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There are significant numbers of nutrient sensing G protein-coupled receptors (GPCRs) that can be
found in cells of the immune system and in tissues that are involved in metabolic function, such as
the pancreas or the intestinal epithelium. The family of free fatty acid receptors (FFAR1-4, GPR84), plus
a few other metabolite sensing receptors (GPR109A, GPR91, GPR35) have been for this reason the focus
of studies linking the effects of nutrients with immunological responses. A number of the beneficial
anti-inflammatory effects credited to dietary fats such as omega-3 fatty acids are attributed to their
actions on FFAR4.This might play an important protective role in the development of obesity, insulin
resistance or asthma. The role of the short-chain fatty acids resulting from fermentation of fibre by
the intestinal microbiota in regulating acute inflammatory responses is also discussed. Finally we assess
the therapeutic potential of this family of receptors to treat pathologies where inflammation is a major
factor such as type 2 diabetes, whether by the use of novel synthetic molecules or by the modulation of
the individual’s diet.
� 2016 The Authors. Published by Elsevier Inc. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
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1. Introduction

The replacement of a regular intake of healthy oils and fibres for
a diet based substantially on high fat- and high sugar-content
foods has had profound consequences for public health. These
changes in the way that the populations of high income, particu-
larly Western countries, manage their dietary habits have
undoubtedly triggered what is now considered an epidemic of obe-
sity that has consequently resulted in an increase in serious,
chronic conditions associated with dysfunctions of energy balance,
including type 2 diabetes and cardiovascular diseases [1,2]. Fur-
thermore, it is now widely accepted that low grade chronic inflam-
mation associated with obesity may be directly connected to other
inflammatory related pathologies such as asthma, colitis and,
potentially, some forms of cancer, including colon cancer [3–9].

These effects have triggered a major increase in interest with
regard to the role of metabolite sensing and how this may affect
physiology in health and disease, with concepts including the
interface between the metabolic and immune systems, i.e.
immuno-metabolism, coming to the front of scientific discussions
[9,10]. There has been particular interest in free fatty acid (FFA)
sensing and its association with the mode of signalling of a number
of recently de-orphanised G protein-coupled receptors (GPCRs)
[11]. This is a fast moving and exciting area of research focusing
the interest of pharmacologists, chemists, immunologists and
physiologists in an interdisciplinary manner. FFAs, including health
boosting omega-3 fatty acid containing oils, are therefore no longer
considered only as metabolic intermediaries but also as critical sig-
nalling molecules due to their role as agonists for different mem-
bers of the family of free fatty acid receptors (FFARs) [12–16].
Although widely expressed, their presence on key cell types regu-
lating both metabolic and immune health acts to link the regula-
tion of energy homoeostasis with the control of inflammatory
responses [17,18].

FFARs are therefore now considered very attractive targets for
the development of either novel medicines or novel strategies to
treat both metabolic and inflammatory pathologies. However, as
they are a relatively newly described group of receptors there
remain a substantial number of open questions with regard to their
function and the roles that they subserve. This reviewmaps out the
key players and connections between FFAs that are obtained
through the diet or as a result of the actions of the gut commensal
microbiota and the immune system and addresses how further
understanding of these systems might be used to limit or treat
disease.
2. Overview of the family of free fatty acid receptors

2.1. Free fatty acids

The basic structure of a ‘free’ fatty acid, i.e. one unbound or non-
esterified within larger species such as triglycerides or phospho-
lipids, is a carboxylic acid linked to an aliphatic chain of variable
length that may be saturated or unsaturated. As such, fatty acids
are widely classified based on the length of their carbon chains
and grouped into short chain fatty acids (SCFAs, C2–C6), medium
chain fatty acids (MCFAs, C7–C12) and long chain fatty acids
(LCFAs, >C12). These may have a number of different origins. Most
of the ‘essential’ fatty acids such as linoleic acid (18:2, n-6) or
alpha-linolenic acid (18:3, n-3), which humans cannot synthesise
directly, and other LCFAs and MCFAs, are generally obtained
through the diet [19,20]. Some other FFAs are obtained through
the breakdown of fats (triglycerides) in adipose tissue (AT) and
the liver. By contrast the vast majority of SCFAs including acetate
(C2) and propionate (C3) are derived from the fermentation of
fibres and breakdown of dietary carbohydrates by the bacteria pre-
sent in the gut [21,22]. As will be discussed further, there is mount-
ing evidence to support a central role for the gut microbiota in the
regulation of energy homoeostasis and its impact in inflammatory
processes [23–25].

