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Abstract

Overfeeding of fat can cause various metabolic disorders including obesity and
type 2 diabetes (T2D). Diet provided free fatty acids (FFAs) are not only
essential nutrients, but they are also recognized as signaling molecules, which
stimulate various important biological functions. Recently, several G protein-
coupled receptors (GPCRs), including FFA1-4, have been identified as receptors
of FFAs by various physiological and pharmacological studies. FFAs exert
physiological functions through these FFA receptors (FFARs) depending on
carbon chain length and degree of unsaturation. Functional analyses have
revealed that several important metabolic processes, such as peptide hormone
secretion, cell maturation and nerve activities, are regulated by FFARs and
thereby FFARs contribute to the energy homeostasis through these physiological
functions. Hence, FFARs are expected to be promising pharmacological targets
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for metabolic disorders since imbalances in energy homeostasis lead to meta-
bolic disorders. In human, it is established that different responses of individuals
to endogenous ligands and chemical drugs may be due to differences in the
ability of such ligands to activate nucleotide polymorphic variants of receptors.
However, the clear links between genetic variations that are involved in meta-
bolic disorders and polymorphisms receptors have been relatively difficult to
assess. In this review, I summarize current literature describing physiological
functions of FFARs and genetic variations of those receptors to discuss the
potential of FFARs as drug targets for metabolic disorders.
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1 Introduction

A lot of recent studies have revealed that various biomolecules derived from dietary
foods, such as carbohydrate, lipid, and fiber, previously considered simply as
nutrients and components of the body also act as essential signaling molecules to
sense metabolic state and regulate whole body energy metabolism through, at least
in part, members of the family of G protein-coupled receptors (GPCRs)
(Priyadarshini et al. 2016; Watterson et al. 2014; Ulven and Christiansen 2015).
Hence, from these aspects, dietary components have been considered as hormones
(Ryan and Seeley 2013). Nutritional status is transmitted by the catabolites of food,
which provides various simple biomolecules including free fatty acids (FFAs) in
order to form a feedback loop. For example, short-chain fatty acids (SCFAs), which
are generated by intestinal microbiota through fermentation of dietary fiber in the
gut, not only act directly in the gut in which they are generated, but also stimulate
various cell types such as immune cells and adipocytes after transport throughout
the systemic circulation. Because of these characteristics, SCFAs are defined as
hormone like biomolecules (Kimura et al. 2013; Maslowski et al. 2009; Macia
et al. 2015; Masui et al. 2013; Trompette et al. 2014). Generally, mammals use not
only glucose but also FFAs as key energy sources (Offermanns 2014; Spector and
Kim 2014). On the other hand, a number of recent studies revealed that FFAs also
act as signaling molecules to regulate a lot of physiological functions via their
corresponding receptors. Several GPCRs have been successfully identified as
receptors of FFAs (Brown et al. 2003; Briscoe et al. 2003; Itoh et al. 2003; Kotarsky
et al. 2003a; Le Poul et al. 2003; Nilsson et al. 2003). SCFAs activate FFA2 and
FFA3 whilst medium-chain and long-chain FFAs (MCFAs/LCFAs) activate FFA1
and FFA4 (Hirasawa et al. 2005; Itoh et al. 2003; Steneberg et al. 2005). FFAs
regulate energy homeostasis via activation of these various FFAs receptors
(FFARs) (Sekiguchi et al. 2015; Oh et al. 2010; Kimura et al. 2011; Ichimura
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et al. 2012; Oh and Olefsky 2012; Kimura et al. 2013). FFARs are expressed in
various tissues and cell types. Therefore, these receptors mediate essential physio-
logical and pathological functions of FFAs in these tissues and cells. Hence, FFARs
have potential as therapeutic targets of diseases, in particular metabolic disorders.

The genetic variation in the sequence of the same GPCR, resulting from
non-synonymous single nucleotide polymorphisms (SNPs), can result in substantial
differences in pharmacology and function of the receptor (Balasubramanian
et al. 2005; Taneera et al. 2012). However, the functional changes and capacity
of enzymes involved in drug metabolism are routinely considered as the main
challenges of stratified medicine and individual use of therapeutics (Zhou
et al. 2009). Recent genome-wide association studies showed that GPCRs including
FFARs are also linked to disease via such SNPs (Insel et al. 2007; Taneera
et al. 2012). Hence, in this review, I summarize and discuss the recent advances
in research regarding FFARs and their polymorphisms.

