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Food intake regulates energy balance, and its dysregulation leads to metabolic disorders, such as 
obesity and type 2 diabetes (T2D). During feeding, free fatty acids (FFAs) are not only essential 
nutrients but also act as signaling molecules in various cellular processes. Recently, several G protein-
coupled receptors (GPCRs) that act as FFA receptors (FFARs) have been identified; GPR41/FFAR3 
and GPR43/FFAR2 are activated by short-chain FFAs. GPR40/FFAR1, GPR119, and GPR120/FFAR4 
are activated by medium- and long-chain FFAs. FFARs are widely expressed and contribute to many 
important physiological functions in order to maintain energy homeostasis. Hence, these FFARs 
have come to be regarded as new drug targets for metabolic disorder such as obesity and T2D.

All articles in this topic highlight the interconnection between FFARs and the regulation of 
energy homeostasis. They also focused on essential role of FFARs in the pathogenesis of metabolic 
syndromes, such as obesity, insulin resistance, and T2D and discussed the potential of FFARs as 
drug target. These articles give valuable insight into unanswered questions in relation to this topic. 
First, recent studies demonstrate that short-chain free fatty acids (SCFAs) produced by microbiota 
fermentation act as signaling molecules through SCFAs receptors (SCFARs), such as GPR41 and 
GPR43 and influence the host’s metabolism (1–3). Hence, the gut microbiota can influence and 
play important roles in host physiology and pathology via these receptors. GPR41, which is 
expressed in adipose tissue, gut, and the peripheral nervous system, contributes SCFAs-dependent 
systemic energy regulation (1). In particular, GPR41 regulates host energy balance by modulating 
sympathetic activity and intestinal gluconeogenesis. GPR43, which is expressed in the adipose tis-
sue, intestines, and immune tissues, also contributes the regulation of energy homeostasis depends 
on SCFAs produced by gut microbiota (2). GPR43 deficiency induced obesity in mice, while mice 
that overexpress GPR43 only in adipose tissue were lean under normal conditions; both of these 
strains did not exhibit either phenotype under germ-free conditions or after antibiotic treatment. 
Furthermore, SCFA-mediated GPR43 activation suppressed adipose insulin signaling, leading to 
inhibition of fat accumulation in the adipose tissues, while unincorporated lipids and glucose were 
primarily utilized in muscles. The GPR43-insulin pathway has a key role in adipose tissue acting 
as an important physiological mechanism through which metabolic fuels regulate body energy 
balance (2, 3). These studies clearly showed the importance of SCFAs produced by microbiota and 
their receptors (1–3). Based on the importance and dynamic roles of microbiota in host physiol-
ogy, Pluznick pointed out a complex interplay between the genetics of the microbiota and that 
of the host organism (4). Researchers should consider the contribution of these microorganisms 
and their metabolites because there are many examples of phenotypes that were not easily to 
replicated by other groups may be due to the influence of variations of gut microbiota (4). Second, 
medium-chain fatty acids (MCFAs) and long-chain fatty acids (LCFAs) are not only essential 
nutrient, but also act as ligands of GPR40/FFAR1 and GPR120/FFAR4 and regulate systemic 
energy homeostasis (5–8). GPR40 is highly expressed in pancreatic β cells and intestine. GPR40 
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augment glucose-stimulated insulin secretion after acute expo-
sure to LCFAs by stimulation of not only insulin secretion from 
pancreatic β cells directly, but also incretin hormones, such as 
glucagon like peptide-1 (GLP-1), gastric inhibitory polypeptide 
(GIP) and cholecystokinin (CCK) from intestine (5, 8). The 
activation of GPR120 by ω-3 FFAs mediated anti-inflammatory 
effect of ω-3 FFAs as described in the articles by Oh et al. (7). This 
effect is associated with the suppression of Toll-like receptor via 
β-arrestin2 signaling pathway and transforming growth factor-β 
activated kinase 1 (TAK1) involved in TNF-α inflammation 
signaling pathway. Furthermore, both a gene deficiency in 
mice and non-synonymous functional-loss mutation of human 
GPR120 are associated with obesity, which was accompanied 

with decreased differentiation and lipogenesis (6). Hence, 
selective synthetic ligands for FFARs have consequently been 
developed as potential treatments for metabolic syndrome (9). 
Particularly, clinical studies show that TAK875/Fasiglifam, an 
agonist of GPR40 improved glucose metabolism with a reduced 
risk of hypoglycemia, although this ligand was dropped from 
clinical trials due to potential liver toxicity. Activation of each 
of GPR41, 43, and 120 has also been suggested to have potential 
benefits for metabolic function (9).

Overall, all the review articles provided a comprehensive 
overview of the energy regulation by FFARs and a new prospect 
for treatment of metabolic disorder such as obesity and type 2 
diabetes.
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Free fatty acids (FFAs) are essential nutrients and act as signaling molecules in various
cellular processes via binding with FFA receptors. Of these receptors, GPR43 is activated
by short-chain fatty acids (SCFAs; e.g., acetate, propionate, and butyrate). During feed-
ing, SCFAs are produced by microbial fermentation of dietary fiber in the gut, and these
SCFAs become important energy sources for the host. The gut microbiota affects nutrient
acquisition and energy regulation of the host and can influence the development of obe-
sity, insulin resistance, and diabetes. Recently, GPR43 has been reported to regulate host
energy homeostasis in the gastrointestinal tract and adipose tissues. Hence, GPR43 is
also thought to be a potential drug target for metabolic disorders, such as obesity and dia-
betes. In this review, we summarize the identification, structure, and activities of GPR43,
with a focus on host energy regulation, and present an essential overview of our current
understanding of its physiological roles in host energy regulation that is mediated by gut
microbiota. We also discuss the potential for GPR43 as a therapeutic target.

Keywords: GPR43, FFAR2, SCFA, gut microbiota, energy metabolism

INTRODUCTION
Obesity is currently one of the most serious public health problems
worldwide because of its increasing prevalence and contribution to
serious metabolic disorders, including type-2 diabetes (1, 2). Obe-
sity is the result of a long-term imbalance between energy intake
and expenditure, and is therefore regulated by multiple pathways
involving metabolites, hormones, and neuropeptides (3). Excess
food intake, especially high-fat and sugar foods, and lack of phys-
ical activity are considered as risk factors in the developing of
obesity. Recent research has demonstrated that the gut microbiota
is involved in obesity and metabolic disorders (4, 5). An impor-
tant role of the gut microbiota is to catabolize substrates, such as
dietary fiber, that are not completely hydrolyzed by host enzymes
during host feeding (6). The main colonic bacterial fermentation
products of dietary fiber are short-chain fatty acids (SCFAs), such
as acetate, propionate, and butyrate (7). SCFAs can be used for de
novo synthesis of lipids and glucose, which are the main energy
sources for the host (8).

THE SCFA RECEPTOR GPR43
In addition to functioning as an energy source, SCFAs are also
essential nutrients that act as signaling molecules. Recently, two
orphan G-protein coupled receptors (GPCR), GPR41 and GPR43,
were reported to be activated by SCFAs. During ligand screen-
ing for bioactive compounds, researchers reported that GPR43,
also known as free fatty acid receptor 2 (FFAR2), was acti-
vated by acetate using Ca2+ assays in transfected cells (9, 10).
GPR43 can also be activated by other SCFAs, including propi-
onate and butyrate; acetate and propionate are the most effi-
cient for activating GPR43, followed by butyrate and then other
SCFAs (9, 11).

GPR43 is a dual-coupling GPCR that binds with the pertussis
toxin-sensitive Gi/o and Gq proteins (11). Stimulation of GPR43

by SCFAs inhibits cAMP production, activates the extracellu-
lar signal-regulated kinase (ERK) cascade via interactions with
the Gi/o family of G-proteins, increases intracellular Ca2+ levels,
and promotes activation of the mitogen-activated protein kinase
(MAPK) cascade via interactions with the Gq family of G-proteins.
However, the physiological significance of this GPR43-based dual-
coupled signaling mechanism is still unclear. GPR43 is expressed
in the adipose tissue, intestines, and immune tissues (12, 13). In the
immune system, many studies have investigated the role of GPR43
in regulating inflammatory responses (13–15). These results indi-
cate that GPR43 is important for gut immunity involving gut
microbiota and food. On the other hands, GPR43 expression in
adipose and gastrointestinal tissues suggests that GPR43 may be
involved in energy regulation (16); moreover, reverse transcription
polymerase chain reaction (RT-PCR) in mouse tissues has shown
that Gpr43 is expressed in white adipose tissue (WAT) and the
intestine (12).

ADIPOSE TISSUES
Adipose tissues are very important tissues associated with energy
homeostasis and energy accumulation. In adipose tissues, GPR43
may be involved in regulating obesity and energy accumulation,
Similarly, Gpr43 mRNA is expressed in WATs, including subcuta-
neous, perirenal, and epididymal tissues, as well as in 3T3-L1-
derived adipocytes and mature adipocytes (12). Based on the
observed expression of Gpr43 in adipose tissues and adipocytes,
Hong et al. performed a series of studies to elucidate the functions
of GPR43 in adipocytes (12). They showed that Gpr43 expression
was significantly greater in the WAT of mice with high-fat diet
(HFD)-induced obesity compared with normal chow-fed mice.
Moreover, in 3T3-L1 cells, treatment with SCFAs, increased Gpr43
and Pparg transcript levels, while suppression of Gpr43 mRNA by
RNA interference inhibited adipogenesis. Thus, SCFAs appear to
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promote adipogenesis via GPR43. Additionally, in 3T3-L1 derived
adipocytes, SCFAs suppress isoproterenol-induced lipolysis in a
concentration-dependent manner (12). Ge et al. demonstrated
that these effects are dependent on GPR43 using Gpr43-deficient
mice (17). That is, they showed that acetate suppressed lipoly-
sis, and release of glycerol occurred in a concentration-dependent
manner in adipocytes isolated from wild-type mice in vitro, and the
activation of GPR43 by intraperitoneal injection of sodium acetate
instantly reduced plasma fatty acid in vivo; these effects were abro-
gated in Gpr43-knockout mice (17). In brown adipose tissues
(BATs), which have a central role in the regulation of energy bal-
ance and homeostasis, Bjursell et al. reported that Gpr43-knockout
mice fed an HFD exhibited improved insulin sensitivity in old age
due to increased energy expenditure, which resulted in increased
body temperature (18). As a potential explanation for this, his-
tological observation of BAT in Gpr43-knockout mice revealed
that these mice exhibited decreased lipid dispersion compared
with wild-type mice fed an HFD. However, we could not detect
Gpr43 expression in BATs (19). Hence, further studies are needed
to elucidate the role of GPR43 in energy control via BAT.

Recent evidence suggests that the gut microbiota affects host
nutrient acquisition and energy regulation and is therefore related
to obesity, insulin resistance, and diabetes in the host (20–22).
During feeding, SCFAs, which act as ligands for GPR43, are
produced by microbial fermentation of dietary fiber in the gut.
Hence, we examined the relationship between gut microbiota
and systemic energy regulation by GPR43 in adipose tissue using
Gpr43-mutantand germ-free mice (19). In a series of in vitro
and in vivo studies, we found that Gpr43 deficiency induced
obesity in mice, while mice that overexpress Gpr43 only in adi-
pose tissues were lean under normal conditions; both of these
mouse strains did not exhibit either phenotype under germ-free
conditions or after antibiotic treatment. Furthermore, SCFA-
mediated GPR43 activation suppressed adipose insulin signal-
ing, leading to inhibition of fat accumulation in the adipose
tissue, and unincorporated lipids and glucose were primarily uti-
lized in muscles. That is, the expression of energy expenditure-,
glycolysis-, and beta-oxidation-related genes increased, while the
expression of gluconeogenesis-related genes decreased in the
muscles of aP2-Gpr43 TG mice. However, the mechanism by
which GPR43 mediated the suppression of insulin signaling in
adipocytes is not mediated by cAMP inhibition, but instead
involves the beta and gamma subunits of the Gi/o protein, not
Gq protein. Thus, GPR43 acts as a sensor for excessive dietary
energy, thereby controlling body energy utilization while main-
taining metabolic homeostasis. The GPR43-insulin pathway in
adipose tissue may function as an important physiological mech-
anism through which these metabolic fuels regulate body energy
balance. Hence, these previous reports in adipose tissues indi-
cate that GPR43 has potential therapeutic relevance for the
treatment of metabolic disorders, such as obesity and type-2
diabetes.

INTESTINAL TISSUES
In the intestines, GPR43 may be involved in regulating appetite
and insulin signaling. Indeed, Gpr43 mRNA has been shown to
be expressed in rat and human ileum and colon, especially in

FIGURE 1 | Under “fed” conditions, SCFAs are produced in the gut by
bacterial fermentation of dietary fiber. SCFAs alter the metabolic rate by
stimulating GPR43 in adipocytes and promote gut hormone secretion and
motility by stimulating GPR43 in the intestine, thereby increasing energy
expenditure and improving glucose tolerance to increase energy utilization.

enteroendocrine cells (23, 24). Like adipose tissue, the intestine
is also critical for energy homeostasis, as supported by its asso-
ciation with secretion of appetite gut hormones and nutrients
absorption (25, 26). Using immunohistochemistry analysis with
GPR43 antibodies in rats, Karaki et al. reported that GPR43 is
expressed in peptide YY (PYY)-containing enteroendocrine L-cells
of the gastrointestinal tract (23). Enteroendocrine L-cells are also
one of the major cell types that express the proglucagon genes
GLP-1 and GLP-2. GLP-1 and GLP-2 proteins are co-stored and co-
secreted with PYY from enteroendocrine L-cells (27), and SCFAs
are co-secreted with GLP-1 from mixed colonic cultures via GPR43
in vitro and in vivo (28). Quantitative RT-PCR (qRT-PCR) showed
that Gpr43 and Gpr41 were abundantly expressed in GLP-1-
secreting L-cells. Moreover, SCFAs raised cytosolic Ca2+ through
Gq signaling pathways in L-cells in primary culture. Gpr43- or
Gpr41-knockout mice exhibited reduced SCFA-mediated GLP-1
secretion both in vitro and in vivo and have impaired glucose
tolerance. Additionally, Gpr43-knockout mice exhibited reduc-
tion of insulin secretion in accompaniment with the reduction
of in vivo glucose-stimulated GLP-1 secretion (28). However, to
determine the effects of SCFAs on the secretion of gut hormones,
the expression and function of GPR41, and GPR43 in subtypes of
enteroendocrine cells, such as L-cells and K-cells, must be charac-
terized in detail using Gpr41- and Gpr43-double-knockout mice.
Thus, pharmacological manipulation of appetite using a GPR43
agonist may be useful for treatment of obesity. Moreover, these
types of studies may provide essential information concerning
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the role of GLP-1 in insulin secretion in patients with type-2
diabetes. The anorexigenic neural circuits are subsequently acti-
vated via PYY and GLP-1, reducing food intake and increasing
energy expenditure. Hence, regulation of PYY and GLP-1 secre-
tion via GPR43 maintains energy homeostasis and may be a valid
approach for treating metabolic disorders.

CONCLUSION
GPR43 regulates metabolic rate when activated by SCFAs that are
produced by gut microbiota in a variety of host tissues (Figure 1).
Future studies are expected to reveal the presence of a central
mechanism that mediates the effects of diet and probiotics on
human homeostasis. Additionally, GPR43 may represent a promis-
ing therapeutic target for the treatment of metabolic syndromes,
such as obesity and diabetes.
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Imbalances in energy regulation lead to metabolic disorders such as obesity and diabetes.
Diet plays an essential role in the maintenance of body energy homeostasis by acting not
only as energy source but also as a signaling modality. Excess energy increases energy
expenditure, leading to a consumption of it. In addition to glucose, mammals utilize short-
chain fatty acids (SCFAs), which are produced by colonic bacterial fermentation of dietary
fiber, as a metabolic fuel. The roles of SCFAs in energy regulation have remained unclear,
although the roles of glucose are well-studied. Recently, a G-protein-coupled receptor deor-
phanizing strategy successfully identified GPR41 (also called free fatty acid receptor 3
or FFAR3) as a receptor for SCFAs. GPR41 is expressed in adipose tissue, gut, and the
peripheral nervous system, and it is involved in SCFA-dependent energy regulation. In this
mini-review, we focus on the role of GPR41 in host energy regulation.

Keywords: GPR41, FFAR3, energy regulation, short-chain fatty acid, gut microbiota

INTRODUCTION
Dysfunctional energy regulation leads to a variety of metabolic dis-
orders, including obesity (1, 2). Mammals utilize not only glucose
as the main energy source, but also short-chain fatty acids (SCFAs),
such as acetate, propionate, and butyrate, which are produced by
colonic bacterial fermentation of dietary fiber, in a significant pro-
portion of their daily energy requirement (3, 4). The connections
between gut microbiota, energy homeostasis, and the pathogene-
sis of metabolic disorders are now well-established (5, 6). In 2003,
several groups reported that two orphan G-protein-coupled recep-
tors (GPCR), namely GPR41 (also called free fatty acid receptor
3 or FFAR3) and GPR43 (also called free fatty acid receptor 2 or
FFAR2), are activated by SCFAs (7, 8). GPR41 is reported to couple
with Gi/o protein. It is also reported that GPR41 is expressed in adi-
pose tissue, the gut, and the peripheral nervous system. Moreover,
GPR41 is reported to be involved in energy regulation in response
to SCFAs produced from the gut microbiota. In the following
sections, we discuss the role of GPR41 in host energy regulation.

ADIPOSE TISSUE
In adipose tissue, the role of GPR41 in the release of leptin, a
polypeptide hormone with pleiotropic effects on appetite and
energy metabolism, is the subject of much discussion. Gpr41
mRNA is known to be expressed in human (7–9) and mouse (10)
adipose tissue. Xiong et al. showed that propionate-stimulated
activation of GPR41 increases the release of leptin (10). In mice,
oral administration of propionate increased plasma leptin levels
(10). Furthermore, in experiments using Ob-Luc cells, leptin

secretion was increased through overexpression of exogenous
Gpr41 and was decreased by siRNA-mediated knockdown of
Gpr41 (10). Another group showed that propionate-dependent
increase in Leptin mRNA and protein levels could be inhibited by
pretreatment with the Gi/o protein inhibitor, pertussis toxin (9).