2.2. Free fatty acid receptors

FFARs are members of the ‘rhodopsin-like’ GPCR family and cur-
rently four receptors (FFAR1-4) are so classified. FFAR1, 2 and 3 are
closely related in terms of sequence and are co-located (on chro-
mosome 19q13.12 in humans) [26]. Between the coding regions
for FFAR3 and FFAR1 (formerly GPR41 and GPR40 respectively) in
this chromosome there is a further sequence which was considered
initially as a likely pseudogene [27]. However in recent times, anal-
ysis of this allele, which is designated as GPR42, has indicated that
it may be active in many individuals [28]. It has clearly arisen from
a tandem duplication of the FFAR3 gene as the sequence differs in
only 6 amino acids. FFAR2 (formerly GPR43) appears as the last
FFAR in the group at this genomic location. In contrast to this group
of tandemly encoded sequences, FFAR4 (formerly GPR120) is
located on chromosome 10 (10q23.33) in humans and displays lit-
tle overall homology with the other FFARs. Nevertheless, it was
identified as a receptor for LCFAs in 2005 [29]. Previous high-
throughput screening and more focussed programmes had led to
the de-orphanisation of FFAR1-3 [27,30–33] and these showed that
FFAR2 and FFAR3 respond to SCFAs of carbon chain length C2–C6,
displaying various potencies for the different ligands [27,33]. In
contrast both FFAR1 and FFAR4 are activated selectively by LCFAs.
Potentially of importance, although yet to be fully explored, human
FFAR4 is produced as two isoforms which differ structurally by a
16 amino acid insertion into the third intracellular loop of the long
isoform [34,35]. This is not present in other species investigated to
date and although these two isoforms differ in their downstream
signal transduction (see Section 2.3 and Table 1) the importance
of this for overall function remains unclear, not least because the
long isoform has only been detected in a limited number of tissues
[35,36].

Although now widely accepted, there was initially debate as to
whether the low potencies observed for most FFAs at their recep-
tors, for example propionate displays high microM to low milliM
potency at FFAR2 and FFAR3, could be reconciled with them being
the true endogenous ligands for the receptors [37]. However, levels
of SCFAs in the gut or plasma can reach high milliM levels [31,38–
41]. Moreover, LCFAs, although generally displaying low microM
potency in in vitro assays at FFAR1 and FFAR4, are highly plasma
protein bound, e.g. to serum albumin, and it remains uncertain
how this affects presentation of the ligands to the relevant recep-
tors in vivo or what are the true available ligand amounts.

The modest potency that most FFAs display at their target
receptors, and the small chemical size of the SCFAs, has resulted
in a view, although atomic level structures of these receptors are
not yet available, that the ligand pocket of FFAR2 and FFAR3 must
also be small [42]. This has resulted in challenges in terms of the
development of novel selective and potent synthetic ligands at
these receptors [43]. However, the FFAR2 antagonist GLPG0974
did enter first-in-man clinical trials, even if these were rapidly
abandoned, as a potential treatment for the lower gut inflamma-
tory condition ulcerative colitis [44] (see Section 3.1.1 for further
details). By contrast, in part because of the clear potential for reg-
ulation of glucose homoeostasis and, therefore diabetes, by target-
ing the receptors for LCFAs, the development of ligands for these
receptors is significantly more advanced [44]. For example, the
FFAR1 receptor agonist TAK-875/fasiglifam progressed into phase
III clinical trials and was able to reduce blood glucose levels,
increase insulin levels, and to cause a significant 1.2–1.4%
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reduction in HbA1c levels with no associated weight gain/hypogly-
caemia in type 2 diabetics. It was, however, withdrawn from these
trials due to potential liver toxicity. No selective FFAR4 ligands
have yet advanced into clinical trials, but a number have also been
shown to have positive effects on blood glucose and insulin levels
in rodent models of diabetes and obesity [44].