2 Free Fatty Acid Receptors

More than 800 GPCRs are encoded in the human genomic DNA. Among them,
approximately 350 GPCRs have been demonstrated to be activated by endoge-
nously produced ligands (Fredriksson et al. 2003). The development of synthetic
agonists and antagonists of specific GPCRs is essential to understand the physio-
logical and pathological functions of individual receptors, as GPCRs have essential
roles in the regulation of major physiological and pathological responses. Among
the numbers of GPCRs which are stimulated and activated by metabolic
biomolecules at least four receptors are identified as FFARs (Stoddart
et al. 2008b). The GPR40 family genes, including GPR40, GPR41, GPR42, and
GPR43 were identified in the course of a search for novel human galanin receptor
subtypes in 1997 (Sawzdargo et al. 1997). The efforts to deorphanize these
receptors successfully revealed that of these receptors, GPR40, GPR41 and
GPR43 were activated by FFAs (Briscoe et al. 2003; Brown et al. 2003; Kotarsky
et al. 2003a, b; Le Poul et al. 2003; Nilsson et al. 2003), and therefor these receptors
were recognized as FFARs. They were renamed as FFA1, FFA3, and FFA2,
respectively. GPR42 was first reported as inactive and a potential pseudogene.
However, GPR42 was recently reported to be a functional polymorphism of
GPR41. Overall identity between sequences of GPR42 and GPR41 is 98%. Fur-
thermore, the transmembrane domain regions of GPR42 are 100% identical to that
of GPR41 (Liaw and Connolly 2009). Subsequently, the phylogenetically distinct
receptor for FFAs, GPR120, which was also renamed as FFA4 was identified
(Hirasawa et al. 2005). FFA1l, FFA2, and FFA3 genes are encoded closely at
chromosome 19q13.1 and form a highly related gene family group in human
(Stoddart et al. 2008b). Hence, these genes presumably developed from a single
common ancestor via gene duplication. In contrast, FFA4 is not closely related in
sequence to the other FFARs despite being activated by an overlapping group of
MCFAs and LCFAs as FFA1 (Ichimura et al. 2014; Hirasawa et al. 2005). In
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addition to the current FFA family members, there are several additional GPCRs,
which appear to be activated by FFAs. GPR84 is an orphan receptor that recognizes
MCFAs (Nagasaki et al. 2012; Suzuki et al. 2013), while the mouse olfactory
receptor Olf78 (OR51E2 in human) appears to be activated by the SCFAs (Pluznick
et al. 2013; Pluznick 2014). The following sections of this review will summarize
recent advances in research regarding FFARs and their polymorphisms.

3 Polymorphic Variation of Receptors for SCFAs

SCFAs consist of carbon chain length from C2 to C6 and have various roles in
physiological and pathological conditions. Generally, mammals use glucose as the
main metabolic fuel under normal feeding conditions. SCFAs are produced by gut
microbial fermentation of indigestible polysaccharides, including dietary fiber.
Intestinal microbiota-derived SCFAs contribute a significant proportion of the
daily energy requirement (Bergman 1990; Flint et al. 2008). On the other hand,
the identification and deorphanization of FFA2 and FFA3 resulted in SCFAs being
considered as signaling molecules through these receptors (Brown et al. 2003;
Briscoe et al. 2003; Le Poul et al. 2003). FFA2 and FFA3 share 38% sequence
identity with selectivity toward different fatty acid carbon chain length. Signaling
through these receptors mediates numerous effects. Early studies identified various
immune cells as expressing both of the SCFA receptors. In particular, FFA2 is
highly expressed in monocytes and polymorphonuclear cells (Brown et al. 2003; Le
Poul et al. 2003; Nilsson et al. 2003). Both FFA2 and FFA3 are expressed in the gut,
primarily by various enteroendocrine cells (Karaki et al. 2006, 2008; Tazoe
et al. 2008, 2009). This may not be surprising, since the SCFAs are generated
primarily in the gut through fermentation of dietary fiber. Both FFA2 and FFA3
have also been reported to be expressed in pancreatic p-cells (Kebede et al. 2008).
Currently, the role of these receptors in regulating insulin secretion are attracting
increasing attention (McNelis et al. 2015; Priyadarshini and Layden 2015;
Priyadarshini et al. 2015; Tang et al. 2015). Expression of both FFA2 and FFA3
in adipose tissue has also been reported (Xiong et al. 2004; Han et al. 2014).
Although the expression of FFA3 has been controversial, many studies have
reported only FFA2 expression in adipose tissue (Hong et al. 2005; Hudson
et al. 2013a; Zaibi et al. 2010). Many reports have revealed that FFA3 is expressed
in the neurons present in both sympathetic ganglia and the enteric nervous system
(Inoue et al. 2012; Kimura et al. 2011; Nohr et al. 2015). Furthermore, expression of
both FFA2 and FFA3 has been found in various cancers, including breast, colon and
liver cancer (Bindels et al. 2012; Tang et al. 2011; Yonezawa et al. 2007). Given
these important roles of FFA2 and FFA3, genetic variation of these receptors could
have various physiological and pathological effects.
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3.1 FFA3 Functions and Polymorphisms

