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Abstract The free fatty acid receptor (FFAR) is a G protein-coupled receptor

(GPCR) activated by free fatty acids (FFAs), which play important roles not only

as essential nutritional components but also as signaling molecules in numerous

physiological processes. In the last decade, FFARs have been identified by the

GPCR deorphanization strategy derived from the human genome database. To date,

several FFARs have been identified and characterized as critical components in

various physiological processes. FFARs are categorized according to the chain length

of FFA ligands that activate each FFAR; FFA2 and FFA3 are activated by short chain

FFAs, GPR84 is activated by medium-chain FFAs, whereas FFA1 and GPR120 are

activated by medium- or long-chain FFAs. FFARs appear to act as physiological

sensors for food-derived FFAs and digestion products in the gastrointestinal tract.

Moreover, they are considered to be involved in the regulation of energy metabolism

mediated by the secretion of insulin and incretin hormones and by the regulation of

the sympathetic nerve systems, taste preferences, and inflammatory responses related

to insulin resistance. Therefore, because FFARs can be considered to play important

roles in physiological processes and various pathophysiological processes, FFARs
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have been targeted in therapeutic strategies for the treatment of metabolic disorders

including type 2 diabetes and metabolic syndrome. In this review, we present a

summary of recent progress regarding the understanding of their physiological

roles in the regulation of energy metabolism and their potential as therapeutic targets.
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1 Introduction

Metabolic diseases, such as diabetes and obesity, are a threat to global health and

are one of the most important health problems that impact our quality of life at great

expense to society. Obesity is associated with chronic inflammation and induces

insulin resistance which in turn causes type 2 diabetes. Diabetes is as a metabolic

disorder, the incidence of which has reached epidemic proportions: 150 million

people worldwide are estimated to be afflicted by diabetes, and this number is

expected to double within 20 years (Wild et al. 2004). Type 2 diabetes results from

the body’s inability to produce sufficient amounts of insulin and from resistance of

the body’s fat and muscle cells to insulin. Elevated blood glucose levels are a

hallmark of diabetes. There is currently no cure for diabetes, although treatment
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options using medicines and dietary approaches are available that can help patients

to prevent symptoms. Unfortunately, these approaches have many limitations;

therefore, the development of alternative therapeutic targets and new anti-diabetic

agents is desirable.

Free fatty acids (FFAs) are an important energy source for most body tissues,

and are categorized by the length of their aliphatic tails; short-chain fatty acids

(SCFAs) have less than 6 carbons, medium-chain fatty acids have 6–12 carbons,

and long-chain fatty acids have 12 or more carbons. In addition to functioning as an

energy source, FFAs exhibit a broad range of function such as modulation of

receptor signaling, gene expression and whole body fuel energy homeostasis

under various physiological conditions (Hara et al. 2011). As physiological sensors

of FFAs, members of the intracellular or nuclear lipid binding protein families

including fatty acid binding proteins and peroxisome proliferator-activated

receptors (PPARs) are considered functional receptors that contribute to the

regulation of numerous physiological and pathophysiological processes (Chawla

et al. 2001). However, because some of the physiological observations induced by

FFAs cannot be explained by functions that are mediated through these sensors,

other mechanisms, perhaps involving plasma membrane receptors, may be

expected to mediate some of the biological processes of FFAs.

The human genome contains 800 G protein-coupled receptors (GPCRs) that

belong to large gene families. GPCRs are seven-transmembrane receptors that

activate heterotrimeric G proteins and thus provide a wide variety of therapeutic

targets for numerous diseases (Lagerstrom and Schioth 2008). To date, approxi-

mately 350 GPCRs, with the exception of the olfactory receptors, have been

characterized in the human genome using bioinformatics analyses based on their

sequence similarities. Approximately 260 of these GPCRs have already been

characterized as deorphaned receptors after identification of the respective endoge-

nous ligand; however, approximately 70 orphan GPCRs remain (Civelli et al.

2013). Therefore, these receptors have yet to be explored as potential drug targets.

Several groups, including our own, have identified a series of orphan receptor,

which are activated by FFAs and its derivatives. To date, five free fatty acid

receptors (FFARs) have received considerable attention as a result of their physio-

logical importance in various biological processes (Table 1 and Fig. 1). Among the

FFARs that have been identified, FFA1 (GPR40) and GPR120 are activated by

medium- and long-chain FFAs, and GPR84 is activated by medium-chain FFAs.

In contrast, FFA2 (GPR43) and FFA3 (GPR41) are activated by SCFAs (Hara et al.

2012; Ichimura et al. 2009). Therefore, each FFAR may act as a sensor for FFAs

with selectivity for a particular FFA carbon chain length that is derived from food or

food-derived metabolites. Physiological functions of FFARs have been reported to

include the secretion of insulin and incretin hormones, adipocyte differentiation,

anti-inflammatory effect, nerve activation, and taste preferences. Accordingly,

these physiological functions of FFARs could be considered to regulate energy

metabolism. Therefore, FFARs have received considerable attention as potential

therapeutic targets for energy metabolism disorders. In this review, we focus on

recent advances regarding the understanding of FFARs in conjunction with our

observations.
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2 FFA2 (GPR43)

2.1 Ligands

FFA2 was identified as a receptor for SCFAs and was de-orphaned in 2003. During

a routine ligand bank screening with bioactive compounds, termed ligand fishing, it

emerged that FFA2 was activated by acetate using Ca2+ mobilization assays in

transfected mammalian cells (Brown et al. 2003; Nilsson et al. 2003). FFA2 was

activated in vitro by physiological concentrations (micromolar range) of other

SCFAs such as formate, propionate, butyrate, and pentanoate. The rank order of

potencies with respect to activation of FFA2 was as follows: acetate¼ propionate>
butyrate, whereas that of FFA3 was as follows: propionate > butyrate > acetate

(Brown et al. 2003; Le Poul et al. 2003). The 100-fold lower activation potency of

acetate to FFA3 can be used diagnostically to distinguish FFA3 from FFA2 (Brown

et al. 2003). Interestingly, SCFA ligands showed different rank order of potency

between species orthologs of FFA2 and FFA3 (Hudson et al. 2012). Acetate is

selective for human FFA2 compared to human FFA3 however, this selectivity was

not observed among the mouse orthologs. In addition, although propionate did not

show selectivity between human orthologs, this ligand selectively activated mouse

FFA3 compared to mouse FFA2. These results might be caused by high constitutive

activity of human FFA3 and mouse FFA3 which was monitored by [35S]-GTPγS
binding assay. The molecular basis analysis suggested that the single negatively

charged residues that were not conserved between species might regulate constitu-

tive activity of FFA2 and FFA3.

2.2 Selective Compound

According to the physiological function of FFA2 (as described under Sect. 2.4),

activation of colonic and adipose FFA2 by SCFA or pharmacological compounds is

considered a promising therapeutic target for the treatment of obesity. Several

selective agonists such as propiolic acid and angelic acid that showed 10–100-

fold selectivity for human FFA2 compared to FFA3 were reported (Schmidt et al.

2011). A series of compounds that showed agonistic or antagonistic activities were

reported as the patented compounds (Brantis et al. 2011; Hoveyda et al. 2010;

Saniere et al. 2012; Ulven 2012). Compound 1 dose dependently increased glucose

uptake in 3T3-L1 adipocyte cell line. On the other hand, Compound 2 increased

GLP-1 secretion from NCI-H716 cell line. Further Compound 3 and 4 showed

antagonistic activity for FFA2, with IC50 values of 20 and 100 nM, respectively.

Since radiolabeled Compound 3 was displaced by natural agonist propionate,

these synthetic compounds were considered to act as orthosteric ligands. Also,

Phenylacetamide 1 and 2 are novel synthetic allosteric agonists for FFA2 that have

pharmaceutical potential. Lee et al. (2008) demonstrated greater activation potency

by phenylacetamides 1 and 2 compared with SCFAs by high-throughput screening
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and showed that these compounds activate both Gq and Gi/o pathways (Lee et al.

2008). These compounds may serve as useful tools for further elucidation of the

physiological functions of the receptor and its involvement in various diseases.

Results from in vivo studies using these compounds are eagerly awaited.

2.3 Signal Transduction

Although FFA2 and FFA3 have similar endogenous ligands, their respective

G-protein signaling mechanisms differ: The pertussis toxin-sensitive Gi/o pathway

is activated by FFA2 and FFA3, whereas the Gq/11 pathway is activated by FFA2

(Le Poul et al. 2003). Stimulation of FFA2 by SCFAs resulted in inhibition of

cAMP production; activation of the extra cellular regulated kinase 1/2 (ERK1/2)

cascade through interactions with the Gi/o family of G proteins; elevation of [Ca2+]i
and activation of the ERK1/2 cascade via interactions with the Gq family of G

proteins. However, the physiological significance of this dual-coupled signaling

mechanism associated with FFA2 is still unclear.

2.4 Expression and Physiological Functions

The expression of FFA2 in adipose and gastrointestinal tissues suggests that FFA2

may be involved in energy regulation (Sleeth et al. 2010). Reverse transcription

polymerase chain reaction (RT-PCR) anatomical profiling in murine tissue revealed

that FFA2 was expressed in white adipose tissue and in the gastrointestinal tract

(Hong et al. 2005). The presence of FFA2 in adipose tissues may imply a role in

obesity and energy accumulation because FFA2 mRNA is expressed in white

adipose tissues such as subcutaneous, perirenal, epididymal, 3T3-L1-derived

adipocytes, and mature adipocytes (Hong et al. 2005). The presence of FFA2 in

the intestine may imply a role in appetite regulation because FFA2 mRNA is

expressed in both rat whole-wall and separated mucosa from the distal ileum and

colon (Karaki et al. 2006). These findings were confirmed by Dass et al. (2007) and

also reported for whole-walls of the human colon (Karaki et al. 2008). Moreover,

recent quantitative real-time PCR anatomical profiling in murine tissue revealed

that FFA2 was abundantly expressed in immune cells such as neutrophils and in

immune tissues such as the spleen and bone marrow (Maslowski et al. 2009).

Therefore, FFA2 may be involved in various physiological processes (Fig. 2).

2.4.1 Adipose Tissues

FFA2 may be involved in obesity and related disorders such as metabolic

syndrome. Metabolic syndrome is a combination of medical disorders and increases

the risk of developing obesity-related cardiovascular disease and diabetes, impaired
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glucose tolerance, dyslipidemia, and hypertension (Grundy et al. 2004). Excess fat

mass, characterized by both adipocyte hyperplasia and hypertrophy, is cause to

exhibit the various symptoms of the metabolic syndrome. Adipose tissue is consid-

ered not only an energy reservoir for lipids and glucose but also a complex

endocrine organ. It secretes hormones and inflammatory cytokines, some of

which act as peripheral sensors for energy balance (Tilg and Moschen 2006).

2.4.2 Adipogenesis

Based on the FFA2 expression in adipose tissues and adipocytes, Hong et al. (2005)
performed a series of studies to elucidate the physiological role of FFA2 in

adipocytes. They first showed that expression of FFA2 in adipose tissues from

high-fat diet-induced obesity mice was significantly greater than that of normal

chow-fed mice. After induction of adipogenesis in 3T3-L1 cells, the expression of

mRNA for FFA2 and Pparγ2 (a marker of mature adipocytes) was increased by

treatment with the SCFAs, acetate and propionate. A reduction of FFA2 mRNA by

small interfering RNA (siRNA) in 3T3-L1 cells blocked adipogenesis. Collectively,

these results suggested that activation of FFA2 by SCFA may be critical for the

differentiation of adipocytes, resulting in promotion of fat accumulation.

2.4.3 Lipolysis

Following the ingestion of a meal, insulin stimulates the uptake of nutrients such as

glucose into specialized tissues, and also potently inhibits lipolysis in adipocytes.

However, cells that have become insulin resistant do not respond to this cue,

Gut Microbiota

SCFAs

FFA2 FFA2

PYY secretion
GLP-1 secretion

Intestinal motility

Adipogenesis
Lipolysis

Leptin secretion

Energy homeostasis

Hara et al.

Adipose tissueIntestine

Fig. 2 Schematic diagram of the metabolic regulation by FFA2 via gut microbiota. SCFAs are

produced in gut by bacterial fermentation of dietary fiber followed by the stimulation of FFA2

expressed in intestine and adipose tissues. FFA2 regulates incretin secretion (such as PYY and

GLP-1) and motility in intestine. On the other hand, FFA2 also regulates adipogenesis, lipolysis

and leptin secretion in adipose tissues. These functions induced by the FFA2 stimulation contrib-

ute to the energy homeostasis of the whole body
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resulting in an outflow of lipids to plasma and ensuing dyslipidemia. FFA2 may

exhibit the protective effect against this metabolic disruption by inhibiting lipid

release from adipocytes. In 3T3-L1-derived adipocytes, acetate and propionate

suppressed isoproterenol-induced lipolysis in a dose-dependent manner (Hong

et al. 2005). Similarly, it was reported that the SCFAs, acetate and propionate,

produced by long term intervention of resistant starch rich diet suppressed release

of non-esterified fatty acid and glycerol from subcutaneous abdominal adipose

tissues (Robertson et al. 2005). Moreover, Ge et al. (2008) demonstrated that

these effects were mediated by FFA2 using FFA2 knockout (KO) mice. It was

reported that acetate produced a dose-dependent suppression of lipolysis and the

release of glycerol in adipocytes from wild-type (WT) mice in vitro. Furthermore,

intraperitoneal injection of sodium acetate to WT mice elicited a simultaneous peak

in plasma acetate concentration, and instantly reduced plasma non-esterified fatty

acids after injection in vivo (Ge et al. 2008). These effects were abolished in FFA2
KO mice. Thus activation of FFA2 by SCFAs directly leads to inhibition of

lipolysis and suppression of plasma FFAs.

2.4.4 Leptin Secretion

Activation of FFA2 by SCFAs potentially leads to the promotion of adipogenesis

and inhibition of lipolysis, which may lead to the improvement of metabolic

syndrome. This may partly explain the beneficial effects of dietary fiber supple-

mentation on glucose control and dyslipidemia that have been observed in some

studies (Chandalia et al. 2000). Another significant finding of SCFA receptor

function in adipose tissues was reported by several groups. Brown et al. (2003)

demonstrated the presence of FFA3 mRNA in human adipose tissue by quantitative

RT-PCR. Xiong et al. (2004) reported that murine FFA3 was expressed in white

adipose tissue and that propionate increased the concentration of leptin in the

culture medium of primary white adipose tissue from mice. Further, leptin secretion

was increased according to the overexpression of exogenous FFA3 and was

decreased by siRNA-mediated knockdown of FFA3 in adipocytes. However,

contradictory reports state that FFA3 expression has not been confirmed in murine

adipose tissue (Hong et al. 2005; Kimura et al. 2011). Thus, Hong et al. (2005)

reported that they could not detect FFA3 mRNA in differentiated 3T3-L1 cells nor

in murine subcutaneous, perirenal, mesenteric, or epididymal fat pads, despite using

the same PCR primers as those used in the study by Xiong et al. (2004). We were

also unable to detect FFA3 mRNA expression in murine adipose tissues by quanti-

tative RT-PCR or by in situ hybridization analysis (Kimura et al. 2011). In contrast,

Hong et al. (2005) demonstrated the presence of FFA2 mRNA in murine adipose

tissues, and Zaibi et al. (2010) reported that FFA2, rather than FFA3, was expressed

in murine adipose tissue. They showed that acetate, rather than butyrate, stimulated

leptin secretion in mesenteric adipocytes from WT mice but not in adipocytes from

FFA3 KOmice, suggested that this effect was mediated by FFA2, whose expression

was reduced in FFA3 KO mice compared with WT mice. Nevertheless, in the
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presence of adenosine deaminase to suppress Gα (i/o) signaling through the adeno-

sine A1 receptor, SCFA stimulated leptin secretion by adipocytes from WT but not

FFA3 KO mice (Zaibi et al. 2010). Pertussis toxin prevented stimulation of leptin

secretion by propionate in epididymal adipocytes, thus implicating Gα (i/o) signaling

mediated by FFA2 in SCFA-stimulated leptin secretion (Al-lahham et al. 2010).