Although remaining officially an orphan receptor, GPR84 is a
further potential receptor for FFAs. In recent years this GPCR has
been shown to be activated by a group of MCFAs [45]. As with
FFAR4, this receptor is only distantly related to other FFAR family
members and was originally isolated using an in silico EST data
mining strategy [46] designed to identify GPCR sequences that
were divergent in sequence from those identified previously.
Although the chain length selectivity of fatty acids at GPR84 is very
narrow [45], meaning that it is activated only by a small group of
fatty acids, various synthetic molecules have been shown to pro-
mote activation [44] and, therefore, provide a wider pharmacology
to explore the functions of this receptor.
2.3. Signal transduction and expression of FFARs

The most common feature of GPCRs is their ability to signal
through the activation of heterotrimeric G proteins (Table 1). The
four FFARs are no exception and show diverse coupling preferences
to G proteins as well as also promoting a variety of G protein-
independent pathways. Both of the SCFA receptors, FFAR2 and
FFAR3, have an established preference for coupling to pertussis
toxin-sensitive Gai/o G proteins that results in inhibition of adeny-
lyl cyclase and a reduction in cAMP production. However, FFAR2 is
more pleiotropic than FFAR3 and is also able to couple to Gaq/11 G-
proteins with subsequent elevation of intracellular calcium [47]. As
well as sharing coupling to Gai/o G proteins FFAR2 and FFAR3 have
overlapping patterns of expression as both can be found in adipo-
cytes, pancreatic islets and in several incretin-releasing enteroen-
docrine cells such as K cells (gastric inhibitory polypeptide (GIP)
release), I cells (cholecystokinin (CCK) release), and L cells
(glucagon-like peptide-1 and peptide YY (GLP-1 and PYY) release)
[27,43,48,49]. In recent years immunologists and computational
biologists have joined forces to compile gene expression profiles
of immune cell populations from mice in efforts to define potential
inflammatory profiles and targets. Data from this consortium
(www.immgen.org) indicate two key populations of immune cells
where FFAR2 is heavily expressed: neutrophils and mesenteric and
small intestine dendritic cells (DC). More specifically FFAR2
expression is found in CD11b+ neutrophils from blood and synovial
fluid and resident macrophages from adipose and lung tissues also
show a relatively high level of FFAR2 expression. FFAR3 expression
can be found in sympathetic ganglia [48] and the enteroendocrine
cells mentioned above [27,43,48,49], although datasets from the
Immunological Genome Project also indicate expression broadly
but at low levels in white cells, in DCs and some subclasses of neu-
trophils (Table 1).

FFAR1 is found in pancreatic islets, with particularly enriched
expression in the b-cells which produce and release insulin and,
therefore, its function has been linked to the modulation of
glucose-stimulated insulin release [31,50,51]. This receptor is
expressed together with FFAR4 in enteroendocrine cells of the gas-
trointestinal tract where it mediates FFA-stimulated incretin secre-
tion [52–54]. FFAR4 is also found in the pancreas, where
expression is suggested to be restricted to the d-cells [55], in adipo-
cytes, lung [35,56] and in immune cells, particularly CD11c+ bone
marrow-derived macrophages and intra-peritoneal-derived
macrophages [57]. The distribution of FFAR4 expression is sup-
ported by reports available via the Immgen database, where FFAR4
expression is also noted to be present in a number of types of DCs
(mesenteric, lung CD11b+, small intestine) and, in particular, in
lung-resident macrophages (Table 1).

Macrophages are generally found as heterogeneous mixed pop-
ulations and based on gene expression patterns have been cate-
gorised into two activation/polarisation states, namely classic
(M1) or alternative (M2) [58–60]. The release by Th1 helper cells
of inflammatory cytokines such as interferon-gamma (INFc) during
the initial phases of acute inflammation promotes polarisation into
activated M1 macrophages, whereas anti-inflammatory cytokines
(IL-4, IL-13), released by Th2 helper cells, drive polarisation
towards the M2 phenotype [57,61,62]. This leads towards the res-
olution of the inflammatory process via the activation of peroxi-
some proliferator-activated receptor gamma (PPARc). Expression
of FFAR4 in different types of macrophages (monocytes, Kupffer
cells in the liver, osteoclasts in the bone, resident macrophages
in the lung) and its potential to regulate inflammation (see Sec-
tion 3.2.2) make this receptor a very exciting target for the devel-
opment of novel compounds to treat metabolic syndrome and its
many ramifications [14,63–65] (Table 1).