The deorphanization of FFA3 was reported in 2003. FFA3 was identified as a
receptor for SCFAs (Brown et al. 2003; Le Poul et al. 2003). FFA3 is activated
by SCFAs such as propionate (C3), butyrate (C4), and valerate (C5), which are
produced by gut microbial fermentation of dietary fiber, with a rank order potency
of C3=C4=C5>C6>C2>Cl1 (Brown et al. 2003; Le Poul et al. 2003).
Although FFA3 and FFA2 share the same SCFAs as ligands, the activation of
FFA3 stimulates signaling pathways distinct from those of FFA2. FFA2 couples to
both G;,, and G4 pathways, but FFA3 couples only to Gj;, signaling (Stoddart
et al. 2008b). Hence, ligand stimulation of FFA3 activates intracellular calcium
([Ca**];) responses and the phosphorylation of ERK1/2, but inhibits cAMP produc-
tion. FFA3 is reported to be expressed in adipose tissue, intestinal tract, and the
peripheral nervous system (Brown et al. 2003; Le Poul et al. 2003; Samuel
et al. 2008; Kimura et al. 2011). Early FFA3 studies reported that FFA3 is highly
expressed in adipose tissue and in adipocyte cell lines (Brown et al. 2003). FFA3
was reported to stimulate the secretion of leptin from adipocytes (Xiong
et al. 2004). FFA3 knockdown decreased leptin secretion, whereas overexpression
of FFA3 increased it (Xiong et al. 2004). Furthermore, propionate-stimulated leptin
secretion was inhibited by pretreatment with pertussis toxin, which inhibits G;,, G
proteins (Al-Lahham et al. 2010). However, these reports have been controversial
because of many conflicting reports as to whether FFA3 and/or FFA2 is expressed
in adipose tissue and adipocytes (Hong et al. 2005; Bellahcene et al. 2013; Zaibi
et al. 2010). Many other groups failed to detect mRNA and/or protein expression of
FFA3 in mouse adipose tissue (Kimura et al. 2011, 2013; Hong et al. 2005). In
contrast, FFA2 expression has clearly been detected in mouse adipose tissues. Our
study using FFA2-KO mice demonstrated that blood leptin levels were not affected
by deficiency of FFA2, however, they were decreased by adipocyte-specific
overexpression of FFA2 (Kimura et al. 2013). Since the effect of SCFAs on leptin
secretion was eliminated by pertussis toxin treatment, this indicates that SCFA-
mediated leptin secretion is linked with G;,,-mediated signaling pathways (Xiong
et al. 2004). Hence, either FFA2 and/or FFA3 could be involved in leptin secretion.
Our study demonstrated that in vivo C2 administration suppressed insulin signaling
in adipocytes of wild-type but not FFA2-KO mice (Kimura et al. 2013). By using
adipocytes from FFA2-KO mice, it was clearly demonstrated that C2 inhibited
insulin-stimulated glucose uptake in wild-type but not FFA2-KO mice and that this
was blocked by pertussis toxin treatment but not by a G4-targeted siRNA (Kimura
et al. 2013). Hence, SCFA-stimulated leptin secretion appears to be mediated via
FFA2, not FFA3 (Kimura et al. 2013). However, FFA3 knockdown or knockout can
be associated with concomitant down-regulation of FFA2 expression (Zaibi
et al. 2010). These controversial results made data interpretation difficult (Hudson
et al. 2013b). Our recent studies have revealed functional roles of FFA3 expressed
in the sympathetic ganglion in controlling energy expenditure in both fed and
fasting states (Kimura et al. 2011). Adult FFA3-KO mice showed reduced nor-
adrenaline. In addition, heart rate of FFA3-KO mice was decreased. Propionate
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increased energy expenditure and heart rate in adult WT mice, whereas these effects
were abolished in FFA3-KO mice. Moreover, the effect of propionate on the heart
rate was suppressed by pretreatment with a f-adrenergic receptor blocker. These
observations suggested that propionate activated the sympathetic nervous system
via FFA3 (Kimura et al. 2013). Our study further demonstrated that FFA3 mediates
propionate-stimulated release of noradrenaline from sympathetic neurons (Inoue
et al. 2012; Kimura et al. 2013). In addition, p-hydroxybutyrate (B-HB) inhibited
FFA3 activity (Kimura et al. 2013). f-HB, which is biosynthesized in liver under
low-carbohydrate fed conditions, suppressed propionate-induced sympathetic acti-
vation in both primary cultured sympathetic neurons and intact mice (Inoue
et al. 2012; Kimura et al. 2013). These findings indicate that biological functions
of FFA3, such as sympathetic nervous system (SNS) activation by propionate and
SNS inhibition by ketone bodies, might be involved in recognition of the energy
condition in the body and thereby contribute to the maintenance of energy homeo-
stasis. FFA3 is reported to be expressed in pancreatic f-cells, certain insulin-
producing B-cell lines, such as MIN6, NIT-1, and BTC-6 and several types of
cells in the gut (Samuel et al. 2008; Tazoe et al. 2008, 2009; Kebede et al. 2009;
Zaibi et al. 2010). For example, FFA3 is expressed in peptide YY (PYY) containing
enteroendocrine L cells (Tazoe et al. 2009). Samuel et al. showed that glucagon-like
peptide (GLP-1) and PYY secretion is reduced in FFA3-KO mice. Tolhurst
et al. reported that both C2 and C3 stimulated GLP-1 release from primary murine
colonic cultures and that this was not blocked by treatment of the cells with
pertussis toxin, indicating a non-Gj,,-mediated pathway. This effect was lost in
cultures derived from FFA2-KO but not FFA3-KO mice. Since C2 and C3
increased [Ca2+]i, it was concluded that the SCFAs increased GLP-1 via a FFA2-
Gg/11-mediated  pathway (Tolhurst et al. 2012). Recently, Psichas
et al. demonstrated that intracolonic infusion of C3 increased secretion of both
GLP-1 and PYY in vivo and that these effects were abolished in FFA2-KO mice.
Hence, these studies confirmed that SCFAs stimulate gut hormone secretion via
FFA2 in vivo. In addition to enteroendocrine cells, FFA2 and FFA3 are also
expressed in the stomach, and in particular, these receptors appear to be expressed
in ghrelin-containing cells (Engelstoft et al. 2015). Hence, both C2 and C3 appear to
inhibit ghrelin secretion.

SCFAs are produced in the colon through bacterial fermentation of mainly
dietary fiber. Many studies have established strong links between the gut
microbiota, health, and disease (Ley et al. 2006; Karlsson et al. 2013; Flint
et al. 2012, 2015). Hence, many studies have aimed to assess whether FFA2
and/or FFA3 utilise bacterial microbial fermentation produced SCFAs in order to
demonstrate links between the gut microbiota and health. Samuel et al. found that
conventionally raised FFA3-KO mice had decreased adiposity compared to wild-
type controls, but this was not apparent in germ-free (GF) mice (Samuel
et al. 2008). In particular, this appeared to relate to PYY levels, which were
decreased in FFA3-KO mice when gut microbiota were present but were not in
GF mice. One study has also linked dietary fiber, the microbiota, SCFAs, and FFA3
to allergic airway disease (Trompette et al. 2014). In the study, a high-fiber
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diet altered microbiota composition in both the gut and the lung, increasing SCFA
levels, and protected against allergic airway disease. Exogenous C3 administration
was found to produce similar effects to fiber, but such effects of C3 were absent in
FFA3-KO but not FFA2-KO mice.

