2+ channels. Bombesin-triggered Ca2+ signals in GLUTag cells also occur downstream of Gq-coupled receptors, but are attributable to IP3-mediated Ca2+ release from intracellular stores (Reimann et al., 2006). The results suggest that downstream signalling from FFA receptors in enteroendocrine cells activates an atypical pathway leading to plasma membrane Ca2+ entry, possibly involving membrane depolarisation. In keeping with this idea, linoleic acid was found to elevate Ca2+ in STC-1 cells through a mechanism that involved both FFA4 and the transient receptor potential channel TRPM5. It was proposed that FFA4-dependent Ca2+-release from intracellular stores activated TRPM5 on the plasma membrane, resulting in membrane depolarisation, opening of voltage-gated calcium channels and Ca2+ influx from the extracellular medium (Fig 1) (Shah et al., 2012).
Contrary to the stimulatory action of FFA4 ligands on CCK and GLP-1 secretion, -linolenic acid and GW9508 suppressed ghrelin secretion from SG-1 cells (Gong et al., 2014), and the effect was lost after siRNA mediated knockdown of ffar4 but not ffar1. In MGN3-1 cells, palmitate suppressed cAMP concentrations, suggesting the involvement of a Gi-coupled signalling pathway in ghrelin-secreting cells (Koyama et al., 2016).
2.5 FFA1-dependence of gut hormone secretion in primary enteroendocrine cells and rodent models
Despite the conclusions from cell line studies that FFA1 is not involved in CCK or GLP-1 secretion (Tanaka et al., 2008), a number of studies in rodents have nonetheless demonstrated roles for FFA1 in gut hormone release. Plasma levels of CCK after gavage with olive oil were diminished in mice with knockout of ffar1 (ffar1-/-) compared with wild type controls (Liou et al., 2011).  Ffar1-/- mice also exhibited significantly reduced levels of GLP-1 and GIP after consuming a high fat diet compared with wild type controls (Edfalk et al., 2008), and reduced GLP-1 secretory responses following an acute corn oil gavage (Xiong et al., 2013). Primary mixed intestinal cultures have mimicked these in vivo effects, revealing impaired GLP-1 secretory responses to -linolenic acid in preparations from ffar1-/- mice (Hauge et al., 2015). Primary FACS-purified I-cells from ffar1-/- mice similarly exhibited attenuated CCK secretion in response to linolenic acid (Liou et al., 2011).   
GW9508 increased GLP-1 secretion from primary human colonic cultures (Habib et al., 2013), but as it is a ligand for FFA4 as well as FFA1, these findings did not distinguish the relative importance of FFA1 and FFA4.  More recent studies have employed newer agonists of FFA1 with increased receptor specificity. Two full agonists, AM-1638 and AM-6226, significantly increased GLP-1 and GIP secretion from cultured fetal rat intestinal cells, and enhanced glucose stimulated insulin secretion (Luo et al., 2012). AM-1638 and AM-5262, which activated Gs as well as Gq dependent signalling in heterologous expression systems, triggered much greater FFA1-dependent GLP-1 release from primary murine intestinal cultures than agonists lacking Gs activity (Hauge et al., 2015). Overall, the results suggest that in murine L-cells, isolated activation of Gq by FFA1 is not a strong stimulus of GLP-1 release, but that the additional elevation of cAMP concentrations by Gs recruitment enables a strong enhancement of secretion. As natural FFA ligands do not seem to activate FFA1-dependent Gs signalling (Hauge et al., 2015), their activity in vivo might be enhanced by Gs-dependent signalling from GPR119 or the bile acid receptor GPBAR1. 
In support of the effectiveness of the newer specific FFA1 agonists in primary intestinal cultures, these ligands triggered GLP-1 release from the perfused rat small intestine and in vivo in rodents (Christensen et al., 2015). Interestingly, in this perfused intestinal model, FFA1 agonists enhanced GLP-1 secretion when applied from the vascular but not the luminal direction, providing the best evidence yet that FFA1 receptors are located on the basolateral side of L-cells. These results support the idea that long chain FFA stimulate GLP-1 release after their absorption through the intestinal epithelium. 