Leptin is secreted from white adipose tissue and is a potent anorexigenic hormone

and a long-term dynamic marker of body adiposity. This suggests that SCFA

supplementation may also act on appetite through an FFA2-mediated response.

Furthermore, to investigate the relationships between FFA3 expression and the

effect of SCFAs on leptin secretion in adipose tissues, additional experiments using

an FFA3-specific modulator, and/or adipose tissue-specific FFA3 KO mice are

required.

2.4.5 Intestine

The intestines play a critical role in energy homeostasis because they are associated

with nutrient absorption, and secretion of gut hormones that are involved in appetite

control. Karaki et al. (2006) demonstrated that FFA2-expressing cells completely

co-localize with peptide YY (PYY)-expressing enteroendocrine L cells of the

gastrointestinal tract by immunohistochemistry (Karaki et al. 2006). Although

both neural and hormonal factors stimulate the release of PYY, it is also likely

that nutrients in the luminal environment induce secretion of this peptide and other

peptides from L cells; for example, glucagon-like peptide-1 (GLP-1) and glucagon-

like peptide-2 (GLP-2) encoded by the proglucagon gene (Greeley et al. 1989). The

expression of FFA2 in L cells in both rats and humans may suggest that activation

of FFA2 by SCFA regulates PYY and GLP-1 secretion (Karaki et al. 2006). As the

source of the SCFA, gut microbiota played important role in producing SCFA

through fermentation processes (Owira and Winter 2008). In addition, colonic

fermentation-derived SCFAs might regulate body weight and incidence of diabetes

(Sleeth et al. 2010).

2.4.6 PYY Secretion

FFA2 which is reported to be expressed in enteroendocirne L cells, contributed to

the secretion of PYY (Karaki et al. 2006, 2008).

2.4.7 GLP-1 Secretion

Enteroendocrine L cells are a major source of GLP-1 and GLP-2. These peptides

are co-stored and co-secreted with PYY from enteroendocrine L cells (Kim et al.

2005). Therefore, SCFA may also stimulate L cell secretion of GLP-1 and other

products of the pre-proglucagon gene through FFA2. Incretins are intestinal
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hormones that act to increase insulin secretion. GLP-1 is a potent anorexigenic

hormone and incretin. GLP-1 secretion by ileal L cells is dependent on the presence

of nutrients in the lumen of the small intestine (Elliott et al. 1993). Acute intracer-

ebroventricular administration of GLP-1 to fasted rats is associated with a decline in

short-term energy intake (Turton et al. 1996) and a significant reduction in body

weight in response to repeated administration (Davis et al. 1998). Moreover, GLP-1

as an incretin promotes insulin secretion through the GLP-1 receptor, which is

expressed in pancreatic islets (Bullock et al. 1996). Studies of non-digestive fiber

supplementation have indicated that administration of SCFA was associated with

increased colonic proglucagon mRNA expression and increased circulating plasma

GLP-1 levels (Delzenne et al. 2005; Keenan et al. 2006). It was reported that SCFAs

resulted in the secretion of GLP-1 through FFA2 in mixed colonic cultures and

in vivo. Quantitative PCR revealed enriched expression of FFA2 and FFA3 in

GLP-1-secreting L cells, and SCFAs raised cytosolic Ca2+ through Gq signaling

pathways in L cells in primary culture. Mice lacking FFA2 or FFA3 exhibited

reduced SCFA-triggered GLP-1 secretion in vitro and in vivo and a parallel

impairment of glucose tolerance (Tolhurst et al. 2012). Thus, the potential for

dietary or pharmacological manipulation to increase satiety could be used in the

treatment of obesity. Furthermore, with specific relevance to GLP-1, incretin action

may be useful for potentiating insulin secretion in patients with type 2 diabetes. The

anorexigenic neural circuits involving PYY and GLP-1 are subsequently activated

to reduce food intake and increase energy expenditure to restore the body back to

neutral energy balance. Hence, regulation of PYY and GLP-1 secretion through

FFA2 may control energy intake and could be applied to the treatment of obesity

and metabolic syndrome.

2.4.8 Intestinal Motility

Gastrointestinal motility enhances digestion and nutrient absorption, resulting

in increased energy intake. Moreover, gastrointestinal motility may be partially

controlled by FFA2. Recent findings have indicated that FFA2 may also affect

the release of gastrointestinal 5-hydroxytryptamine (5-HT or serotonin). 5-HT, or

serotonin, is a neurotransmitter in the central nervous system (CNS) known to

modulate mood, behavior and appetite (Berger et al. 2009) because of

co-localization with PYY. 5-HT is found peripherally in the gastrointestinal tract,

primarily in enterochromaffin cells but also in 5-HT-containing mucosal mast cells

(Kim and Camilleri. 2000). It is released in a dose-dependent manner in response to

mechanical and chemical stimulation, including SCFA, during nutrient ingestion in

the gut (Zhu et al. 2001; Fukumoto et al. 2003). It was reported that FFA2-

expressing cells co-localize with 5-HT-containing mucosal mast cells of the rat

distal ileum and colon and human colon (Karaki et al. 2006, 2008). Therefore,

SCFA activation of FFA2 may mediate the release of 5-HT in the gut, thus

constituting gastric motility-mediated appetite regulation that is independent

of PYY.
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3 FFA3 (GPR41)

3.1 Ligands

The FFA3 gene was found downstream of CD22 on human chromosomal locus

19q13.1 by PCR using degenerate primers based on conserved sequences in encoding

transmembrane domains of the rat galanin receptor 1 (GALR1), GALR2, and human

GALR1 (Sawzdargo et al. 1997). Several groups have performed screenings to

identify ligands for FFA3. In 2003, two distinct groups reported that FFA3 can be

activated by SCFAs, particularly by propionate, butyrate, and valerate (Brown et al.

2003; Le Poul et al. 2003). On the other hand, several synthetic compounds are

reported as FFA3 agonist (Compound 5) or antagonists (Compound 6) (Leonard

et al. 2006).

3.2 Signal Transduction

Brown et al. (2003) measured SCFA-induced GTPγS binding using HEK293T cells

expressing human or rat FFA3. Le Poul et al. (2003) examined SCFA-mediated

cAMP inhibition in CHO-K1 cells expressing human FFA3. The following year,

Xiong et al. (2004) confirmed these results using human FFA3-expressing Xenopus
melanophore cells. Le Poul et al. (2003) also showed that SCFAs induced the

release of [Ca2+]i and the phosphorylation of ERK1/2. Both these responses were

completely abolished by pertussis toxin (PTX) treatment, suggesting the unique

coupling of FFA3 to Gα(i/o).

3.3 Expression and Physiological Functions

3.3.1 Adipose Tissue

The involvement of FFA3, which was expressed in adipose tissue, in the release of

leptin is still a lot of debate. To understand the physiological function of FFA3

related to leptin secretion, the study using the adipose tissue-specific FFA3 KO

mice might be required (refer to Sect. 2.4.4 in paragraph of FFA2).

3.3.2 Intestine

FFA3 is reported to regulate host energy absorption by modulating gut motility.

Samuel et al. (2008) showed that quantitative RT-PCR was used to demonstrate that

FFA3 mRNA is expressed in the distal small intestine and colon of the mouse.
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Tazoe et al. (2009) found that human FFA3 is also expressed in PYY-containing

enteroendocrine cells, and Samuel et al. (2008) used in situ hybridization analysis to

demonstrate that FFA3 mRNA is expressed in enteroendocrine cells. Samuel et al.

(2008) showed that the body weight and fat pad weight of FFA3 KO mice were

significantly lower than those of WT mice and that these differences were abolished

in germ free mice. In addition, fasting plasma leptin level was reduced in FFA3 KO

mice compared to WT mice raised in conventional condition. Co-colonization of

human gut-derived Bacteroides thetaiotaomicron and Methanobrevibacter smithii
in germ-free mice led to significantly increased levels of circulating PYY, which

regulates gut motility. This effect was significantly suppressed in FFA3 KO

littermates, although FFA3 deletion did not affect food intake. These results

indicated that the function of FFA3 depends on SCFAs produced by bacterial

fermentation. Also, the intestinal transit rate was significantly faster in FFA3 KO

mice compared with WT littermates, and this effect was abolished in germ-free

mice. The fecal content of SCFA in FFA3 KO mice was significantly higher than of

WT mice. These results led the authors to suggest that the deceased PYY levels in

FFA3 KO mice increased gut motility, leading to reduced SCFA absorption as an

energy source, which resulted in the lean phenotype (Samuel et al. 2008).

In contrast, Bellahcene et al. (2012) reported that male but not female FFA3 KO

mice have a higher body fat mass than their WT littermates when they are fed with

either a low- or high-fat diet. Genotype had no effect on the amount of food intake

by either sex regardless of maintenance on a low- or high-fat diet. This included

mice of the same age (10 weeks) as those used in the report by Samuel and

co-workers (2008). This observation was supported by Zaibi et al. (2010) stated

that FFA3 KO mice exhibit obesity in an unpublished observation. In the high-fat-

fed condition, male but not female FFA3 KO mice had lower energy expenditure

than WT mice (Bellahcene et al. 2012). Low fat diet-fed male FFA3 KO mice also

displayed lowered liver TG and plasma FFA concentrations, elevated plasma

adiponectin and impaired glucose tolerance. On the other hand, HFD-fed male

FF3 KO mice displayed elevated plasma glucose and leptin and reduced lean body

mass. The differences in the effects of sex hormones on adipose tissue distribution

and on the central regulation of metabolism could explain why female FFA3 KO

mice have comparable energy expenditure to WT mice. Nevertheless, we cannot

exclude the possibility that reduced SCFA absorption by increased gut motility

alleviated obesity in FFA3 KO mice used in the study by Bellahcene et al. (2012).

Further, energy expenditure was reduced in male but not female FFA3 KO mice

compared to WT mice, which might be caused by reduced sympathetic activity

(refer to Sect. 3.3.3). Therefore, the obese phenotype in male FFA3 KO mice could

be explained by reduced energy expenditure. Consistent with reports by Samuel

et al. (2008) and Tazoe et al. (2009), Tolhurst et al. (2012) demonstrated FFA3

mRNA in intestinal L cells, which secrete PYY and GLP-1. Glucose-stimulated

GLP-1 secretion was reduced in primary colonic cultures obtained from FFA3 KO

mice compared with cultures from WT mice. Consistent with these findings, oral

glucose tolerance was impaired in FFA3 KO mice (Tolhurst et al. 2012). Blunted

GLP-1 secretion in response to SCFA in colonic cultures from FFA3 KO mice was
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suggested to result from the reduced expression of FFA2 because SCFAs stimulated

the release of GLP-1 even when Gi/o protein signaling was inhibited by pretreatment

with PTX.

3.3.3 Sympathetic Nervous System (SNS)

FFA3 regulates host energy balance by modulating sympathetic nerve activity.

In 2011, we reported that murine FFA3 mRNA was abundantly expressed in

sympathetic ganglia in murine tissues from the embryonic to the adult stage and

in human sympathetic ganglia. This was confirmed by in situ hybridization and

quantitative RT-PCR analysis (Kimura et al. 2011). FFA3 KO mice exhibited a

significantly reduced density of sympathetic innervation and a reduced level of

tyrosine hydroxylase (TH; rate limiting enzyme for catecholamine biosynthesis)

protein in the heart, suggesting that FFA3 is involved in sympathetic nerve growth.

However, further studies are needed to clarify the role of FFA3 in sympathetic

nerve differentiation and growth. In adult WT or FFA2 KO mice, energy expendi-

ture was reflected by propionate-induced increase in heart rate and oxygen

consumption, whereas these effects were abolished in FFA3 KO mice. The effect

of propionate on heart rate is inhibited by pretreatment with the β-adrenergic
receptor blocker propranolol but not by the nicotinic acetylcholine receptor blocker

hexamethonium. This indicates that propionate activates SNS through FFA3 at the

ganglionic level (Kimura et al. 2011). This function of FFA3 in sympathetic ganglia

is consistent with the lower energy expenditure and obese phenotype of FFA3 KO

mice reported by Bellahcene et al. (2012). We further clarified the signaling

mechanism for sympathetic activation using primary cultured murine sympathetic

ganglion neurons. Pharmacological and knockdown experiments showed that

propionate increased the release of tritium-labeled noradrenaline from sympathetic

neurons through the FFA3-Gβγ-phospholipase C (PLC) β3-ERK1/2-synapsin
2 pathway (Kimura et al. 2011; Inoue et al. 2012). The synapsins are a family of

synaptic vesicle-associated phosphoproteins. Serine 426 of synapsin 2b is

phosphorylated by activated ERK1/2 in response to propionate stimulation in

murine sympathetic neurons (Inoue et al. 2012).

During assessment of the effects of SCFAs and ketone bodies in FFA3-expressing

HEK293 cells, we found that β-hydroxybutyrate (β-HB) had a potent antagonistic

effect on FFA3-mediated ERK1/2 phosphorylation and cAMP inhibition (Kimura

et al. 2011). β-HB is a ketone body, which can be produced in the liver under

ketogenic conditions such as fasting, low-carbohydrate dietary intake, and diabetes.

In contrast, another major ketone body, acetoacetate, had no significant effect. We

further showed that β-HB suppressed propionate-induced sympathetic activation in

primary cultured sympathetic neurons, and in mice (Kimura et al. 2011; Inoue et al.

2012). These findings suggest that FFA3 functions as an energy sensor in sympathetic

ganglia to maintain energy homeostasis (Fig. 3). Under fed conditions, SCFAs are

produced in the gut by bacterial fermentation of dietary fiber. SCFAs activate SNS by

stimulating FFA3, leading to an increase in energy expenditure to consume excess
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energy. In contrast, β-HB is produced in the liver under fasted conditions. β-HB
suppresses SNS by inhibiting FFA3, leading to a reduction in energy expenditure

to preserve energy. Thus, these monocarboxylic metabolites appear to control

energy balance by directly regulating FFA3-mediated sympathetic activation at the

ganglionic level.