Sawzdargo et al. showed that GPR42 is encoded in tandem with FFA1, FFA2,
and FFA3 on human chromosome 19q13.1 (Sawzdargo et al. 1997). GPR42 is
considered to be generated by tandem duplication of FFA3 (GPR41). FFA3 and
GPR42 share 98% sequence identity. The differences are only in six amino acid
positions (Fig. 1). Mutation of FFA3 residue 174th Arg to Trp, which is found in
174th position of GPR42, makes FFA3 non-responsive to SCFAs. Conversely, the
reciprocal mutation in GPR42 restored partial functional responsiveness. Hence,
GPR42 was firstly reported as an inactive, potential pseudogene (Brown
et al. 2003). However, the six amino acid differences between FFA3 and GPR42
are currently considered as polymorphic variants (Liaw and Connolly 2009). The
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Fig. 1 Snake plot of the human GPR42. Residues colored are those that differ between GPR42
and FFA3. Argl74Trp is shown in red. Corresponding residue of FFA3 are shown by white-
colored character into the black circle
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functional Argl74 allele was detected in 61% of those subjects at the GPR42 locus
based on a genotyping study of the corresponding alleles from a population of more
than 100 subjects (Liaw and Connolly 2009). Recently, Puhl et al. sequenced the
open reading frames of FFA3 and GPR42 from 56 individuals and found a high
frequency of polymorphisms, contributing to several complex haplotypes (Puhl
et al. 2015). They also identified a structural variation that results in GPR42 copy
number polymorphism with a frequency of 18.8%. Sequencing analysis further
demonstrated that 50.6% of GPR42 haplotypes differed from FFA3 by only a single
non-synonymous substitution and that the GPR42 reference sequence matched only
4.4% of the alleles. These data suggested that GPR42 should be reclassified as a
functional gene, and thereby copy number polymorphism of FFA3/GPR42 might be
considered during genetic and pharmacological investigation of these receptors.
Techniques for determining mRNA expression, such as Northern blot analysis,
TagMan, and RT-PCR, would be unable to distinguish FFA3 mRNA from GPR42
mRNA. Hence, previously reported FFA3 mRNA expression profiles are likely to
includ both FFA3 and GPR42 expression.

169 variants of FFA3 are listed in a genetic variation database based on the 1000
genomes project (Genomes Project et al. 2015). 45th position of the amino acid
sequence is one of the non-consensus residues between FFA3 and GPR42. The
most common genetic variant reported is Argd5His (MAF score of 18.5%). the
original FFA3/GPR42 genetic study also reported the His45 minor allele of FFA3
in one subject (Liaw and Connolly 2009). However, interchange with the GPR42
allele in 45th position, Arg45Cys, did not affect FFA3 function (Brown et al. 2003).
Therefore, this position may have relatively little effect on receptor function. On the
other hand, Asp158Asn and Argl85GIn, which are rarely described as missense
variants, would be expected to have significant effects on FFA3 function. Hudson
et al. have previously reported that FFA3 residue Asp158 is involved in forming an
ionic lock interaction between arginine residues in the SCFA binding pocket that
limit ligand-independent activation of the receptor (Hudson et al. 2012b). They also
reported that the mouse orthologue, which displays marked constitutive activity,
has an Asn residue at this position. Hence, humans carrying the Asp158Asn allele
would yield an increased constitutively active FFA3 that may be relatively sensitive
to endogenous ligands. Argl85 of FFA3 is conserved between FFA1 and FFA3.
This residue is critical for ligand recognition and anchoring of the carboxylate
moiety of the SCFAs to the binding pocket (Sum et al. 2007; Stoddart et al. 2008a).
The mutation at this position has been reported to abolish SCFA interactions.
Hence, Argl185GlIn variant carriers are likely to be nonresponsive to SCFAs.