2.6 FFA4  dependence of gut hormone secretion in primary cultures and rodent models
Ffar4-/- mice were found to secrete significantly lower levels of GIP in response to small intestinal gavage of lard oil compared with control animals, whilst exhibiting normal glucose-induced GIP secretion (Iwasaki et al., 2015), supporting studies from cell lines that suggested a role for FFA4 in enteroendocrine cells of the upper GI tract. The role of FFA4 in GLP-1 secreting L-cells is less clear despite the identification of the receptor in this cell population by transcriptomic analysis (Reimann et al., 2008). Normal plasma GLP-1 excursions were observed after corn oil gavage in ffar4-/- mice (Xiong et al., 2013), and the FFA4-specific agonist cpdA did not elevate plasma GLP-1 levels in mice (Oh et al., 2014). -Linolenic acid-triggered GLP-1 secretion was disrupted in primary cultures from ffar1-/- but not ffar4-/- mice (Hauge et al., 2015). However, the FFA4 agonist NCG21 did increase plasma GLP-1 concentrations when administered into the mouse colon (Sun et al., 2010).
In gastric somatostatin-secreting D-cells and gastric ghrelin-secreting cells, FFA4 appears to be linked to suppression of hormone secretion. The FFA4 agonist compound B inhibited somatostatin secretion from mixed primary cultured gastric epithelium from wild type mice, and this effect was abolished in cultures from ffar4-/- mice (Egerod et al., 2015). Compound B also inhibited ghrelin secretion from primary gastric cultures. This suppression of ghrelin release was prevented by pertussis toxin, indicating the involvement of Gi dependent signalling pathways, and was abolished in tissues from ffar4-/- animals (Engelstoft et al., 2013). Ffar4 deficient mice exhibited elevated fasting plasma ghrelin levels, suggesting that FFA4 exhibits a tonic inhibitory effect on ghrelin release, but the lack of FFA4 did not prevent the suppression of ghrelin levels two hours after an oral olive oil challenge (Engelstoft et al., 2013). A Gi mediated inhibitory effect of FFA4 has also been reported for somatostatin secretion from pancreatic delta-cells (Stone et al., 2014).
2.7 Signalling pathways downstream of FFA receptors in primary enteroendocrine cells
There are only limited studies examining FFA-triggered intracellular signalling pathways in primary enteroendocrine cells. In I-cells purified by their cell-specific expression of a fluorescent protein, linolenic acid, linoleic acid and oleic acid triggered elevations in intracellular Ca2+ levels, and the response to linolenic acid was impaired in I-cells from ffar1-/- mice (Liou et al., 2011). GLP-1 secretion from primary small intestinal cultures was stimulated by GW9505 (Fig 1), but a much greater enhancement of GLP-1 secretion was observed with mixed lipid micelles that contain oleic acid together with cholesterol, taurocholate, monooleoylglycerol and lysophosphatidylcholine. The latter three constituents are ligands of predominantly Gs coupled receptors (GPBAR1 and GPR119) that elevate cAMP concentrations (Brighton et al., 2015, Moss et al., 2016) and likely enhance responses to FFA receptor agonism. GLP-1 secretion triggered by mixed micelles was impaired by the non-selective TRP channel inhibitors 2-APB and La3+ (Fig 1), suggesting the involvement of a TRP channel dependent pathway, mirroring the TRPM5-dependent pathway identified in STC-1 cells (Shah et al., 2012). However, microarray analysis of primary L-cells revealed only very low levels of trpm5 but high expression of members of the TRPC family (Emery et al., 2015), and in primary intestinal cultures GLP-1 secretory responses to GW9508 and mixed micelles were impaired by an inhibitor of TRPC3 channels, Pyr3 (Fig 1). Plasma membrane TRPC3 channels are permeable to Ca2+ and Na+ ions, and activated by diacylglyerols produced downstream of Gq-coupled receptors (Abramowitz and Birnbaumer, 2009), so could generate Ca2+ signals without the recruitment of L-type voltage gated Ca2+ channels. Further work will be required to determine how the nature of the Ca2+ signal in different primary enteroendocrine cells and model cell lines is determined by their relative expression of TRP and voltage-gated Ca2+ channels. This type of model could, however, explain why cytoplasmic Ca2+ signals have variously been reported to be dependent or independent of voltage gated Ca2+ channel entry (Fig 1).  