As previously alluded to, G protein-independent signalling
mechanisms are often important for GPCR function and although
FFAR1 and FFAR4 signal predominantly via Gaq/11 G proteins
[30,31,50,54] they are also able to signal via the recruitment of
b-arrestin-2 [66–69]. b-Arrestins are scaffold proteins that histori-
cally have been studied largely in relation to their capacity to
induce receptor desensitisation and internalisation processes that
frequently follow receptor activation by agonists [70–75]. How-
ever, it is now abundantly clear that b-arrestins also function as
part of alternative signalling cascades [70,73,76–78], leading to
the activation of a myriad of effector enzymes, including protein
kinases of the mitogen activated family such as the extracellular-
signal regulated kinases 1 and 2, the c-Jun kinases and the
stress-activated p38 kinases [79–81]. Of the four FFARs, FFAR3
appears to be the one with the least propensity for b-arrestin
recruitment in response to ligand activation as there are currently
no reports to this effect. Nonetheless, signalling through this arm
seems to be important for the function of the other three receptors,
especially for FFAR4 where the divergence between G protein- and
b-arrestin-dependent pathways seems to be cell type dependent
and critical for the regulation of metabolic or inflammatory pro-
cesses [57]. It is worth noting that the long isoform of FFAR4 that
can be found in human colon [36] is reported to almost exclusively
engage with the b-arrestin pathway, leading to receptor internali-
sation when over-expressed in a recombinant system whilst it
seems to be impaired in G protein coupling as evaluated in intra-
cellular Ca2+ release and dynamic mass redistribution (DMR)
assays [29,30,82]. This may reflect that the 16 amino acid insertion
that produces the long isoform is located within the third intracel-
lular loop, an important element in receptor function. Although the
insertion introduces additional potential phosphorylation sites this
does not to have a substantial effect on the overall capacity for b-
arrestin recruitment [34,82]. Agonist-induced phosphorylation and
subsequent recruitment of b-arrestin largely reflects post-
translational modification of amino acids within the C-terminal tail
of FFAR4 [83,84] which is identical between the isoforms (Table 1).
3. The role of free fatty acid receptors in metabolism and
immune responses

3.1. Short-chain free fatty acid receptors in immune cell signalling and
regulation

Although both SCFA receptors, FFAR2 and FFAR3, are co-
expressed in certain cells and tissues, such as pancreatic a and b
cells and some enteroendocrine cells, as noted earlier, FFAR2 in

http://www.immgen.org


Table 1
Summary of FFA receptors, signalling properties and functions.

Receptor Agonists Signalling Immune cells Function Immune system Other functions tissues/cells

FFAR1 LCFA (>C12)
Natural: palmitic acid, oleic acid, pinolenic acid, aLA,
DHA
Synthetic: GW9508, TAK-875/Fasiglifam, AMG-837,
AM-5262, TUG-424, TUG-770

Gaq/11
#

Gai/o

b-arrestin-2

– – Improved GSIS
Increased incretin release
Enteroendocrine L, K and I-cells
Pancreatic b-cells
Taste buds

FFAR2 SCFA (C2–C6)
Natural: formate, acetate#, propionate, butyrate
Synthetic: 4-CMTB

Gai/o
#

Gaq/11

Neutrophils, intestinal Treg cells,
eosinophils, macrophages,
dendritic cells

Regulation of inflammatory
processes in the gut
Control of epithelial integrity
Neutrophil chemotaxis

Epithelial colonic cells
Adipocytes
Enteroendocrine L, K and I-cells
Pancreatic a and b-cells

FFAR3 SCFA (C3–C7)
Natural: acetate, propionate#, butyrate
Synthetic: AR420626

Gai/o – Regulation of inflammatory
processes in airways

Enteroendocrine cells
Sympathetic ganglia

FFAR4 (short) LCFA (>C12)
Natural: aLA, DHA, EPA
Synthetic: GW9508, TUG-891, Compound A, NCG 21

Gaq/11

b-arrestin-2
Dendritic mesenteric, lung
CD11b+ cells, small intestine
cells, bone marrow-derived and
intra-peritoneal derived
macrophages, Kupffer cells,
eosinophils

Anti-inflammatory effects in the
gut and adipose tissue

Incretin mediated regulation of insulin
secretion (increased GLP-1 release)
Adipocytes
Enteroendocrine L, K and I-cells
Pancreatic d cells
Clara/Club lung cells
Taste buds

FFAR4 (long) LCFA (>C12)
Natural: aLA,DHA, EPA
Synthetic: GW9508, TUG-891

b-arrestin-2 – – Increased incretin release (GLP-1)
Enteroendocrine L-cells

GPR84 MCFA (C7-C12)
Natural: capric/decanoic acid, undecanoic acid
Synthetic: DIM, 6-OAU

Gai/o Macrophages, neutrophils, T-
cells, glial cells

– Adipocytes
Sciatic nerve
Microglia

# Preferred; aLA, a-linolenic acid; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; DIM, diindolylmethane; 6-OAU: 6-n-octylaminouracil; GSIS: glucose stimulated insulin secretion. See text for details on references.
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particular is also highly expressed by a number of white cell types,
including neutrophils, eosinophils, monocytes and, quite impor-
tantly, epithelial colonic cells, where it may play a role in maintain-
ing epithelial integrity and in intestinal Treg cells [85–90].