3.2 FFA2 Functions and Polymorphisms

FFA2 was reported to be activated by acetate (C2) through ligand screening studies
for bioactive compounds by using [Ca®*]; analyses (Brown et al. 2003; Nilsson
et al. 2003). Although both FFA2 and FFA3 are activated by SCFAs, potency of the
SCFAs for these receptors is clearly different (Brown et al. 2003; Hudson
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et al. 2012a). Previous structure-activity relationship studies demonstrated that
FFA2 exhibited a preference for smaller SCFAs compared to FFR3. FFR2 is
activated by high micromolar or millimolar concentrations of SCFAs, such as
propionate (C3), butyrate (C4) and substantially less so by caproate (C6) and
formate (C1) with a rank order potency of C2=C3 > C4 > C6 > C5 > C1 (Brown
etal. 2003; Le Poul et al. 2003). As described above, FFA2 couples to both pertussis
toxin-sensitive Gy, and G4 pathways (Andoh et al. 2003; Le Poul et al. 2003). The
activation of FFA2 by endogenous agonists not only inhibits cAMP production
through interactions with Gy, G proteins but also causes [Ca2+]i elevation and
promotes activation of the mitogen-activated protein kinase (MAPK) cascade via
interactions with G4 family G proteins. FFA2 is expressed in immune cells,
including neutrophils, monocytes and polymorphonuclear cells (Brown
et al. 2003). In these cell types, FFA2 has an important role in immune cell
recruitment in inflammatory responses (Le Poul et al. 2003; Sina et al. 2009;
Maslowski et al. 2009; Vinolo et al. 2011). FFA2-chemotactic response was
inhibited by pertussis toxin treatment, indicating that this response is mediated
via Gj, (Sina et al. 2009). Moreover, Masui et al. reported that production of tumor
necrosis factor alpha from mononuclear cells was suppressed by acetate and that the
effect was inhibited by an anti-FFA2 antibody (Masui et al. 2013). Kim
et al. demonstrated that SCFAs activate FFA2 and FFA3 on intestinal epithelial
cells, leading to mitogen-activated protein kinase signaling and rapid production of
chemokines and cytokines (Kim et al. 2013). FFA2 expression was also detected in
adipose tissue, intestines, and islet cells of the pancreas (Hong et al. 2005; Regard
et al. 2008; Maslowski et al. 2009). In the adipose tissue, FFA2 activation promotes
adipogenesis by increasing lipid accumulation (Hong et al. 2005) and inhibiting
lipolysis (Ge et al. 2008). In a series of in vitro and in vivo studies, we found that
whole-body deficiency of FFA2 induced obesity in mice, whereas mice with
adipose tissue-specific overexpression of FFA2 are lean under normal conditions
(Kimura et al. 2013). However, one study has reported conflicting results with
FFA2-KO mice. Bjursell et al. reported that FFA2-KO mice have reduced body fat
mass, improved glucose control, and increased insulin sensitivity (Bjursell
et al. 2011). In primary human adipocytes, an absence of relationship between
FFA2 and adipocyte differentiation was found, unlike what was observed in mice
(Dewulf et al. 2013). Furthermore, in an acute model of colitis, two separate studies
have reported conflicting results with FFA2-KO mice. One group showed reduced
(Maslowski et al. 2009) and another group showed heightened (Sina et al. 2009)
inflammatory responses. In the intestines, FFA?2 is associated with the regulation of
appetite and insulin signaling. The intestine contributes to energy homeostasis not
only by nutrient absorption but also the secretion of incretin hormones (Turton
et al. 1996; Batterham et al. 2002; Chelikani et al. 2005; Koda et al. 2005). FFA2-
expressing cells are co-localized with PYY-containing enteroendocrine L-cells of
the rat gastrointestinal tract (Karaki et al. 2006). Furthermore, FFA2 expression in
the enteroendocrine L cells mediates SCFA-induced GLP-1 release in vitro and
in vivo (Tolhurst et al. 2012). FFA2 is also present in pancreatic islets, specifically
the p-cells, although its role in p-cell function remains unclear (Kebede et al. 2009).
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Two studies have found that SCFAs activate FFA2 to enhance glucose stimulated
insulin secretion (GSIS) from murine islets both in vivo and in vitro and that this
occurs through a Gy, and phospholipase C mediated pathway (McNelis
et al. 2015; Priyadarshini et al. 2015). Another study indicated that SCFAs inhibit
GSIS through both FFA2 and FFA3 and that this occurs through a Gj,,-mediated
pathway. In contrast, SCFAs have no effect on GSIS in human islets, despite the
fact that SCFAs activated both G4 and G; signaling (Priyadarshini et al. 2015).

As described above, many researchers have made efforts to assess whether FFA2
and/or FFA3 mediate the functions of bacterial microbial fermentation produced
SCFAs. The studies on FFA2 have demonstrated relationships between this recep-
tor, SCFAs produced by gut microbiota and inflammatory responses. Maslowski
et al. demonstrated that FFA2-KO mice showed exacerbated or unresolving inflam-
mation in models of colitis, arthritis and asthma, indicating that stimulation of
FFA2 by SCFAs was necessary for the normal inflammatory responses (Maslowski
et al. 2009). GF mice, which were devoid of bacteria and generate little or no
SCFAs, showed a similar dysregulation of inflammatory responses. Smith
et al. showed that SCFAs produced by gut microbiota-derived bacterial fermenta-
tion regulated the size and function of the colonic regulatory T cell (TRegs) pool
and protect against colitis in a FFA2-dependent manner in mice (Smith et al. 2013).
It was shown that GF conditions reduced the population of TRegs in the intestine
and that SCFAs restored these populations. Smith et al. demonstrated that the
effects of SCFAs on GF mice were lacking in FFA2-KO mice. These data indicated
that FFA2 mediated biological functions of SCFAs from gut microbiota.

The 1000 genomes project database lists 169 FFA2 variants (Genomes Project
et al. 2015). The most common verified variant is Leu211His with a MAF value of
3.6%. However, at the current stage, no group has reported any relationship
between this polymorphism and physiological function of FFA2 or the association
with any disease/clinical phenotype, although this change in amino acid residue
could possibly have impact on receptor function. The Leu211His variation could
have effects on G protein coupling because the position is located in the receptor’s
third intracellular loop. Arg255GIn, which is a relatively rare missense variant of
FFA2, also affects the receptor function (Hudson et al. 2013b). Arg residue at this
position is a conserved polar residue at the upper face of transmembrane domain
VII, which facilitate binding of SCFAs to the receptor. Hence, carriers of this minor
allelic variant would be anticipated to be unresponsive to endogenous ligands.

4 Polymorphic Variation of Receptors for LCFAs

MCFAs and LCFAs are defined as 6—12 carbon-chain fatty acids and >12 carbon-
chain fatty acids, respectively. MCFAs and LCFAs are generally considered as key
energy sources for the whole body (Offermanns 2014). However, the identification
of FFA1 and FFA4 as receptors for MCFAs and LCFAs showed that these FFAs
also have important roles in signaling transduction as signaling molecules (Itoh
et al. 2003; Hirasawa et al. 2005; Ichimura et al. 2014). These FFAs, which are
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endogenous ligands of FFA1 and FFA4, are supplied by both food intake and de
novo biosynthesis. However, FFAs, which are so called essential fatty acids,
containing more than two double bonds, such as linoleic acid and docosahexaenoic
acid (DHA), are not obtained by biosynthesis in humans. Hence, these essential
fatty acids have to be supplied within food. Recent studies clearly demonstrated that
FFA1 and FFA4 contribute to maintenance of systemic energy homeostasis (Itoh
et al. 2003; Oh et al. 2010; Ichimura et al. 2012; Hara et al. 2014; Hudson
et al. 2013b; Ichimura et al. 2014). Hence, FFA1 and FFA4 are prospective
therapeutic targets for metabolic diseases.