4 FFA1 (GPR40)

4.1 Ligands

In 2003, three groups almost simultaneously reported that medium to long-chain

FFAs activated FFA1 by monitoring either [Ca2+]i or by reporter assay (Briscoe

et al. 2003; Itoh et al. 2003; Kotarsky et al. 2003). Since FFAs are involved in

various physiological properties, stably expressing cell lines were primarily used in

high-throughput screening to examine the effects of FFAs on FFA1. Numerous

FFAs were reported to act as agonists for FFA1 in the micromolar concentration

range, and the rank order of the agonistic activities of FFA ligands measured by

[Ca2+]i response were as follows: docosahexaenoic acid (DHA, C22:6) >
α-linolenic acid (α-LA) (C18:3) ¼ oleic acid (C18:1) > palmitic acid (C16) ¼
lauric acid (C12) > capric acid (C10) > caprylic acid (C8). These results indicated
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SCFAs

Sympathetic activity

Energy expenditure

Sympathetic activity

Energy expenditure

β-hydroxybutyrate
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FFA3
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Fig. 3 Schematic diagram of the metabolic regulation by FFA3 on sympathetic ganglion. Under

fed condition, SCFAs are produced in gut by bacterial fermentation of dietary fiber followed by the

increase of sympathetic activity through FFA3 expressed in sympathetic ganglion. Sympathetic

activation leads to the increase in energy expenditure. On the other hand, under fasting condition,

β-hydroxybutyrate is produced as energy sources in liver and decreases sympathetic activity

through inhibition of FFA3 in sympathetic ganglion. Accordingly, β-hydroxybutyrate suppresses
energy expenditure through FFA3
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that both saturated and unsaturated FFAs could be agonists for FFA1. Carbon chain

length was important for agonistic activities of saturated fatty acids but not for

unsaturated fatty acids (Itoh et al. 2003). Interestingly, SCFA such as acetic acid

(C2), butyric acid (C4), caproic acid (C6), and methyl linoleate did not show any

response, suggesting that carbon chain length and the presence of carboxylate group

in the structure appeared to be critical for the activation of FFA1. In addition to the

essential FFAs, several compounds of clinical interest such as conjugated linoleic

acid, which is known as a dietary component associated with anticarcinogenic

effects, and 9-hydroxyoctadecadienoic acid (9-HODE), which is associated with

arteriosclerosis, were revealed to activate FFA1 in a dose-dependent manner.

4.2 Selective Ligands

The physiological functions of FFARs appear to be strongly related to metabolic

energy regulation such as glucose homeostasis, and secretion of insulin and

incretins; thus, studies to develop potent and selective agonists are of global

interest. Several research groups including pharmaceutical companies have

reported novel series of FFA1 agonists, which were evaluated by in vitro or

in vivo studies (Bharate et al. 2009; Garrido et al. 2006; Hu et al. 2009; Humphries

et al. 2009; Zhang et al. 2010; Zhou et al. 2010). In particular, an FFA1 selective

ligand, GW9508, was used in various studies as a reference compound for FFA1.

GW9508 showed 100-fold more potent agonistic activity for FFA1 compared with

GPR120. In addition, we reported that PPARγ agonists (thiazolidinediones), also

known as antidiabetic drugs, and the experimental anti-obesity compound

MEDICA16 could be FFA agonists (Briscoe et al. 2006; Hara et al. 2009b).

Furthermore, we developed a synthetic ligand, NCG75, by in silico docking

simulation using the FFA1 homology model that showed strong activation of

ERK1/2 and [Ca2+]i response. NCG75 promoted insulin secretion from MIN6

(murine insulinoma) cells, which express endogenous FFA1. The potent synthetic

compound, TAK-875, has recently entered clinical trials (refer to Sect. 4.8). Results

from in vitro and in vivo studies showed that TAK-875 enhanced glucose-

stimulated insulin secretion (GSIS) in a glucose-dependent manner in β-cells. The
stimulatory effect of TAK-875 was correlated with the [Ca2+]i response without

stimulation of glucagon secretion. Therefore, TAK-875 may be useful as a treat-

ment to control plasma glucose levels without the risk of developing hypoglycemia

and β-cell toxicity (Yashiro et al. 2012; Tsujihata et al. 2011). As a partial agonist,

AMG837 was identified by optimization of a series of β-substituted
phenylpropanoic acids with an EC50 value of approximately 0.1 μM (Houze et al.

2012). TAK-875 and AMG837 could act as antihyperglycemic agents, however

these two compounds did not improve incretin levels in vivo. Therefore, to investi-

gate novel class of agonist which might improve both insulin and incretin level,

chemical modification of AMG837 was conducted and led to the discovery of the

potent full agonist AM1638 and AM6226 (Luo et al. 2012). These compounds
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stimulated GLP-1 and GIP secretion and increase GSIS. On the other hand, known

FFA1 ligands showed lipophilicity responsible for the poor pharmacokinetic

properties and toxicity. Christiansen et al. (2013) reported that a novel compound

(Compound 7) was developed based on the structure of TUG424 reported as potent

agonist with moderate metabolic stability in vitro (Christiansen et al. 2008). This

compound showed low lipophylicity, high selectivity, marked bioavailability and

efficacy on glucose tolerance. As a result, these compounds are expected to be

useful in the future clinical trials and the investigation of FFA1.

4.3 Signal Transduction

Various reports have confirmed that FFAR stimulation promoted the release of

[Ca2+]i and ERK1/2 phosphorylation in cells that both transiently and stably

expressed FFA1 (Itoh et al. 2003). The increase in [Ca2+]i was examined in

MIN6 cells and also in primary pancreatic β-cells. Furthermore, since the [Ca2+]i
and ERK1/2 responses did not promote cAMP accumulation, FFA1 could be

coupled to a G-protein α-subunit of the Gq family but not from the Gi/o or Gs

family. Moreover, an endogenous agonist such as linoleic acid promoted PLC

activation by the Gq protein through FFA1 expressed in HEK293 cells (Salehi

et al. 2005). In contrast, agonist-induced inhibition of voltage-gated K+ current in

pancreatic β-cells could be mediated by cAMP signaling leading to an increase in

excitability (Fujiwara et al. 2005; Zhao et al. 2008). Recently, the precise

mechanisms of FFA-induced GSIS were further analyzed using islets from

FFA1 KO mice. Oleate-induced GSIS in an FFA1-dependent manner and rapid

F-actin remodeling was observed in islets from WT but not from KO mice.

Moreover, protein kinase D (PKD) phosphorylation induced by oleate stimulation

was also observed in WT but not in KO mice. Furthermore, pharmacological

inhibition of PKD1 prevented oleate-induced GSIS and F-actin depolymerization.

Hence, these results indicated that the signaling pathways leading to insulin

secretion in pancreatic islets could be involved in F-actin depolymerization and

PKD1 activation (Ferdaoussi et al. 2012). Two different groups reported

mechanisms that could regulate the expression levels of FFA1 in pancreatic

islet. The paired box 6 (PAX6) protein, a known transcription factor in pancreatic

α-cells, could interact with the promoter region of the FFA1 gene which contrib-

ute to regulate the expression of FFA1 (Gosmain et al. 2012). On the other hand,

pancreatic duodenal homeobox-1 (PDX-1) is involved in glucose-induced FFA1

gene transcription in pancreatic β-cells. Interestingly, PI3K-dependent

O-GlcNAcylation of PDX-1 mediated by the association of O-GlcNAc transferase

to phosphatidylinositol 3,4,5-triphosphate (PIP3) is crucial process of regulating

genes related to glucose metabolism including FFA1. Therefore, as the compen-

sation mechanism, stimulation of FFA1 gene expression might enhance FFA1

signaling under the condition of excess nutrients, which contribute to normalize

blood glucose level (Kebede et al. 2012).
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In our previous reports, we mentioned a potential discrepancy between agonist-

induced intracellular signaling (ERK1/2 phosphorylation or [Ca] response) and

effects on insulin secretion. The selective agonists, NCG75, GW9508, and

TAK-875 have been described as potent because they can activate intracellular

signalings at lower concentrations compared with the endogenous ligands such as

oleic acid, linoleic acid and α-LA however, the effects of these compounds on

insulin secretion in the cells that express endogenous FFA1 (INS-1 or MIN6 cells)

were similar to those of endogenous ligand (Tsujihata et al. 2011; Briscoe et al.

2006; Takeuchi et al. 2013). In previous studies, insulin secretion was shown to be

regulated by the multiple signaling pathways including Ca and ERK (Longuet et al.

2005; Selway et al. 2012). Therefore, FFAs-induced insulin secretion was appeared

to be activated by multiple pathways. Together, these discrepancies may be

explained by contribution of another signaling mechanism, which could regulate

insulin secretion. Further research to address the relationship between signaling

pathways and physiological functions are required to investigate the precise

mechanisms of FFA1.

4.4 Expression and Physiological Functions

The expression profiles of FFA1 were determined in various tissues by reverse-

transcription polymerase chain reaction, immunohistochemistry, and in situ

hybridization.

4.4.1 Pancreas

Expression analysis of FFA1 by RT-PCR and immunohistochemistry revealed high

levels of expression in insulin-producing pancreatic islet cells (Itoh et al. 2003;

Tomita et al. 2006). Itoh et al. reported that the activation of FFA1 by FFA ligands

enhanced GSIS from pancreatic β-cells. Several research groups reported a protec-

tive effect of FFA1 on β-cells against GSIS using KO and/or transgenic (TG) mice.

In addition, FFA1 protein was detected in the periphery of murine islet h-cells and
hamster glucagonoma cells (Flodgren et al. 2007). The FFA1 KO mice fed with a

regular chow diet did not show any differences in body weight, fasting glucose

level, and insulin, triglyceride, and glucose tolerance compared with WT mice.

However, KO mice and WT littermates who were fed with high fat diet (HFD)

showed fasting hyperglycemia, obesity, glucose intolerance, and insulin resistance.

The levels of insulin secretion in response to a mixture of mostly unsaturated fatty

acids were reduced by approximately 50 %. Furthermore, although the effects of

glucose stimulation on insulin secretion in isolated islets from KO mice were

unchanged, fatty acid stimulated-induced insulin secretion was significantly

reduced (Lan et al. 2008; Kebede et al. 2008; Latour et al. 2007). Moreover,

knockout of FFA1 in mice did not contribute to glucose intolerance,
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hyperglycemia, and hypertriglyceridemia. Several groups reported the results of

FFA1 TG mice studies. FFA1 overexpression under the mouse PDX-1 promoter

exhibited impaired β-cell function (Steneberg et al. 2005). However, other groups

could not confirm these observations. FFA1 overexpression under the mouse

insulin II promoter did not impair metabolic status, whereas the levels of fasting

blood glucose was lower than that of WT mice. Also, insulin secretion and oral

glucose tolerance were improved in FFA1 TG mice without affecting insulin

tolerance (Nagasumi et al. 2009). These discrepancies were partly explained by

differences of the expression levels of FFA1 in each TG mouse and of the promoter

subjected to construct TG mice (Alquier and Poitout 2009). Together, these findings

indicate that FFA1 contributes to GSIS and the regulation of basal energy

metabolism.

4.4.2 Intestine

Edfalk et al. (2008) reported that FFA1 is expressed in endocrine cells of the

gastrointestinal tract, including cells expressing the incretin hormones GLP-1 and

GIP such as the intestinal L and K cells, respectively. Since FFA1 mediates

FFA-induced incretin secretion, the effects of FFAs on insulin secretion are possibly

mediated by both direct (through the activation of FFA1 expressed on β-cells) and
indirect (through the release of incretin hormone) pathways. Furthermore, FFA1

expression was also confirmed in I cells in the intestine that secretes cholecystokinin

(CCK) (Liou et al. 2011). Therefore, FFA1 modulates FFA-induced insulin secre-

tion from β-cells directly and indirectly through regulation of incretin secretion

(Edfalk et al. 2008; Latour et al. 2007) (Fig. 4).

4.4.3 Taste Buds

Immunohistochemistry of circumvallate papillae (CV) section using antibodies

against FFA1 and GPR120 showed positive signals in type I and type II taste bud

cells, respectively. These signals were eliminated in taste tissue from GPR40 KO

and GPR120 KO mice (Cartoni et al. 2010). Studies using both FFA1 and GPR120

KO mice revealed that taste nerve responses to fatty acids and preferences for fatty

acids, evaluated by short-access tests using a lick meter comparing linoleic acid and

xanthan gum, were inhibited in KO mice. There was no difference in preference for

other tastes such as bitter, sweet, sour, salty, or umami by FFA1 KO and GPR120

KOmice compared with WTmice. However, recent publication did not confirm the

expression of FFA1 in CV, fungiform papillae and taste cell-free lingual epithelium

by RT-PCR (Galindo et al. 2012). Matsumura et al. (2007) also reported that

GPR120 but not FFA1 could detect in the epithelium of the circumvallate papillae.

Therefore, the expression of FFA1 in sensory taste cells is quite controversial.

Further research should be necessary to clarify the precise expression profiles of

FFA1 and GPR120 in sensory taste cells.
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4.4.4 Brain

Ma et al. confirmed the expression and distribution profiles of FFA1 in the central

nervous system of adult monkeys by immunoblotting and immunohistochemistry.

Furthermore, FFAs such as docosahexaenoic acid that could activate FFA1 may

play an important role in the regulation of adult hippocampal neurogenesis in

primates (Yamashita 2008; Ma et al. 2010).

Pancreas

Hara et al.

Intestine

Pancreatic Islet

Glucose Metabolism & Energy Homeostasis

FFAs

Direct regulation 
of insulin secretion

indirect regulation 
of insulin secretion 

(via  incretin secretion)

FFA1

I cell

FFA

CCK
GLP-1
GIP

L cell

K cell

α cell
β cell

FFA1

FFA

insulin

Fig. 4 Schematic diagram of physiological functions of FFA1 in glucose metabolism and energy

homeostasis. FFAs stimulate FFA1 expressed in pancreatic β-cells and promote insulin secretion

in direct mechanisms. FFAs also stimulate FFA1 expressed in incretin secreting cells and promote

insulin secretion in indirect mechanisms. FFA1 partly modulates FFAs-induced insulin secretion

from β-cells not only directly but also indirectly mechanisms
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4.4.5 Mammary Gland

Yonezawa et al. detected FFA1 mRNA in MCF-7 human breast cancer cells, bovine

mammary epithelial cells, and bovine mammary gland. These were activated by

oleate and linoleate and may be involved in a proliferative effect through [Ca2+]i
response, ERK1/2, and Akt kinase (Yonezawa et al. 2008).

4.5 Polymorphism

Genetic polymorphisms that alter protein expression or function can modify the risk

of disease. Polymorphisms have been reported for FFA1: in humans, several single

nucleotide polymorphisms identified in the FFA1 coding region are reportedly

associated with the function of FFA1. The Gly180Ser polymorphism that was

identified in a screening analysis of 734 subjects showed significantly lower levels

of insulin secretion in Gly/Gly carriers. In addition, Gly/Ser carriers showed lower

levels of plasma insulin and C-peptide in response to a lipid load in a case-control

study. Furthermore, these results are supported by an in vitro study in which the

Gly/Ser mutant expressed in HeLa cells showed a lower [Ca2+]i response induced

by oleic acid compared with the Gly/Gly mutant (Vettor et al. 2008). The

His211Arg polymorphism is considered to be associated with the altered insulin

secretion capability and metabolic parameters in Danish Caucasian subjects and

Japanese men. In Danish Caucasian subjects, the Arg211His polymorphism showed

a similar allele frequency between type 2 diabetic patients and middle-aged

glucose-tolerant subjects. Moreover, the levels of insulin release determined by

oral glucose tolerance test showed no significant difference between these carriers.