3.1.1. Roles of FFAR2 receptor in inflammatory processes related to the
gut and other tissues

There is a growing belief that a healthy gut microfloral popula-
tion can positively influence immune responses such that the indi-
vidual might be protected from the development of inflammatory
pathologies such as ulcerative colitis, arthritis or even asthma, with
a growing number of studies linking general wellbeing and healthy
gut function with highly diverse intestinal microbiota and intake of
fibre in the diet [1,91–93]. Bacteria belonging to the Bacteroidetes
and Firmicutes phyla have been found to produce high levels of
the SCFAs C2–C4 which are the main agonists for FFAR2. Levels
of these SCFAs in the intestinal tract can vary depending on the
bacterial composition within individuals and dietary habits but
they reach the systemic blood circulation in sufficiently high levels
to activate these receptors. However, the molecular link between
microbiota SCFA production, FFAR2 function and immune regula-
tion had not been clear until recently. In studies carried out using
FFAR2 knock-out and germ-free mice, Maslowski and colleagues
[94] showed that FFAR2 was necessary for the resolution of a num-
ber of inflammatory responses in models of colitis, asthma and
arthritis. Chemically-induced colitis in germ-free mice that lack
the ability to produce any SCFAs due to the absence of the gut
microbiota resulted in an exacerbated inflammatory phenotype
that could be all but reverted to that of the wild type by supple-
menting the drinking water with 150 mM acetate. This was accom-
panied by a reduction in levels of inflammatory mediators such as
tumour necrosis factor alpha (TNFa), myeloperoxidase (MPO) and
the chemokine CCL3. On the other hand, inflammation was not
resolved in the FFAR2 knock-out mice, providing further evidence
that the effect observed in the germ-free mice treated with acetate
was FFAR2 mediated [94]. This report and others also showed that
neutrophil chemotaxis to SCFA agonists in a transwell-based Boy-
den chamber was lacking in cells produced from FFAR2 deficient
mice [87,94]. At the molecular level this chemotactic effect is likely
to reflect the activation of the p38 MAP kinase cascade, a pathway
known to mediate chemotaxis in cells of the immune system
[87,95]. Despite the elegant studies of Maslowski et al. [94] con-
flicting results have been reported. For example, [87] noted a detri-
mental effect of FFAR2 on polymorphonuclear leucocyte (PMN)
infiltration that could lead to more severe tissue damage and,
therefore, less receptor-mediated beneficial effects. This clearly
poses challenges for the potential development of FFAR2 selective
medicines for the treatment of intestinal inflammatory pathologies
such as irritable bowel disease (IBD) because it is unclear from the
above whether an FFAR2 antagonist might be beneficial or contra-
indicated. One potential scenario is that if inflammatory processes
induced by infiltration of PMNs and other immune cells in
response to cytokines are driven by the activation of FFAR2 then
inhibition of this receptor would prevent this from happening. As
noted earlier this hypothesis was assessed recently by the develop-
ment and clinical trial of the FFAR2 antagonist GLPG0974. How-
ever, no improvements of clinical symptoms were reported
during a 4 week treatment period, resulting in the termination of
the study. Nevertheless, in pre-clinical studies this molecule was
able to efficiently inhibit acetate-induced chemotaxis of human
neutrophils in vitro, to block acetate-mediated elevation of intra-
cellular calcium in HEK293 cells transfected to express FFAR2 with
potency in the nanoM range and to regulate expression of CD11b,
an activation specific marker (CD11b[AE]) used as an indicator of
neutrophil adhesion to the endothelium and extravasion towards
inflamed tissues [96]. It may be, therefore, that current
understanding of the biology of FFAR2 is incomplete or over-
simplistic. Moreover, there may well be significant species
variability in disease pathology and progression and because
GLPG0974, although a high affinity antagonist of human FFAR2,
does not show significant affinity at mouse or rat FFAR2 [97], no
pre-clinical effectiveness in these species could be assessed prior
to the first-in-man trials.