However, Hong et al. (11) were unable to detect Gpr41 mRNA
in differentiated 3T3-L1 cells or in mouse white adipose tissue
(subcutaneous, perirenal, mesenteric, and epididymal fat pads)
(11), even though they used the same PCR primers as Xiong
et al. (10). We also previously reported that Gpr41 expression
could not be detected in mouse adipose tissue by quantitative RT-
PCR or in situ hybridization analysis (12, 13). In contrast, Gpr43
mRNA, rather than Gpr41 mRNA, is expressed in mouse adipose
tissues (11, 13, 14). Zaibi et al. showed that acetate, rather than
butyrate, stimulates leptin secretion by mesenteric adipocytes in
wild-type mice (14). GPR41 is activated equally by propionate
and butyrate, whereas GPR43 is preferentially activated by propi-
onate rather than butyrate (7). Because of the difference in ligand
preference between GPR41 and GPR43, it was suggested that
SCFA-stimulated leptin secretion is mediated by GPR43, rather
than GPR41 (14). To clarify these discrepancies, the generation
of adipose tissue-specific Gpr41 or Gpr43 knockout mice will be
invaluable.

GUT
In the gut, GPR41 regulates host energy balance by modulating
gut motility. By using in situ hybridization analysis, Samuel et al.
showed that mouse Gpr41 mRNA is expressed in cells with the
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morphologic appearance of enteroendocrine cells (15). The body
weight and fat pad weight of Gpr41 knockout mice are signifi-
cantly reduced compared to wild-type mice, and this difference
is abolished in germ-free conditions (15). These results indicate
that the function of GPR41 depends on the SCFA produced by
the fermentation of microbiota. Tazoe and colleagues also found
the human Gpr41 is expressed in peptide YY (PYY)-containing
enteroendocrine cells (16). Recently, several groups have con-
firmed Gpr41 mRNA expression in mouse intestinal L cells, which
secrete incretin hormones such as GLP-1 and PYY (17, 18). Samuel
and colleagues (15) showed that co-colonization of human gut-
derived microbiota in germ-free mice led to significantly increased
circulating levels of PYY, which suppresses gut motility. Further-
more, this increase was significantly suppressed in their Gpr41
knockout littermates, although Gpr41 deletion did not affect the
amount of chow consumption. Intestinal transit rate was signif-
icantly faster in Gpr41 knockout mice compared with wild-type
littermates; this phenotype was abolished in germ-free conditions.
Moreover, the SCFA content in feces of Gpr41 knockout mice was
significantly higher than in wild-type mice. These results led the
authors suggest that the decreased PYY level in Gpr41 knock-
out mice increases gut motility, which leads to reduced SCFA
absorption and consequently a lean phenotype (15).

In contrast, Bellahcene et al. reported a male-specific increase
in body fat mass of Gpr41 knockout mice when compared to their
wild-type littermates; this was observed when mice were fed with
either a low- or high-fat diet (19). Deletion of Gpr41 had no effect
on the amount of food intake by either sex, regardless of the type
of diet. This included mice of the same age (10 weeks) as those
used in the report by Samuel and colleagues (15). The differences
in sex hormones could explain why the energy expenditure of
female Gpr41 knockout mice is similar to that of wild-type mice.
Nevertheless, it is also possible that reduced SCFA absorption due
to increased gut motility is responsible for the alleviation of obe-
sity in Gpr41 knockout mice (19). Alternatively, reduced energy
expenditure in Gpr41 knockout mice might be caused by reduced
sympathetic activity (see Peripheral Nervous System below).

The altered body weight of Gpr41 knockout mice may be
due to differences in genetic backgrounds, or due to the precise
constitution of gut microbiota in each animal cohort.

Tolhurst et al. suggested that SCFAs could directly enhance the
release of incretin hormones such as GLP-1 and PYY from L cells in
gut. In Gpr41 knockout mice, glucose-stimulated GLP-1 secretion
was lower than wild-type mice (17); this was confirmed by Nøhr
et al. using the GPR41-selective agonist, AR420626 (18). Consis-
tent with these findings, oral glucose tolerance was impaired in
Gpr41 knockout mice (17).

PERIPHERAL NERVOUS SYSTEM
GPR41 regulates host energy balance by modulating sympathetic
activity and intestinal gluconeogenesis. By using in situ hybridiza-
tion and quantitative RT-PCR analysis, we have reported that
Gpr41 mRNA is abundantly expressed in the mouse sympathetic
ganglion (12). Gpr41 knockout mice exhibit a retardation of sym-
pathetic nerve growth. However, further studies will be required
to elucidate the precise molecular mechanism by which GPR41
modulates sympathetic nerve differentiation and growth.

FIGURE 1 | Effects of SCFAs in energy utilization mediated by GPR41.
Under “fed” conditions, SCFAs are produced in the gut by bacterial
fermentation of dietary fiber. SCFAs increase energy utilization by two
mechanisms. One is to activate the sympathetic nervous system by
stimulating GPR41 in sympathetic ganglia, leading to an increase in energy
expenditure. The other is to activate inducing intestinal gluconeogenesis by
stimulating GPR41 in the nerve fibers of the portal vein, leading to an
improvement of glucose tolerance. In contrast, the β-HB produced in the
liver under “fasting” conditions suppresses the activation of GPR41.

In adult wild-type mice, energy expenditure and heart rate are
increased by propionate administration; these effects are abolished
in Gpr41 knockout mice (12). The effect of propionate on the heart
rate is inhibited by pretreatment with the β-adrenergic recep-
tor blocker propranolol, but not by the nicotinic acetylcholine
receptor blocker hexamethonium. These results indicate that pro-
pionate activates the sympathetic nervous system (SNS) via GPR41
at the ganglionic level (12). The function of GPR41 in sympa-
thetic ganglia is consistent with the lower energy expenditure and
obese phenotype of Gpr41 knockout mice reported by Bellahcene
et al. (19). Furthermore, our laboratory showed that propionate
increased the release of norepinephrine from sympathetic neurons
through the GPR41–Gβγ–phospholipase C (PLC) β 3-ERK1/ 2-
synapsin 2 (synaptic vesicle-associated phosphoprotein) pathway
(12, 20). In addition, we found that β-hydroxybutyrate (β-HB) has
a potent antagonistic effect on GPR41 (12). β-HB is a ketone body
that can be produced in the liver under ketogenic conditions such
as starvation, low-carbohydrate dietary intake, and diabetes. β-HB
suppressed propionate-induced sympathetic activation in both
primary cultured sympathetic neurons and mice (12, 20). How-
ever, acetoacetate, another major ketone body, had no significant
effect (12).

Recently, another group demonstrated that SCFA-mediated
GPR41 activation improves glucose tolerance by inducing intesti-
nal gluconeogenesis via a gut–brain neural circuit (21). They found
Gpr41 mRNA in the nerve fibers of the portal vein (21). The
SCFA-fed rats exhibited improved glucose tolerance compared
with standard-diet-fed rats. This effect of SCFA was abolished
by portal denervation with capsaicin. Propionate infusion in the
portal vein activated jejunum G6Pase, the rate-limiting enzyme
for gluconeogenesis. On the other hand, β-HB, an antagonist of
GPR41, slightly decreased G6Pase activity when infused alone and
reversed propionate-mediated induction of G6Pase (21).
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These findings suggest that GPR41 functions as an energy
sensor in the peripheral nervous system to maintain energy
homeostasis (Figure 1).

CONCLUDING REMARKS
It is clear that GPR41 plays a critical role in host energy regulation,
although not all of the intracellular signaling cascades that are
required for GPR41 function have been elucidated. We envisage
that future studies of the interaction between gut microbiota and
GPR41, with a particular focus on SCFAs, will provide a more com-
plete picture of GPR41 biological function. Given the beneficial
effects that SCFA-dependent GPR41 activation on regulation of
metabolism, we suggest that modulating GPR41 by using synthetic
ligands will be a promising therapeutic strategy for the treatment
of metabolic disorders.
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The gastrointestinal (GI) tract is separated from the body’s internal environment by a single
layer of epithelial cells, through which nutrients must pass for their absorption into the
bloodstream. Besides food and drink, the GI lumen is also exposed to bioactive chemicals
and bacterial products including short-chain fatty acids (SCFAs).Therefore, the GI tract has
to monitor the composition of its contents continuously to discriminate between neces-
sary and unnecessary compounds. Recent molecular identification of epithelial membrane
receptor proteins has revealed the sensory roles of intestinal epithelial cells in the gut
chemosensory system. Malfunctioning of these receptors may be responsible for a variety
of metabolic dysfunctions associated with obesity and related disorders. Recent studies
suggest that SCFAs produced by microbiota fermentation act as signaling molecules and
influence the host’s metabolism; uncovering the sensory mechanisms of such bacterial
metabolites would help us understand the interactions between the host and microbiota
in host energy homeostasis. In this review, the contribution of colonic SCFA receptors in
energy metabolism and our recent findings concerning the possible link between SCFA
receptors and host energy homeostasis are discussed.

Keywords: luminal chemosensing, short-chain fatty acid, FFA2, FFA3, energy metabolism, gut microbiota

INTRODUCTION
Part of the gastrointestinal (GI) tract, the intestinal lumen is one-
way tube where food materials from the external environment are
progressively converted into molecular products. Approximately
100 trillion bacteria, which are termed the gut microbiota, are
present in the intestinal lumen, especially in the colon. A single
layer of epithelial cells separates this diverse bacterial community
from the internal environment. Thus, host–microbiota interac-
tions occur at the mucosal surface of the intestine. The genome of
the gut microbiota contains an estimated 150 times as many genes
as in the host genome, and continuously produces large amount
of various chemicals, including short-chain fatty acids (SCFAs),
which can be beneficial or harmful to the host (1). The intestinal
lumen is therefore continuously exposed to a multitude of dietary
antigens, microorganisms, and bacterial products.

It has become clear that the GI tract responds to a large array of
signals in the lumen including nutrient and non-nutrient chemi-
cals. As mentioned above, these responses occur at the level of the
mucosa, which contains the epithelial cells. The recent molecular
identification of membrane receptor proteins has revealed sensory
roles for these epithelial cells in the gut chemosensory system. The
failure of functional interactions within the gut chemosensory
system between the host and microbiota may cause a spectrum of
diseases beyond local GI disorders, such as obesity, diabetes, meta-
bolic syndrome, and various neurological diseases (2). Despite the
significant role of the gut microbiota in host health, the elucida-
tion of the molecular mechanistic pathways involved has not been
moving forward as expected.

SCFA RECEPTORS, FFA2 AND FFA3 IN THE COLON
Generally, the main functions of the colon are absorption of water
and electrolytes and storage of fecal matter before expulsion.
Most studies of the chemosensory system in the GI tract con-
cern the small intestine in relation to nutrient absorption, incretin
release, short-term energy control, appetite, satiety, and postpran-
dial glycemic control (3). As a result, for many years chemical
sensing in the colon has been considered less important compared
with that in the small intestine. However, recent studies suggest
that products of microbial metabolisms in the gut act as signaling
molecules and influence host energy homeostasis (4).

The gut epithelium is composed of different cell types. In
the colon, epithelial cells form a sheet consisting of absorptive
epithelial, goblet, enteroendocrine, M, and brush (tuft, caveo-
lae) cells (5) (Figure 1). Lamina propria cells and nerve fibers
lie close to the epithelial cells but do not directly contact the
lumen, and these act together with the cell sheet to monitor lumi-
nal contents. Among the epithelial cells, enteroendocrine cells
have been proposed to possess intestinal chemosensory func-
tion because of their open-type morphology with an apical brush
border surface that extends into the gut lumen that comes in con-
tact with chemical compounds (5). Individual enteroendocrine
cells are scattered throughout the mucosa, representing ~1%
of all epithelial cells in the intestine and comprise a solitary
chemosensory system (6). Enteroendocrine cells are subdivided
into more than 15–20 different cell types based on their major
secretory products and their location along the GI tract (5). A
recent study has also reported that certain enteroendocrine cells
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FIGURE 1 | Proposed model for roles of FFA2/FFA3 that might contribute
to host energy homeostasis. In non-ruminant mammals, short-chain fatty
acid (SCFA) is produced by microbiota in the distal small intestine and colon
from low-digestible carbohydrates, including resistant starch and soluble
oligo- and polysaccharides. These SCFAs are able to bind and activate FFA2

and/or FFA3 located on intestinal epithelia. This activation induces GLP-1 and
PYY release into the basolateral side. Released GLP-1 and PYY activate
enteric or primary afferent neurons in pelvic and vagal nerves in addition to
humoral pathways. These information travel to the CNS, then affect the host
metabolic rate to regulate energy homeostasis.

present in the GI tract express a variety of chemical receptors and
gustatory signaling elements such as α-gustducin, α-transducin,
and TRPM5 (7).

In 2003, FFA2 (GPR43) and FFA3 (GPR41) were deorpha-
nized as SCFA receptors (8–10). These two receptors share ~40%
amino acid sequence similarity and are conserved across several
mammalian species. They differ in affinity for SCFAs, tissue dis-
tribution, and physiological roles. FFA2 has a similar affinity for
acetate, propionate, and butyrate, while FFA3 has a more potent
affinity for propionate than butyrate and does not have a high
affinity for acetate. Thus, acetate preferentially activates FFA2, pro-
pionate mainly activates FFA3, and butyrate equally activates both
FFA2 and FFA3. FFA2 and FFA3 also have distinct G proteins cou-
pled in their intracellular signaling cascades; FFA2 couples both
pertussis toxin-sensitive (Gi/o) and toxin-insensitive (Gq) G pro-
teins, whereas FFA3 couples only to Gi/o protein. We hypothesized
that FFA2 and FFA3 function as molecular interfaces between the
gut microbiota and host colon. Indeed, SCFAs produced by bac-
terial fermentation in the colon affects local colonic functions;
luminal application of propionate and butyrate induces Cl− secre-
tion and muscle contraction in rat distal colons (11, 12). These
local effects are not induced by serosal application of SCFAs. Based
on these observations, SCFAs are likely to be detected by epithe-
lial cells through specific receptors. We made different antisera for
FFA2 and FFA3 using synthesized peptides to test this working
hypothesis (13).

Using RT-PCR and western blotting analysis, mRNA and pro-
tein for FFA2 were found in the distal ileum and colon in extracts
from separated rat mucosa as well as in human colon extracts
(13, 14). However, FFA2 mRNA was not detected in submucosal
or muscle layers in either species. FFA3 protein and mRNA were

detected in human colonic mucosa at higher expression levels than
in the submucosal or muscle layer (15). These results suggest the
existence of FFA2 and FFA3 in colonic mucosa.

Immunohistochemistry was used to identify the cellular dis-
tribution of FFA2 and FFA3 in the colon. FFA2-immunoreactive
epithelial cells were found in rat, guinea pig, and human colonic
epithelia, with particularly strong expression in PYY and GLP-
1-producing enteroendocrine L-cells but not 5-HT containing
enterochromaffin (EC) cells (13–16). Immunoreactivity for FFA2
in laboratory animals showed a similar pattern to that of the
human colon. FFA2-immunoreactive L-cells in the colon were
open-type with bodies extending to the luminal surface. FFA3
was also detected in human colonic open-type L-cells, but it is
unclear whether these two receptors are located in the same cells.
These morphological characteristics indicate that PYY- and GLP-
1-producing L-cells that express FFA2 and FFA3 are chemosensory
cells. Activation of these receptors by luminal SCFAs may trig-
ger PYY and/or GLP-1 release. Morphologically, it is still unclear
whether FFA2 or FFA3 confined to the apical or basolateral mem-
brane, although our physiological studies indicate that these recep-
tors are located on apical side (11, 12, 16). Further study is needed
to clarify the precise distribution pattern of FFA2 and FFA3 in
order to understand the physiological function of these receptors.

DIRECT EVIDENCE OF GLP-1 RELEASE FROM SCFAs
RECEPTOR EXPRESSING L-CELLS IN VITRO
The morphological data suggest that gut microbiota-derived
SCFAs in the colonic lumen function as stimuli for GLP-1 and PYY
release. SCFAs are known to trigger the release of gut hormones,
but results have been inconsistent due to differences in the systems
used. Enteroendocrine cell culture systems, such as murine STC-1
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(17), GLUTag (18), and human NCI-H716 cell lines (19) are often
used to study the effects of nutrients on the release gut hormones
in vitro. The results from single cell cultures, however, are diffi-
cult to extrapolate to understand receptor physiological function
because intestinal tissue contains different epithelial cell types as
well as the enteric nervous system and mucosal immune system,
which influence the secretion of gut hormones. In addition, even
in vivo experiments have inconsistent results; intravenous acetate
infusion in innervated and denervated loops in conscious pig did
not change the concentration of GLP-1 but did for PYY (20). On
the other hand, intravenous and rectal infusion of acetate raises
plasma PYY and GLP-1 in hyperinsulinemic human females (21).
There are a few possible reasons for such differences: (1) many
results of in vivo experiments are obtained from an infusion sys-
tem. This system cannot identify a precise stimulation or secretion
site, which is a disadvantage for elucidating the function of chem-
ical receptors in gut hormone secretion. (2) Most cultured cells in
in vitro cell culture system experiments cannot maintain cell polar-
ity. (3) Many studies cannot directly differentiate whether specific
gut hormone-containing enteroendocrine cells are activated to
secrete hormones through direct or indirect chemical sensing, par-
ticularly if non-enteroendocrine cells also express chemosensory
receptors. Indeed, our morphological data suggest that enterocytes
also express FFA2 and FFA3.

We used the Ussing chamber system to investigate whether
SCFA stimulation induces GLP-1 secretion and to define pre-
cise stimulation and secretion sites of FFAs. This preparation
maintains the polarity of epithelial cells and contains other cel-
lular elements like intact intestine. In addition, an advantage of
this system is that it allows simultaneous measurement of phys-
iological phenomena and hormone release. In muscle-stripped
mucosa–submucosal preparations, luminal application of 5 mM
propionate induced GLP-1 release into the basolateral side of the
rat distal colon (22). Simultaneously, 5 mM propionate induced
an increase in short-circuit current, which is a parameter of ion
transport in epithelial cells (22). These results show that SCFAs
promote GLP-1 secretion through FFAs. It is still unclear, which
type of receptor is involved in GLP-1 secretion, since both FFA2
and FFA3 are expressed in enteroendocrine L-cells containing PYY
and GLP-1 (13–15). From physiological studies, FFA3 might be
involved in this secretion process because acetate, which is the
preferable ligand of FFA2, had no effect on local physiological
responses including ion transport in the rat distal colon (22).
This is further supported by observations of mice lacking FFA2
or FFA3 that had reduced SCFA-triggered GLP-1 secretion in vitro
and in vivo conditions (23). Unfortunately, the molecular pathways
underlying the beneficial effects of SCFAs are still largely unknown.
Thus, further study is needed to identify molecular pathways of
FFA-stimulated GLP-1 secretion.