Similarly, allele frequencies of this variant in Japanese subjects showed no differ-

ence between type 2 diabetic patients and healthy subjects. However, Arg/Arg

homozygotes showed a significantly lower homeostasis model of insulin resistance

(HOMA-IR) and ®-cell function (HOMA-b) together with serum insulin levels

compared to His/His genotypes. In addition, a rare mutation, Asp175Asn was

identified during the analysis of Danish Caucasian subjects. The effects of these

two variants, Arg211His and Asp175Asn, on inositol phosphate production in

response to 5,8,11-eicosatriynoic acid were similar to each other; however,

Asp175Asn, but not Arg211His, showed lower maximal efficacy compared to the

WT. Further studies addressing the relationships between FFA1 and other genes

that control metabolic energy regulation within different ethnicities are required to

understand the contribution of these polymorphisms to diabetes and modulation of

the function of the FFA1 protein (Hamid et al. 2005; Ogawa et al. 2005).
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4.6 Structure–Activity Relationships (SARs)

FFA1 is reportedly involved in the activation of insulin release and as such is

considered an attractive therapeutic target for the treatment of diabetes. Thus,

numerous groups have engaged in the development of potential lead compounds

as ligands for the receptor. A deep understanding of the molecular details of ligand

recognition and receptor activation is useful for the identification and rational

design of ligands that show biological activity and selectivity for a specific receptor.

Numerous groups including our own have attempted to develop candidate

compounds using docking simulation with homology models for FFA1. Findings

have included information concerning the chemical structure of compounds and

also the binding mode in the binding cavity of FFA1. The ionic lock at the

cytoplasmic surface is known to play an important role in the activation mechanism

of class A GPCRs including FFARs. However, the contribution of agonist binding

to alteration of the ionic locks remains unclear. The ionic locks in FFA1 are

predicted by homology modeling to be located between the second extracellular

loop of FFA1 (Glu145 and Glu172) and transmembrane domain residues Arg183

and Arg258. Agonist interaction-induced dissociation of the ionic interactions

between Glu–Arg was predicted by simulation of molecular dynamics. Further-

more, the constitutive activation of FFA1 induced by the breakage of these

interactions was observed in mutagenesis studies. Therefore, these ionic locks

may act as a molecular switch toward receptor activation (Sum et al. 2009).

Among the FFA1 agonists, linoleic acid known as a natural polyunsaturated FFA

ligand and GW9508 were subjected to examine the molecular determinants of

agonist binding to FFA1. Hydrophobic, aromatic and hydrophilic/positively

charged amino acid residues were predicted to be potential binding residues in

the binding cavity of FFA1. A mutagenesis study revealed that Arg183, Asn244,

and Arg258 contributed to the interaction between the carboxylate group present in

the structures of linoleic acid and GW9508. In addition, His86, Tyr91, and His137

contributed to the aromatic or hydrophobic interactions in GW9508 binding.

Moreover, His147 and His86 may contribute to GW9508-induced receptor activa-

tion. Hence, these results may explain why GW9508 could strongly activate FFA1

signaling compared with other FFA ligands (Tikhonova et al. 2007; Sum et al.

2007). Our group also conducted in silico docking simulations to search for

selective agonists and to investigate the binding modes of these ligands. Consistent

with other reports, Arg183 and Arg258 were found to be important for agonist

recognition and activation of FFA1. In contrast, our synthetic agonist, NCG75

(refer to section titled “Selective ligand”), and α-LA, a natural agonist, showed

a different binding profile compared with GW9508. Thus, Arg 258 and not a

combination of Arg183 and Arg258, was deemed to be important for FFA1 activa-

tion. This would explain the prediction that the hydrogen bond distance between the

ligand and the amino acid residues may reflect agonistic potency. In addition, we

confirmed the contribution of other amino acid residues to ligand interaction;

His86, Phe87, and Tyr240 formed interactions with pyridine and phenyl ring of
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NCG75; Val141, Ala146, and Ala173 stabilized binding through hydrophobic

interactions. These findings concerning the critical roles of these residues for ligand

interaction are useful for investigating the pharmacology of FFA1 and for further

development of potent and selective ligands (Takeuchi et al. 2013).

4.7 Binding Assay

Experimental systems that canmonitor direct interactions between ligands and FFARs

have not yet been developed because of the relatively weak affinity of natural ligands

for their receptors and the lack of potent ligands. Therefore, an experimental system

was established using flow cytometry that could detect direct interactions between

ligands and FFA1 (Hara et al. 2009a). We designed a fluorescent-labeled ligand

(BODIPY-labeled FFA) as a probe, which could activate FFA1. However, we were

forced to isolate the FFA1 protein by immunoprecipitation as a result of non-specific

binding of the fluorescent probe to cells overexpressing FFA1. Sf9 cells expressing

FLAG-tagged FFA1 were solubilized. The lysates containing FFA1 protein were

immobilized using immunomagnetic beads and were detected by flow cytometry as

the cells that express FFA1. Flow cytometry-based binding assays revealed that

fluorescent-labeled FFA specifically interacted with its binding site located on FFA1

in a saturable manner. In addition to the FFA ligands, synthetic ligands including

GW9508, MEDICA16, and thiazolidinediones competed with the fluorescent-labeled

ligand and bound to the FFA1 protein in a dose-dependent manner. A novel agonist

that shows agonistic activity at nanomolar concentrations has recently been used to

monitor direct interactions in a conventional radioligand binding assay. This

radiolabeled compound is currently unavailable commercially. Therefore, further

efforts to develop potent ligands could benefit from successful monitoring of direct

interaction with FFA1 or other FFARs. Moreover, these ligands will be useful for

further investigation of the physiological and pharmacological functions of FFA1.

4.8 Clinical Trials

The effect of a single oral dose of TAK-875 was evaluated for safety, tolerability,

pharmacokinetics, and pharmacodynamics in a phase I, double-blind, placebo-

controlled study in healthy volunteers (Naik et al. 2012). The results indicated

that TAK-875 appears to be safe and tolerated in healthy subjects after a single oral

administration. Two phase II, multicenter, randomized, double-blind, parallel

group studies were conducted in Japanese patients with type 2 diabetes. Efficacy

and tolerability were demonstrated after administration of TAK-875 for 2 weeks

(Araki et al. 2012). In addition, the results of a 12-week dose-ranging study of

TAK-875 indicated that TAK-875 showed effective antihyperglycemic properties

without severe adverse effects in type 2 diabetes patients whose symptoms were not
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adequately controlled by diet and exercise (Kaku et al. 2013). Furthermore, a

phase II, randomized, double-blind, placebo-controlled, and active comparator-

controlled trial was conducted in type 2 diabetes patients who were

non-responders to diet or metformin treatment (Burant et al. 2012). The effect of

once daily administration of TAK-875 for 12 weeks revealed an improvement in

glycemic control in patients with minimal risk of hypoglycemia. These clinical

trials strongly suggest that FFA1 is a crucial drug target, and that FFA1 agonists

could be a novel class of therapeutic drugs for the treatment of type 2 diabetes.

5 GPR84

5.1 Ligands

GPR84 was activated by medium-chain FFAs (C9-C14) (Wang et al. 2006). In

contrast, neither short- nor long-chain FFAs did not activate GPR84. Among these

medium-chain FFA ligands, capric acid (C10:0), undecanoic acid (C11:0) and

lauric acid (C12:0) showed the most potent activity for GPR84. The EC50 values

for these three FFAs were approximately 5–10 μM. As a small molecule for GPR84,

diindolylmethane was reported to activate GPR84 with greater potency than FFA

agonists. The EC50 value of this compound measured by [35S]-GTPγS binding

assay was approximately 0.5 μM.

5.2 Signal Transduction

Medium-chain FFAs dose-dependently increased [Ca2+]i in CHO cells transiently

express GPR84. In addition, forskolin-stimulated cAMP production was inhibited by

medium-chain FFAs. GPR84 dependent inhibition of cAMP production was reduced

by pretreatment with pertussis toxin. Further, medium-chain FFAs increased [35S]-

GTPγS incorporation. Therefore, GPR84 was activated by medium-chain FFAs and

coupled to Gi/o pathway (Wang et al. 2006).

5.3 Expression and Physiological Functions

GPR84 was identified by using an expressed sequence tag (EST) data mining

strategy (Wittenberger et al. 2001). GPR84 is reported to be express in various

tissues such as heart, lung, kidney, liver and leucocytes. Especially, as related to

inflammatory cells, granulocytes, splenic T and B cells express GPR84 (Yousefi

et al. 2001; Venkataraman and Kuo 2005). Also, GPR84 is induced by the
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stimulation of lipopolysaccharide (LPS) in monocytes (Wang et al. 2006). Further-

more, Nagasaki et al. (2012) reported that adipose tissue and 3T3-L1 adipocyte cell

line express GPR84. Bouchard et al. (2007) reported that microglia express GPR84

in a strong and sustained manner.

5.3.1 Immune System

The functional study of GPR84 showed that CD3 antibody-induced IL-4, but not

IFN-γ and IL-2 production was increased in GPR84 deficient mice compared to WT

mice. However, the stimulation effects of various mitogen on the proliferation of T

and B cells were not changed between GPR84-deficient and WT mice. Further, the

levels of IL-4, but not IFN-γ mRNA was also increased in response to antibody

stimulations of CD28 together with CD3. Also, the expression level of GPR84

mRNA was increased in monoyotes or differentiated into macrophages after

stimulation of LPS. In addition, GPR84 expressed in microglia was induced by

proinflammatory cytokines such as TNF-α and IL-1. The expression of GPR84 was

potent observed in not only in mice suffering from endotoxemia, but also during

experimental autoimmune encephalomyelitis (Bouchard et al. 2007). Hence,

GPR84 might contribute to regulate neuroimmunological processes.

5.3.2 Adipose Tissue

GPR84 is reported to be expressed in adipose tissue and 3T3-L1 adipocytes. In HFD

supplemented mice, GPR84 expression was detected in fat pads. Also, 3T3-L1

adipocytes co-cultured with a macrophage cell line RAW264, significantly induced

GPR84 expression. On the other hand, medium-chain fatty acids reduced mRNA

expression level of adiponectin in 3T3-L1 cell line through GPR84. This report

suggested that macrophages that infiltrated into adipose tissue and secreted inflam-

matory cytokines such as TNF-α, contributed to enhance the expression of GPR84

mRNA (Nagasaki et al. 2012). Accordingly, GPR84 might play important physio-

logical roles in the regulation of insulin sensitivity under inflammatory condition

such as type 2 diabetes.

6 GPR120

6.1 Ligands

We previously isolated the GPR120 gene from genomic DNA. Medium to long-

chain FFAs were identified as endogenous ligands of GPR120 using a receptor

internalization assay (Fukunaga et al. 2006). GPR120 was activated by saturated
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FFAs (C14–18) and unsaturated FFAs (C16–22). Various polyunsaturated fatty

acids, regardless of ω-3 or ω-6 type, were found to act as agonists of GPR120 in the
micromolar concentration range, with α-linolenic acid being the most potent

(Hirasawa et al. 2005). The ligand profiles were similar to those for FFA1; however,

the amino acid homology between GPR120 and FFA1 is only 10 %. The similarity

in ligand specificity may be the result of convergent evolution. In addition, we

synthesized a series of carboxylate group-containing compounds that were based on

the structure of the thiazolidinedione (PPAR-γ) agonists. The relative ERK1/2

phosphorylation of these compounds examined in FFA1 and GPR120 expressing

cells were correlated well with the calculated hydrogen bonding energy based on

FFA1 and GPR120 homology model, respectively (Fig. 5a). The selective agonist

NCG21 was developed (Suzuki et al. 2008) using a homology model and docking

simulation for GPR120 (Fig. 5b) (Sun et al. 2010). To identify other natural ligands

of GPR120, we screened for and identified a selective partial agonist from a series

of natural compounds; grifolic acid, derived from the fruiting bodies of Albatrellus
ovinus (Hara et al. 2009b). Grifolic acid activated GPR120 in GPR120 over-

expressing cells and also in STC-1 cells, which express endogenous GPR120.

Further Hashimoto et al. (2010) reported a synthetic compound (Compound 8) as

a patented compound. More recently, Shimpukade et al. (2012) reported a potent

and selective GPR120 agonist (Compound 9), which showed high potency on both

human and murine GPR120. These compounds may be useful tools to monitor the

physiological effects of GPR120 and may be useful for the development of novel

drug candidates for the treatment of type 2 diabetes, obesity, and metabolic

diseases.

6.2 Signal Transduction

Polyunsaturated fatty acids and synthetic ligands induced a rise in cytosolic free

Ca2+ in GPR120 over-expressing HEK293 cells through GPR120, but they did not

promote cAMP production. This suggested that GPR120 is coupled to the Gq

protein family, similarly to FFA1, but not to the Gs or Gi/o families (Hirasawa

et al. 2005). GPR120 can also induce the activation of ERK1/2 under certain

conditions, and the activation of PI3-kinase and the serine/threonine protein kinase

Akt in GPR120-expressing cells (Katsuma et al. 2005). Oh et al. showed that the

ω-3 FFAs, DHA and eicosapentaenoic acid (EPA) exert anti-inflammatory effects

through GPR120. The underlying mechanism involved inhibition of TGF-β-
activated kinase 1 (TAK1) phosphorylation related to the toll-like receptor

(TLR), and tumor necrosis factor-α (TNF-α) inflammatory pathways through

β-arrestin 2 signaling in monocytic RAW264.7 cells and primary intraperitoneal

macrophages (Oh et al. 2010). Recently, Shah et al. showed that linoleic acid leads

to activation of monovalent cation-specific transient receptor potential channel type

M5 (TRPM5) in STC-1 cells (Shah et al. 2012). Polyunsaturated fatty acid-induced

depolarization is significantly reduced by blockade of G proteins and PLC, and
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siRNA transfection against TRPM5 resulted in a significant reduction of α-LA-
induced intracellular calcium rise as well as CCK secretion from STC-1 cells,

suggesting that TRPM5 plays a crucial role in GPR120 signaling.
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Fig. 5 Docking simulation of each compound in homology models. (a) The relative ERK activity

versus the calculated energy of interaction based on each modeling was plotted. The coefficient of

determination (R2 ¼ 0.81, FFA1 and 0.87, GPR120) reflects a high correlation between the

hydrogen bonding energy and relative ERK activity. (b) GPR120 homology model docked with

α-LA and NCG21. α-LA and NCG21 were docked into the binding pocket of GPR120. Red balls:

oxygen atoms of carboxylate group; green: the predicted binding pocket by Molegro cavity

detection algorithm
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6.3 Expression and Physiological Functions

6.3.1 Intestine

Endogenous expression of GPR120 was demonstrated in the intestines of humans

and mice. Furthermore, the enteroendocrine cell line STC-1 expressed endogenous

GPR120. Our previous study showed that GPR120-expressing cells are located in

the GLP-1-expressing enteroendocrine cells in the large intestine (Hirasawa et al.

2005; Tanaka et al. 2008; Miyauchi et al. 2009). Stimulation by FFAs induced

GLP-1 and CCK secretion in murine enteroendocrine STC-1 cells (Sidhu et al.