FFAR2 function has also been linked to non-gut related inflam-
matory processes such as gouty arthritis. Vieira and co-workers
have suggested that FFAR2 is responsible for the amplification of
acute inflammation in a rodent model, through the regulation of
NLRP3 inflammasome assembly [98]. FFAR2 expression was upreg-
ulated in the knee tissue of mice injected with monosodium urate
monohydrate (MSU). Furthermore FFAR2 knockout mice showed
significantly less IL-1b production and subsequent neutrophil
migration to the MSU injected joints. These authors proposed the
idea that the gut microbiota and its products might shape the abil-
ity of the host to respond to inflammasome-mediated processes
[98]. However, most of the data were only indirectly related to sig-
nalling from FFAR2 and hence caution is required in interpreting
these data. Despite this, the fact that FFAR2 expression can be read-
ily detected in the neutrophils of synovial fluid may indicate a role
for the receptor in the joints. Nonetheless, this highlights ideas that
may lead to new investigations in NLPR3 inflammasome biology
and also of FFAR2-mediated disorders related to diet-induced
pathologies [99].

From a molecular perspective, implications of interactions
between FFAR2 and b-arrestin-2 are poorly understood
[100,101]. However, FFAR2 can clearly interact with b-arrestin-2
(there is less information on interactions with b-arrestin-1) and
in so doing can modulate the activity of nuclear factor jB (NF-
jB) [101]. Although a full description of how the receptor might
regulate this pathway is uncertain it may provide a novel avenue
to study further potential anti-inflammatory effects of FFAR2.
3.1.2. FFAR3 is a key player in airway inflammation
FFAR3 may also be a key player in inflammatory processes. In

airway inflammation the intestinal microbiota composition, fibre
content of the diet and subsequent SCFA production can have a
profound impact on the immunological makeup of the lungs and
has been suggested to regulate inflammation during induced aller-
gic asthma [102]. A relation between dietary fibre, FFAR3 function
and susceptibility to allergic airway inflammation was found in
studies in which mice were provided with either a regular content
of fibre in their diets (�4%) or fed low-fibre diets (<0.3%). Animals
maintained on low-fibre diets displayed an increase in white cell
infiltration in the lungs as well as the production of a variety of
cytokines (IL-4, IL-13, IL-5, IL-17A) following airway inflammation
induced by the administration of house dust mite (HDM). These
effects were reversed by changing diet to contain the highly fer-
mentable fibre pectin [102]. Further experiments to elucidate the
mechanisms by which SCFAs derived from the dietary fibre control
airway inflammation involved treatment of wild type and FFAR2-
or FFAR3-deficient mice with C3, (which can activate either
receptor), prior to exposure to HDM. A reduction in inflammation
markers (e.g. eosinophil infiltration, goblet cell hyperplasia) was
observed in the case of the wild type and FFAR2-deficient mice
treated with C3 but not the FFAR3 knock-out animals, where there
were no differences between the SCFA-treated and un-treated
groups. Notably, C3 changed the balance between resident DCs
found in the lung and those that migrate to it after the onset of
inflammation. It is possible that precursors of macrophages and
DCs in the bone marrow migrate to mitigate the Th2 pro-
inflammatory allergic response driven by the presence of SCFAs
acting on FFAR3.
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The role of FFAR3 in patients suffering from cystic fibrosis (CF)
has also been examined as this group is reported to have large pop-
ulations of anaerobic bacteria present in the lungs due to the
hypoxic environment developed under this condition [103,104].
These studies confirmed that the lungs are far from sterile and con-
tain sufficient anaerobic bacteria, able to produce SCFAs at milliM
concentrations, as detected in the broncho-alveolar fluid from CF
patients. It remains unclear, however, how these bacteria come
in contact with potential substrates to produce the SCFAs. These
studies also demonstrated that CF patients display elevated levels
of FFAR3 expression [103] and that bronchial epithelial cells from
this group were able to release more of the pro-inflammatory cyto-
kine IL-8 upon stimulation with SCFA compared to non-CF
patients. siRNA knock-down of FFAR3 reduced production of the
cytokine [103].

Although this is a rapidly developing area it is already clear that
FFAR2 and FFAR3 provide the molecular targets within an emerg-
ing gut-lung axis that regulates the balance between pro- and
anti-inflammatory processes between the two mucosal tissues
and this may be influenced greatly by the diet and composition
of the intestinal microflora.