DIETARY FIBER SUPPLEMENTATION AFFECTS COLONIC
ENTEROENDOCRINE CELL POPULATIONS AND FFA
EXPRESSION IN THE COLON
Besides the direct effects of SCFAs on gut hormone release, some
studies have shown a relationship between dietary fiber intake – the
substrate for SCFA production by microbiota – and GI hormone
release. Indeed, non-digestible and fermentable dietary fibers, as

well as SCFAs themselves, have been shown to induce GLP-1
secretion in humans (24) and rodents (25), although the under-
lying mechanisms are poorly understood. On the other hand,
acute dietary fiber intake does not increase endogenous GLP-1
concentration in human subjects (26). To help elucidate these
mechanisms, long-term ingestion of fructooligosaccharide (FOS)
and its effects on density or expression patterns of FFA2, GLP-1,
and 5-HT in the colon were tested using rats. Dietary supple-
mentation with FOS for 4 weeks increased the number of L-cells
expressing GLP-1 approximately twofold in the rat proximal colon,
but did not affect fecal content or the density of EC cells producing
5-HT (27). These results suggest that luminal SCFAs selectively
induce the proliferation of GLP-1-producing cells. This is sup-
ported by the observation that long-term ingestion of fermentable
dietary fibers increases luminal concentration of SCFAs (28). FFA2
responding to supplementation with 5% FOS approximately dou-
bled in the proximal colon. This suggests that FFA2 plays a key
role in GLP-1 production and secretion in addition to FFA3. The
microflora environment in the gut must have time to adapt to a
new food source before the full effects of fermentation can take
effect; production of SCFAs usually requires a few days in animals
and humans. As a result, FOS has to be consumed during a long-
enough period to allow fermentation to occur and stimulate GLP-1
and PYY production. Therefore, continuous intake of fermentable
fiber in the diet is considered important for the expression of GLP-
1- and PYY-secreting L-cells in long-term energy homeostasis. As
colonic luminal SCFA concentrations are unlikely to be reduced
markedly in response to acute food ingestion, it is possible that
SCFAs produced by colonic bacterial fermentation provide chronic
stimulation to L-cells via FFA2 and FFA3 under physiological
condition.

The CNS plays an important role in the maintenance of body
weight and energy balance within a narrow range by regulat-
ing energy intake and expenditure. A reduction in body weight
requires long-term negative energy balance by reducing appetite
and food intake or by increasing energy expenditure, or both. GLP-
1 and PYY are postulated to be hormonal signals from the gut to the
brain to inhibit food intake and appetite control because reduced
food intake in part reflects increases in hormone release in con-
junction with decreased secretion of ghrelin, which increases food
intake through effects on hypothalamic, brainstem, and reward-
related circuitry (3). Released GLP-1 is rapidly degraded by DPP-4,
which results in a diminished concentration of GLP-1 in the
hepatoportal vein (~50%), and an even small amount entering
systemic circulation (<10%) (29). Thus, only a small amount of
GLP-1 has the chance to reach the CNS. A radiolabeled GLP-1 ana-
log has been shown to cross the blood–brain barrier by simple dif-
fusion in mice, and gut-derived GLP-1 may enter the brain through
the area postrema lacking blood–brain barrier (30). Therefore, an
alternative model of GLP-1 release from colonic L-cells should
be considered. For example, it is possible that continuous release
of GLP-1 affects CNS activity to modulate energy homeostasis
including appetite and satiety. Alternatively, FFA2/FFA3-activated
GLP-1 release from colonic L-cells may activate local gut signaling
events to activate the CNS through the pelvic nerve to modu-
late long-term regulation of appetite and satiety. However, further
physiological studies are needed to prove these hypotheses.

Frontiers in Endocrinology | Diabetes September 2014 | Volume 5 | Article 144 | 14

http://www.frontiersin.org/Diabetes
http://www.frontiersin.org/Diabetes/archive


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Kuwahara Short-chain fatty acid receptors

GLP-1 is generally believed to be expressed mainly in a lim-
ited population of enteroendocrine cells in the ileum and the
colon (31). However, recent study suggests that enteroendocrine
cells have a much broader potential for expression than is gen-
erally believed (32). Furthermore, Li et al. (33) have shown that
there are many more L-cells expressing α-gustducin and GLP-1
in the colon than in the small intestine, and that cells express-
ing α-gustducin increase in distribution from nearly 0% in the
small intestine to ~29% in the colon (33), leading the authors to
postulate that colonic L-cells might histologically and functionally
differ from L-cells in the small intestine. These results suggest that
FFA2/FFA3-stimulated GLP-1 secretion from colonic L-cells has a
different physiological function than in the small intestine. GLP-1
release is suppressed in obese subjects, so the tonic stimulation of
GLP-1 secretion induced by FFAs may chronically affect systemic
energy homeostasis (34). Indeed, continuous GLP-1 receptor ago-
nist injection for 14 days has been shown to reduce body weight
(35). Therefore, the mode of action of GLP-1/PYY release in the
colon stimulated by FFA2 and FFA3 is considered different from
the mode of action in the small intestine. Stimulation and release
in the colon might be involved in long-term regulation of energy
homeostasis, while in the small intestine regulation occurs in the
short-term with appetite or feeding control.

CONCLUSION
Since obesity and metabolic disorders are associated with changes
in gut microbiota, the integral role of the gut microbiota in the reg-
ulation of host energy homeostasis is an important issue. SCFAs
are primary metabolites of gut bacteria and are present in the
colon at high concentrations. The SCFA receptors, FFA2 and
FFA3 are located in rodent and human colonic L-cells contain-
ing GLP-1 and PYY, whose release are involved in the regulation
of host energy homeostasis. Furthermore, luminal application of
SCFA induces GLP-1 secretion and long-term ingestion of FOS
influences the density of FFA2-expressing L-cells. Therefore, it
seems likely that the colonic epithelia communicate with the gut
microbiota through products and receptors to maintain long-term
host–bacterial interactions. The studies that aimed at elucidat-
ing physiological phenomena and underlying mechanisms in the
colon discussed in this review are important contributions in the
race to develop new therapeutic strategies for obesity and its related
disorders in future.
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The gut microbiota has recently emerged
as an important, and previously unappre-
ciated, player in host physiology (1). In
particular, the gut microbiota contributes
to a variety of physiological and patho-
physiological processes in the host includ-
ing immune disorders (2–4), atheroscle-
rosis (5), irritable bowel syndrome (6, 7),
blood pressure regulation (8), and chronic
kidney disease (9, 10). Bacteria residing in
the human gut are an important compo-
nent of human physiology: the total wet
weight of gut microbes in the human has
been estimated to be 175 g–1.5 kg (11, 12),
and the cells of the microbiota outnum-
ber human cells by 10:1 (1). These bacteria
interact with the immune system of the
host (13), and secrete a variety of metabo-
lites, which enter host circulation and can
affect a variety of physiological parame-
ters (8, 14), reviewed in Ref. (15). In fact,
metabolites produced by the gut micro-
biota have been found to play key roles
in renal disease (16), blood pressure reg-
ulation (8), and immune disorders (2–4).
Therefore, just as we consider the genetic
background of an animal or an individual
to be an important contributing factor to
their physiology, so too must we consider
the genetic background of the microbiota
associated with that animal.

Gut microbiota vary greatly amongst
laboratory animals, and these differences
result in notable differences in experimen-
tal results. Mice of the same strain from
different vendors have different microbiota
profiles (17), and similarly, the same mice
housed at different institutions have dif-
ferent microbiota profiles (18, 19). Con-
versely, inoculating two different inbred
mouse strains with the same gut bac-
teria leads to differences in host gene
expression between the two mouse strains

(20). Clearly, there is a complex interplay
between the genetics of the microbiota and
that of the host organism, which has only
recently begun to be appreciated.

GUT MICROBIOTA AS AN
EXPERIMENTAL PARAMETER
Examples in the literature have highlighted
the important and unexpected ways in
which gut microbiota can affect a variety
of experimental parameters. In a series of
studies,Vijay-Kumar et al. (13,21) reported
that although TLR5 null animals initially
had a colitis phenotype, when these mice
were “rederived” and their gut microbiota
altered, the colitis phenotype was greatly
attenuated, and instead the null animals
exhibited metabolic syndrome. In addition,
Lathrop et al. put forward a model by which
T-cells are educated not only by self/non-
self mechanisms, but also by microbiota-
derived “non-self” antigens (22). Accord-
ingly, they found that the presence or
absence of microbiota determined whether
T cells would induce colitis in mice. Finally,
Yang et al. reported that when the same
knockout mice were housed at two differ-
ent institutions, they had markedly differ-
ent microbiota profiles – and the mice at
one institution (MIT) were quite suscep-
tible to colitis, whereas mice at the other
institution (MHH) failed to develop any
significant pathology under the same con-
ditions (19). Unequivocally, altering gut
microbiota – even by housing animals at
different institutions – can have dramatic
effects on the phenotype observed.

GUT MICROBIOTA AND OBESITY AND
DIABETES
It is important to note that not only can
microbiota affect host physiology, but the
gut microbiota are not necessarily stable

over time. Rather, gut microbiota can
change or shift as a result of experimental
manipulation (in animals) or changes in
lifestyle or nutrition (in humans). It is now
appreciated that there are “shifts” in micro-
biota that occur in obesity in mice, rats,
and humans (23–26). In one study, Turn-
baugh et al. (25) examined human female
twin pairs concordant for leanness or obe-
sity, and found that obesity was associated
with phylum-level changes in microbiota.
In this study, both monozygotic and dizy-
gotic female twin pairs (and their mothers,
where available) were analyzed. Analysis of
fecal samples revealed that obese individ-
uals have reduced gut microbiota diver-
sity, and tended to have less Bacteroidetes
and more Actinobacteria. The authors sug-
gest that conditions of “abnormal energy
input” (i.e., obesity) may favor the growth
of a reduced diversity community. In sup-
port of these findings, a separate study
reported that ob/ob mice had a reduc-
tion in Bacteroidetes (27) as compared to
ob/+ or wild-type siblings. Furthermore,
in 12 obese humans who lost weight over
1 year by consuming either a fat restricted
or caloric restricted diet, there was a relative
increase in the abundance of Bacteroidetes
over time (28). Impressively, the increase
in Bacteroidetes in these individuals cor-
related with weight loss. Indeed, there is
an increasingly convincing link between
gut microbiota and obesity. These findings
highlight the importance of considering
and documenting gut microbiota compo-
sition in studies of obesity, as a change in
gut microbiota structure has a clear tie to
host pathology.

In addition, it has also been demon-
strated that type 2 diabetes in humans
is associated with changes in the gut
microbiota (not surprising, given the
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correlation between obesity and type 2
diabetes) (29–33). Specifically, it has been
reported that butyrate-producing bacteria
are reduced in type 2 diabetes (32), that
Bifidobacterium is lowered (33), and that
Firmicutes is decreased (30). Intriguingly,
it was also reported that the ratio of Bac-
teroidetes to Firmicutes (as well as the ratio
of Bacteroides–Prevotella to C. Coccoides–
E. rectale) correlated with plasma glucose
levels. Subsequently, it has been suggested
that manipulating gut microbiota may be
a therapeutic opinion for obesity and/or
type 2 diabetes (34). As reviewed in depth
by Kootte et al. (34), in addition to explor-
ing possible roles for prebiotics, probiotics,
and antibiotics as potential therapies, we
must also better understand the changes
in microbiota which appear to accompany
known treatments for obesity (i.e.,bariatric
surgery). In addition, we must continue
to explore a potential role for a variety
of microbiota metabolites in order to bet-
ter understand how and why changes in
microbiota affect the physiology of the
host.

WHAT’S A SCIENTIST TO DO?
Knowing that gut microbiota play such
an important and dynamic role in host
physiology, going forward we should take
into account (or at least, document) the
gut microbiota present in whole-animal
physiology experiments. This is especially
important in research focused on obesity
and diabetes, as these are areas in which gut
microbiota changes have been associated
with host pathology. As the study of the
gut microbiota requires a specialized and
complex set of knowledge, it may be pru-
dent for Universities, Companies, or other
Research Entities to establish core facili-
ties and/or collaborations to help facili-
tate such measurements. In addition, when
differences are found in measured phys-
iological parameters between researchers
at different institutions, gut microbiota
should be considered as one potential
explanation. Finally, as different strains of
microbiota produce different metabolites,
metabolomics may also be a useful tool
to help us understand the “end effect” of
microbiota on host function.

CONCLUSION
The gut microbiota is a complex tangle
of organisms, which easily outnumber the

number of cells in the host. When consid-
ering processes in the context of whole-
animal physiology, we must also consider
the contribution of these microorganisms
and their metabolites. The literature is rife
with examples of phenotypes which were
not easily replicated by other groups –
even when using the “same mice” – and
we should consider whether some of these
examples may be, in fact, due to the influ-
ence of gut microbiota. In the future, it
would be ideal for researchers to report
at least a basic characterization of gut
microbiota in research animals so that
any “institution-specific” effects can later
be examined. Understanding not only the
host and the microbiota, but the host–
microbiota interactions, will ultimately
give us a richer and fuller understanding
of host physiology.
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Medium- and long-chain free fatty acids (FFAs) are energy source for whole body and
biological metabolites and components. In these decades, some research groups have
reported that the biological functions of medium- to long-chain FFAs are exerted through
G-protein coupled receptor designated free fatty acid receptor (FFAR). As the medium- to
long-chain FFAs-activated FFARs, FFA1 and FFA4 are reported to be expressed widely in
whole body and regulate various physiological processes. FFA1 expressed in pancreatic
β-cells has been shown to be involved in insulin secretion. FFA4 expressed in intestine,
adipocytes, and macrophages has been shown to be involved in incretin secretion, dif-
ferentiation, and anti-inflammatory effect, respectively. These physiological functions have
been focused on the treatment of metabolic disorders. In addition, these receptors have
been also reported to be expressed in several other tissues such as intestine for FFA1,
and tongue and stomach for FFA4. The recent functional studies indicated that they also
contributed to energy homeostasis. Further, the number of synthetic compounds of FFA1
and FFA4 strongly promoted the physiological characterization of the receptors and their
own therapeutic utility. In this article, we will discuss the recent progress regarding the
therapeutic potential of these receptors and its ligands.

Keywords: FFA1, FFA4, medium- to long-chain fatty acid, energy metabolism

INTRODUCTION
Free fatty acids (FFAs) are known to act as the critical energy source
in the whole body. In addition, FFAs also act as signal molecules in
various physiological reactions (1, 2). As one of these mechanisms,
G-protein-coupled receptors (GPCRs) activated by FFAs desig-
nated as free fatty acid receptor (FFAR) family have played impor-
tant role especially in energy metabolism (3). Among FFAR family,
FFA1 (known as GPR40) and FFA4 (known as GPR120) are clas-
sified as medium- to long-chain fatty acid-activated receptors (4,
5). On the other hand, FFA2 and FFA3 are classified as short-chain
fatty acid-activated receptors (refer to each topic) (6, 7). In terms
of natural ligands for FFA1 and FFA4, medium- and long-chain
fatty acids that showed various physiological functions generally
and contained 6–12 and more than 12 carbon chains are mainly
provided by food digestion and lipolysis in adipose tissues. As
unsaturated fatty acids that include double bond are not supplied
in biosynthesis in human, we have to take in these unsaturated
fatty acid as food intake. A number of studies for FFA1 and FFA4
revealed that these two receptors have been contributed to regulate
energy metabolism and metabolic diseases such as type 2 diabetes
and obesity. In this review, we summarize the therapeutic utility
of medium- and long-chain fatty acid receptors, FFA1 and FFA4.

THERAPEUTIC POTENTIAL OF FFA1 AND FFA4
PHYSIOLOGICAL FUNCTIONS RELATED TO ENERGY
METABOLISM
Among FFARs, FFA1 and FFA4 are classified as medium- to long-
chain FFARs. The ligand property of these two receptors was

similar to each other; however, the expression profile is different
in several tissues (4, 5). The physiological functions of FFA1 and
FFA4 related to the energy metabolism regulation are as follows.

FFA1
Free fatty acid 1 expressed in pancreatic β-cell and intestine has
been considered to have therapeutic utility. FFA-induced glucose-
stimulated insulin secretion (GSIS) in β-cells via FFA1 has been
reported by Itoh et al. (4). Using FFA1 KO and TG mice, FFA1
exhibited protective effect against chronic and/or excess stimula-
tion of glucose-induced toxic effect on β-cells (8–10). In addition,
depolymerization of F-actin and the activation of protein kinase
D1 (PKD1) are contributed to the FFA1-mediated insulin secre-
tion from β-cells (11). Further, Flodgren et al. reported that not
only in β-cells but also α-cells also expressed FFA1 and con-
tributed to glucagon secretion (12). In intestine, FFA1 expression
was also confirmed in the gastric inhibitory polypeptide (GIP) and
glucagon like peptide-1 (GLP-1) incretin hormones secreting cells
such as the intestinal K and L cells (13, 14). In addition, intestinal I
cells that express cholecystokinin (CCK) also expressed FFA1 were
reported by Liou et al. (15). Therefore, FFA1 might regulate insulin
secretion not only in direct but also in indirect mechanism.

FFA4
Free fatty acid 4 expressed in intestine, adipose tissue, and taste
buds is considered as therapeutic target for metabolic disorders.
Similar to FFA1 expression in intestine, FFA4 is expressed in
intestinal L-cell that can secrete GLP-1 (5). In adipose tissue,
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FFA4 has been contributed to regulate adipose differentiation
and GLUT-4 translocation that regulates glucose incorporation
(16, 17). The effect of FFA4 on energy metabolism was showed
in GPR120 KO mice study (18). Further, FFA4 expressed in
macrophages was reported to regulate inflammatory responses
(17). On the other hand, in taste buds, FFA4 expression was
confirmed in type 1 and 2 taste bud cells (19, 20). Since the
FFA stimulation of these cells activated taste nerve response,
fat preferences might be regulated via FFA4. These findings
provided us the possibility for the therapeutic utility of FFA1
and FFA4.