2000), and siRNA directed against GPR120 inhibited the FFA-induced effect on

incretin secretion and [Ca2+]i response. The effect of FFAs on plasma levels of

GLP-1 and insulin were examined by the administration of FFAs into murine colon

(Hirasawa et al. 2005). These reports tempt us to speculate about the physiological

function of GPR120 on GLP-1 secretion in vivo. In addition, K cells that express

GPR120 and also synthesize GIP were located in the intestinal tract (Parker et al.

2009). Moreover, recent reports suggest that GPR120 may play a role in the lipid-

sensing cascade in ghrelin cells (Lu et al. 2012).

6.3.2 Macrophages

Oh et al. (2010) demonstrated endogenous expression of GPR120 in monocytic RAW

264.7 cells and in primary proinflammatory M1-like macrophages. Stimulation of

GPR120 with ω-3 FFAs caused broad anti-inflammatory effects in these cells, all of

which were abrogated by siRNA against GPR120. In vitro experiments revealed

the molecular mechanism underlying ω-3 FFA-mediated anti-inflammatory effects.

Stimulation of GPR120 specifically inhibited TAK1 phosphorylation and activation,

providing a commonmechanism for the inhibition of both TLR and TNF-α signaling.

In vivo experiments showed that ω-3 FFA treatment inhibited inflammation and

enhanced systemic insulin sensitivity in WT mice; however, these effects by ω-3
FFA were not observed in GPR120-deficient mice. These results showed that

GPR120 is a functional ω-3 FFA receptor and that it mediates potent insulin

sensitizing and antidiabetic effects in vivo by repressing macrophage-induced tissue

inflammation.

6.3.3 Adipocytes

Gotoh et al. (2007) reported that adipose tissue expressed GPR120 and that the

mRNA expression level in adipocytes was higher than in stromal-vascular cells.

GPR120 expression was increased during adipocyte differentiation of 3T3-L1 cells.

Small interfering RNA against GPR120 inhibited this effect on adipocyte differenti-

ation (Gotoh et al. 2007). These findings suggested that GPR120 may play important
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roles in differentiation, and also in the maturation processes of adipocytes. Moreover,

we recently reported that dysfunctional GPR120 led to obesity in both mice and

humans (Ichimura et al. 2012). We found that GPR120-deficient mice fed HFD

developed obesity and fatty liver with decreased adipocyte differentiation and lipo-

genesis, and enhanced hepatic lipogenesis (Fig. 6a and b). Insulin resistance in such

mice was associated with reduced insulin signaling and enhanced inflammation in

adipose tissue. We showed that GPR120 expression in human adipose tissue

was significantly higher in obese individuals than in lean controls. GPR120 exon
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Fig. 6 Obesity and hepatic steatosis in HFD-fed GPR120-deficient mice and pharmacological

characterization of two non-synonymous variants of GPR120. (a) Body weight changes of WT and

GPR120-deficient mice fed HFD. Data represent mean � s.e.m. **p < 0.01 versus the

corresponding WT data. (b) Representative cross-sectional images of WT and GPR120-deficient

mice subjected to microcomputed tomography analysis of the in situ accumulation of fat. Fat

depots are demarcated (green) for illustration. The fatty liver in HFD-fed GPR120-deficient mouse

was indicated as black line. (c) Schematic diagram of two-dimensional topology of GPR120

receptor. Two non-synonymous variants p.R67C and p.R270H were shown. (d) α-LA-induced
[Ca2+]i responses in cells expressing WT GPR120 or a p.R67C or p.R270H variant
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sequencing in obese subjects revealed two non-synonymous mutation p. R270H and

p. R67C (Fig. 6c). The p. R270H variant that inhibited GPR120 signaling activity

(Fig. 6d) might be significantly associated with obesity.

Further, since HFD-fed GPR120-deficient mice showed fat liver and obesity, the

molecular basis of the metabolic changes in adipose tissues and livers of HFD-fed

GPR120-deficient mice and WT mice were examined by using gene expression

analysis (Fig. 7a and b). Approximately 1,600 and 600 differentially expressed

genes were identified in adipose tissues and livers, respectively. Notably, adipocyte

differentiation (Fabp4), lipogenesis (Scd1) and insulin signal (Irs2 and Insr) related
genes were depressed in adipose tissues, whereas these genes together with a fatty

acid transporter gene (Cd36) were upregulated in livers from GPR120-deficient

mice. Therefore, Overall, this study demonstrated that the lipid sensor GPR120 had

a key role in sensing dietary fat and thus, in the control of energy balance in both

humans and rodents.

6.3.4 Taste Buds

Matsumura et al. reported the expression of GPR120 in taste bud type II cells, as

determined by double immunostaining for GPR120 and markers of type II taste

cells (phospholipase-Cb2 and h-gustducin) (Matsumura et al. 2009). Cartoni et al.

(2010) also reported the expression of GPR120 in CV sections. Short-access test

using a lick meter showed that preference for fatty acids but not for other tastes was

inhibited in GPR120 KO mice (Cartoni et al. 2010).

6.3.5 Lung

Endogenous expression of GPR120 is also found in other cells and tissues. Further-

more, a GPR120 antibody that recognizes the extracellular domain of murine

GPR120 has been developed. This antibody was used to detect GPR120 protein

expression in lung and adipose tissues, in which GPR120 mRNA expression was

already known (Miyauchi et al. 2009). Pulmonary Clara cells that expressed the Clara

cell 10-kDa protein as a marker, stained positively for GPR120 with this antibody

(Miyauchi et al. 2009). Further studies are needed to reveal the physiological function

of GPR120 in the lung.

6.4 Genetic Contribution to Type 2 Diabetes

Recently, Taneera et al. performed a systems genomics approach to indentify genes

for type 2 diabetes, and GPR120 was in the top 20 ranked list (Taneera et al. 2012).

In this report, GPR120 expression in human islets was positively correlated with
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Insr