3.2. Medium and long-chain free fatty acid receptors in immune cell
signalling and regulation

3.2.1. Roles of GPR84, a newly described MCFA receptor, in immunity
The MCFA receptor GPR84 displays an interesting tissue distri-

bution, found mostly on cells of the immune system such as neu-
trophils, T-cells, macrophages, including glial cells [12,105–107].
GPR84 expression is also found in adipocytes [105,108] and
although still poorly defined, its function has been linked to pro-
inflammatory phenotypes [108–111]. Expression of GPR84 has also
been found by PCR studies in the spinal cord and sciatic nerve of
mice, which has triggered some investigations into a putative role
in pro-nociceptive pathways [112]. According to some the role
GPR84 is directly connected to immune function and metabolic
dysregulation [45,108,110]. GPR84 expression is upregulated in
macrophages by the presence of lipopolysaccharide (LPS)
[45,106] where it also seems to mediate the release of the pro-
inflammatory cytokine IL-12. IL-12 and its regulation of the bal-
ance (Th1/Th2) of T helper responses play an important role in
inflammatory diseases such as rheumatoid arthritis and IBD, and
a potential role of GPR84 in this context has been supported by evi-
dence that shows an increase in Th2 (IL-4) cytokine production in T
cells derived from GPR84 knock-out mice [111]. Furthermore, LPS-
stimulated macrophages derived from GPR84 knock-out mice
show markedly reduced expression of several pro-inflammatory
mediators [112].

Whilst GPR84 is, to date, the least studied of the FFA-regulated
GPCRs, members of the family that respond to LCFAs have been
more widely studied and their links to immune function are
becoming better established. FFAR1 and FFAR4 can be activated
by a broad range of both saturated and unsaturated LCFAs [113]
but there has been a special focus on FFAR4 and the actions that
both omega-3 and omega-6 PUFAs may exert via this receptor.
Omega-3 fatty acids, such as docosahexaenoic acid (DHA) present
in high levels in fish oils and a-linolenic acid present in some veg-
etable and nut oils, have increasingly been promoted as healthy
supplements and dietary sources rich in these fatty acids have
become fashionable ‘‘super-foods” in recent years [113–116]. This
has been supported by a number of studies that suggest a link
between inflammation and saturated fats, as these promote
inflammation via Toll-like receptors [117], and the protective,
anti-inflammatory effects of omega-3 fatty acids such as DHA on
adipoctyes and macrophages [57,62,118–120]. Although FFAR4
responds in very similar ways to saturated, omega-6 and
omega-3 fatty acids when expressed in recombinant systems, in
cells expressing endogenous levels of the receptor, such as the
murine enteroendocrine cell line STC-1, it is reported that only
the omega-3 LCFAs are able to produce convincing evidence of
FFAR4-mediated beneficial effects, such as release of the incretin
GLP-1 [29]. Moreover, evidence supporting an anti-inflammatory
role for the receptor has been shown in the model macrophage-
like cell line RAW264.7 where relatively high levels of FFAR4 are
expressed. Here, stimulation with the synthetic agonist GW9508,
which activates FFAR4, is able to inhibit LPS-mediated release of
the inflammatory cytokines TNF-a and IL-6 [57].

3.2.2. FFAR4 receptor: the paradigm of an anti-inflammatory mediator
with important metabolic consequences

The role of FFAR4 in metabolic function has been analysed in
detail using FFAR4 deficient mouse models [121,122]. When FFAR4
knock-out mice were subjected to a high fat diet, they developed
obesity, glucose intolerance and fatty liver to a higher degree than
wild type animals. These mice displayed exacerbated insulin resis-
tance and, furthermore, they had a higher proportion of pro-
inflammatory infiltrated macrophages in the AT [122]. In humans
it has been shown that FFAR4 expression is upregulated in the
AT of obese individuals. Furthermore, in a French population, those
carrying a single amino acid variation (reported as Arg270His,
which corresponds to Arg254His in the more common short iso-
form) in the FFAR4 gene are reportedly at a higher risk of develop-
ing obesity [122]. Although these findings suggest a potentially
causative link between obesity, the development of insulin resis-
tance and a fundamental role for the nutrient-sensing FFAR4 as a
protective element [122], this polymorphism is uncommon in
other populations, being virtually absent in a Japanese study and
a more recent study noted a lack of linkage to the risk of type 2 dia-
betes or variation of fasting insulin levels [123]. Despite this, FFAR4
expression is found in isolated AT stromal vascular fractions, that
contains macrophages that can account for as much as 40% of the
total number of cells in obese AT [124], and it is also found in
the resident hepatic macrophages, known as Kupffer cells, in high
fat diet-induced obese mice [57,62,125]. In summary, the presence
of FFAR4 in macrophages and its role in regulating their ability to
migrate to other tissues, coupled with the balance of macrophage
phenotypes have resulted in a number of proposals that link these
phenomena to the function of FFAR4 and the pathological ramifica-
tions of obesity.