SYNTHETIC LIGANDS AND ITS THERAPEUTIC UTILITY
FFA1
To regulate these physiological functions, more selective ligands
are expected to be developed for therapeutic candidates. For FFA1,
a number of selective agonists have been reported. The expected
pharmacological property of the compound is the selectivity com-
pared to other FFARs, the potency compared to natural ligands,
and efficacy not only in in vitro but also in in vivo experiments.
NCG75, GW9508, and TAK-875 have been reported as selective
and potent agonists. However, these compounds showed similar
effect on insulin secretion compared to the endogenous FFA lig-
ands in insulin-secreting cell line such as INS-1 and MIN6 cells
(21–23). Recently, TAK-875 has been reported to be failed in clin-
ical trial owing to the side effect such as liver toxicity. Therefore,
unknown signaling mechanisms might contribute to regulate the
physiological functions. To obtain the beneficial effect of FFA1,
we need to understand more precise mechanisms in cell line
levels.

FFA4
For FFA4, we identified a partial agonist among the natural com-
pounds derived from fruiting bodies of Albatrellus ovinus (24).
Further,we also identified a series of synthesized compounds based
on PPARγ-agonist thiazolidinediones. Among these compounds,
a selective agonist NCG21 showed selectivity for FFA4 compared
to FFA1 (25, 26). TUG-891 developed by Hudson et al. showed the
most potent agonistic activity that activated not only in G-protein
but also in β-arrestin-dependent pathways (27, 28). Metabolex was
developed as selective agonist for FFA4 and the pharmacological
properties were examined not only in cultured cells but also in
animal models (29).

In addition, isoindolin-1-one series and phenyl-isoxazol-3-ol
series developed by Banyu Pharmaceutical Co. Ltd. showed potent
selectivity for FFA4 compared to FFA1 with nanomolar order
potency (30, 31).

FURTHER CHALLENGE OF THE FFA1 AND FFA4 RESEARCH
FOR THERAPEUTIC APPLICATION
As described in previous section, the physiological and pharmaco-
logical functions of these two receptors have increasingly revealed.
The synthetic ligands that showed the usefulness not only for
in vitro but also for in vivo study have been also increased. However,
to proceed these findings to develop the pharmaceutical agents, we
should answer the several questions about the molecular mecha-
nisms of these receptors. The signal transduction mechanisms of

FIGURE 1 | Schematic diagram of the physiological function of
medium- to long-chain fatty acid receptors FFA1 and FFA4 related to
the metabolic regulation.

these two receptors have been reported that FFA1 coupled to Gq

protein but not the Gi/o or Gs, and FFA4 coupled to Gq family
and β-arrestin pathways (4, 5, 17, 32). However, the precise mech-
anism that connects a signal pathway and a specific physiological
function has not been well-understood yet. The dimerization of
receptors has been reported to regulate the affinity of the ligand,
signaling pathway, and related physiological functions (33). Since
FFARs including short-chain fatty acid receptors are expressed in
the same tissues such as pancreatic β-cells, intestine and immune
cells, the dimerization of these receptors might be formed in cell
surface, and the physiological functions of each receptor might
be regulated. On the other hand, the protein expression pro-
file should be examined more precisely because several studies
reported that the receptor expression is controversial. Although
the receptor expression in the tissues is evaluated by mRNA levels
in some studies, mRNA levels do not always reflect the protein
level. Various commercial antibodies for FFA1 and FFA4 are avail-
able, however, we should carefully validate these antibodies in
terms of selectivity since the antibodies for GPCR sometimes
lack its selectivity (34). Further, the specific agonist that shows
the selectivity for specific signaling pathway such as biased lig-
and could be useful not only for the pharmacological tool but
also for the therapeutic candidates. The adequate screening sys-
tem for each signal pathway and structure–activity relationships
of FFA1 and FFA4 ligand might be useful to develop these com-
pounds. Further using this information, we could discriminate the
beneficial effects of the FFA1 and FFA4 ligands from its adverse
effects.

www.frontiersin.org June 2014 | Volume 5 | Article 83 | 21

http://www.frontiersin.org
http://www.frontiersin.org/Diabetes/archive


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Hara et al. Therapeutic utility for FFA1 and FFA4 receptors

CONCLUSION
FFA1 and FFA4 regulate the energy metabolic mechanism by
acting as sensors for FFAs mainly provided by foods and lipol-
ysis. A great number of reports showed that FFA1 and FFA4 are
regulated by various physiological processes and the possibility
for the therapeutic utility for metabolic disorders (Figure 1).
However, we should reveal more precise molecular mechanisms
underling metabolic diseases regulated by these receptors. In addi-
tion, the synthetic ligands, which can show selectivity not only
among these receptors but also for the specific signals in each
receptor, are expected to be developed in the future. Therefore,
FFA1 and FFA4 may represent a promising therapeutic utility
for the treatment of metabolic syndromes, such as obesity and
diabetes.
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Free fatty acids (FFAs) are fundamental units of key nutrients. FFAs exert various biologi-
cal functions, depending on the chain length and degree of desaturation. Recent studies
have shown that several FFAs act as ligands of G-protein-coupled receptors (GPCRs), acti-
vate intracellular signaling and exert physiological functions via these GPCRs. GPR120 (also
known as free fatty acid receptor 4) is activated by unsaturated medium- to long-chain FFAs
and has a critical role in various physiological homeostasis mechanisms such as incretin
hormone secretion, food preference, anti-inflammation, and adipogenesis. Recent studies
showed that a lipid sensor GPR120 has a key role in sensing dietary fat in white adipose
tissue and regulates the whole body energy homeostasis in both humans and rodents.
Genetic study in human identified the loss-of-functional mutation of GPR120 associated
with obesity and insulin resistance. In addition, dysfunction of GPR120 has been linked as
a novel risk factor for diet-induced obesity. This review aims to provide evidence from the
recent development in physiological function of GPR120 and discusses its functional roles
in the regulation of energy homeostasis and its potential as drug targets.

Keywords: GPR120, FFAR4, FFAs, metabolic syndrome, diabetes mellitus

INTRODUCTION
Free fatty acids (FFAs) are basic components of biological struc-
tures, precursors of various mediators, and play important roles as
essential nutrients (1). During the past decade, however, a number
of studies revealed that FFAs also act as key signaling molecules to
regulate a number of physiological functions through G-protein-
coupled receptors (GPCRs) (1–4). The superfamily of GPCRs
includes at least 800 seven-transmembrane receptors that have
diverse physiological and pathological functions. GPCRs are the
most successful targets of drug (5). Of interest, FFAs act as lig-
ands of some GPCRs. FFAs can be classified depending on their
chain length as short-chain fatty acids (SCFAs), which have 1–6
carbon chain length; medium-chain fatty acids (MCFAs, 7–12 car-
bon chain length); and long-chain fatty acids (LCFAs), which have
more than 12 carbon chain length. Some of non-esterified FFAs
directly regulate important biological processes such as energy
homeostasis via their corresponding receptors (6–10). The LCFA
receptor GPR40 (also known as FFAR1), SCFA receptors GPR41
(FFAR3) and GPR43 (FFAR2) were identified in 2003 (11–18). In
2005, we successfully deorphanized and identified GPR120 [also
known as free fatty acid receptor 4 (FFAR4)] as a FFAs receptor
(FFARs), which is activated by unsaturated MCFAs and LCFAs
(19). These GPCRs are widely expressed in the body and con-
tribute to maintain systemic energy homeostasis under changing
nutritional conditions. Among these FFARs, GPR120 emerged as
an important checkpoint in regulating energy homeostasis (6, 8).
Previous studies also showed that GPR120 has been implicated in
several key processes including the release of incretin hormone,
anti-inflammation, food preference, glucose homeostasis, insulin
sensitivity, and adipogenesis (6, 8, 19–24). These factors interrelate
to regulate systemic metabolic energy and nutritional homeosta-
sis under physiological and pathophysiological conditions. Hence,

in this review, we attempt to summarize and discuss the recent
advances in research regarding the roles of GPR120.

TISSUE DISTRIBUTION OF GPR120
GPR120 is widely expressed in various tissues and cell types
including intestine, macrophages, adipose tissue, taste buds, brain,
pancreas, lung, thymus, and pituitary (2, 6, 8). Hence, GPR120
has multiple functions in homeostatic regulation of systemic
metabolism and inflammation depending on this diverse tissue
distribution. Furthermore, GPR120 is co-localized with not only
glucagon-like peptide 1 (GLP-1) in the colon and circumval-
late papillae taste bud cells (19, 25, 26), but also with ghrelin
(27) and α-gustducin in the duodenum and type II taste bud
cells, respectively (28, 29). GPR120 was also reported to be co-
expressed with other FFARs, such as GPR40 in STC-1 intesti-
nal cells (19) and GPR43 in the proximal colon in mice (29).
These characteristics of expression patterns and co-localization
might reflect the physiological functions of GPR120 as described
below.

INTESTINE
GPR120 is expressed in the intestines of humans as well as mice.
Furthermore, the enteroendocrine cell line STC-1 also expressed
GPR120 endogenously. We have previously shown that GLP-1-
expressing enteroendocrine cells in the colon were expressing
GPR120 in both rodents and human (19, 20, 25). Secretion of
GLP-1 and cholecystokinin (CCK), both known as incretin hor-
mones and involved in the regulation of feeding behaviors, energy
metabolism and bodyweight (30–32), was induced by FFAs stimu-
lation from enteroendocrine STC-1 cells (33). The administration
of FFAs into the murine colon stimulated GLP-1 secretion and
increased plasma level of insulin (19). Furthermore, we have
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found that the knockdown of GPR120 expression by siRNA
inhibited the FFAs-induced [Ca2+]i response and incretin hor-
mones secretion in STC-1 cells. These data highly suggested that
GPR120 indeed mediate and stimulate incretin hormone secre-
tion in vivo. In addition, K cells, which are found in the mucosa
of the duodenum and the jejunum of the gastrointestinal tract
and also synthesize gastric inhibitory peptide (GIP), also express
GPR120 (34). Interestingly, recent reports indicated that GPR120
was co-localized with the orexigenic peptide, ghrelin in duodenal
cells in vivo, and FFAs stimulation reduced ghrelin secretion in
the MGN31 ghrelinoma cell line (35). Furthermore, Gong et al.
revealed that addition of GW-9508, a GPR120 chemical ago-
nist, inhibited the secretion of ghrelin from ghrelin-producing
stomach ghrelinoma (SG-1) cells. They also showed that SG-1
cells highly expressed GPR120 endogenously and the inhibitory
effect of GW-9508 on ghrelin secretion was blocked by siRNA
against GPR120 in SG-1 cells. Furthermore, GW-9508 treat-
ment reduced plasma ghrelin level in vivo (36). These reports
indicate that the decrease of postprandial ghrelin is induced at
least partially by LCFAs included in foods via GPR120. Given
the effects on GLP-1, CCK, and ghrelin secretion, the stimu-
lation of GPR120 might regulate appetite and systemic energy
homeostasis.

MACROPHAGES
GPR120 was found to be expressed in monocytic RAW267.4 cells
and primary proinflammatory M1-like macrophages (6). The
activation of GPR120 by ω-3 LCFAs, such as docosahexaenoic
acid (DHA) and alpha-linolenic acid (α-LA), exerts broad of
anti-inflammatory effects in these cells, all of which were abol-
ished by siRNA against GPR120. These ω-3 LCFAs are identi-
fied as anti-inflammatory fatty acids in the tissue-specific and
systemic levels (9). Oh et al. clearly showed that ω-3 LCFAs
exert anti-inflammatory effects through GPR120. In vitro exper-
iments revealed the molecular mechanism underlying ω-3 FFAs-
mediated anti-inflammatory effects. Stimulation of GPR120 by
ω-3 LCFAs abolished lipopolysaccharide (LPS)-induced phos-
phorylation and activation of IκB kinase (IKK) and c-Jun N-
terminal kinase (JNK) in macrophages. Recruitment of β-arrestin
2 (β-arr2) and following the GPR120–β-arr2 complex internal-
ization is induced by the activation of GPR120. Tumor necrosis
factor-α (TNF-α) and toll-like receptor 4 (TLR4) widely medi-
ate proinflammatory cascades. In addition, tumor growth factor
β (TGF-β) activated kinase 1 (TAK1) interacting with TGF-β acti-
vated kinase 1 binding protein 1 (TAB1) mediate downstream
inflammatory effects via activation of NF-κB and JNK. The inter-
nalized GPR120–β-arr2 complex interacts with TAB1 and inhibits
the interaction between TAB1 and TAK1, leading to the inhi-
bition of the downstream proinflammatory pathways. Further
in vivo experiments demonstrated that administration of ω-
3 FFAs ameliorated tissue inflammation and thereby improved
systemic insulin sensitivity in wild type (WT) mice. The gene
deficiency of GPR120 abolished these effects of ω-3 FFAs (6,
9, 37). These results showed that the activation of GPR120
by ω-3 FFAs exerts potent insulin sensitizing and anti-diabetic
effects in vivo by the repression of macrophage-induced tissue
inflammation.

ADIPOSE TISSUE
GPR120 was also found to be expressing endogenously in
adipocyte and adipose tissue, but not detected in pre-adipocyte
(8, 22). Furthermore, GPR120 expression was increased accord-
ing to the lipid accumulation in the cells during induction of
adipocyte differentiation in 3T3-L1 cells (22). Knockdown and
gene deficiency of GPR120 by siRNA suppressed the expression
of adipogenic genes and lipid accumulation in 3T3-L1 cells and
mouse embryonic fibroblast, respectively (8, 22). These data indi-
cated that GPR120 might be an adipogenic receptor and might
play important roles in adipocyte differentiation and maturation.
GPR120 mRNA expression was increased in subcutaneous, epi-
didymal, and mesenteric adipose tissue of high fat diet (HFD)-fed
mice (22). Moreover, we have shown that GPR120 expression
in human adipose tissue was significantly higher in obese indi-
viduals than in lean controls (8), suggesting that the expression
of GPR120 could be enhanced by the accumulation of dietary
lipid in both rodent and human. Our previous study revealed
that GPR120-deficient mice fed HFD developed obesity, which
was accompanied with decreased differentiation and lipogenesis
in adipocyte. Furthermore, severe fatty liver, enhanced hepatic
lipogenesis, increased fasting glucose, and impaired responses to
insulin and glucose tolerance were observed in HFD-fed GPR120-
deficient mice. Gene expression analysis in adipose tissue and liver
revealed the molecular basis underlying obesity and insulin resis-
tance of GPR120-deficient mice. Our data showed that HFD-fed
GPR120-deficient mice showed a significantly decreased expres-
sion of adipogenic gene Fabp4 as well as the key lipogenic gene
Scd1. In addition, macrophage marker genes were also increased
in adipose tissue, an indication of adipose tissue inflammation. In
the liver, on the other hand, the key lipogenic gene Scd1 expres-
sion was significantly increased. Insulin signaling-related genes
were significantly decreased in both adipose tissue and the liver of
HFD-fed GPR120-deficient mice. Furthermore, phosphorylation
of IRβ and IRS1 in white adipose tissues and IRS1 and IRS2 in
the liver, all of which are regulators of insulin-stimulated glucose
uptake, were significantly decreased. In addition, Oh et al. reported
that GPR120 induced a translocation of glucose transporter 4 in
3T3-L1 adipocytes and directly increased glucose uptake (6). Tak-
ing together, these data demonstrated that GPR120 acts as a lipid
sensor in vivo and plays a critical role in sensing dietary fat to
regulate glucose and lipid metabolism.

TASTE BUDS
Recent studies strongly suggested that oral perception of dietary fat
was involved in the detection of taste, in addition to texture and
olfaction, of LCFAs (38). GPR120 was reported to be expressed
in taste bud type II cells (28). Matsumura et al. showed the co-
localization of GPR120 with phospholipase-Cβ2 and α-gustducin
in the taste buds by double immunostaining. Cartoni et al. further
showed the expression of GPR120 in circumvallate papillae (CV)
sections by immunohistochemical analysis (39). Short-access test
using a lick meter showed that gene deficiency of GPR120 abol-
ished the preference for fatty acids but not for other tastes. These
data suggest that the upregulation of GPR120 in the taste buds
could induce an excess intake of lipid, leading to obesity. Mar-
tin et al. also reported that GPR120 and GLP-1 were found to
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FIGURE 1 | Schematic diagram of the physiological function of GPR120 related to the energy homeostasis.

be co-localized in mouse taste cells from mouse CV (26). Studies
using GPR120 selective agonist and isolated mouse CV indicated
that GPR120 might be responsible for LCFAs-mediated release of
GLP-1 from CVs and might thus contribute to the high palatability
of foods rich in both fats and sugars. A recent study further showed
that human primary taste bud cells were expressing GPR120 (40).
High concentrations of linoleic acid induced [Ca2+]i signaling via
GPR120 and CD36 in human and mice primary taste bud cells.
These reports strongly suggested that GPR120 expressed in taste
buds plays an important role in sensing fat taste, contributing to
the food intake.

OTHER TISSUES
GPR120 is also expressed in other tissues and cells. Cintra et al.
performed immunostaining analysis and found that GPR120 co-
localized with neuropeptide Y centrally in the arcuate nucleus
(41). An acute injection of ω-3 and ω-9 FFAs-induced GPR120–
β-arr2 complex and β-arr2–TAB1 complex as well as inhibited the
interaction between TAB1 and TAK1, leading to the reduction of
the downstream proinflammatory pathways in the hypothalamus.
Furthermore, Wellhauser et al. analyzed the molecular mecha-
nisms to modulate hypothalamic function via GPR120 in vitro
using a hypothalamic neuronal model, rHypoE-7 cells, isolated
from the rat. They showed that the anti-inflammatory effect of
DHA was significantly reduced by siRNA against GPR120 in

rHypoE-7 cells (42). Numbers of studies showed inflammatory
response in the hypothalamus in reaction to excessive nutrients
contributes to diet-induced obesity and type 2 diabetes mellitus
(43–45). Hence, the anti-inflammatory effect mediated by GPR120
in hypothalamus might play an important role in the regulation
of systemic energy homeostasis.

Recently, Xhao et al. showed mRNA and protein expression
of GPR120 in human and rat pancreas (46). Immunohistological
analysis demonstrated that GPR120 is co-localized with CD68, the
specific marker of macrophages, and with CD34 and CD117, the
markers of interstitial cells in the pancreas. Furthermore, Stone
et al. generated Gpr120-knockout/β-galactosidase knock-in mice
and showed the distribution of GPR120 (23). Immunofluores-
cence analysis demonstrated the co-localization of GPR120 with
somatostatin, suggesting that GPR120 is selectively expressed in
islet delta cells. They also demonstrated that treatment of GPR120
selective antagonist inhibited glucose induced somatostatin secre-
tion from isolated islet. Additionally, GPR120-deficiency abolished
this effect. Hence,GPR120 expressed in pancreatic delta cells might
regulate somatostatin secretion. Further studies are required in
order to reveal the functional roles of GPR120 in pancreas.