4.1 FFA1 Functions and Polymorphisms

FFA1 is expressed predominantly in insulin-producing pancreatic p-cells and
enhances GSIS (Briscoe et al. 2003; Itoh et al. 2003; Kotarsky et al. 2003b; Latour
et al. 2007). Because of these characteristics, great attention has been paid to FFA1
as a therapeutic target of metabolic diseases. Loss-of-functional analyses of FFA1
by using RNA interference, chemical compounds, or genetic deletion in mice
consistently result in a significant decrease in FFA-induced GSIS (Itoh and Hinuma
2005; Salehi et al. 2005; Steneberg et al. 2005; Briscoe et al. 2006; Latour
et al. 2007; Schnell et al. 2007; Kebede et al. 2008; Lan et al. 2008). Several studies
have demonstrated that the FFA1-mediated effect on GSIS is mediated through G,
11-phospholipase C and L-type Ca®* pathways (Fujiwara et al. 2005; Latour
et al. 2007), leading to phosphorylation of protein kinase D1 and filamentous
actin remodeling (Ferdaoussi et al. 2012). Furthermore, FFA1 expression is also
detected in enteroendocrine cells and FFA1 agonists have been reported to stimu-
late release of the incretin hormone GLP-1 and PYY from L cells (Edfalk
et al. 2008), cholecystokinin (CCK) from I cells (Liou et al. 2011) and gastric
inhibitory peptide (GIP) from K cells (Sykaras et al. 2012). Hence, FFA1 decreases
blood glucose not only by direct stimulation of insulin secretion from pancreatic
[-cells, but also by GLP-1-mediated indirect stimulation of insulin secretion (Luo
et al. 2012). FFA1 expression has been also reported in taste buds and cells of the
central nervous system (Ma et al. 2007; Edfalk et al. 2008; Hirasawa et al. 2008;
Cartoni et al. 2010; Liou et al. 2011; Sykaras et al. 2012). Altogether, FFA1 plays
important roles in regulation of systemic glucose homeostasis. Given the physio-
logical roles of FFA1 in glucose homeostasis, FFA1 agonists are expected to be
potential medicines for the treatment of type 2 diabetes (T2D). Many compounds
have been reported as FFA1 agonists, and some of have entered clinical trials
(Briscoe et al. 2006; Tsujihata et al. 2011; Takano et al. 2014; Defossa and Wagner
2014; Christiansen et al. 2011, 2013a, b). In particular, TAK-875 was developed as
an orally available FFA1 partial agonist. A phase III clinical trial employed
TAK-875 as a glucose regulating therapeutic agent. However, TAK-875 was
removed from these trials due to potential liver toxicity (Ichimura et al. 2014).
TAK-875 enhances GSIS and improves both postprandial and hyperglycemia with
a low risk of hypoglycemia (Tsujihata et al. 2011; Defossa and Wagner 2014),
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whereas it has no effect on glucagon secretion or insulin resistance (Araki
et al. 2012; Bailey 2012; Burant et al. 2012; Leifke et al. 2012; Naik et al. 2012;
Mancini and Poitout 2013; Poitout and Lin 2013). TAK-875 is reported to be an
ago-allosteric modulator of FFA1 (Yabuki et al. 2013). Collectively, FFA1 agonists
show promise as novel medicines for the treatment for T2D. However, there are a
many complicating factors, such as genetic polymorphisms of human FFAI,
conflicting results from animal studies, and differential biological effects of FFA1
agonists between species. Hence, physiological and pharmacological studies of
FFA1 by using animal models appear to be difficult to compare.