3. How do ingested lipids access FFA receptors on enteroendocrine cells?
In human volunteers, oral ingestion of intralipid triggered elevations in plasma GLP-1 and GIP that were not reproduced when intralipid was infused intravenously at a rate that resulted in similar circulating triglyceride levels (Lindgren et al., 2011). While this appears to suggest that fats stimulate L and K-cells from the luminal rather than the vascular direction, triglycerides are not themselves believed to be detected in the gut. Supporting this idea, in patients with pancreatic insufficiency, duodenal perfusion of free fatty acids generated more pronounced and faster CCK release than triglycerides (Guimbaud et al., 1997). Human volunteers treated with orlistat, an inhibitor of gastric and pancreatic lipases (Sternby et al., 2002), also exhibited reduced post-prandial levels of CCK, GLP-1 and PYY (Ellrichmann et al., 2008). Whilst these studies demonstrate that lipid digestion is a prerequisite for triggering gut hormone secretion, they do not indicate how FFA and 2-monoglycerides access their receptors on enteroendocrine cells, and the role of epithelial transport.
Lipids are absorbed across the intestinal epithelium in the form of their component FFA and 2-monoglycerides (Yen et al., 2015, Abumrad and Davidson, 2012). Protonated (uncharged) FFA can probably cross the membrane passively by a diffusional flip/flop mechanism, but transport is enhanced by membrane proteins such as CD36 and fatty acid transfer proteins (FATP). CD36 has been identified along the length of the GI tract from the stomach to the colon, exhibiting highest expression in the jejunum. Whether CD36 directly transports FFA across the membrane or concentrates FFA at the membrane and thereby enhances diffusional uptake remains uncertain.
Downstream of CD36, FATPs and fatty acid binding proteins (FABPs) contribute to FA uptake and trafficking. FATPs exhibit fatty acyl coA synthetase activity, which traps fatty acids within the cytoplasm. FABPs deliver fatty acids to the endoplasmic reticulum (ER) where they are reesterified with 2-MG to form triglycerides. These are either stored in cytosolic lipid droplets or incorporated into chylomicrons in the ER-lumen. Re-esterification and chylomicron formation involves a series of enzymes, including monoacylglycerol acyl transferase (MGAT2), diacylglyerol acyl transferase (thought to be preferentially DGAT1 for chylomicrons and DGAT2 for lipid droplets in mice, whereas human intestine expresses little DGAT2) and microsomal triglyceride transfer protein (MTTP) (Abumrad and Davidson, 2012, Yen et al., 2015). 
A number of studies have demonstrated that gut hormone secretion is affected by interventions that disrupt lipid absorption. A CD36 inhibitor sulfo-N-succinimidyl oleate (SSO) impaired GIP release triggered by duodenal infusion of glycerol trioleate in rats (Shimotoyodome et al., 2012). Pluronic L-81 is a surfactant believed to interfere with MTTP activity, which disrupts lipid absorption and reduces post-prandial lymphatic concentrations of chylomicrons and FFA. Pluronic L-81 largely abolished fat triggered CCK and GIP release in rodent models (Shimotoyodome et al., 2009, Lu et al., 2012a). Specific inhibitors of intestinal MTTP are used as a weight loss treatment in dogs, and were found in rodent models to increase plasma GLP-1 and PYY concentrations (Wren et al., 2007). The MTTP inhibitor JTT-130 similarly increased GLP-1 and PYY levels in rats through a mechanism that was reversed when lipid digestion was blocked using orlistat (Hata et al., 2011). 