Irs2

Color Key

TSR1, 20S rRNA accumulation, homolog (yeast)
proliferation−associated 2G4
RIKEN cDNA 2810410L24 gene
Rho GTPase activating protein 5
actin binding LIM protein family, member 3
Werner helicase interacting protein 1
pleckstrin homology domain containing, family G (with RhoGef domain) member 3
RIKEN cDNA D430033H22 gene
RIKEN cDNA 2510012J08 gene
phosphatidic acid phosphatase type 2A
WD repeat domain 43
DEAD (Asp−Glu−Ala−Asp) box polypeptide 56
far upstream element (FUSE) binding protein 1
component of oligomeric golgi complex 8
WD repeat domain 34
zinc finger protein 592
RIKEN cDNA B430203I24 gene
erythrocyte protein band 4.1
arginine vasopressin receptor 1A
arginine vasopressin receptor 1A
SET domain containing 2
hematopoietically expressed homeobox
erythrocyte protein band 4.1−like 5
RIKEN cDNA 4930528F23 gene
inter−alpha trypsin inhibitor, heavy chain 1
family with sequence similarity 136, member A
solute carrier family 29 (nucleoside transporters), member 1
sushi domain containing 4
protein tyrosine phosphatase, receptor type, K
angiopoietin−like 4
ATPase type 13A1
lysophosphatidylglycerol acyltransferase 1
ash1 (absent, small, or homeotic)−like (Drosophila)
RIKEN cDNA 1500012F01 gene
cytokine receptor−like factor 2
transformation related protein 53 inducible nuclear protein 2
zinc finger and BTB domain containing 20
unconventional SNARE in the ER 1 homolog (S. cerevisiae)
absent in melanoma 1
AT hook containing transcription factor 1
zinc finger protein 612
SNW domain containing 1
RIKEN cDNA 8430419L09 gene
RIKEN cDNA B230354K17 gene
Wolf−Hirschhorn syndrome candidate 2 (human)
mastermind like 1 (Drosophila)
phospholipase A2, group VII (platelet−activating factor acetylhydrolase, plasma)
E2F transcription factor 5
TAR DNA binding protein
P450 (cytochrome) oxidoreductase
transmembrane protein 186
angiogenin, ribonuclease, RNase A family, 5
death associated protein kinase 1
far upstream element (FUSE) binding protein 1
abhydrolase domain containing 14A
zinc finger, MYND−type containing 8
sel−1 suppressor of lin−12−like 3 (C. elegans)
zinc finger protein 275
acid phosphatase, prostate
coiled−coil−helix−coiled−coil−helix domain containing 5
lysine (K)−specific demethylase 5B
coagulation factor VII
cDNA sequence AB041803
glial cell line derived neurotrophic factor family receptor alpha 1
taurine upregulated gene 1
epidermal growth factor receptor
epidermal growth factor receptor
complement component 8, beta polypeptide
TAR DNA binding protein
RIKEN cDNA 6720427I07 gene
dishevelled associated activator of morphogenesis 1
TAF15 RNA polymerase II, TATA box binding protein (TBP)−associated factor
cerebral cavernous malformation 2 homolog (human)
O−linked N−acetylglucosamine (GlcNAc) transferase (UDP−N−acetylglucosamine:polypeptide−N−acetylglucosaminyl transferase)
t−complex protein 1
cytochrome P450, family 2. subfamily c, polypeptide 37
apolipoprotein M
apolipoprotein M
cytochrome P450, family 4, subfamily a, polypeptide 31
poly(A) binding protein, cytoplasmic 4
TSR1, 20S rRNA accumulation, homolog (yeast)
stress−induced phosphoprotein 1
RIKEN cDNA 5033411D12 gene
glutamyl−prolyl−tRNA synthetase
cytochrome P450, family 4, subfamily f, polypeptide 15
pentatricopeptide repeat domain 2
nudix (nucleoside diphosphate linked moiety X)−type motif 21
RIKEN cDNA 0610010O12 gene
nicotinate phosphoribosyltransferase domain containing 1
CAP, adenylate cyclase−associated protein 1 (yeast)
coagulation factor X
tumor necrosis factor, alpha−induced protein 8−like 1
UbiA prenyltransferase domain containing 1
HEAT repeat containing 1
cytochrome P450, family 2, subfamily c, polypeptide 50
cytochrome P450, family 2, subfamily c, polypeptide 54
TRM1 tRNA methyltransferase 1 homolog (S. cerevisiae)
cleavage and polyadenylation specific factor 3−like
retinoblastoma binding protein 4
cytochrome P450, family 4, subfamily f, polypeptide 13
dishevelled, dsh homolog 1 (Drosophila)
expressed sequence AA409587
family with sequence similarity 167, member B
aminoglycoside phosphotransferase domain containing 1
nitrilase 1
spastin
caspase recruitment domain family, member 6
coiled−coil domain containing 58
retinol saturase (all trans retinol 13,14 reductase)
sideroflexin 2
nuclear receptor binding protein 2
hypothetical protein LOC100045398
RIKEN cDNA 2510019K15 gene
dapper homolog 1, antagonist of beta−catenin (xenopus)
RIKEN cDNA 2810405K02 gene
regulatory solute carrier protein, family 1, member 1
zinc finger protein 524
solute carrier family 16 (monocarboxylic acid transporters), member 10
C−type lectin domain family 2, member d
melanoma inhibitory activity 3
nicotinamide N−methyltransferase
metastasis associated lung adenocarcinoma transcript 1 (non−coding RNA)
DNA replication helicase 2 homolog (yeast)
insulin−like growth factor binding protein 2
retinol saturase (all trans retinol 13,14 reductase)
glial cell line derived neurotrophic factor family receptor alpha 1
proteasome (prosome, macropain) 26S subunit, non−ATPase, 1
calmin
inositol 1,4,5−triphosphate receptor 1
RIKEN cDNA 1700021C14 gene
E1A binding protein p300
solute carrier family 25, member 33
fetuin beta
steroid 5 alpha−reductase 1
zinc finger, MYM−type 5
chromodomain helicase DNA binding protein 3
TAR DNA binding protein
eukaryotic translation initiation factor 2B, subunit 2 beta
tetratricopeptide repeat domain 14
solute carrier organic anion transporter family, member 1a1
cytochrome P450, family 4, subfamily a, polypeptide 31
expressed sequence AW987390
heterogeneous nuclear ribonucleoprotein U
solute carrier organic anion transporter family, member 1a1
predicted gene 4455
solute carrier family 35, member B2
fibroblast growth factor 1
phosphatidylinositol glycan anchor biosynthesis, class F
thymidine kinase 1
zinc finger protein 219
F−box protein 31
fibroblast growth factor 1
aminoglycoside phosphotransferase domain containing 1
predicted gene 10374
interleukin 6 receptor, alpha
zinc finger protein 292
WD repeat domain 5
aminoglycoside phosphotransferase domain containing 1
X−linked inhibitor of apoptosis
Casitas B−lineage lymphoma−like 1
cytochrome P450, family 2, subfamily c, polypeptide 44
FYVE, RhoGEF and PH domain containing 6
cadherin−related family member 5
arylformamidase
spinster homolog 1 (Drosophila)
zinc finger protein 207
integrin alpha FG−GAP repeat containing 2
hydroxy−delta−5−steroid dehydrogenase, 3 beta− and steroid delta−isomerase 5
cyclin−dependent kinase 17
PHD finger protein 7
fibrinogen−like protein 1
RIKEN cDNA 2900009J20 gene
zinc finger protein 622
RIKEN cDNA 4930581F22 gene
3'−phosphoadenosine 5'−phosphosulfate synthase 2
progressive external ophthalmoplegia 1 (human)
ankyrin repeat and zinc finger domain containing 1
ankyrin repeat domain 54
rhomboid domain containing 3
cytochrome P450, family 7, subfamily b, polypeptide 1
cytochrome P450, family 7, subfamily b, polypeptide 1
histone cluster 2, H3c2, pseudogene
heat shock protein 90, alpha (cytosolic), class A member 1
RIKEN cDNA D230025D16 gene
endothelin converting enzyme 2
solute carrier family 5 (inositol transporters), member 3
epidermal growth factor receptor
E2F transcription factor 6
THAP domain containing, apoptosis associated protein 2
collagen, type XIII, alpha 1
small nucleolar RNA host gene (non−protein coding) 1
Bmi1 polycomb ring finger oncogene
RIKEN cDNA A230061C15 gene
peroxisome proliferative activated receptor, gamma, coactivator−related 1
spectrin beta 3
cell adhesion molecule 4
Kruppel−like factor 12
kelch−like 2, Mayven (Drosophila)
phosphatidylserine synthase 2
complement component 6
mannosyl−oligosaccharide glucosidase
plexin C1
peter pan homolog (Drosophila)
RIKEN cDNA 1110038B12 gene
toll−interleukin 1 receptor (TIR) domain−containing adaptor protein
UDP glucuronosyltransferase 2 family, polypeptide B1
calpain 8
RIKEN cDNA 1810009N02 gene
emerin
Rap guanine nucleotide exchange factor (GEF) 4
transmembrane protease, serine 2
calmin
brain protein 16
gephyrin
cDNA sequence BC004004
UPF2 regulator of nonsense transcripts homolog (yeast)
zinc finger, C3H1−type containing
methyltransferase 11 domain containing 1
coagulation factor XI
solute carrier family 7 (cationic amino acid transporter, y+ system), member 4
energy homeostasis associated
developmentally regulated GTP binding protein 2
phosphatidylinositol 4−kinase type 2 alpha
ficolin A
2−4−dienoyl−Coenzyme A reductase 2, peroxisomal
RIKEN cDNA E430010N07 gene
serine (or cysteine) peptidase inhibitor, clade E, member 2
sushi domain containing 4
ribosomal protein S25
cleavage and polyadenylation factor subunit homolog (S. cerevisiae)
metastasis suppressor 1
GPRIN family member 3
UTP11−like, U3 small nucleolar ribonucleoprotein, (yeast)
LYR motif containing 2
START domain containing 8
N−acetylglucosamine−1−phosphodiester alpha−N−acetylglucosaminidase
fibroblast growth factor 1
energy homeostasis associated
epidermal growth factor receptor
golgi SNAP receptor complex member 1
ribosomal protein L13A
ring finger protein 144B
frizzled homolog 1 (Drosophila)
RIKEN cDNA A930005H10 gene
suppression of tumorigenicity 7
annexin A4
migration and invasion inhibitory protein
hydroxyprostaglandin dehydrogenase 15 (NAD)
vanin 1
serum amyloid A 1
serum amyloid A 1
solute carrier family 22 (organic anion transporter), member 7
seven in absentia 1A
actin, beta
serum amyloid A 2
aldo−keto reductase family 1, member A4 (aldehyde reductase)
actin, beta
RAB34, member of RAS oncogene family
actin, beta
actin, beta
serum deprivation response
RIKEN cDNA 2010012O05 gene
tubulin, beta 5
chemokine (C−X−C motif) ligand 9
coactosin−like 1 (Dictyostelium)
S100 calcium binding protein A13
fat storage−inducing transmembrane protein 1
catechol−O−methyltransferase domain containing 1
arylsulfatase B
SPC25, NDC80 kinetochore complex component, homolog (S. cerevisiae)
SH3 domain binding glutamic acid−rich protein like 2
transmembrane protein 141
T−cell immunoglobulin and mucin domain containing 2
F−box and WD−40 domain protein 9
vimentin
vimentin
family with sequence similarity 108, member A
protein tyrosine phosphatase, receptor type, C
cytochrome b−245, alpha polypeptide
C−type lectin domain family 4, member a3
TM2 domain containing 2
coactosin−like 1 (Dictyostelium)
CD52 antigen
SH3 domain binding glutamic acid−rich protein−like 3
TYRO protein tyrosine kinase binding protein
perilipin 4
myristoylated alanine rich protein kinase C substrate
SET domain containing (lysine methyltransferase) 8
WD repeat domain 70
dopey family member 2
jagged 1
polymerase (RNA) III (DNA directed) polypeptide K
RIKEN cDNA 5730469M10 gene
choline phosphotransferase 1
sterol regulatory element binding transcription factor 1
RIO kinase 2 (yeast)
membrane−spanning 4−domains, subfamily A, member 6C
peroxisomal biogenesis factor 11 alpha
carbonic anhydrase 3
TatD DNase domain containing 1
myristoylated alanine rich protein kinase C substrate
RIKEN cDNA 2810055F11 gene
glutathione S−transferase, mu 1
ADP−ribosylarginine hydrolase
RIKEN cDNA 1810058I24 gene
guanylate binding protein 2
microsomal glutathione S−transferase 3
minichromosome maintenance deficient 2 mitotin (S. cerevisiae)
NudC domain containing 2
histocompatibility 2, M region locus 3
leukocyte cell−derived chemotaxin 2
sorting nexin 7
phosphogluconate dehydrogenase
glutathione S−transferase, mu 1
nucleosome assembly protein 1−like 1
Rho guanine nucleotide exchange factor (GEF) 19
matrix−remodelling associated 8
cytochrome b5 reductase 3
cell division cycle 42 homolog (S. cerevisiae)
secreted acidic cysteine rich glycoprotein
retinol dehydrogenase 16
dpy−30 homolog (C. elegans)
oligodendrocyte transcription factor 1
glutathione S−transferase, mu 2
ectonucleoside triphosphate diphosphohydrolase 5
glutathione S−transferase, mu 1
migration and invasion inhibitory protein
v−maf musculoaponeurotic fibrosarcoma oncogene family, protein K (avian)
EF hand domain family A1
vimentin
ZW10 interactor
RIKEN cDNA 9130409I23 gene
ectonucleoside triphosphate diphosphohydrolase 5
aldehyde oxidase 1
autophagy−related 4A (yeast)
SH3 domain binding glutamic acid−rich protein like 2
RIKEN cDNA 1300002K09 gene
S100 calcium binding protein A10 (calpactin)
actin, gamma, cytoplasmic 1
amyloid beta (A4) precursor−like protein 2
CDC28 protein kinase 1b
zinc finger protein 330
TatD DNase domain containing 1
transmembrane protein 9
sterile alpha motif domain containing 9−like
stomatin
interferon gamma induced GTPase
profilin 2
dihydrouridine synthase 1−like (S. cerevisiae)
RAB32, member RAS oncogene family
transmembrane 4 superfamily member 4
Rho guanine nucleotide exchange factor (GEF) 3
epithelial membrane protein 3
myristoylated alanine rich protein kinase C substrate
endoplasmic reticulum−golgi intermediate compartment (ERGIC) 1
nucleosome assembly protein 1−like 1
glutathione S−transferase, mu 4
epidermal growth factor−containing fibulin−like extracellular matrix protein 1
unc−119 homolog (C. elegans)
very low density lipoprotein receptor
solute carrier family 25 (mitochondrial carrier, adenine nucleotide translocator), member 4
RAB8B, member RAS oncogene family
Notch−regulated ankyrin repeat protein
endosulfine alpha
outer dense fiber of sperm tails 3B
LSM5 homolog, U6 small nuclear RNA associated (S. cerevisiae)
flotillin 2
carboxylesterase 1
signal transducer and activator of transcription 1
transmembrane protein 106A
cyclin−dependent kinase 6
lysosomal−associated protein transmembrane 4B
solute carrier family 22 (organic cation transporter), member 18
sulfatase modifying factor 1
dual specificity phosphatase 19
tubulin folding cofactor E−like
MAD homolog 6 (Drosophila)
N−acetylglucosamine kinase
nucleosome assembly protein 1−like 1
dual specificity phosphatase 6
serine hydrolase−like
tripartite motif−containing 30
RUN and SH3 domain containing 1
glutathione S−transferase, theta 3
peroxiredoxin 2
cyclin G1
regulator of calcineurin 2
metastasis associated lung adenocarcinoma transcript 1 (non−coding RNA)
androgen receptor
liver−expressed antimicrobial peptide 2
TSC22 domain family, member 1
dimethylarginine dimethylaminohydrolase 1
glutathione S−transferase, mu 5
acyl−CoA thioesterase 9
guanine nucleotide binding protein−like 3 (nucleolar)−like
collagen, type VI, alpha 3
annexin A5
family with sequence similarity 45, member A
serine hydrolase−like
phosphatidylinositol 3−kinase, regulatory subunit, polypeptide 1 (p85 alpha)
macrophage activation 2 like
nucleosome assembly protein 1−like 1
transaldolase 1
calmodulin 3
UDP−N−acteylglucosamine pyrophosphorylase 1−like 1
XIAP associated factor 1
collagen, type XIV, alpha 1
solute carrier family 13 (sodium−dependent dicarboxylate transporter), member 3
regulator of G−protein signaling 2
citrate synthase
gelsolin
ADP−ribosylation factor−like 6 interacting protein 5
neuron derived neurotrophic factor
family with sequence similarity 108, member A
keratin 8
transketolase
methyl−CpG binding domain protein 1
adenosine A1 receptor
reticulon 4
collagen, type XIV, alpha 1
pleckstrin homology domain containing, family A (phosphoinositide binding specific) member 1
pyridoxal (pyridoxine, vitamin B6) kinase
tumor suppressor candidate 3
calsyntenin 3
apolipoprotein A−IV
apolipoprotein A−IV
solute carrier family 25 (mitochondrial carrier, adenine nucleotide translocator), member 4
RIKEN cDNA 2210023G05 gene
brain expressed myelocytomatosis oncogene
deoxycytidine kinase
transducin−like enhancer of split 3, homolog of Drosophila E(spl)
disabled homolog 2 (Drosophila) interacting protein
G protein−coupled receptor 98
sialic acid acetylesterase
membrane−spanning 4−domains, subfamily A, member 4D
family with sequence similarity 102, member A
peroxisome proliferator activated receptor gamma
thiosulfate sulfurtransferase (rhodanese)−like domain containing 1
TSC22 domain family, member 1
kelch repeat and BTB (POZ) domain containing 11
gelsolin
four and a half LIM domains 1
macrophage expressed gene 1
O−6−methylguanine−DNA methyltransferase
nucleotide binding protein−like
pyridine nucleotide−disulphide oxidoreductase domain 2
orosomucoid 3
amylo−1,6−glucosidase, 4−alpha−glucanotransferase
orosomucoid 2
amyotrophic lateral sclerosis 2 (juvenile) chromosome region, candidate 4
hexosaminidase B
sialic acid acetylesterase
signal transducer and activator of transcription 1
deoxyuridine triphosphatase
complexin 1
tropomyosin 2, beta
ras homolog gene family, member Q
zinc finger, DHHC domain containing 3
glycerol phosphate dehydrogenase 2, mitochondrial
peroxisomal biogenesis factor 3
nucleoporin 50
interferon, alpha−inducible protein 27 like 2A
procollagen C−endopeptidase enhancer protein
TSC22 domain family, member 1
TSC22 domain family, member 1
RIKEN cDNA 2610002J02 gene
carbonic anhydrase 2
c−myc binding protein
family with sequence similarity 107, member B
transmembrane protein 176A
collagen, type IV, alpha 1
dermatopontin
Jun oncogene
transglutaminase 2, C polypeptide
transglutaminase 2, C polypeptide
S100 calcium binding protein A8 (calgranulin A)
sorbin and SH3 domain containing 1
ectonucleoside triphosphate diphosphohydrolase 5
RIKEN cDNA 2210013O21 gene
cytochrome P450, family 2, subfamily b, polypeptide 10
cytochrome P450, family 2, subfamily b, polypeptide 10
Kruppel−like factor 10
neurolysin (metallopeptidase M3 family)
amyloid beta (A4) precursor−like protein 2
intercellular adhesion molecule 1
anoctamin 10
abhydrolase domain containing 3
ectonucleoside triphosphate diphosphohydrolase 5
basic helix−loop−helix domain containing, class B9
expressed sequence AI132709
hydroxysteroid (17−beta) dehydrogenase 13
transformation related protein 63 regulated like
RAB34, member of RAS oncogene family
solute carrier family 39 (metal ion transporter), member 11
fatty acid binding protein 4, adipocyte
endoplasmic reticulum metallopeptidase 1
cytochrome b5 reductase 3
family with sequence similarity 82, member A2
LIM and SH3 protein 1
uridine−cytidine kinase 1
cytochrome b5 type B
cell death−inducing DNA fragmentation factor, alpha subunit−like effector A
mitochondrial ribosomal protein S15
alcohol dehydrogenase 4 (class II), pi polypeptide
phosphatidylinositol glycan anchor biosynthesis, class K
ARP3 actin−related protein 3 homolog (yeast)
RIKEN cDNA 2900073G15 gene
IQ motif containing GTPase activating protein 1
myotrophin
lysozyme 1
BCL2−associated agonist of cell death
lysozyme 2
DET1 and DDB1 associated 1
acylphosphatase 2, muscle type
SRY−box containing gene 4
myosin IXb
vesicle−associated membrane protein 3
low density lipoprotein receptor
ubiquitin−like modifier activating enzyme 5
chromatin modifying protein 1A
RAB3D, member RAS oncogene family
parvin, alpha
fucosidase, alpha−L− 1, tissue
dimethylarginine dimethylaminohydrolase 1
dimethylarginine dimethylaminohydrolase 1
dimethylarginine dimethylaminohydrolase 1
xanthine dehydrogenase
family with sequence similarity 107, member B
arylsulfatase A
aldehyde dehydrogenase family 3, subfamily A2
transmembrane protein 98
retinol dehydrogenase 9
phosphoinositide−3−kinase adaptor protein 1
WAP four−disulfide core domain 2
mannan−binding lectin serine peptidase 2
tropomyosin 2, beta
branched chain ketoacid dehydrogenase E1, beta polypeptide
peroxisomal biogenesis factor 11 alpha
histamine N−methyltransferase
glia maturation factor, gamma
RIKEN cDNA E130309D02 gene
pyruvate dehydrogenase kinase, isoenzyme 4
ectodermal−neural cortex 1
ectodermal−neural cortex 1
EF hand domain containing 2
transglutaminase 2, C polypeptide
serine (or cysteine) peptidase inhibitor, clade A (alpha−1 antiproteinase, antitrypsin), member 7
mitogen−activated protein kinase 9
glyoxalase 1
ketohexokinase
transketolase
stathmin 1
transmembrane protein 109
cytochrome P450, family 2, subfamily c, polypeptide 39
cytochrome P450, family 2, subfamily c, polypeptide 38
progestin and adipoQ receptor family member VII
reticulon 4
poly(A)−specific ribonuclease (PARN)−like domain containing 1
stearoyl−Coenzyme A desaturase 1
glypican 1
myristoylated alanine rich protein kinase C substrate
solute carrier family 16 (monocarboxylic acid transporters), member 7
coiled−coil−helix−coiled−coil−helix domain containing 6
lipocalin 2
integral membrane protein 2C
gelsolin
phosphatidylinositol glycan anchor biosynthesis, class Q
CD36 antigen
lectin, galactose binding, soluble 1
lectin, galactose binding, soluble 1
CD36 antigen
CD36 antigen
mannosidase 2, alpha 2
SH3−binding domain glutamic acid−rich protein like
phosphodiesterase 4B, cAMP specific
lysophospholipase−like 1
oxysterol binding protein−like 3
regulator of G−protein signaling 16
nudix (nucleoside diphosphate linked moiety X)−type motif 9
family with sequence similarity 126, member A
carboxylesterase 5
thymocyte selection associated
aldehyde dehydrogenase family 1, subfamily A7
RIKEN cDNA 5730469M10 gene
annexin A1
cell death−inducing DFFA−like effector c
OCIA domain containing 2
thyroid hormone responsive SPOT14 homolog (Rattus)
ATPase inhibitory factor 1
sialic acid acetylesterase
cytotoxic T lymphocyte−associated protein 2 alpha
cytochrome b5 type B
solute carrier family 25 (mitochondrial carrier, dicarboxylate transporter), member 10
makorin, ring finger protein, 1
cytochrome b5 reductase 3
RIKEN cDNA 2810021G02 gene
transmembrane protein 97
sorting nexin 15
glucan (1,4−alpha−), branching enzyme 1
insulin−like growth factor binding protein 3
transforming growth factor, beta receptor associated protein 1
angiopoietin−like 2
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Fig. 7 Changes in gene expression and connectivity map of differentially expressed genes in

16-week-old HFD-fed GPR120-deficient mice. Heatmap comparison of (a) epididymal white

adipose tissue (WAT) and (b) liver of HFD-fed WT and GPR120-deficient mice using gene

expression microarray analysis. Gene changes were considered significant if P < 0.05 and fold-

change > 1.5. The heat map was generated using z-scores across all samples
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insulin secretion and insulin content, and with lower HbA1c. Although the physio-

logical function still remains to be cleared, GPR120 expression in pancreas was

detected by RT-PCR analysis with the low expression level (Gotoh et al. 2007).