GENETIC CONTRIBUTION TO TYPE 2 DIABETES
We previously reported two non-synonymous mutation p.R270H
and p.R67C by exon sequencing of GPR120 in obese and lean

Frontiers in Endocrinology | Diabetes July 2014 | Volume 5 | Article 111 | 26

http://www.frontiersin.org/Diabetes
http://www.frontiersin.org/Diabetes/archive


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ichimura et al. Nutritional energy regulation via GPR120

European subjects. Following in vitro experiments revealed that
the p.R270H mutant, which significantly associated with obe-
sity, lacked the ability to transduce LCFAs signal, contrary to
the p.R67C mutant, which was not associate with obesity. Taken
together these human and GPR120-deficient mice, the dysfunc-
tion of GPR120 leads to obesity in both mice and human (8).
In addition, the systems genomics approach to identify genes for
type 2 diabetes showed that GPR120 was placed in the top 16 of the
ranked list (47). Taneera et al. reported that GPR120 expression in
human islets was positively correlated with both secretion and con-
tents of insulin as well as lower HbA1c levels. These data suggested
that GPR120 might have a protective role on human islet.

CONCLUSION
GPR120 regulates the metabolic homeostasis by sensing LCFAs
provided by dietary fat in several tissues (Figure 1). Further inves-
tigations to uncover the precise physiological functions of GPR120
are mandatory for a better understanding of systemic nutrient
metabolism and energy homeostasis. The current studies suggest
that GPR120 activation might have positive outcomes on health.
Hence, GPR120 might be a promising pharmaceutical target for
the treatment of metabolic diseases.

ACKNOWLEDGMENTS
This work was supported by Grant-in-Aid for Grant-in-Aid for
Young Scientists (B) (to Atsuhiko Ichimura, 25860185) from the
Japan Society for the Promotion of Science (JSPS).

REFERENCES
1. Offermanns S. Free fatty acid (FFA) and hydroxy carboxylic acid (HCA) recep-

tors. Annu Rev Pharmacol Toxicol (2014) 54:407–34. doi:10.1146/annurev-
pharmtox-011613-135945

2. Ichimura A, Hirasawa A, Hara T, Tsujimoto G. Free fatty acid receptors act
as nutrient sensors to regulate energy homeostasis. Prostaglandins Other Lipid
Mediat (2009) 89(3–4):82–8. doi:10.1016/j.prostaglandins.2009.05.003

3. Cornall LM, Mathai ML, Hryciw DH, McAinch AJ. GPR120 agonism as a coun-
termeasure against metabolic diseases. Drug Discov Today (2013) 19(5):670–9.
doi:10.1016/j.drudis.2013.11.021

4. Hara T, Kashihara D, Ichimura A, Kimura I, Tsujimoto G, Hirasawa A. Role of
free fatty acid receptors in the regulation of energy metabolism. Biochim Biophys
Acta (2014) 1841(9):1292–300. doi:10.1016/j.bbalip.2014.06.002

5. Tang XL, Wang Y, Li DL, Luo J, Liu MY. Orphan G protein-coupled receptors
(GPCRs): biological functions and potential drug targets. Acta Pharmacol Sin
(2012) 33(3):363–71. doi:10.1038/aps.2011.210

6. Oh DY, Talukdar S, Bae EJ, Imamura T, Morinaga H, Fan W, et al. GPR120
is an omega-3 fatty acid receptor mediating potent anti-inflammatory and
insulin-sensitizing effects. Cell (2010) 142(5):687–98. doi:10.1016/j.cell.2010.
07.041

7. Kimura I, Inoue D, Maeda T, Hara T, Ichimura A, Miyauchi S, et al. Short-
chain fatty acids and ketones directly regulate sympathetic nervous system via
G protein-coupled receptor 41 (GPR41). Proc Natl Acad Sci U S A (2011)
108(19):8030–5. doi:10.1073/pnas.1016088108

8. Ichimura A, Hirasawa A, Poulain-Godefroy O, Bonnefond A, Hara T, Yengo L,
et al. Dysfunction of lipid sensor GPR120 leads to obesity in both mouse and
human. Nature (2012) 483(7389):350–4. doi:10.1038/nature10798

9. Oh DY, Olefsky JM. Omega 3 fatty acids and GPR120. Cell Metab (2012)
15(5):564–5. doi:10.1016/j.cmet.2012.04.009

10. Kimura I, Ozawa K, Inoue D, Imamura T, Kimura K, Maeda T, et al. The
gut microbiota suppresses insulin-mediated fat accumulation via the short-
chain fatty acid receptor GPR43. Nat Commun (2013) 4:1829. doi:10.1038/
ncomms2852

11. Briscoe CP, Tadayyon M, Andrews JL, Benson WG, Chambers JK, Eilert
MM, et al. The orphan G protein-coupled receptor GPR40 is activated by

medium and long chain fatty acids. J Biol Chem (2003) 278(13):11303–11.
doi:10.1074/jbc.M211495200

12. Brown AJ, Goldsworthy SM, Barnes AA, Eilert MM, Tcheang L, Daniels D,
et al. The Orphan G protein-coupled receptors GPR41 and GPR43 are acti-
vated by propionate and other short chain carboxylic acids. J Biol Chem (2003)
278(13):11312–9. doi:10.1074/jbc.M211609200

13. Itoh Y, Kawamata Y, Harada M, Kobayashi M, Fujii R, Fukusumi S, et al. Free
fatty acids regulate insulin secretion from pancreatic beta cells through GPR40.
Nature (2003) 422(6928):173–6. doi:10.1038/nature01478

14. Kotarsky K, Nilsson NE, Flodgren E, Owman C, Olde B. A human cell surface
receptor activated by free fatty acids and thiazolidinedione drugs. Biochem Bio-
phys Res Commun (2003) 301(2):406–10. doi:10.1016/S0006-291X(02)03064-4

15. Le Poul E, Loison C, Struyf S, Springael JY, Lannoy V, Decobecq ME, et al. Func-
tional characterization of human receptors for short chain fatty acids and their
role in polymorphonuclear cell activation. J Biol Chem (2003) 278(28):25481–9.
doi:10.1074/jbc.M301403200

16. Nilsson NE, Kotarsky K, Owman C, Olde B. Identification of a free fatty
acid receptor, FFA2R, expressed on leukocytes and activated by short-chain
fatty acids. Biochem Biophys Res Commun (2003) 303(4):1047–52. doi:10.1016/
S0006-291X(03)00488-1

17. Kimura I, Inoue D, Hirano K, Tsujimoto G. The SCFA receptor GPR43 and
energy metabolism. Front Endocrinol (2014) 5:85. doi:10.3389/fendo.2014.
00085

18. Inoue D, Tsujimoto G, Kimura I. Regulation of energy homeostasis by GPR41.
Front Endocrinol (2014) 5:81. doi:10.3389/fendo.2014.00081

19. Hirasawa A, Tsumaya K,Awaji T, Katsuma S,Adachi T,Yamada M, et al. Free fatty
acids regulate gut incretin glucagon-like peptide-1 secretion through GPR120.
Nat Med (2005) 11(1):90–4. doi:10.1038/nm1168

20. Tanaka T, Katsuma S, Adachi T, Koshimizu TA, Hirasawa A, Tsujimoto G.
Free fatty acids induce cholecystokinin secretion through GPR120. Naunyn
Schmiedebergs Arch Pharmacol (2008) 377(4–6):523–7. doi:10.1007/s00210-
007-0200-8

21. Tanaka T, Yano T, Adachi T, Koshimizu TA, Hirasawa A, Tsujimoto G. Cloning
and characterization of the rat free fatty acid receptor GPR120: in vivo effect
of the natural ligand on GLP-1 secretion and proliferation of pancreatic
beta cells. Naunyn Schmiedebergs Arch Pharmacol (2008) 377(4–6):515–22.
doi:10.1007/s00210-007-0250-y

22. Gotoh C, Hong YH, Iga T, Hishikawa D, Suzuki Y, Song SH, et al. The regula-
tion of adipogenesis through GPR120. Biochem Biophys Res Commun (2007)
354(2):591–7. doi:10.1016/j.bbrc.2007.01.028

23. Stone VM, Dhayal S, Brocklehurst KJ, Lenaghan C, Sorhede Winzell M, Hammar
M, et al. GPR120 (FFAR4) is preferentially expressed in pancreatic delta cells and
regulates somatostatin secretion from murine islets of Langerhans. Diabetologia
(2014) 57(6):1182–91. doi:10.1007/s00125-014-3213-0

24. Hara T, Ichimura A, Hirasawa A. Therapeutic role and ligands of medium- to
long-chain fatty acid receptors. Front Endocrinol (2014) 5:83. doi:10.3389/fendo.
2014.00083

25. Miyauchi S, Hirasawa A, Iga T, Liu N, Itsubo C, Sadakane K, et al. Dis-
tribution and regulation of protein expression of the free fatty acid recep-
tor GPR120. Naunyn Schmiedebergs Arch Pharmacol (2009) 379(4):427–34.
doi:10.1007/s00210-008-0390-8

26. Martin C, Passilly-Degrace P, Chevrot M, Ancel D, Sparks SM, Drucker DJ, et al.
Lipid-mediated release of GLP-1 by mouse taste buds from circumvallate papil-
lae: putative involvement of GPR120 and impact on taste sensitivity. J Lipid Res
(2012) 53(11):2256–65. doi:10.1194/jlr.M025874

27. Janssen I, Heymsfield SB, Ross R. Low relative skeletal muscle mass (sarcope-
nia) in older persons is associated with functional impairment and physical
disability. J Am Geriatr Soc (2002) 50(5):889–96. doi:10.1046/j.1532-5415.2002.
50216.x

28. Matsumura S, Eguchi A, Mizushige T, Kitabayashi N, Tsuzuki S, Inoue K, et al.
Colocalization of GPR120 with phospholipase-Cbeta2 and alpha-gustducin in
the taste bud cells in mice. Neurosci Lett (2009) 450(2):186–90. doi:10.1016/j.
neulet.2008.11.056

29. Li Y, Kokrashvili Z, Mosinger B, Margolskee RF. Gustducin couples fatty acid
receptors to GLP-1 release in colon. Am J Physiol Endocrinol Metab (2013)
304(6):E651–60. doi:10.1152/ajpendo.00471.2012

30. Small CJ, Bloom SR. Gut hormones and the control of appetite. Trends
Endocrinol Metab (2004) 15(6):259–63. doi:10.1016/j.tem.2004.06.002

www.frontiersin.org July 2014 | Volume 5 | Article 111 | 27

http://dx.doi.org/10.1146/annurev-pharmtox-011613-135945
http://dx.doi.org/10.1146/annurev-pharmtox-011613-135945
http://dx.doi.org/10.1016/j.prostaglandins.2009.05.003
http://dx.doi.org/10.1016/j.drudis.2013.11.021
http://dx.doi.org/10.1016/j.bbalip.2014.06.002
http://dx.doi.org/10.1038/aps.2011.210
http://dx.doi.org/10.1016/j.cell.2010.07.041
http://dx.doi.org/10.1016/j.cell.2010.07.041
http://dx.doi.org/10.1073/pnas.1016088108
http://dx.doi.org/10.1038/nature10798
http://dx.doi.org/10.1016/j.cmet.2012.04.009
http://dx.doi.org/10.1038/ncomms2852
http://dx.doi.org/10.1038/ncomms2852
http://dx.doi.org/10.1074/jbc.M211495200
http://dx.doi.org/10.1074/jbc.M211609200
http://dx.doi.org/10.1038/nature01478
http://dx.doi.org/10.1016/S0006-291X(02)03064-4
http://dx.doi.org/10.1074/jbc.M301403200
http://dx.doi.org/10.1016/S0006-291X(03)00488-1
http://dx.doi.org/10.1016/S0006-291X(03)00488-1
http://dx.doi.org/10.3389/fendo.2014.00085
http://dx.doi.org/10.3389/fendo.2014.00085
http://dx.doi.org/10.3389/fendo.2014.00081
http://dx.doi.org/10.1038/nm1168
http://dx.doi.org/10.1007/s00210-007-0200-8
http://dx.doi.org/10.1007/s00210-007-0200-8
http://dx.doi.org/10.1007/s00210-007-0250-y
http://dx.doi.org/10.1016/j.bbrc.2007.01.028
http://dx.doi.org/10.1007/s00125-014-3213-0
http://dx.doi.org/10.3389/fendo.2014.00083
http://dx.doi.org/10.3389/fendo.2014.00083
http://dx.doi.org/10.1007/s00210-008-0390-8
http://dx.doi.org/10.1194/jlr.M025874
http://dx.doi.org/10.1046/j.1532-5415.2002.50216.x
http://dx.doi.org/10.1046/j.1532-5415.2002.50216.x
http://dx.doi.org/10.1016/j.neulet.2008.11.056
http://dx.doi.org/10.1016/j.neulet.2008.11.056
http://dx.doi.org/10.1152/ajpendo.00471.2012
http://dx.doi.org/10.1016/j.tem.2004.06.002
http://www.frontiersin.org
http://www.frontiersin.org/Diabetes/archive


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ichimura et al. Nutritional energy regulation via GPR120

31. Mendieta-Zeron H, Lopez M, Dieguez C. Gastrointestinal peptides control-
ling body weight homeostasis. Gen Comp Endocrinol (2008) 155(3):481–95.
doi:10.1016/j.ygcen.2007.11.009

32. Flint A, Raben A, Astrup A, Holst JJ. Glucagon-like peptide 1 promotes satiety
and suppresses energy intake in humans. J Clin Invest (1998) 101(3):515–20.
doi:10.1172/JCI990

33. Sidhu SS, Thompson DG, Warhurst G, Case RM, Benson RS. Fatty acid-
induced cholecystokinin secretion and changes in intracellular Ca2+ in two
enteroendocrine cell lines, STC-1 and GLUTag. J Physiol (2000) 528(1):165–76.
doi:10.1111/j.1469-7793.2000.00165.x

34. Parker HE, Habib AM, Rogers GJ, Gribble FM, Reimann F. Nutrient-dependent
secretion of glucose-dependent insulinotropic polypeptide from primary
murine K cells. Diabetologia (2009) 52(2):289–98. doi:10.1007/s00125-008-
1202-x

35. Janssen S, Laermans J, Iwakura H, Tack J, Depoortere I. Sensing of fatty acids
for octanoylation of ghrelin involves a gustatory G-protein. PLoS One (2012)
7(6):e40168. doi:10.1371/journal.pone.0040168

36. Gong Z, Yoshimura M, Aizawa S, Kurotani R, Zigman JM, Sakai T, et al. G
protein-coupled receptor 120 signaling regulates ghrelin secretion in vivo and
in vitro. Am J Physiol Endocrinol Metab (2014) 306(1):E28–35. doi:10.1152/
ajpendo.00306.2013

37. Talukdar S, Olefsky JM, Osborn O. Targeting GPR120 and other fatty acid-
sensing GPCRs ameliorates insulin resistance and inflammatory diseases. Trends
Pharmacol Sci (2011) 32(9):543–50. doi:10.1016/j.tips.2011.04.004

38. Khan NA, Besnard P. Oro-sensory perception of dietary lipids: new insights
into the fat taste transduction. Biochim Biophys Acta (2009) 1791(3):149–55.
doi:10.1016/j.bbalip.2009.01.001

39. Cartoni C, Yasumatsu K, Ohkuri T, Shigemura N, Yoshida R, Godinot N, et al.
Taste preference for fatty acids is mediated by GPR40 and GPR120. J Neurosci
(2010) 30(25):8376–82. doi:10.1523/JNEUROSCI.0496-10.2010

40. Ozdener MH, Subramaniam S, Sundaresan S, Sery O, Hashimoto T,
Asakawa Y, et al. CD36- and GPR120-mediated Ca(2)(+) signaling in human
taste bud cells mediates differential responses to fatty acids and is altered
in obese mice. Gastroenterology (2014) 146(4):995–1005. doi:10.1053/j.gastro.
2014.01.006

41. Cintra DE, Ropelle ER, Moraes JC, Pauli JR, Morari J, Souza CT, et al. Unsat-
urated fatty acids revert diet-induced hypothalamic inflammation in obesity.
PLoS One (2012) 7(1):e30571. doi:10.1371/journal.pone.0030571

42. Wellhauser L, Belsham DD. Activation of the omega-3 fatty acid receptor
GPR120 mediates anti-inflammatory actions in immortalized hypothalamic
neurons. J Neuroinflammation (2014) 11:60. doi:10.1186/1742-2094-11-60

43. De Souza CT, Araujo EP, Bordin S, Ashimine R, Zollner RL, Boschero AC,
et al. Consumption of a fat-rich diet activates a proinflammatory response
and induces insulin resistance in the hypothalamus. Endocrinology (2005)
146(10):4192–9. doi:10.1210/en.2004-1520

44. Milanski M, Degasperi G, Coope A, Morari J, Denis R, Cintra DE, et al. Satu-
rated fatty acids produce an inflammatory response predominantly through the
activation of TLR4 signaling in hypothalamus: implications for the pathogenesis
of obesity. J Neurosci (2009) 29(2):359–70. doi:10.1523/JNEUROSCI.2760-08.
2009

45. Zhang X, Zhang G, Zhang H, Karin M, Bai H, Cai D. Hypothalamic IKKbeta/NF-
kappaB and ER stress link overnutrition to energy imbalance and obesity. Cell
(2008) 135(1):61–73. doi:10.1016/j.cell.2008.07.043

46. Zhao Y, Zha D, Wang L, Qiao L, Lu L, Mei L, et al. Phenotypic characterization of
GPR120-expressing cells in the interstitial tissue of pancreas. Tissue Cell (2013)
45(6):421–7. doi:10.1016/j.tice.2013.07.005

47. Taneera J, Lang S, Sharma A, Fadista J, Zhou Y, Ahlqvist E, et al. A systems genet-
ics approach identifies genes and pathways for type 2 diabetes in human islets.
Cell Metab (2012) 16(1):122–34. doi:10.1016/j.cmet.2012.06.006

Conflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Received: 29 May 2014; paper pending published: 06 June 2014; accepted: 26 June 2014;
published online: 11 July 2014.
Citation: Ichimura A, Hara T and Hirasawa A (2014) Regulation of energy homeostasis
via GPR120. Front. Endocrinol. 5:111. doi: 10.3389/fendo.2014.00111
This article was submitted to Diabetes, a section of the journal Frontiers in
Endocrinology.
Copyright © 2014 Ichimura, Hara and Hirasawa. This is an open-access article dis-
tributed under the terms of the Creative Commons Attribution License (CC BY). The
use, distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal is cited,
in accordance with accepted academic practice. No use, distribution or reproduction is
permitted which does not comply with these terms.