151 variants of human FFA1 were listed in the 1000 genomes project database
(Genomes Project et al. 2015). Among them, Arg211His has been identified as a
major variation of FFA1 with a MAF value of 18.2%. The effect of the Arg211His
polymorphism in a Japanese male population was previously reported (Ogawa
et al. 2005). Ogawa et al. demonstrated that individuals homozygous for the
minor Arg variant displayed reduced serum insulin and f-cell function. These
results suggested that the Arg211His polymorphism might contribute to insulin
secretion via FFA1. On the other hand, Hamid et al. reported distinct results of this
Arg211His polymorphism (Hamid et al. 2005). They employedd oral glucose
tolerance tests and concluded that this polymorphism did not contribute to insulin
secretion (Hamid et al. 2005). Moreover, no differences in allelic frequency
between healthy and diabetic individuals have been found in either of these studies.
No effect of Arg211His variation on FFA1 function has been detected by in vitro
studies (Smith et al. 2009; Hamid et al. 2005). Hence this variant should be more
carefully explored. Besides Arg211His polymorphism, some relatively rare
variants of FFA1l have been assessed. MAF of Glyl180Ser polymorphism is
0.42% in non-obese individuals. However, MAF of the variant is 1.07% in obese
individuals and 2.60% in severely obese individuals (Vettor et al. 2008). Oral
glucose tolerance testing of carriers of the polymorphism demonstrated that insulin
secretion was significantly reduced in carriers of the minor Ser allele (Vettor
et al. 2008). Furthermore, in vitro [Ca2+]i mobilization analysis indicated that the
FFA1 variant reduced receptor function. However, Smith et al. failed to reproduce
this in vitro result (Smith et al. 2009). Asp175Asn, which is another rare variation of
FFAL, has also been reported to inhibit receptor function of FFA1 in vitro (Hamid
et al. 2005). However, distinct results indicating that the receptor function of this
variant is similar to the wild type have been also described (Smith et al. 2009).
Since synthetic selective agonists have not been used on these variants, such
analyses might be of considerable interest to examine. Not only missense
polymorphisms, but also two kinds of SNPs upstream of the FFA1 gene associated
with f-cell function has been reported (Kalis et al. 2007). The effect of three
common SNPs of FFARI (rs2301151; rs16970264; rs1573611) on pancreatic
function, body mass index (BMI), body composition and plasma lipids have been
investigated. Although rs1573611 and rs2301151 were associated with some of
these parameters, the authors concluded that differences in body composition and
lipids associated with common SNPs in the FFA1 gene were apparently not
mediated by changes in insulin sensitivity or f-cell function. Wagner
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et al. examined the interaction of genetic variation in FFA1 with FFAs and insulin
secretion and revealed that the inverse association of FFAs and secretion of insulin
was modulated by FFA1 SNP rs1573611 and became steeper for carriers of the
minor allele (Wagner et al. 2013). Previously, it was reported that carriers of the
minor allele of the Prol2Ala polymorphism (rs1805192) had lower insulin secre-
tion during hyperglycemic clamp studies conducted with a concomitant intravenous
lipid infusion, but no difference was seen between the genotypes without increasing
blood FFAs (Stumvoll and Haring 2002). Based on this report, Wagner
et al. demonstrated that two FFA1 SNPs (rs12462800 and rs10422744) were
associated with reduced insulin secretion in participants concomitantly carrying a
PPARYy minor allele and having high fasting FFAs (Wagner et al. 2014). These
SNPs (1rs12462800 and rs10422744) are located 0.8 kb apart in an intergenic
regulatory area between the FFA1l and FFA3 genes, 3.5 and 3.8 kb from the 3
end of the single FFA1 exon. These SNPs are more distal from the gene than the
previously described FFA1 SNP rs1573611 which directly interacts with fasting
FFAs in association with insulin secretion (Wagner et al. 2013). Collectively,
although some kinds of studies established the relationships between
polymorphisms of FFA1 and FFAI receptor functions, further detailed analysis to
elucidate the genetic variations, which effect FFA1 function or increase risk of
metabolic diseases, is required.

4.2 FFA4 Functions and Polymorphisms

In 2005, FFA4 was deorphanized and identified as a FFA receptor (Hirasawa
et al. 2005). FFA4 lacked substantial homology with GPR40 FFARs family
members. Although the amino acid homology between FFA1 and FFA4 is only
10%, both of these receptors share similar endogenous ligands. FFA4 is activated
by carbon-chain length 14-18 saturated FFAs C6 to C22 unsaturated FFAs
(Fukunaga et al. 2006; Ichimura et al. 2014). Ligand stimulation of FFA4 increases
[Ca2+]i but does not increase or decrease cAMP production in human or mouse
FFA4-expresseing cells. Based on these and other results, FFA4 is coupled to G
protein family (Hirasawa et al. 2005; Hara et al. 2009; Hudson et al. 2013c; Moore
et al. 2009; Watson et al. 2012). FFA4-mediated increase of [Ca2+]i is blocked by
the Gg11-selective inhibitor YM-254890 (Hudson et al. 2013c). Recent studies
indicated that some physiological function of FFA4 might be mediated by
Gi-family G proteins. For example, pertussis toxin treatment blocked FFA4-
mediated inhibition of ghrelin secretion from mouse gastric cells (Engelstoft
et al. 2013) as well as somatostatin release from pancreatic islet delta cells (Stone
et al. 2014). Stimulation of FFA4 also activates ERK1/2 and PI3-kinase signaling
cascades (Katsuma et al. 2005; Hara et al. 2009). Furthermore, Oh et al. showed that
stimulation of FFA4 by -3 FFAs contributes to anti-inflammatory responses
(Oh et al. 2010). Such anti-inflammatory effects are exerted by the suppression of
Toll-like receptor via a f-arrestin2 signaling pathway and transforming growth
factor-p activated kinase 1 (TAK1) associated with TNF-a inflammation signaling
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pathway. FFA4 expression has also been detected in adipose tissue and adipocyte
cell lines (Gotoh et al. 2007; Ichimura et al. 2012; Oh et al. 2010). In adipose tissue,
FFA4 has been reported to contribute to adipocyte maturation (Gotoh et al. 2007,
Ichimura et al. 2012) and glucose uptake through the induction of translocation of
glucose transporter 4 (Oh et al. 2010). We have reported increased FFA4 expression
in obese human subjects (Ichimura et al. 2012). On the other hand, there are
conflicting results; Rodriguez-Pacheco et al. have reported decreased FFA4 expres-
sion in obese human subjects (Rodriguez-Pacheco et al. 2014). Although gene
expression of FFA4 has been detected in pancreatic islet and cultured p-cell line,
FFA4 does not appear to directly stimulate insulin secretion in pancreatic [3-cells
(Kebede et al. 2009; Taneera et al. 2012). Rather, FFA4 indirectly enhances insulin
secretion by GLP-1 secretion from gut enteroendocrine cells (Hirasawa et al. 2005)
and protects against cell death in pancreatic islet -cells (Taneera et al. 2012). To
date, limited reports indicated FFA4 expression in pancreatic o cells (Suckow
et al. 2014) and § cells (Stone et al. 2014). Moreover, FFA4 is also reported to be
expressed in airway smooth muscle (Mizuta et al. 2015) and taste buds (Galindo
etal. 2012; Matsumura et al. 2009). However, biological functions of FFA4 in these
tissues are unclear or controversial (Martin et al. 2012; Ancel et al. 2015). FFA4 is
expressed in the enteroendocrine cells on each of the L, K, and I cells (Hirasawa
et al. 2005; Iwasaki et al. 2015; Sykaras et al. 2012). In addition, a direct correlation
between BMI and FFA4 transcript levels have been observed in human duodenum
(Little et al. 2014). Taken together, FFA4 is believed to be a potential therapeutic
target for metabolic diseases, including T2D and obesity.