Second, activation of GPR120 with EPA prevented lipid-induced apoptosis, and

increased cell viability. Although this is not consistent with previous reports

(Nagasumi et al. 2009) that FFA1 is predominantly detected in murine pancreatic

islets, these data suggest that GPR120 can protect pancreatic islets from lipotoxicity

in humans.

6.5 The Future

Since FFARs were originally identified as the receptor for FFAs, a remarkable

amount of evidence has been gathered to understand the various physiological

functions of FFARs. FFARs are activated by FFAs, which are mainly derived

from food and the corresponding digested or fermented products in the gastrointes-

tinal tract. Reports using in vitro and in vivo studies indicated that the physiological

functions of FFARs conclusively contribute to regulation of metabolic energy

(Fig. 8). However, a number of questions remain to be answered. The relative

contributions of each of these FFARs to regulation of metabolic energy in the body

are currently unclear. The precise signaling mechanisms involving the activation of

[Ca2+]i, or ERK1/2 response via G-protein dependent or G-protein independent

pathways that are responsible for the reported physiological functions remain to be

explored. In addition to our report that genetic analyses of GPR120 could identify a

loss-of-function GPR120 variant presented in obese patients, further genetic

analysis of GPR120 and other FFARs should be performed to identify gene variants

associated with its protein function. Additionally, since the evidence of rare gene

variants of major effect on disease risk was reported (Cirulli and Goldstein 2010),

we should focus not only on common variant but also on rare variant. Moreover,

because the expression, but not the function, of FFARs has been reported in several

tissues, functional analysis may provide further evidence for understanding the

mechanisms underlying energy metabolism associated with FFARs. Furthermore,

early clinical trial evaluation has yielded beneficial results for synthetic agonists of

FFA1, thereby suggesting that future research will increase the therapeutic potential

of FFARs. Taken together, additional analysis of FFARs may also be important to

better understand the nutrient sensing process and to develop therapeutic

compounds to treat metabolic energy disorders such as obesity and type 2 diabetes.
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Fig. 8 Functional relationship between FFAs and FFARs. Nutritional and endogenous FFAs

stimulate FFARs expressing in various tissues and thereby promote secretion of insulin and

incretin hormones, regulate cell differentiations and modulate sympathetic nerve activity.

FFARs play key roles in the regulation of FFAs-mediated energy homeostasis in the body
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Bouchard C, Pagé J, Bédard A et al (2007) G protein-coupled receptor 84, a microglia-associated

protein expressed in neuroinflammatory conditions. Glia 55(8):790–800

Brantis CE, Ooms F, Bernard J (2011) Novel amino acid derivatives and their use as GPR43

receptor modulators. PCT Int. Appl. WO2011092284

Briscoe CP, Tadayyon M, Andrews JL et al (2003) The orphan G protein-coupled receptor GPR40

is activated by medium and long chain fatty acids. J Biol Chem 278(13):11303–11311

Briscoe CP, Peat AJ, McKeown SC et al (2006) Pharmacological regulation of insulin secretion in

MIN6 cells through the fatty acid receptor GPR40: identification of agonist and antagonist

small molecules. Br J Pharmacol 148(5):619–628

Brown AJ, Goldsworthy SM, Barnes AA et al (2003) The orphan G protein-coupled receptors

GPR41 and GPR43 are activated by propionate and other short chain carboxylic acids. J Biol

Chem 278:11312–11319

Bullock BP, Heller RS, Habener JF (1996) Tissue distribution of messenger ribonucleic acid

encoding the rat glucagon-like peptide-1 receptor. Endocrinology 137:2968–2978

Burant CF, Viswanathan P, Marcinak J et al (2012) TAK-875 versus placebo or glimepiride in type

2 diabetes mellitus: a phase 2, randomised, double-blind, placebo-controlled trial. Lancet

379(9824):1403–1411

Cartoni C, Yasumatsu K, Ohkuri T et al (2010) Taste preference for fatty acids is mediated by

GPR40 and GPR120. J Neurosci 30(25):8376–8382

Chandalia M, Garg A, Lutjohann D et al (2000) Beneficial effects of high dietary fiber intake in

patients with type 2 diabetes mellitus. N Engl J Med 342:1392–1398

Chawla A, Repa JJ, Evans RM et al (2001) Nuclear receptors and lipid physiology: opening the

X-files. Science 294(5548):1866–1870

Christiansen E, Urban C, Merten N et al (2008) Discovery of potent and selective agonists for the

free fatty acid receptor 1 (FFA(1)/GPR40), a potential target for the treatment of type II

diabetes. J Med Chem 51(22):7061–7064

Christiansen E, Due-Hansen ME, Urban C et al (2013) Discovery of a potent and selective free

fatty acid receptor 1 agonist with low lipophilicity and high oral bioavailability. J Med Chem

56(3):982–992

Cirulli ET, Goldstein DB (2010) Uncovering the roles of rare variants in common disease through

whole-genome sequencing. Nat Rev Genet 11(6):415–425

Civelli O, Reinscheid RK, Zhang Y et al (2013) G protein-coupled receptor deorphanizations.

Annu Rev Pharmacol Toxicol 53:127–146

Dass NB, John AK, Bassil AK et al (2007) The relationship between the effects of short-chain fatty

acids on intestinal motility in vitro and GPR43 receptor activation. Neurogastroenterol Motil

19:66–74

Free Fatty Acid Receptors and Their Role in Regulation of Energy Metabolism 111



Davis HR Jr, Mullins DE, Pines JM et al (1998) Effect of chronic central administration of

glucagon-like peptide-1 (7–36) amide on food consumption and body weight in normal and

obese rats. Obes Res 6:147–156

Delzenne NM, Cani PD, Daubioul C et al (2005) Impact of insulin and oligofructose on gastroin-

testinal peptides. Br J Nutr 93(suppl 1):S157–S161

Edfalk S, Stenberg P, Edlund H (2008) Gpr40 is expressed in enteroendocrine cells and mediates

free fatty acid stimulation of incretin secretion. Diabetes 57(9):2280–2287

Elliott RM, Morgan LM, Tredger JA et al (1993) Glucagon-like peptide-1 (7–36) amide and

glucose-dependent insulinotropic polypeptide secretion in response to nutrient ingestion in

man: acute post-prandial and 24-h secretion patterns. J Endocrinol 138:159–166

Ferdaoussi M, Bergeron V, Zarrouki B et al (2012) G protein-coupled receptor (GPR)40-

dependent potentiation of insulin secretion in mouse islets is mediated by protein kinase D1.

Diabetologia 55(10):2682–2692

Flodgren E, Olde B,Meidute-Abaraviciene S et al (2007) GPR40 is expressed in glucagon producing

cells and affects glucagon secretion. Biochem Biophys Res Commun 354(1):240–245

Fujiwara K, Maekawa F, Yada T (2005) Oleic acid interacts with GPR40 to induce Ca2+ signaling

in rat islet beta-cells: mediation by PLC and L-type Ca2+ channel and link to insulin release.

Am J Physiol Endocrinol Metab 289(4):E670–E677

Fukumoto S, Tatewaki M, Yamada T et al (2003) Short-chain fatty acids stimulate colonic transit

via intraluminal 5-HT release in rats. Am J Physiol Regul Integr Comp Physiol 284:

R1269–R1276

Fukunaga S, Setoguchi S, Hirasawa A, Tsujimoto G (2006) Monitoring ligand-mediated internali-

zation of G protein-coupled receptor as a novel pharmacological approach. Life Sci 80(1):17–23

Galindo MM, Voigt N, Stein J et al (2012) G protein-coupled receptors in human fat taste

perception. Chem Senses 37(2):123–139

Garrido DM, Corbett DF, Dwornik KA et al (2006) Synthesis and activity of small molecule

GPR40 agonists. Bioorg Med Chem Lett 16(7):1840–1845

Ge H, Li X, Weiszmann J et al (2008) Activation of GPR43 in adipocytes leads to inhibition of

lipolysis and suppression of plasma free fatty acids. Endocrinology 149:4519–4526

Gosmain Y, Cheyssac C, Masson MH et al (2012) Pax6 is a key component of regulated glucagon

secretion. Endocrinology 53(9):4204–4215

Gotoh C, Hong YH, Iga T et al (2007) The regulation of adipogenesis through GPR120. Biochem

Biophys Res Commun 354(2):591–597

Greeley GH Jr, Jeng YJ, Gomez G et al (1989) Evidence for regulation of peptide-YY release by

the proximal gut. Endocrinology 124:1438–1443

Grundy SM, Brewer HB Jr, Cleeman JI et al (2004) Definition of metabolic syndrome: report of

the National Heart, Lung, and Blood Institute/American Heart Association conference on

scientific issues related to definition. Arterioscler Thromb Vasc Biol 24:e13–e18

Hamid YH, Vissing H, Holst B et al (2005) Studies of relationships between variation of the

human G protein-coupled receptor 40 gene and type 2 diabetes and insulin release. Diabet Med

22(1):74–80

Hara T, Hirasawa A, Sun Q et al (2009a) Flow cytometry-based binding assay for GPR40 (FFAR1;

free fatty acid receptor 1). Mol Phamacol 75(1):85–91

Hara T, Hirasawa A, Sun Q et al (2009b) Novel selective ligands for free fatty acid receptors

GPR120 and GPR40. Naunyn Schmiedebergs Arch Pharmacol 380(3):247–255

Hara T, Hirasawa A, Ichimura A et al (2011) Free fatty acid receptors FFAR1 and GPR120 as

novel therapeutic targets for metabolic disorders. J Pharm Sci 100(9):3594–3601

Hara T, Hirasawa A, Ichimura A et al (2012) Physiological functions of fatty acid receptors and

their therapeutic potential. Nihon Yakurigaku Zasshi 140(6):257–259

Hashimoto N, Sasaki Y, Nakama C et al (2010) Novel phenyl-isoxazol-3-ol derivative. US Patent

2010/0130559

Hirasawa A, Tsumaya K, Awaji T et al (2005) Free fatty acids regulate gut incretin glucagon-like

peptide-1 secretion through GPR120. Nat Med 11(1):90–94

112 T. Hara et al.



Hong YH, Nishimura Y, Hishikawa D et al (2005) Acetate and propionate short chain fatty acids

stimulate adipogenesis via GPCR43. Endocrinology 146:5092–5099

Houze JB, Zhu L, Sun Y et al (2012) AMG 837: a potent, orally bioavailable GPR40 agonist.

Bioorg Med Chem Lett 22(2):1267–1270

Hoveyda H, Brantis CE, Dutheuil G et al (2010) Compounds, pharmaceutical composition and

methods for use in treating metabolic disorders. PCT Int. Appl. WO2010066682

Hu H, He LY, Gong Z et al (2009) A novel class of antagonists for the FFAs receptor GPR40.

Biochem Biophys Res Commun 390(3):557–563

Hudson BD, Christiansen E, Tikhonova IG et al (2012) Chemically engineering ligand selectivity

at the free fatty acid receptor 2 based on pharmacological variation between species orthologs.

FASEB J 26(12):4951–4965

Humphries PS, Benbow JW, Bonin PD et al (2009) Synthesis and SAR of 1,2,3,4-tetrahydroiso-

quinolin-1-ones as novel G-protein-coupled receptor 40 (GPR40) antagonists. Bioorg Med

Chem Lett 19(9):2400–2403

Ichimura A, Hirasawa A, Hara T et al (2009) Free fatty acid receptors act as nutrient sensors to

regulate energy homeostasis. Prostaglandins Other Lipid Mediat 89(3–4):82–88

Ichimura A, Hirasawa A, Poulain-Godefroy O et al (2012) Dysfunction of lipid sensor GPR120

leads to obesity in both mouse and human. Nature 483(7389):350–354

Inoue D, Kimura I, Wakabayashi M et al (2012) Short-chain fatty acid receptor GPR41-mediated

activation of sympathetic neurons involves synapsin 2b phosphorylation. FEBS Lett

586:1547–1554

Itoh Y, Kawamata Y, Harada M et al (2003) Free fatty acids regulate insulin secretion from

pancreatic beta cells through GPR40. Nature 422(6928):173–176

Kaku K, Araki T, Yoshinaka R et al (2013) Randomized, double-blind, dose-ranging study of 1089

TAK-875, a novel GPR40 agonist, in Japanese patients with inadequately controlled type

2 diabetes. Diabetes Care 36(2):245–250

Karaki S, Mitsui R, Hayashi H et al (2006) Short-chain fatty acid receptor, GPR43, is expressed by

enteroendocrine cells and mucosal mast cells in rat intestine. Cell Tissue Res 324:353–360

Karaki S, Tazoe H, Hayashi H et al (2008) Expression of the short-chain fatty acid receptor,

GPR43, in the human colon. J Mol Histol 39:135–142

Katsuma S, Hatae N, Yano T et al (2005) Free fatty acids inhibit serum deprivation-induced

apoptosis through GPR120 in a murine enteroendocrine cell line STC-1. J Biol Chem

280(20):19507–19515

Kebede M, Alquier T, Latour MG et al (2008) The fatty acid receptor GPR40 plays a role in insulin

secretion in vivo after high-fat feeding. Diabetes 57(9):2432–2437

Kebede M, Ferdaoussi M, Mancini A et al (2012) Glucose activates free fatty acid receptor 1 gene

transcription via phosphatidylinositol-3-kinase-dependent O-GlcNAcylation of pancreas-

duodenum homeobox-1. Proc Natl Acad Sci USA 109(7):2376–2381

Keenan MJ, Zhou J, McCutcheon KL et al (2006) Effects of resistant starch, a non-digestible

fermentable fiber, on reducing body fat. Obesity (Silver Spring) 14:1523–1534

Kim DY, Camilleri M (2000) Serotonin: a mediator of the brain–gut connection. Am J

Gastroenterol 95:2698–2709

Kim BJ, Carlson OD, Jang HJ et al (2005) Peptide YY is secreted after oral glucose administration

in a gender-specific manner. J Clin Endocrinol Metab 90:6665–6671

Kimura I, Inoue D, Maeda T et al (2011) Short-chain fatty acids and ketones directly regulate

sympathetic nervous system via G protein-coupled receptor 41 (GPR41). Proc Natl Acad Sci

USA 108:8030–8035

Kotarsky K, Nilsson NE, Olde B, Owman C (2003) Progress in methodology. Improved reporter

gene assays used to identify ligands acting on orphan seven-transmembrane receptors.