In analogous experiments targeting different stages of lipid absorption, mice lacking DGAT1 or MGAT2 exhibited impaired secretion of GIP. This matches the findings with SSO and pluronic L-81, supporting an important role for a fully functional lipid absorption pathway as a prerequisite for hormone secretion from the upper GI tract. DGAT1 and MGAT2 knockout mice exhibited elevated GLP-1 secretion (Okawa et al., 2009), resembling the effect of MTTP inhibitors. Measurements of the absorption of labelled lipids revealed that the elevation of GLP-1 release by DGAT1 inhibition is an indirect effect, attributable to the impairment of lipid absorption in the upper gut which results in increased delivery of dietary fats to the distal GI tract where the density of GLP-1 secreting L-cells is higher (Liu et al., 2015). Lipid-triggered secretion of GLP-1 is highly dependent on GPR119 signalling (Moss et al., 2016), as demonstrated by the severe impairment of fat-triggered GLP-1 release in mice with L-cell specific gpr119 knockout, and by the effectiveness of 1,3-dioctanoyl-2-oleoyl glycerol as a GLP-1 stimulant in humans (Mandøe et al., 2015). Even though lipid absorption would also be impaired in the distal gut when DGAT1 activity is reduced, any effect of reduced FFA uptake seems to be offset by increased 2-MG signalling via GPR119. Nevertheless, FFA uptake does seem to play some role even in the distal small intestine, as oleate was reported to stimulate GLP-1 release when infused directly into the ileal lumen and this was impaired in mice lacking FATP4 (Poreba et al., 2012).  
Overall these results, taken together with the effectiveness of FFA1 ligands when applied from the vascular but not the luminal direction in perfused intestine (Christensen et al., 2015), are compatible with a model in which FFA receptors are located on the basolateral membrane of enteroendocrine cells, and FFA enhance gut hormone secretion only after their absorption through the intestinal epithelium. The GPR119 ligand oleoylethanolamide, by contrast, exhibited similar effectiveness on L-cell secretion after luminal or basolateral/vascular application (Lauffer et al., 2009, Patel et al., 2014), suggesting that access of 2-monoglycerides to GPR119 receptors might not be dependent on epithelial absorption pathways, although studies employing non-absorbable GPR119 ligands will be required to demonstrate this conclusively. 
4. FFA1 and FFA4 as candidate targets for increasing endogenous gut hormone release in humans 
In the light of the clinical success of GLP-1 mimetics for the treatment of type 2 diabetes and obesity, drugs are under development to increase the secretion of endogenous GLP-1 and PYY from the gut. Such treatments would aim to reproduce the post-prandial state of increased insulin secretion and reduced appetite. A widely adopted strategy is to target enteroendocrine cell receptors that are normally activated after lipid ingestion, including FFA1, FFA4, GPR119 and GBAR1. 
Important considerations are which of these receptors are most important for normal post-prandial GLP-1 and PYY responses in humans, and which receptors could be activated to promote the largest secretory response. By analogy with the physiological state after gastric bypass surgery when post-prandial GLP-1 and PYY levels are elevated approximately 10-fold (Jørgensen et al., 2013), it is reasonable to suppose that higher levels of these gut hormones would be desirable. This also fits with the doses of GLP-1 mimetics used to treat obesity and type 2 diabetes, which aim to produce circulating equivalent concentrations several fold higher than normal post-prandial GLP-1 levels (Drucker and Nauck, 2006). 
The finding in humans that olive oil was no better as a GLP-1 stimulus than 1,3 dioctanoyl 2-oleoylglycerol (Mandøe et al., 2015) suggests that long chain 2-monoglycerides are sufficient for normal post-prandial GLP-1 secretion. This is consistent with findings in mice which showed that restricted knockout of gpr119 in L-cells was sufficient to abolish the GLP-1 secretory response to a gavage oil challenge (Moss et al., 2016). However, GPR119 agonists have been developed and tested in type 2 diabetic human volunteers, and the first trials did not reveal a metabolic benefit (Katz et al., 2012). One possible explanation is that the drugs did not elevate GLP-1 levels sufficiently above the normal post-prandial range in this patient group. 