Frontiers in Endocrinology | Diabetes July 2014 | Volume 5 | Article 111 | 28

http://dx.doi.org/10.1016/j.ygcen.2007.11.009
http://dx.doi.org/10.1172/JCI990
http://dx.doi.org/10.1111/j.1469-7793.2000.00165.x
http://dx.doi.org/10.1007/s00125-008-1202-x
http://dx.doi.org/10.1007/s00125-008-1202-x
http://dx.doi.org/10.1371/journal.pone.0040168
http://dx.doi.org/10.1152/ajpendo.00306.2013
http://dx.doi.org/10.1152/ajpendo.00306.2013
http://dx.doi.org/10.1016/j.tips.2011.04.004
http://dx.doi.org/10.1016/j.bbalip.2009.01.001
http://dx.doi.org/10.1523/JNEUROSCI.0496-10.2010
http://dx.doi.org/10.1053/j.gastro.2014.01.006
http://dx.doi.org/10.1053/j.gastro.2014.01.006
http://dx.doi.org/10.1371/journal.pone.0030571
http://dx.doi.org/10.1186/1742-2094-11-60
http://dx.doi.org/10.1210/en.2004-1520
http://dx.doi.org/10.1523/JNEUROSCI.2760-08.2009
http://dx.doi.org/10.1523/JNEUROSCI.2760-08.2009
http://dx.doi.org/10.1016/j.cell.2008.07.043
http://dx.doi.org/10.1016/j.tice.2013.07.005
http://dx.doi.org/10.1016/j.cmet.2012.06.006
http://dx.doi.org/10.3389/fendo.2014.00111
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Diabetes
http://www.frontiersin.org/Diabetes/archive


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

MINI REVIEW ARTICLE
published: 16 July 2014

doi: 10.3389/fendo.2014.00115

Omega-3 fatty acids and FFAR4
DaYoung Oh* and Evelyn Walenta

Division of Endocrinology and Metabolism, Department of Medicine, University of California San Diego, La Jolla, CA, USA

Edited by:
Ikuo Kimura, Tokyo University of
Agriculture and Technology, Japan

Reviewed by:
Undurti Narasimha Das, UND Life
Sciences, USA
Helena Barbosa Sampaio, State
University of Campinas, Brazil

*Correspondence:
Da Young Oh, Division of
Endocrinology and Metabolism,
Department of Medicine, University
of California San Diego, 9500 Gilman
Drive, La Jolla, CA 92093, USA
e-mail: dayoungoh@ucsd.edu

The beneficial roles of omega-3 fatty acids (ω3-FAs) on obesity, type 2 diabetes, and other
metabolic diseases are well known. Most of these effects can be explained by their anti-
inflammatory effects triggered through their receptor, free fatty acid receptor 4 (FFAR4)
activation. Although the whole mechanism of action is not fully described yet, it has been
shown that stimulation of ω3-FA to FFAR4 is followed by receptor phosphorylation. This
makes FFAR4 to be capable of interacting with β-arrestin-2, which in turn, results in asso-
ciation of β-arrestin-2 withTAB1.This stealing of an important partaker of the inflammatory
cascade leads to interruption of the pathway, resulting in reduced inflammation. Besides
this regulation of the anti-inflammatory response, FFAR4 signaling also has been shown
to regulate glucose homeostasis, adiposity, gastrointestinal peptide secretion, and taste
preference. In this review, we summarize the current knowledge about the interaction of
ω3-FAs with FFAR4 and the consequent opportunities for the application of ω3-FAs and
possible FFAR4 targets.

Keywords: omega-3 fatty acids, FFAR4, anti-inflammation, insulin resistance, obesity

INTRODUCTION
Free fatty acids (FFAs) serve both as a source of energy and as
signaling molecules that regulate energy homeostasis and other
physiological processes (1, 2). Previous studies proposed that lipo-
toxic stress from long-chain saturated FFAs is a major cause of JNK
activation and therefore insulin resistance in obesity (3, 4). It has
also been reported that long-chain saturated FFAs, but not polyun-
saturated FFAs, induce inflammatory responses in macrophages
(5). Among polyunsaturated FFAs, omega-3 fatty acids (ω3-FAs)
have been recognized for their beneficial effects on human health
(6). These beneficial effects were found in inflammatory diseases,
cardiovascular diseases, and hepatic lipid metabolism, as well as
glucose homeostasis and insulin sensitivity (7–10). However, the
detailed mechanisms underlying the beneficial effects of ω3-FAs
have not been completely defined to date.

It is known that the ω3-FAs, such as α-linolenic acid (α-
LA), docosahexaenoic acid (DHA), and eicosapentaeonic acid
(EPA) are endogenous ligands for the free fatty acid receptor 4
(FFAR4) (11–13). FFAR4, also known as G protein-coupled recep-
tor 120 (GPR120), is a seven transmembrane receptor and was first
reported as an orphan GPCR in 2003 (14). FFAR4 exists as two
splice variants in humans (15, 16), but only the shorter variant has
been found in rodents and cynomolgus monkeys (17). Consistent
with the pleiotropic effects of ω3-FAs, FFAR4 has been implicated
in diverse processes including anti-inflammation, insulin sensiti-
zation, release of gut peptides, and alteration of food preference
(12, 13, 18–21). The wide range of processes that can be positively
influenced by FFAR4 makes this receptor of potential importance
in the prevention and treatment of metabolic diseases.

MECHANISMS
Consistent with roles in diverse processes, FFAR4 is expressed
ubiquitously including lungs, colon, small intestine, brain, thy-
mus, adipose tissue, taste buds, skeletal muscle, heart, and liver

(12, 18, 21, 22). However, the expression pattern differs between
species and also depends on the method of detection (23). Further-
more, the expression in skeletal muscle, heart, and adipose tissue
is upregulated by a high fat diet (HFD) (18, 19, 22). Despite the
variation of expression, FFAR4 seems to transduce ω3-FA signal-
ing always through one of two pathways that involve either Gαq or
β-arrestin-2 (12, 13) (Figure 1). FFAR4 coupling to Gαq induces
a rise in intracellular Ca2+ (12, 21) without affecting the level of
cyclic AMP (12). Alternatively, FFAR4 can respond to ω3-FAs by
recruiting cytosolic β-arrestin-2 to the plasma membrane, leading
to internalization of the FFAR4/β-arrestin-2 complex (13). After
internalization, β-arrestin-2 then directly associates with TGF-β
activated kinase 1 (TAK1) binding protein (TAB1), which is an
adaptor molecule for the pro-inflammatory kinase TAK1 (24).
In this way, β-arrestin-2 sequesters TAB1 from TAK1, leading to
inactivation of TAK1 and abrogation of signaling to the inflamma-
tory key-players IKKβ/NFκB and MKK4/JNK/AP1 (13). Besides
blocking the inflammatory pathway via the TAB1/TAK1 complex,
FFAR4 activation by DHA also stimulates cytosolic phospholi-
pase A2 (cPLA2) and prostaglandin-endoperoxide synthase 2, also
known as COX-2 (25). This leads to increased production of
prostaglandin E2 (PGE2), which in turn, inhibits NFκB signal-
ing through the prostaglandin E receptor 4 and therefore reduces
inflammation in macrophages as well (25).

After activation by ligands, GPCRs are phosphorylated to pro-
vide binding opportunities for certain G proteins and arrestins (26,
27). Investigating the human short isoform of FFAR4, Sánchez-
Reyes et al. (28) found that DHA and α-LA induce phosphoryla-
tion of FFAR4 by protein kinase C (PKC), leading to increase of
intracellular Ca2+ concentration. However, recent studies of the
long isoform of FFAR4 by Burns et al. (29) showed that basal as
well as heterologous FFAR4 phosphorylation is mediated by PKC,
while DHA-induced phosphorylation is accomplished by GPCR
kinase 6 (GRK6). Interestingly, mutation of the FFAR4 C-terminal
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FIGURE 1 | Free fatty acid receptor 4 functions as an ω3-FA receptor/
sensor to mediate broad anti-inflammatory and insulin sensitization
effects.

phosphorylation sites leads to enhanced Gαq/11 signaling while
impairing β-arrestin-2 recruitment to the cell membrane. How-
ever, Burns et al. (15) also found that the human short and long
isoforms differ in their basal levels of phosphorylation, raising the
possibility that the short isoform is more constitutively active. In
the activated state though, both isoforms show comparable extent
of phosphorylation. While the long isoform is proposed by Wat-
son et al. to bind with greater affinity to β-arrestin-2 (16), a partial
loss of function is proposed for the long isoform by Hirasawa et al.
(12) and Moore et al. (17).

TISSUE-SPECIFIC FUNCTIONS
Due to the divergence of the reported functions, FFAR4 shows
tissue-specific activities, which needs to be taken into account
particularly for the development of pharmaceutical intervention.
Therefore, a tissue-specific knockout (KO) mouse would be of
high interest to discover precisely where certain effects of FFAR4
impact. This is critical for the development of agents that target
inflammation, insulin resistance, and as a result, type 2 diabetes.
However, no conditional FFAR4 KO mouse is available to date
and mouse models cannot be used to investigate the function of
the long isoform of FFAR4, which is unique to humans. Given
the known differential phosphorylation of the two isoforms (15),
their functions and regulation likely differ, which will have to be
addressed in human tissues and cell lines.

ADIPOGENESIS
Free fatty acid receptor 4 expression is undetectable in
preadipocytes (18, 30) but increases during adipogenic differenti-
ation (18, 30), and becomes highly abundant in mature adipocytes
and adipose tissue (13, 18, 19). The expression in adipose tissue
is further increased by diet-induced obesity in mice and humans
(18, 19). Conversely, knockdown of FFAR4 using siRNA reduces
the expression of adipogenic markers and therefore impairs the
accumulation of lipids in 3T3-L1 adipocytes (18). Although these
findings suggest a pro-adipogenic function of FFAR4, FFAR4-
deficient mice are actually more prone to diet-induced obesity

than wild type littermates (19), consistent with an anti-obesity
function of FFAR4.

It should be mentioned that discordant phenotypes of FFAR4
KO mice have been reported using two different mouse models.
Thus, the body weight of FFAR4 KO mice is either increased (19)
or unaffected (31) on HFD, and the insulin sensitivity is either
decreased (31) or unaffected (19) on chow diet between wild type
and KO mice (13, 32). Being all on the same C57BL/6 background,
the mice seem to be either the N or the sub-lines, which might
explain the varying findings. However, all models consistently
establish the key site of FFAR4 action to be the adipose tissue,
where ω3-FAs clearly exert FFAR4-dependent anti-diabetic effects
in adipocytes and macrophages (13, 18, 19).

INFLAMMATION
Omega-3 FAs have tissue-specific as well as systemic anti-
inflammatory effects (33). FFAR4 is key to these benefits in adipose
tissue macrophages, which abundantly express this receptor. Fur-
thermore, FFAR4 expression in macrophages is induced upon
obesity. It was shown that its activation by ω3-FAs in mice fed
with HFD supplemented with ω3-FAs leads to the suppression
of macrophage infiltration into adipose tissue (13). Addition-
ally, ω3-FAs shift the distribution of macrophages in favor of
the anti-inflammatory M2 macrophages at the expense of the
pro-inflammatory M1 macrophages (13). In the brain, intrac-
erebroventricularly injection of either ω3- or ω9-FAs induces
FFAR4/β-arrestin-2 coupling followed by the release of TAK1
from TAB1, leading to attenuation of the inflammatory pathway
(34). Additionally, Wellhauser et al. showed the anti-inflammatory
effects of FFAR4 activation in immortalized hypothalamic neu-
rons (35). This is of importance as on HFD that hypothala-
mus becomes inflamed and fails to regulate energy homeostasis
through regulating glucose handling, feeding, and therefore, body
weight.

Finally, FFAR4 activation also leads to improvement of non-
alcoholic fatty liver disease (NAFLD) in children (36). In more
detail, Nobili et al. detected FFAR4 expression in hepatocytes, liver
macrophages, and liver progenitor cells. DHA treatment of chil-
dren suffering from NAFLD increased the FFAR4 expression in
hepatocytes and reduced nuclear NFκB translocation in hepato-
cytes and liver macrophages, as well as reduced hepatic progenitor
cell activation and the number of inflamed macrophages in the
liver (36). Accordingly, ω3-FAs also protect liver from ischemic
reperfusion injury (IRI), a complication of liver surgery. Treat-
ment with Omegaven®, a pharmaceutical ω3 formulation, reduces
NFκB and JNK response and shifts the macrophage population
from M1 to M2 (37).

INSULIN SIGNALING
Besides the food intake and digestive influences of FFAR4 acti-
vation by ω3-FAs, increased gut glucagon-like peptide 1 (GLP-
1) secretion increases pancreatic insulin secretion, leading to
enhanced glucose uptake in skeletal and cardiac muscle (38, 39).
Whether FFAR4/ω3-FAs play a cell-autonomous role in muscle,
the major site of insulin-stimulated glucose uptake and systemic
insulin action (40, 41), has yet to be investigated in detail, as
Cornall et al. (22) found FFAR4 expression increased in skeletal

Frontiers in Endocrinology | Diabetes July 2014 | Volume 5 | Article 115 | 30

http://www.frontiersin.org/Diabetes
http://www.frontiersin.org/Diabetes/archive


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Oh and Walenta Omega-3 fatty acids and FFAR4

and cardiac muscle of rats on HFD, while no expression was
detected in L6 myocytes (13). Nevertheless, it has been shown
that FFAR4 activation by ω3-FAs leads to insulin sensitization
in vivo and also alleviates glucose intolerance in diet-induced obese
mice (13, 19). Although the anti-inflammatory effects of ω3-FAs
require FFAR4 coupling to β-arrestin-2, the hypoglycemic effect
of insulin requires Gαq signaling that leads to translocation of
the glucose transporter GLUT4 (13). Conversely, FFAR4 KO mice
show reduced phosphorylation of IRβ and IRS-1 in white adipose
tissue and of IRS-1 and -2 in liver, which are all important regula-
tors for glucose uptake (19). Not surprisingly, these mice develop
hyperglycemia, glucose intolerance, and insulin resistance when
challenged with a HFD (19).

GASTROINTESTINAL REGULATION
Gastrointestinal peptides are known to regulate food intake,energy
metabolism, and body weight (42–47). Activation of FFAR4 by
ω3-FAs has been shown to either reduce or induce the secretion
of several gastrointestinal peptides. For example, FFAR4 activation
decreases the secretion of ghrelin, an endogenous growth hormone
secretagogue that stimulates hunger (48, 49). Additionally, FFAR4
was shown to induce the secretion of GLP-1 and cholecystokinin
(CCK) (12, 20, 21). GLP-1 is an insulinotropic, anorectic peptide
that reduces gastric emptying and motility (43, 44). CCK is sim-
ilar to GLP-1 in that it inhibits gastric motility, but in addition
it inhibits gastric secretion while promoting pancreatic secretion
and gallbladder contraction (50). It was shown by Stone et al. that
FFAR4 activation leads to decreased somatostatin secretion (51),
which in turn, can increase insulin and glucagon secretion as well
as gastric emptying. This is in sharp contrast to the recent find-
ing by Suckow et al. of increased glucagon secretion in FFAR4 KO
mice (32).

Unfortunately, some of these findings are contradictory.
Although several groups demonstrated FFAR4 expression in islets
(52–54), there is no consensus on the site of action, like influencing
secretion of GLP-1, glucagon, or somatostatin, and even the cell
type in which it is expressed most, is contradictory (21, 32, 51).

TASTE PREFERENCES
Free fatty acid receptor 4 is abundantly expressed in several types
of taste bud cells (55–57) and therefore can be activated directly
by dietary ω3-FAs. Although detailed investigation is needed, it
seems that FFAR4 might dictate spontaneous preference for spe-
cific dietary fats (31) that are abundant in energy-dense foods
(58). However, Ozdener et al. (57) found that CD36 is the primary
receptor for fat taste, while FFAR4 senses excess supply of FAs as
in HFD.

SYNTHETIC LIGANDS OF FFAR4
Like FFAR4, FFAR1 (a.k.a. GPR40) is a receptor for long-chain
ω3-FAs. Although the two receptors share endogenous as well as
several synthetic agonists (11), like the PPARγ derivate GW9508
(59, 60), a few ligands are known to be partly or more selective for
FFAR4 than FFAR1, namely grifolic acid, NCG21, GSK137647A,
and TUG-891 (61–64). However, the relatively low efficacy of
these known synthetic agonists in several measured outputs
raises questions whether these can be therapeutically relevant
molecules.

PERSPECTIVE
Solving the mechanism of FFAR4/ω3-FAs might lead to a more
directed and therefore more potent way of fish oil supplemen-
tation. But besides that, the understanding of the mechanism
hopefully will lead to the development of a more FFAR4-specific,
high affinity agonist. The direct activation of FFAR4 itself is
of special interest, as FFAR4 is a “druggable” GPCR. Unfortu-
nately, to date, there are no FFAR4-specific agonists that spare
other GPCRs like FFAR1, which leads to off-target effects. It
might be possible to develop an FFAR4 agonist that is tissue-
, pathway-, or isoform-specific and therefore provides anti-
inflammatory/insulin-sensitizing effects. Taken together, finding
of an FFAR4-specific agonist will be a new therapeutic approach
for the treatment of both metabolic and inflammatory diseases.
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Free fatty acids (FFAs) play a pivotal role in metabolic control and cell signaling processes in
various tissues. In particular, FFAs are known to augment glucose-stimulated insulin secre-
tion by pancreatic beta cells, where fatty acid-derived metabolites, such as long-chain fatty
acyl-CoAs, are believed to act as crucial effectors. Recently, G-protein-coupled receptor
40 (GPR40), a receptor for long-chain fatty acids, was reported to be highly expressed in
pancreatic beta cells and involved in the regulation of insulin secretion. Hence, GPR40 is
considered to be a potential therapeutic target for the treatment of diabetes. In this review,
we summarize the identification and gene expression patterns of GPR40 and its role in glu-
cose metabolism. We also discuss the potential application of GPR40 as a therapeutic
target.