FFA4 was placed in the top 16 of the ranked list of the risk genes identified in
whole genome studies to identify genes for T2D (Taneera et al. 2012). Furthermore,
at least 18 missense polymorphisms of FFA4 have been listed in publically avail-
able databases (Genomes Project et al. 2015). Among these variants, the Arg67Cys
polymorphism was identified as the only high frequency gene variation with a MAF
value of 14.9% (Fig. 2). We have shown that this polymorphism has little effect
however on pharmacological functions of FFA4 (Ichimura et al. 2012). Consistent
with this result, the Arg67Cys variant has only a weak tendency toward an associa-
tion between the polymorphism and obesity in humans with an odds ratio of 1.16.
We have also identified the Arg270His polymorphism as a less common variant
with a MAF value of 1.3-3%. We also showed that the Arg270His polymorphism is
significantly associated with obesity with an odds ratio of 1.62 (Fig. 2). In vitro
analyses successfully indicated that this polymorphism not only significantly
reduced receptor function, but also acted as a dominant-negative like receptor.
FFA4-KO mice fed a high-fat diet develop obesity, glucose intolerance and fatty
liver with decreased adipocyte differentiation and lipogenesis and enhanced hepatic
lipogenesis. These human and mice studies consistently showed that FFA4 has a
key role in sensing dietary fat and, therefore, controlling energy balance. In addition
to the gene polymorphisms, Moore et al. previously reported two splice variant
isoforms of FFA4 (Moore et al. 2009). These splice variant isoforms are distin-
guished by the presence or absence of a 16-amino acid insertion, which is posi-
tioned in the third intracellular loop (Fig. 2). Studies of longer isoform function in
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mice or other rodents are not possible because the longer isoform of FFA4 exists
only in human. Furthermore, the shorter isoform of FFA4 is coupled with both G
protein-dependent and f-arrestin pathways, whereas the longer isoform is coupled
only with the f-arrestin pathway (Watson et al. 2012). Additionally, the longer
isoform of human FFA4 has been detected in only a few tissues, particularly in the
colon (Galindo et al. 2012). Based on these reports, the function of human FFA4
may be at least to some extent different from FFA4 of other species. Hence, the
functional and physiological importance of human long isoform remains uncertain.
Recently, other groups also reported the relationship between this variant of FFA4
and human metabolism. Waguri et al. reported that genetic variation of FFA4
including this variant and dietary fat intake could be a possible determinant of
BMI (Waguri et al. 2013). Bonnefond et al. also reported that this variant associated
with increased fasting plasma glucose levels independent of BMI but not with
measures of insulin resistance or T2D (Bonnefond et al. 2015). Furthermore,
Marruzillo et al. reported that heterozygous child carriers of this FFA4 variant
showed significantly higher alanine transaminase (ALT) levels than wild-type
subjects, and also showed an odds ratio to have pathologic ALT (Marzuillo
et al. 2014), indicating the relationship between liver injury in children and this
variant. Recently, Vestmar et al. showed that this variant of FFA4 inhibited ligand-
depending activation of G4 and G; signalling in vitro (Vestmar et al. 2016). Since
Vestmar et al. also used the shorter isoform for in vitro studies, these results also
indicated that Arg254His variant reduced function in both G/ ;- and G;,,-FFA4
signaling, although some function remained. Further, in this study, FFA4-arrestin
interactions were not altered for this variant (Vestmar et al. 2016). Vestimar
et al. failed to show the association of this variant with either increased risk of
obesity or increased fasting plasma glucose levels in a Danish study population
(Vestmar et al. 2016). It is not clear at present of the basis of these complicated
results, however, as there is a very low frequency of this variant in the analyzed
population, especially the age of subjects might affect the results. Our group,
Waguri et al. and Bonnefond et al. included children, adolescent and adult
individuals in the analyses. On the other hand, Vestmar et al. analyzed only adults.
Based on these differences, further detailed analyses using more extreme cases or
obesity among the young age subjects are needed to clarify the relationship between
FFA4 variant and metabolic diseases.

5 Conclusions

FFAs, which are provided within the diet, via intestinal bacterial fermentation of
dietary fiber, and de novo synthesis, act as important signaling molecules through
FFARs. Hence, FFARs are seen as new potential therapeutic targets for metabolic
disorders. To date, there is more attention on the effects of genetic variants of the
FFARs on the pharmacology and functions of these receptors as these are one of
causes of metabolic disorders. More detailed information of the relationship
between genetic variations of FFARs and receptor function with selective ligands
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Fig. 2 Snake plot of the human free fatty acid receptor 4 (FFA4). The position of a 16-amino acid
insertion (shown in red), Arg67Cys and Arg270His/Arg254His variants are shown

for each receptor might be required for the development of therapeutic agents
targeting FFARs. A deeper understanding of the genetic variations of each member
of FFAR family might open a new avenue of research in the development of
therapeutic agents targeting FFARs.
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