FFA1 is expressed in enteroendocrine cells as well as pancreatic beta cells, making it good candidate target for mimicking the post-prandial metabolic state. The first FFA1 activator to reach phase 2 clinical trials was TAK-875 (Burant et al., 2012). This is an orally available and selective FFA1 agonist which increased GLP-1 levels ~2-fold in mice (Hauge et al., 2015) and also enhanced glucose dependent insulin secretion from the pancreatic beta-cells (Tsujihata et al., 2011). Despite having a beneficial metabolic effect in people with type 2 diabetes (Burant et al., 2012), trials on TAK-875 were discontinued because of concerns about liver toxicity (Mancini and Poitout, 2015). As FFA1 is not known to be expressed in hepatocytes, it is hoped that this was a drug-specific side effect rather than a class effect. Other FFA1 agonists are therefore under development. Indeed, the identification of newer FFA1 agonists that target a second site on the FFA1 receptor and have in some cases been linked to elevated intracellular cAMP concentrations in heterologous expressions systems, leads to the hope that the further development of FFA1 ligands will lead to successful clinical trials.

FFA4 agonism has associated with protection from the development of diabetes and obesity, but it is not yet clear whether this is related to the enteroendocrine system. FFA4 knock-out mice, for example, became obese, displayed impaired glucose tolerance and developed fatty liver disease when they were fed a high-fat diet (Ichimura et al., 2012). In Europeans, a non-synonymous mutation in Ffar4 that impaired receptor signalling was associated with increased risk of morbid obesity (Ichimura et al., 2012), and a Japanese study has suggested that the combined effects of common genetic variations in the Ffar4 gene and fat intake might influence body mass index (Waguri et al., 2013). 

5. Concluding Remarks
Changes in plasma gut hormones after lipid ingestion reflect where triglycerides are digested and absorbed, and the corresponding location of enteroendocrine cells and their receptors (Fig 2). FFA1 and FFA4 link the release of gut hormones to the absorption of long chain FFA. Although enteroendocrine cells have a specialised morphology, with apical processes that extend to and make contact with the gut lumen, FFA1-dependent detection of fatty acids seems only to occur after their absorption across the enterocyte layer (Christensen et al., 2015). Bile acids are similarly detected by L-cells from the basolateral direction (Brighton et al., 2015) and require absorption before they can enhance GLP-1 secretion. Linking hormone secretion to fatty acid and bile acid absorption ensures that the circulating gut endocrine signal mirrors the rate of appearance of lipids in the bloodstream rather than their mere presence within the gut lumen. 
FFA1 and FFA4 are exciting candidate targets for drug design to combat type 2 diabetes and obesity, as they have a variety of beneficial actions across the body. In the stomach they may play a role in suppressing the hunger hormone ghrelin, and the negative regulator of hormone secretion somatostatin. In the small intestine, agonists of these receptors increase the release of CCK, GIP, GLP-1 and PYY, which variously promote lipid digestion, adipose fat storage, satiety and slow gastric emptying. GLP-1 and GIP also act in concert with FFA1 agonists on pancreatic beta cells to increase insulin release, and FFA4 agonists appear to increase insulin release indirectly by suppressing islet somatostatin secretion. Dissecting the relative physiological importance and therapeutic potential of FFA1 and FFA4 has been hindered by the lack of pharmacological tools specific for either receptor, but these studies will be possible in the future following the development of potent and specific FFA1 and FFA4 agonists. The challenge in this field will be to develop specific FFA1 or FFA4 agonists that trigger large increments in GLP-1 and PYY secretion in the fasting and/or the post-prandial states. Although development of TAK-875 was terminated because of off-target side effects, clinical data from human trials were promising and lend support to the therapeutic potential of new FFA receptor agonists.
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