Keywords: GPR40, FFAR1, LCFA, insulin secretion, pancreatic beta cells

INTRODUCTION
Free fatty acids (FFAs) are essential nutrients that also act as
signaling molecules in various tissues. Long-chain fatty acids
(LCFAs) play a role in the augmentation of glucose-stimulated
insulin secretion (GSIS) (1). GSIS was observed to be consider-
ably decreased by FFA depletion following in vivo administration
of nicotinic acid to rats (2) and humans (3). Thus, FFA-mediated
augmentation is considered to be physiologically significant. How-
ever, the underlying mechanisms of FFA-mediated augmentation
of GSIS have not been fully elucidated. Several investigators have
recently demonstrated that FFAs act as ligands for membrane-
bound G-protein-coupled receptors (GPCRs) such as G-protein-
coupled receptor 40 (GPR40), GPR41, GPR43, and GPR120.
Among these, GPR40 is preferentially expressed by pancreatic beta
cells in rodents and augments GSIS after acute exposure to LCFAs,
highlighting the role of GPR40 as a potential key molecule in the
regulation of insulin secretion.

LCFA RECEPTOR GPR40
GPR40 consists of 300 residues and was originally reported as an
orphan GPCR (4). GPR40 was deorphaned by screening using a
fluorometric imaging plate reader (FLIPR) system, which detects
increases in Ca2+ concentrations in cultured cells with transiently
expressed GPR40 cDNA (5, 6). GPR40 is reportedly activated by
LCFAs (C12–22) and several eicosanoids in theoretically phys-
iological concentration ranges. The profiles of putative GPR40
ligands are well conserved among mice, rats, and humans (5).

GPR40 GENE EXPRESSION IN RODENTS
Among rat tissues, GPR40 mRNA is almost exclusively expressed in
the pancreas. In pancreatic islets, GPR40 mRNA levels were found
to be approximately 17-fold higher than the levels in the pan-
creas, suggesting selective GPR40 expression by pancreatic islets.

Considerable amounts of GPR40 mRNA were detected in the pan-
creatic beta cell lines MIN6, betaTC-3, HIT-T15, and Rin5F but
not in the pancreatic alpha cell line alphaTC1. Furthermore, in situ
hybridization with rat pancreatic islets suggested that GPR40
mRNA is preferentially expressed in pancreatic beta cells (5).

Reports using anti-GPR40 antibodies suggest that GPR40
protein is also probably preferentially expressed in pancreatic
islets (7, 8).

ROLES OF GPR40 IN REGULATION OF INSULIN SECRETION
In MIN6 cells, insulin secretion was augmented by LCFAs in
a dose-dependent manner, and the augmentation was observed
only under hyperglycemic conditions (11–22 mM) (5), indicating
the LCFA-mediated augmentation of insulin secretion is glucose-
dependent. Silencing of GPR40 gene expression using siRNA
almost abolished the augmentation effects of LCFAs, indicating
that GPR40 is involved in LCFA-mediated regulation of insulin
secretion. GPR40 is a class A GPCR, highlighting the potential of
GPR40 as a target for novel anti-diabetic oral drugs with low risk
of hypoglycemia, considering that LCFA-mediated augmentation
of insulin secretion is glucose-dependent.

GPR40 GENE EXPRESSION IN HUMANS
Although GPR40 is reportedly preferentially expressed by pancre-
atic beta cells in both rats and mice, little is known about GPR40
gene expression in humans. In this context, we assessed GPR40
mRNA expression in fresh human tissues obtained during surgery
(9, 10). Analysis of 12 specimens of non-tumor pancreatic tis-
sues revealed a considerable amount of GPR40 mRNA in each.
In three pancreatic islet tissues specimens, GPR40 mRNA levels
were approximately 20-fold higher than those in pancreatic tis-
sues, comparable to the levels of sulfonylurea receptor 1, which is
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known to be highly expressed in pancreatic beta cells. High levels
of GPR40 mRNA were detected in insulinoma (beta cell tumor)
tissues in three cases; in contrast, GPR40 mRNA was undetectable
in glucagonoma (alpha cell tumor) tissues (10, 11). In human pan-
creas, GPR40 mRNA level is positively and significantly correlated
with the insulinogenic index, an index reflecting the function of
pancreatic beta cells. These results indicate that GPR40 is highly
expressed in human pancreatic beta cells and possibly involved in
the positive regulation of insulin secretion (10).

REGULATION OF GPR40 GENE EXPRESSION
Though the mechanisms underlying the regulation of GPR40 gene
expression is not fully understood, possible mechanisms include
the PDX-1/IPF1 (12), which reportedly binds to the promoter
region of the GPR40 gene (13). Moreover, nutrients and therapeu-
tic drugs such as glucose (12), palmitate, and rosiglitazone (8) are
reportedly involved in the regulation of GPR40 gene expressions.

THERAPEUTIC IMPLICATIONS OF GPR40
Although an initial report of systemic GPR40 knockout (KO) mice
and beta cell-specific GPR40 transgenic (Tg) mice using the PDX-
1/IPF1 promoter suggested possible involvement of GPR40 in
insulin resistance in the liver and beta cell failure (14), later reports
using GPR40 KO mice found no link between GPR40 and beta cell
dysfunction (15, 16). Studies using GPR40 KO mice suggest the
implication of GPR40 in the regulation of insulin secretion, at
least under some conditions including loading of intralipid (17),
high-fat diet (15), hyperglycemic glucose clamp, and arginine (18).
Furthermore, GPR40 Tg mice with the mouse INS2 promoter
exhibited better glucose tolerance with enhanced GSIS (19), sug-
gesting therapeutic implications of GPR40 rather than a gateway
of beta cell toxicity.

Additionally, recent reports suggest that GPR40 is expressed
in enteroendocrine cells and involved in the positive regula-
tion of intestinal hormones including glucagon-like peptide-1
(GLP-1), glucose-dependent insulinotropic polypeptide (GIP),
and cholecystokinin (20–22).

GPR40 AGONISTS AS ANTI-DIABETIC DRUGS
Recently, TAK-875 (Fasiglifam), a novel GPR40 selective agonist
(23), was reported as a potential oral anti-diabetic drug. The
potency of TAK-875 is approximately 400-fold greater than that
of the endogenous ligand oleic acid (24), and it does not acti-
vate GPR120 (23), another GPCR for LCFAs. TAK-875 augmented
insulin secretion under high-glucose conditions in the rat pancre-
atic beta cell line INS1 833/14 (24) and human pancreatic islets
(25) but did not affect glucagon secretion in humans (25), in accor-
dance with the observations in humans by our group and others
(9–11). TAK-875 significantly improved glycemic control with the
augmentation of insulin secretion in diabetic rat models such as
Wistar fatty rats (23) and Zucker diabetic fatty rats (24).

In phase 2, randomized, double-blind, placebo-controlled trial
in patients with type 2 diabetes, HbA1c was decreased in a dose-
dependent manner in TAK-875 groups, and the HbA1c-lowering
effect (50–200 mg, approximately −1.1% in 12 weeks) was com-
parable to that in glimepiride (4 mg) group, while the incidence
of hypoglycemia in TAK-875 was similar to the placebo group

FIGURE 1 | LCFAs augment insulin secretion by stimulating GPR40 in
beta cells in the pancreas. GPR40 is also reportedly involved in the positive
regulation of secretion of some intestinal hormones. Studies using GPR40
agonists and analyses of beta cell-specific GPR40 transgenic mice indicate
that GPR40 is involved in the regulation of glucose metabolism, at least by
the augmentation of insulin secretion. Because LCFA-mediated augmentation
of insulin secretion is glucose-dependent, GPR40 is thought to be a potential
target for novel anti-diabetic drugs with low risk of hypoglycemia.

and markedly lower than the glimepiride group (26). In Japanese
patients with type 2 diabetes, 12-week treatment with TAK-875
also decreased HbA1c levels in a dose-dependent manner, and the
HbA1c-lowering effect (50–200 mg, approximately −1.3%) was
comparable to that in the glimepiride (1 mg) group (27).

Though TAK-875 seemed to be a promising anti-diabetic drug,
regrettably, its development was terminated in 2013 because of the
risk of possible liver damage. Although the cause of the liver dam-
age remains unclear, GPR40 is not expressed in the human liver
(6, 10), suggesting that the toxicity may not be due to the GPR40
receptor itself but chemical characteristic of TAK-875 or its dose
used in the clinical trials. Still, several GPR40 agonists continue
to be evaluated in both preclinical (Bristol-Myers Squibb, Merck,
Amgen, Johnson & Johnson, Astellas, Daiichi Sankyo, Piramal, and
Connexios) and clinical (Japan Tobacco) trials, and the further
development is expected in the study elucidating the significance
of GPR40 in glucose and other metabolism.

CONCLUSION
Incretin mimetic-type drugs have been implicated in GPCR-
mediated regulation of insulin secretion in diabetes. GPR40 is a
GPCR that is highly expressed in pancreatic beta cells and involved
in insulin secretion in rodents and humans. Hence, GPR40 is
a potential therapeutic target in diabetes, which can lead to the
development of oral drugs with fewer hypoglycemic side effects.
Furthermore, GPR40 is reportedly implicated in the regulation
of incretin secretion from enteroendocrine cells. GPR40 may be
important to unveil the link between FFA signaling and beta
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cell function as well as glucose metabolism (Figure 1). Hence,
further studies are warranted to elucidate the physiological and
pathophysiological implications of GPR40.
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Dietary free fatty acids (FFAs), such as ω-3 fatty acids, regulate metabolic and anti-
inflammatory processes, with many of these effects attributed to FFAs interacting with a
family of G protein-coupled receptors. Selective synthetic ligands for free fatty acid recep-
tors (FFA1-4) have consequently been developed as potential treatments for type 2 diabetes
(T2D). In particular, clinical studies show that Fasiglifam, an agonist of the long-chain FFA
receptor, FFA1, improved glycemic control and reduced HbA1c levels inT2D patients, with
a reduced risk of hypoglycemia. However, this ligand was removed from clinical trials due
to potential liver toxicity and determining if this is a target or a ligand-specific feature
is now of major importance. Pre-clinical studies also show that FFA4 agonism increases
insulin sensitivity, induces weight loss, and reduces inflammation and the metabolic and
anti-inflammatory effects of short chain fatty acids (SCFAs) are linked with FFA2 and FFA3
activation. In this review, we therefore show that FFA receptor agonism is a potential
clinical target for T2D treatment and discuss ongoing drug development programs within
industry and academia aimed at improving the safety and effectiveness of these potential
treatments.

Keywords: diabetes, FFA receptor, insulin, incretin, inflammation

INTRODUCTION
In 2013, 382 million people worldwide were characterized as dia-
betic patients with around 90% of patients diagnosed with type
2 diabetes (T2D), a metabolic disorder intrinsically linked with
obesity (1). T2D is defined by insulin resistance in peripheral tis-
sues, such as the liver and muscle, and a loss of pancreatic beta-cell
function, resulting in insufficient insulin secretion (2), and consti-
tutes a risk factor for health issues including cardiovascular disease,
impaired wound healing, blindness, and renal failure (1). Although
T2D can sometimes be controlled through strict diet regulation, a
large number of patients require clinical therapies. Current treat-
ments, such as metformin, sulfonylureas, glucagon-like peptide-1
(GLP-1) receptor agonists, and dipeptidyl peptidase-4 (DPP-4)
inhibitors, are deployed primarily to either improve insulin secre-
tion, peripheral insulin sensitivity, or both (3). However, there
remains a demand for distinct, safe, and effective treatments for
T2D, with the current therapies often associated with side effects
including hypoglycemia and weight gain. Naturally occurring free
fatty acids (FFAs) found in the diet, including ω-3 fatty acids,
have profound effects on metabolic and inflammatory processes

Abbreviations: αLA, α-linolenic acid; DHA, docosahexaenoic acid; CNS, cen-
tral nervous system; DPP-4, dipeptidyl peptidase-4; FFA, free fatty acid; FFA1–4,
free fatty acid receptors 1–4; GIP, glucose-dependent insulinotropic polypeptide;
GLP-1, glucagon-like peptide-1; GPCR, G protein-coupled receptor; GSIS, glucose-
stimulated insulin secretion; HbA1c, hemoglobin A1c; HFD, high-fat diet; LCFA,
long-chain fatty acid; LPS, lipopolysaccharide; MCFA, medium chain fatty acid;
PYY, peptide YY; SCFA, short chain fatty acid; T2D, type 2 diabetes; TNF, tumor
necrosis factor.

associated with T2D, although the molecular basis for these effects
are complex and incompletely understood (4). FFAs are classi-
fied based upon their chain length, such that short chain fatty
acids (SCFAs) have 1–6 carbon atoms; medium chain fatty acids
(MCFAs) contains 7–12 carbon atoms; and long-chain fatty acids
(LCFAs) contain more than 12 carbon atoms (4). Many of the
biological effects of FFAs have now been attributed, at least in
part, to FFAs interacting with a group of G protein-coupled
receptors (GPCRs) designated the FFA receptors. The most well-
characterized FFA receptors are the two LCFA-specific receptors,
FFA1 and FFA4, and the SCFA-specific receptors FFA2 and FFA3.
FFA receptor agonism, particularly of the FFA1 receptor, has sub-
sequently been shown to have beneficial metabolic effects (4).
Consequently, a number of ongoing industrial and academic pro-
grams are focused upon developing potent and selective synthetic
agonists of FFA1. Although currently less developed, activation of
each of FFA2, FFA3, and FFA4 has also been suggested to have
potential benefits for metabolic function. In this review, we will
therefore discuss the potential of FFA receptor agonists as novel
clinical treatments for T2D.

FFA1
FFA1, activated by various saturated (e.g., palmitic acid, C16:0),
mono-unsaturated (e.g., oleic acid, C18:1), and polyunsatu-
rated long-chain FFAs (e.g., linoleic acid, C18:2) (Table 1), is
a Gq/11-coupled GPCR predominantly expressed in pancreatic
beta cells that is associated with increased glucose-stimulated
insulin secretion (GSIS) (4–6) (Figure 1). FFA1 is also expressed
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Table 1 | FFA receptor agonists for the treatment ofT2D.

FFA receptor Agonists Metabolic effects Clinical trial status

FFA1 Natural ligands: palmitic acid,

oleic acid, linoleic acid

Synthetic ligands: GW9508,

TAK-875/Fasiglifam, AMG-837,

AM-1638, AM-5262, LY2881835,

JTT-851, P11187, TUG-469,

TUG-424, TUG-770, AS2575959,

DS-1558

Improved fasting hypoglycemia and

glucose tolerance in diabetic animal

models

Increased GSIS

Increased incretin release (full

agonists: AM-1638, AM-5262,

LY2881835)

No associated hypoglycemia in

normoglycemic rats

TAK-875/Fasiglifam (Takeda): phase I/II trials showed

reduced blood glucose levels, increased insulin levels,

1.2–1.4% reduction in HbA1c levels with no associated

weight gain/hypoglycemia in T2D patients. Removed

from phase III trials due to potential liver toxicity

AMG-837 (Amgen) and LY2881835 (Eli Lilly):

removed from phase I trials due to toxicity

JTT-851 (JapanTobacco): currently in phase II trials

P11187 (Piramal): currently in phase I trials

FFA2 Natural ligands: acetate

(preferred), propionate, butyrate

Synthetic ligands: AMG7703/

4-CMTB, Euroscreen compounds,

compounds 1 and 2

Improved glucose uptake

Decreased colon motility/contractility

Increased GLP-1 secretion

Inhibition of leukocyte activation

No agonists currently in clinical trials

FFA3 Natural ligands: propionate

(preferred), butyrate, acetate

Increased GLP-1 secretion No agonists currently in clinical trials

Synthetic ligands: Arena

Pharmaceuticals series

FFA4 Natural ligands: α-linolenic acid

(αLA), docosahexanoic acid (DHA)

Synthetic ligands: GW9508,

NCG21, NCG46, TUG-891

Protection against diet-induced obesity

Improved insulin sensitivity and

glycemic control

Increased GLP-1 release

Increased insulin secretion (largely

attributed to GLP-1 release)

Reduced inflammation

No compounds currently in clinical trials although a

number of companies have patented FFA4 agonists

for the treatment of T2D (Banyu Pharmaceutical,

Metabolex, Kindex Therapeutics, Pharma Frontier)

Table 1 illustrates the most commonly described natural and synthetic ligands for FFA1-4. The current clinical status of these synthetic agonists for the treatment of

T2D is also described.

by various enteroendocrine cells where it regulates the release
of incretin hormones such as glucagon-like peptide-1 (GLP-1),
an insulinotropic, anorectic peptide that reduces gastric emp-
tying and motility, as well as cholecystokinin (CCK), shown to
regulate pancreatic secretion, inhibit gastric motility, and reduce
energy intake (7–10) (Figure 1). FFA1 is also present within the
central nervous system (CNS) (11, 12) although whether neu-
ronal FFA1 contributes to the regulation of glucose homeosta-
sis remains to be fully determined (Figure 1). FFA1 expression
has also been reported in glucagon-producing alpha cells within
the pancreas, although this remains controversial (13–17). FFA1
expression has also been well characterized in taste buds where
it mediates, in part, taste preference for fatty acids, although
the significance of this, and possible effects of pharmacological
activation or blockade, remains to be fully elucidated (18, 19)
(Figure 1).

FFA1 AND INSULIN SECRETION
Acute FFA-mediated insulin secretion from isolated human and
rodent islets involves amplification of the second phase of GSIS
(5, 6, 15, 20). This is reduced by approximately 50% in FFA1-null
mice, with the remaining effect attributed to intracellular metabo-
lism of FFAs (5, 6, 15, 20). In contrast, transgenic overexpression of

FFA1 under the control of the mouse insulin II promoter prevents
development of hyperglycemia and improves insulin secretion and
glucose tolerance in diabetic mouse models (21). As anticipated
from this, GW9508, a synthetic FFA1 agonist (Table 1) stimu-
lated GSIS in pancreatic MIN6 cells (22). FFA1 gene expression is
also reduced under glucolipotoxic conditions in rats and in islets
from T2D patients while a rare mutation in the human FFA1
gene is associated with attenuated lipid-mediated enhancement
of GSIS (23–25). The effects of FFA1 on pancreatic beta cell via-
bility, however, has been controversial, with pancreatic-specific
FFA1 overexpression associated with disrupted islet morphology
and impaired beta cell function whereas FFA1 disruption is linked
with increased beta cell viability in mice fed on a high-fat diet
(HFD) (26). These observations promoted the concept that, at
least in the longer term, FFA1 antagonism could be beneficial in
the treatment of diabetes. However, most subsequent pre-clinical
studies contradict these findings, indicating that FFA1 agonism
has no detrimental effects on beta cell viability (16, 20, 21), or
even protects beta cells (27–29).