Pharmacol Toxicol 93(6):249–258

Lagerstrom MC, Schioth HB (2008) Structural diversity of G protein-coupled receptors and

significance for drug discovery. Nat Rev Drug Discov 7(4):339–357

Free Fatty Acid Receptors and Their Role in Regulation of Energy Metabolism 113



Lan H, Hoos LM, Liu L et al (2008) Lack of FFAR1/GPR40 does not protect mice from high-fat

diet-induced metabolic disease. Diabetes 57(11):2999–3006

Latour MG, Alquier T, Oseid E et al (2007) GPR40 is necessary but not sufficient for fatty acid

stimulation of insulin secretion in vivo. Diabetes 56(4):1087–1094

Le Poul E, Loison C, Struyf S et al (2003) Functional characterization of human receptors for short

chain fatty acids and their role in polymorphonuclear cell activation. J Biol Chem

278:25481–25489

Lee T, Schwandner R, Swaminath G et al (2008) Identification and functional characterization of

allosteric agonists for the G protein-coupled receptor FFA2. Mol Pharmacol 74:1599–1609

Leonard JN, Chu ZL, Bruce MA et al (2006) GPR41 and modulators thereof for the treatment of

insulin-related disorders. PCT Int. Appl. WO2006052566

Liou AP, Lu X, Sei Y et al (2011) The G-protein-coupled receptor GPR40 directly mediates long-

chain fatty acid-induced secretion of cholecystokinin. Gastroenterology 140(3):903–912

Longuet C, Broca C, Costes S et al (2005) Extracellularly regulated kinases 1/2 (p44/42 mitogen-

activated protein kinases) phosphorylate synapsin I and regulate insulin secretion in the MIN6

beta-cell line and islets of Langerhans. Endocrinology 146:643–654

Lu X, Zhao X, Feng J et al (2012) Postprandial inhibition of gastric Ghrelin secretion by long-

chain fatty acid through GPR120 in isolated gastric Ghrelin cells and mice. Am J Physiol

Gastrointest Liver Physiol 303(3):G367–G376

Luo J, Swaminath G, Brown SP et al (2012) A potent class of GPR40 full agonists engages the

enteroinsular axis to promote glucose control in rodents. PLoS One 7(10):e46300

Ma D, Zhang M, Larsen CP (2010) DHA promotes the neuronal differentiation of rat neural stem

cells transfected with GPR40 gene. Brain Res 1330:1–8

Maslowski KM, Vieira AT, Ng A et al (2009) Regulation of inflammatory responses by gut

microbiota and chemoattractant receptor GPR43. Nature 461:1282–1286

Matsumura S, Mizushige T, Yoneda T et al (2007) GPR expression in the rat taste bud relating to

fatty acid sensing. Biomed Res 28(1):49–55

Matsumura S, Eguchi A, Mizushige T et al (2009) Colocalization of GPR120 with phospholipase-

Cbeta2 and alpha-gustducin in the taste bud cells in mice. Neurosci Lett 450(2):186–190

Miyauchi S, Hirasawa A, Iga T et al (2009) Distribution and regulation of protein expression of the

free fatty acid receptor GPR120. Naunyn Schmiedebergs Arch Pharmacol 379(4):427–434

Nagasaki H, Kondo T, Fuchigami M et al (2012) Inflammatory changes in adipose tissue enhance

expression of GPR84, a medium-chain fatty acid receptor: TNFα enhances GPR84 expression

in adipocytes. FEBS Lett 586(4):368–372

Nagasumi K, Esaki R, Iwachidow K et al (2009) Overexpression of GPR40 in pancreatic beta-cells

augments glucose-stimulated insulin secretion and improves glucose tolerance in normal and

diabetic mice. Diabetes 58(5):1067–1076

Naik H, Vakilynejad M, Wu J et al (2012) Safety, tolerability, pharmacokinetics, and pharmacody-

namic properties of the GPR40 agonist TAK-875: results from a double-blind, placebo-

controlled single oral dose rising study in healthy volunteers. J Clin Phamacol 52(7):1007–1016

Nilsson NE, Kotarsky K, Owman C et al (2003) Identification of a free fatty acid receptor, FFA2R,

expressed on leukocytes and activated by short-chain fatty acids. Biochem Biophys Res

Commun 303:1047–1052

Ogawa T, Hirose H, Miyashita K et al (2005) GPR40 gene Arg211His polymorphism may

contribute to the variation of insulin secretory capacity in Japanese men. Metabolism

54(3):296–299

Oh DY, Talukdar S, Bae EJ et al (2010) GPR120 is an omega-3 fatty acid receptor mediating

potent anti-inflammatory and insulin-sensitizing effects. Cell 142(5):687–698

Owira PM, Winter TA (2008) Colonic energy salvage in chronic pancreatic exocrine insuffi-

ciently. J Parenter Enteral Nutr 32:63–71

Parker HE, Habib AM, Rogers GJ et al (2009) Nutrient-dependent secretion of glucose-dependent

insulinotropic polypeptide from primary murine K cells. Diabetologia 52(2):289–298

114 T. Hara et al.



Robertson MD, Bickerton AS, Dennis AL et al (2005) Insulin-sensitizing effects of dietary

resistant starch and effects on skeletal muscle and adipose tissue metabolism. Am J Clin

Nutr 82:559–567

Salehi A, Flodgren E, Nilsson NE et al (2005) Free fatty acid receptor 1 (FFA(1)R/GPR40) and its

involvement in fatty-acid-stimulated insulin secretion. Cell Tissue Res 322(2):207–215

Samuel BS, Shaito A, Motoike T et al (2008) Effects of the gut microbiota on host adiposity are

modulated by the short-chain fatty-acid binding G protein-coupled receptor, Gpr41. Proc Natl

Acad Sci USA 105:16767–16772

Saniere LRM, Pizzonero MR, Triballeau N et al (2012) Preparation of azetidine derivatives as

GPR43 antagonists useful in the treatment of metabolic and inflammatory diseases. PCT Int.

Appl. WO2012098033

Sawzdargo M, George SR, Nguyen T et al (1997) A cluster of four novel human G protein-coupled

receptor genes occurring in close proximity to CD22 gene on chromosome 19q13.1. Biochem

Biophys Res Commun 239:543–547

Schmidt J, Smith NJ, Christiansen E et al (2011) Selective orthosteric free fatty acid receptor

2 (FFA2) agonists: identification of the structural and chemical requirements for selective

activation of FFA2 versus FFA3. J Biol Chem 286(12):10628–10640

Selway J, Rigatti R, Storey N et al (2012) Evidence that Ca within the microdomain of the L-type

voltage gated Ca channel activates ERK in MIN6 cells in response to glucagon-like peptide-1.

PLoS One 7(3):e33004

Shah BP, Liu P, Yu T et al (2012) TRPM5 is critical for linoleic acid-induced CCK secretion from

the enteroendocrine cell line, STC-1. Am J Physiol Cell Physiol 302(1):C210–C219

Shimpukade B, Hudson BD, Hovgaard CK et al (2012) Discovery of a potent and selective

GPR120 agonist. J Med Chem 55(9):4511–4515

Sidhu SS, Thompson DG, Warhurst G et al (2000) Fatty acid-induced cholecystokinin secretion

and changes in intracellular Ca2+ in two enteroendocrine cell lines, STC-1 and GLUTag.

J Physiol 528(Pt 1):165–176

Sleeth ML, Thompson EL, Ford HE et al (2010) Free fatty acid receptor 2 and nutrient sensing:

a proposed role for fiber, fermentable carbohydrates and short-chain fatty acids in appetite

regulation. Nutr Res Rev 23:135–145

Steneberg P, Rubins N, Bartoov-Shifman R et al (2005) The FFA receptor GPR40 links

hyperinsulinemia, hepatic steatosis and impaired glucose homeostasis in mouse. Cell Metab

1(4):245–258

Sum CS, Tikhonova IG, Neumann S et al (2007) Identification of residues important for agonist

recognition and activation in GPR40. J Biol Chem 282(40):29248–29255

Sum CS, Tikhonova IG, Costanzi S, Gershengorn MC (2009) Two arginine-glutamate ionic locks

near the extracellular surface of FFAR1 gate receptor activation. J Biol Chem 284(6):3529–3536

Sun Q, Hirasawa A, Hara T et al (2010) Structure-activity relationships of GPR120 agonists based

on a docking simulation. Mol Pharmacol 78(5):804–810

Suzuki T, Igari S, Hirasawa A et al (2008) Identification of G protein-coupled receptor

120-selective agonists derived from PPARgamma agonists. J Med Chem 51(23):7640–7644

Takeuchi M, Hirasawa A, Hara T et al (2013) FFA1-selective agonistic activity based on docking

simulation using FFA1 and GPR120 homology models. Br J Pharmacol 168(7):1570–1583

Tanaka T, Katsuma S, Adachi T et al (2008) Free fatty acids induce cholecystokinin secretion

through GPR120. Naunyn Schmiedebergs Arch Pharmacol 377(4–6):523–527

Taneera J, Lang S, Sharma A et al (2012) A systems genetics approach identifies genes and

pathways for type 2 diabetes in human islets. Cell Metab 16(1):122–134

Tazoe H, Otomo Y, Karaki S et al (2009) Expression of short-chain fatty acid receptor GPR41 in

the human colon. Biomed Res 30:149–156

Tikhonova IG, Sum CS, Neumann S et al (2007) Bidirectional, iterative approach to the structural

delineation of the functional “chemoprint” in GPR40 for agonist recognition. J Med Chem

50(13):2981–2989

Free Fatty Acid Receptors and Their Role in Regulation of Energy Metabolism 115



Tilg H, Moschen AR (2006) Adipocytokines: mediators linking adipose tissue, inflammation and

immunity. Nat Rev Immunol 6:772–783

Tolhurst G, Heffron H, Lam YS et al (2012) Short-chain fatty acids stimulate glucagon-like

peptide-1 secretion via the G-protein-coupled receptor FFAR2. Diabetes 61:364–371

Tomita T, Masuzaki H, Iwakura H et al (2006) Expression of the gene for a membrane-bound fatty

acid receptor in the pancreas and islet cell tumors in humans: evidence for GPR40 expression

in pancreatic beta cells and implications for insulin secretion. Diabetologia 49(5):962–968

Tsujihata Y, Ito R, Suzuki M et al (2011) TAK-875, an orally available G protein-coupled receptor

40/free fatty acid receptor 1 agonist, enhances glucose-dependent insulin secretion and

improves both postprandial and fasting hyperglycemia in type 2 diabetic rats. J Pharmacol

Exp Ther 339(1):228–237

Turton MD, O’Shea D, Gunn I et al (1996) A role for glucagon-like peptide-1 in the central

regulation of feeding. Nature 379:69–72

Ulven T (2012) Short-chain free fatty acid receptors FFA2/GPR43 and FFA3/GPR41 as new

potential therapeutic targets. Front Endocrinol (Lausanne) 3:111

Venkataraman C, Kuo F (2005) The G-protein coupled receptor, GPR84 regulates IL-4 production

by T lymphocytes in response to CD3 crosslinking. Immunol Lett 101(2):144–153

Vettor R, Granzotto M, De Stefani D et al (2008) Loss-of-function mutation of the GPR40 gene

associates with abnormal stimulated insulin secretion by acting on intracellular calcium

mobilization. J Clin Endocrinol Metab 93(9):3541–3550

Wang J, Wu X, Simonavicius N et al (2006) Medium-chain fatty acids as ligands for orphan G

protein-coupled receptor GPR84. J Biol Chem 281(45):34457–34464

Wild S, Roglic G, Green A et al (2004) Global prevalence of diabetes: estimates for the year 2000

and projections for 2030. Diabetes Care 27(5):1047–1053

Wittenberger T, Schaller HC, Hellebrand S (2001) An expressed sequence tag (EST) data mining

strategy succeeding in the discovery of new G-protein coupled receptors. J Mol Biol

307(3):799–813

Xiong Y, Miyamoto N, Shibata K et al (2004) Short-chain fatty acids stimulate leptin production in

adipocytes through the G protein-coupled receptor GPR41. Proc Natl Acad Sci USA

101:1045–1050

Yamashita T (2008) A putative link of PUFA, GPR40 and adult-born hippocampal neurons for

memory. Prog Neurobiol 84(2):105–115

Yashiro H, Tsujihata Y, Takeuchi K et al (2012) The effects of TAK-875, a selective G protein-

coupled receptor 40/free fatty acid 1 agonist, on insulin and glucagon secretion in isolated rat

and human islets. J Pharmacol Exp Ther 340(2):483–489

Yonezawa T, Haga S, Kobayashi Y et al (2008) Unsaturated fatty acids promote proliferation via

ERK1/2 and Akt pathway in bovine mammary epithelial cells. Biochem Biophys Res Commun

367(4):729–735

Yousefi S, Cooper PR, Potter SL et al (2001) Cloning and expression analysis of a novel G-protein-

coupled receptor selectively expressed on granulocytes. J Leukoc Biol 69(6):1045–1052

Zaibi MS, Stocker CJ, O’Dowd J et al (2010) Roles of GPR41 and GPR43 in leptin secretory

responses of murine adipocytes to short chain fatty acids. FEBS Lett 584:2381–2386

Zhang X, Yan G, Li Y et al (2010) DC260126, a small-molecule antagonist of GPR40, improves

insulin tolerance but not glucose tolerance in obese Zucker rats. Biomed Pharmacother

64(9):647–651

Zhao YF, Pei J, Chen C (2008) Activation of ATP-sensitive potassium channels in rat pancreatic

beta-cells by linoleic acid through both intracellular metabolites and membrane receptor

signaling pathway. J Endocrinol 198(3):533–540

Zhou C, Tang C, Chang E et al (2010) Discovery of 5-aryloxy-2,4-thiazolidinediones as potent

GPR40 agonists. Bioorg Med Chem Lett 20(3):1298–1301

Zhu JX, Wu XY, Owyang C et al (2001) Intestinal serotonin acts as a paracrine substance to

mediate vagal signal transmission evoked by luminal factors in the rat. J Physiol 530:431–442

116 T. Hara et al.


	Free Fatty Acid Receptors and Their Role in Regulation of Energy Metabolism
	1 Introduction
	2 FFA2 (GPR43)
	2.1 Ligands
	2.2 Selective Compound
	2.3 Signal Transduction
	2.4 Expression and Physiological Functions
	2.4.1 Adipose Tissues
	2.4.2 Adipogenesis
	2.4.3 Lipolysis
	2.4.4 Leptin Secretion
	2.4.5 Intestine
	2.4.6 PYY Secretion
	2.4.7 GLP-1 Secretion
	2.4.8 Intestinal Motility


	3 FFA3 (GPR41)
	3.1 Ligands
	3.2 Signal Transduction
	3.3 Expression and Physiological Functions
	3.3.1 Adipose Tissue
	3.3.2 Intestine
	3.3.3 Sympathetic Nervous System (SNS)


	4 FFA1 (GPR40)
	4.1 Ligands
	4.2 Selective Ligands
	4.3 Signal Transduction
	4.4 Expression and Physiological Functions
	4.4.1 Pancreas
	4.4.2 Intestine
	4.4.3 Taste Buds
	4.4.4 Brain
	4.4.5 Mammary Gland

	4.5 Polymorphism
	4.6 Structure-Activity Relationships (SARs)
	4.7 Binding Assay
	4.8 Clinical Trials

	5 GPR84
	5.1 Ligands
	5.2 Signal Transduction
	5.3 Expression and Physiological Functions
	5.3.1 Immune System
	5.3.2 Adipose Tissue


	6 GPR120
	6.1 Ligands
	6.2 Signal Transduction
	6.3 Expression and Physiological Functions
	6.3.1 Intestine
	6.3.2 Macrophages
	6.3.3 Adipocytes
	6.3.4 Taste Buds
	6.3.5 Lung

	6.4 Genetic Contribution to Type 2 Diabetes
	6.5 The Future

	References