THE FFA1 AGONIST FASIGLIFAM AND INSULIN SECRETION
Although there are currently no FFA1 agonists approved for
clinical use, considerable interest developed around Fasiglifam
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FIGURE 1 |The biological effects of FFA receptors. Dietary FFAs, such as
ω-3 fatty acids from fish oils and SCFAs derived from the fermentation of
dietary fiber, have profound effects on metabolic and inflammatory processes
associated with obesity and T2D. These effects have, at least in part, been
attributed to the activation of free fatty acid receptors (FFA1–4), leading to a
great deal of interest in the development of synthetic FFA receptor agonists
for the treatment of metabolic disease. Agonism of the long-chain FFA
receptor FFA1, the most fully characterized of these receptors, improves
glucose-stimulated insulin secretion from the pancreas. Additionally, full
agonists of this receptor increase incretin release from the gut, thereby
indirectly increasing pancreatic insulin secretion, as well as improving
systemic insulin sensitivity and promoting satiety. Agonism of another
long-chain FFA receptor, FFA4, is associated with incretin release from the

gut, as well as an anti-inflammatory effect on macrophages that, in turn, may
improve systemic insulin sensitivity. In the pancreas, FFA4 is associated with
reduced cell apoptosis and FFA4 has recently been detected in alpha and
delta cells and regulates glucagon and somatostatin release, respectively.
Both FFA1 and FFA4 have been detected in taste buds although the full
implications of this in relation to obesity remain to be determined. The SCFA
receptors, FFA2/FFA3, have recently been linked with the beneficial metabolic
effects associated probiotics within the gut. Both receptors have been linked
with incretin release from enteroendocrine cells, as well as both systemic
anti- and pro-inflammatory effects. However, due to conflicting results using
receptor-specific knockout models and a limited selection of pharmacological
tools, more work is required to elucidate the physiological effects of FFA2 and
FFA3 agonism.

(designated TAK-875 in pre-clinical studies, Figure 2), an orally
available FFA1 agonist developed by Takeda (30–32) (Table 1).
Completed Phase II clinical trials demonstrated that T2D patients
treated with Fasiglifam had reduced blood glucose levels, increased
insulin levels, and resulted in a 1.2–1.4% reduction in hemoglo-
bin A1c (HbA1c) levels (32–36) (Table 1). Crucially, although
these effects were comparable to current sulfonylurea treat-
ments, Fasiglifam was associated with markedly less side effects,
with no significant increases in body weight and a reduced
concomitant incidence of hypoglycemia (32–36). This is con-
sistent with pre-clinical data demonstrating that Fasiglifam
improved fasting hyperglycemia and glucose tolerance and aug-
mented GSIS in diabetic rat models, with no hypoglycemia
observed in normoglycemic rats (31). No changes in insulin
resistance have been reported in response to Fasiglifam treat-
ment (37, 38) and Fasiglifam had no effect on glucagon secre-
tion in isolated human islets and did not alter glucagon lev-
els in T2D patients (39). Importantly, prolonged Fasiglifam
exposure was also not associated with beta cell dysfunction or
apoptosis (31).

THE EFFECT OF PARTIAL VS. FULL FFA1 AGONISTS ON
INCRETIN RELEASE FROM ENTEROENDOCRINE CELLS
The ability of synthetic FFA1 agonists to induce significant incretin
release was recently shown to depend upon whether the com-
pound was a partial or full agonist (8, 10, 40) (Figure 1). In this
regard, TAK-875/Fasiglifam had no effect on incretin release from
enteroendocrine cells with similar results reported for AMG-837
(Amgen, Table 1; Figure 2) (39). In contrast, Amgen described
AM-1638 and AM-5262 (Table 1; Figure 2) as full FFA1 ago-
nists that directly stimulate insulin secretion and promote incretin
release from enteroendocrine cells (39, 41, 42) (Figure 1). This
incretin-stimulating effect was abolished in FFA1 knockout mice
and the effect of AM-1638 on glucose homeostasis was attenuated
by the GLP-1R antagonist, Ex(9–39)NH2, indicating a particularly
key role for GLP-1 (39). Similarly, LY2881835, a full FFA1 agonist
from Eli Lilly (Table 1), increased GSIS, lowered blood glucose lev-
els, and increased GLP-1 secretion in animal models (43). Amgen
demonstrated that multiple ligand binding pockets exist on FFA1,
comprising of up to two allosteric sites as well as the FFA binding
orthosteric site (40). One allosteric site is targeted by compounds
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FIGURE 2 | Representative free fatty acid receptor agonists. A number of academic and industrial drug programs are aimed at developing FFA receptor
agonists for the treatment of T2D. A representative selection of the current range of synthetic agonists that have so far been developed for these receptors are
shown.

such as AM-837 and TAK-875 while the second allosteric site is a
target for receptor agonists such as AM-1638 that act as full ago-
nists. Consequently, positive co-operativity was shown between
either AMG-837 or AM-1638 in conjunction with natural FFA lig-
ands in cell based assays measuring second-messenger generation,
as well as primary cell based assays, with positive co-operativity
also reported between AMG-837 and AM-1638 during an oral
glucose tolerance test in a diabetic rodent model (40).

FFA1 AGONISTS: ONGOING FFA1 DRUG PROGRAMS AND
FUTURE CHALLENGES
Although no issues were raised regarding safety and tolerability
during Phase I and II trials, Fasiglifam was recently withdrawn
from phase III trials due to potential liver toxicity (43) (Table 1).

Similarly, Amgen and Eli Lilly removed AMG-837 and LY2881835
(Table 1; Figure 2), respectively from Phase I clinical trials due to
concerns over toxicity (43). However, the pre-clinical and clinical
data generated using Fasiglifam provides a strong rationale and
validation for further studies into the potential use of FFA1 ago-
nism as a novel treatment for T2D. Currently, Japan Tobacco are
conducting Phase II clinical trials with their FFA1 agonist candi-
date, JTT-851 and Piramal have begun Phase I clinical trials on
their FFA1 agonist, P11187 (43) (Table 1). Daiichi Sanyko also
recently described 3-aryl-3-ethoxypropanoic acids as orally active
FFA1 agonists that improve insulin secretion and glucose home-
ostasis in rats (44). Additionally, FFA1 agonists developed by Astel-
las are reported to have beneficial effects on glucose homeostasis in
diabetic mouse models (45, 46). Sanofi and Boehringer-Ingelheim
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are also reported to have FFA1 agonist programs under develop-
ment (43). In an academic context, the University of Southern
Denmark have developed 4-(benzylamine)hydrocinnamic acid
FFA1 agonists such as TUG-469 (47, 48) and 4-alkyne hydrocin-
namic acid FFA1 agonists, including TUG-424 and TUG-770
(49–51) (Table 1). Within these programs, several strategies have
been followed to reduce compound lipophilicity (48, 52, 53). Con-
sequently, TUG-770 (Figure 2) has recently been described as a
highly potent FFA1 agonist with favorable physicochemical and
pharmacokinetic properties, improving glucose tolerance in diet-
induced obese mice. This effect did not desensitize, being fully
maintained after 29 days of chronic dosing (49).

FFA4
FFA4, a Gq-coupled GPCR activated by LCFAs, including α-
linolenic acid (α-LA) and docosahexaenoic acid (DHA) (Table 1),
is expressed in enteroendocrine cells, lung, brain, white adipose
tissues, heart, and liver (4). Within adipose tissue, FFA4 gene
expression is upregulated following a HFD and FFA4 activation
in adipocytes is associated with increased adipogenesis and glu-
cose uptake (54–56), suggesting that FFA4 activation may promote
adiposity and obesity (Figure 1). However, mutation of FFA4
(p.R270H variant) is associated with an increased risk of obe-
sity in European populations (although this variant is almost
absent in a Japanese population), and young FFA4 null mice fed
a HFD gained significantly more fat mass than their wild-type
littermates, suggesting that FFA4 protects against diet-induced
obesity (57). FFA4 agonism is also commonly associated with
improved insulin sensitivity, with FFA4 null mice reported to
have increased fasting glucose and impaired responses to insulin
and glucose tolerance testing (56, 57) (Figure 1). A number of
these metabolic effects, such as increased insulin secretion, sati-
ety, and improved glycemic control, have been attributed, at least
in part, to FFA4-dependent incretin release from enteroendocrine
cells, particularly GLP-1 (4, 54, 55, 58) (Figure 1). GLP-1 secre-
tion was demonstrated both in vitro and in vivo using aLA as
an agonist (58). Similarly, TUG-891 (Figure 2), a potent FFA4
agonist (see below), also increased GLP-1 secretion from STC-1
and GLUTag enteroendocrine cells (55). However, a recent study
has questioned the significance of FFA4-mediated GLP-1 release
(59). FFA4 also co-localizes with the orexigenic peptide, ghrelin,
in duodenal cells in vivo, with recent studies showing that FFA4
activation inhibits ghrelin secretion (60, 61). An emerging role for
FFA4 within pancreatic islets has also recently developed, with the
pancreatic islets of diabetic and hyperglycemic individuals shown
to have decreased levels of FFA4 mRNA and knockdown of FFA4
mRNA levels within islets demonstrated to attenuate the protec-
tive effects of the ω-3 fatty acid, eicosapentaenoic acid against
palmitate-induced cell apoptosis (62) (Figure 1). FFA4 expres-
sion has also recently been detected in delta cells and alpha cells
within the pancreas and was consequently linked with the inhibi-
tion of glucose-dependent somatostatin release and the regulation
of glucagon secretion, respectively (63, 64) (Figure 1). Similar to
FFA1, FFA4 is also expressed in taste buds and is linked with the
regulation of taste preference although, again, the significance of
this in relation to obesity and T2D remains to be clarified (65)
(Figure 1).

THE ANTI-INFLAMMATORY EFFECTS OF FFA4
A recent study indicated that, in addition to the previously
described insulin-sensitizing effects associated with GLP-1 release,
improved systemic insulin sensitivity may also be associated with
FFA4-mediated anti-inflammatory effects on macrophages (56)
(Figure 1). In this study, FFA4 expression in macrophages was
elevated in response to obesity and FFA4 activation decreased
pro-inflammatory gene expression in M1 macrophages and
increased expression of M2 anti-inflammatory genes with reduced
macrophage infiltration of adipose tissues also observed in
FFA4 null mice due to decreased chemotaxis (56). These anti-
inflammatory effects are largely associated with FFA4-mediated
recruitment of β-arrestin 2, a scaffold protein typically associ-
ated with receptor desensitization and internalization that is also
implicated in the regulation of distinct signaling pathways (56, 66,
67). In the case of FFA4, β-arrestin 2 interacts with TAB1 that, in
turn, inhibits lipopolysaccharide (LPS)- and tumor necrosis factor
(TNF)-alpha-induced TAK1 stimulation, thereby blocking toll-
like receptor 4 (TLR4) and the TNF-alpha inflammatory pathways
(56, 66, 67). Interestingly, recent studies have also reported FFA4-
mediated anti-inflammatory effects within the brain. In particular,
FFA4 has been associated with the anti-inflammatory effects of
ω-3 and ω-9 fatty acids in the hypothalamus, thereby reducing
diet-induced inflammation and reducing body adiposity (68, 69)
(Figure 1).

SYNTHETIC FFA4 AGONISTS
Initial synthetic FFA4 agonists, including GW9508, NCG21
(Figure 2), and NCG46 (Table 1), showed significant dual ago-
nism at FFA1 (70). However, our groups have recently reported on
TUG-891, a potent and selective FFA4 agonist (55, 71) (Table 1,
Figure 2), although TUG-891 is significantly less selective for
murine FFA4 compared to murine FFA1, potentially limiting its
use in pre-clinical in vivo studies in mice (71). Recent modeling
and mutational efforts have, however, clearly defined how TUG-
891 interacts with FFA4 (72), information that will be invaluable
in developing novel ligands with improved pharmacological prop-
erties for this receptor. To date, no FFA4 agonists have entered
clinical trials although a number of FFA4 agonist programs are
ongoing. For example, Banyu Pharmaceutical Co. Ltd, IRM LLC
USA, Metabolex, Inc., Kindex Therapeutics, and Pharma Fron-
tier Co., Ltd have all patented FFA4 agonists for the treatment
of metabolic and inflammatory disease (66) (Table 1). Similarly,
GSK has recently described a series of diarylsulfonamides as FFA4
agonists (73) and Metabolex has reported that their series of
dihydrobenzofuran-based FFA4 agonists improved glucose home-
ostasis in mice, with moderate glucose-lowering effects in mice
shown with a separate series of FFA4 agonists (66). Additionally,
Kindex Therapeutics described beneficial effects in the treatment
of obesity, inflammation, and metabolic disorders with alpha acids
that were reported to act both as FFA4 agonists and also as partial
PPARγ agonists (66).

METABOLIC REGULATION BY FFA2 AND FFA3
High fiber intake protects against obesity and T2D via SCFA
production, particularly butyrate, acetate, and propionate, from
bacterial fermentation of dietary fiber in the large intestine (74).
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Moreover, modulation of gut microbiota using pre- and probiotics
in both mice and humans regulates body weight, appetite, and glu-
cose homeostasis (74). These SCFA-mediated beneficial effects on
body weight and glucose homeostasis in HFD-fed mice are due,
at least in part, to FFA2/FFA3-dependent mechanisms, includ-
ing for example increased secretion of incretins, such as GLP-1,
glucose-dependent insulinotropic polypeptide (GIP), and peptide
YY (PYY) (74, 75). These receptors are activated by the SCFAs
produced by fiber fermentation in the gut, with the human FFA2
ortholog preferentially activated by shorter SCFAs, such as acetate,
whereas human FFA3 is activated preferentially by the longer
SCFAs, with propionate being the most potent SCFA for both
receptors, at least in human (4, 74–80) (Table 1; Figure 1). How-
ever, the relative potency and preference for various SCFAs appears
to vary significantly across species (81, 82). SCFA-triggered secre-
tion of GLP-1 was almost completely abolished in primary colonic
cultures from FFA2 null mice and reduced, to a lesser extent, in
mice lacking FFA3 (76). FFA2 is expressed in adipose tissue, intes-
tine, islet cells, enteroendocrine cells, and immune cells while FFA3
is highly expressed in the small intestine, colon, and pancreas (4).
FFA2 expression levels are also elevated in the skeletal muscle,
liver, and adipose tissue of HFD-fed rodents, with FFA2 shown
to regulate adipogenesis and adipocyte differentiation and inhibit
lipolysis (83) (Figure 1).

Complete elucidation of the metabolic effects of FFA2 and FFA3
has, however, been complicated by conflicting results using FFA2
and FFA3 null mice. For example, in one study, HFD-fed FFA2 null
mice display lower body fat mass and improved glucose control
compared to wild-type mice, indicating a role for FFA2 antagonists
in the treatment of T2D (84). Contrastingly, FFA2 null mice were
also shown to be obese on a normal diet, with reduced insulin sen-
sitivity and marked insulin resistance whereas adipocyte-specific
overexpression of FFA2 resulted in lower body weight in a HFD
study (85). Similarly, the loss of FFA3 either resulted in weight
loss, obesity, or had no effect in different studies (86–88). Hence,
the development of more potent and selective FFA2 and FFA3
agonists will hopefully facilitate the elucidation of the metabolic
effects of FFA2 and FFA3 and ultimately provide future treatments
for T2D. Several selective compound series are already known,
especially for FFA2 (89) (Table 1). Small carboxylic acids derived
from the natural SCFA ligands have shown appreciable and pre-
dictable selectivity but have low potency (80). Selective allosteric
agonists of FFA2 were reported by Amgen to regulate lipolysis (e.g.,
AMG7703/4-CMTB, Table 1; Figure 2). However, the clinical use
of these drugs was deemed to be limited due to low solubility
and poor pharmacokinetics (90). Orthosteric FFA2 agonists and
antagonists have also now been reported (82, 91) and used to
demonstrate a role for this receptor in improved glucose uptake,
decreased colon motility and contractility, increased GLP-1 secre-
tion, and inhibiting leukocyte activation (81, 82, 89, 92). FFA3
agonists are even less developed although Arena Pharmaceuticals
has reported a series of FFA3-selective compounds (89) (Table 1).
Pharmacological characterization of compounds from this series
demonstrated that individual members have diverse pharmaco-
logical properties, acting as intrinsic agonists and/or allosterically
modulating the potency or efficacy of the response to SCFA pro-
pionate (93). Hence, although recent microbiota studies highlight

quite elegantly the role that gut-derived SCFAs can play in the
regulation of metabolism, there still remains a great demand for
improved FFA2 and FFA3 agonists to fully unravel and define the
consequences of activation of these receptors for metabolic health.

FUTURE PERSPECTIVES
The withdrawal of FFA1 agonists from clinical trials, particu-
larly Fasiglifam, highlights the critical importance of establishing
whether the adverse effects reported during these clinical trials are
due to FFA1 agonism or the chemical structures of the particu-
lar FFA1 agonists. Additionally, as FFA2, FFA3, and FFA4 agonists
further develop and hopefully enter clinical trials, it will be inter-
esting to see if the same issues highlighted during FFA1 trials will
also arise. Future research should also fully address the relative
effects of partial and full FFA1 agonists, particularly in relation
to allosterism in conjunction with natural FFA ligands. Addition-
ally, dual agonists of FFA1 and FFA4 may have enhanced effects
on insulin secretion and insulin sensitivity compared to selective
FFA1 or FFA4 agonists alone. Similarly, co-therapeutic approaches
involving FFA receptor agonists and current T2D therapies should
be examined. For example, the FFA1 agonist,AS2575959 (Table 1),
acts synergistically with a DPP-IV inhibitor to improve glucose
homeostasis (45) and combination therapy with Fasiglifam and
metformin displayed enhanced anti-diabetic effects in a diabetic
rat model (94). Similarly, the FFA1 agonist, DS-1558 (Table 1),
acts synergistically with exendin-4, a GLP-1 receptor agonist, to
improve glucose homeostasis in diabetic mice (95). Clearly, there
are a number of significant challenges ahead in the development
of clinical treatments based on FFA receptor agonism. However,
should these challenges be met, FFA receptor agonism may provide
a novel and effective way to treat T2D.
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