Other evidence supports that underlying chronic inflammation
experienced by the adipose and hepatic tissues of obese individu-
als may lie at the core of the development of type 2 diabetes [126–
128]. Inflammatory responses should be considered as multistep
processes. In general, the onset of an inflammatory response com-
prises an increase of tissue vascularisation, followed by enhanced
permeability of the vascular wall that allows the endothelial cross-
ing of large molecules (chemo-attractants, cytokines, chemokines).
Subsequently, the migration of white cells to the site of inflamma-
tion in response to released mediators resumes and there is the
possibility of either resolution of the inflammation through the
production of resolvins or maintenance of the inflammatory sig-
nals (prostaglandins, leucotrienes, cytokines, chemokines) depend-
ing on the tissue and cells involved in the process [8,129,130]. The
infiltration of cells of the immune system, including macrophages,
towards the hypertrophic AT is prompted by the release of cytoki-
nes and chemokines (e.g. MCP-1, LTB4) [131]. The infiltrated acti-
vated macrophages release more cytokines (e.g. TNF-a)
[128,132,133] that may have paracrine effects on neighbouring
cells and endocrine actions on insulin-target cells (e.g. adipocytes,
hepatocytes and muscle cells). The maintenance of this cycle of
pro-inflammatory signals in the longer term promotes the devel-
opment of insulin resistance [134]. From a molecular perspective,



Fig. 1. FFAR4-mediated anti-inflammatory effects in macrophages. Macrophages expressing FFAR4 respond to omega-3 fatty acids that activate the receptor eliciting
phosphorylation of the carboxyl-terminal tail (represented by red dots), subsequent b-arrestin-2 recruitment and receptor internalisation. At this point the receptor-b-
arrestin-2 complex interacts with the TAB-1 protein, that is taken into the endocytic vesicle, making it unavailable to activate the TAK-1 protein responsible for the
transduction downstream of signalling coming from activated Toll-like and TNFa receptors. This further blocks the NF-jB/JNK cascades, therefore inhibiting inflammatory
responses in these cells. (LCFA, long chain fatty acid; x-3-FAs, omega-3 fatty acids, TLR2/4, Toll-like receptors 2 and 4, TNFR, TNFa receptor).
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the signalling pathways leading to inflammatory cytokine release
are regulated via the actions of LPS and TNF-a on Toll-like recep-
tors (TLR2 and TLR4) and tumour necrosis factor receptor (TNFR)
respectively and subsequent activation of the I kappa B kinase-b
(IKK b)/NF-jB and JNK cascades [135,136]. The activation of IKK
b-dependent pathways in macrophages has been shown to be suf-
ficient for the development of insulin resistance in obesity due to a
central role of this kinase as controller of many inflammatory
responses. Studies using mice that lacked functional IKK b protein
in either hepatic cells or in myeloid cells where NF-jB activation
induces inflammatory mediators that cause insulin resistance,
showed that IKK b plays a central role in the development of insu-
lin resistance at a systemic level, as mice that had lost IKK b func-
tion in bone marrow-derived myeloid cells (Ikbkb[Dmye]) retain
insulin sensitivity and are less prone to develop obesity [137].

Agonist stimulation of FFAR4 mediates signalling through Gq/11

activation or through its interaction with b-arrestin proteins but it
is the G protein-independent signalling pathway that is believed to
be responsible for the anti-inflammatory properties of the receptor
in macrophages (Fig. 1). Relatively recent studies show that inflam-
matory processes in macrophages are regulated via the activation
of FFAR4 [57,62]. This is a b-arrestin-2 dependent process and
places FFAR4 upstream from a common node of both IKK b /NF-
jB and JNK pathways [57,62]. Mechanistically it has been pro-
posed that FFAR4 activation and concomitant recruitment of b-
arrestin-2 promotes further interactions between b-arrestin-2
and TAB-1, the transforming growth factor kinase protein (TAK-
1) binding protein, which acts as activator of TAK-1. This receptor
mediated b-arrestin-2-TAB-1 interaction is suggested to prevent
the formation of a TAB-1/TAK-1 complex and halts the subsequent
relay of signalling that results in the inflammatory response (Fig. 1)
[57]. If either FFAR4 or b-arrestin-2 were reduced in amount, pro-
duced via introduction of siRNA against these proteins, there was
an increase in LPS-mediated TNF-a release after stimulation with
the omega-3 fatty acid and FFAR4 agonist DHA in RAW264.7 cells
[57]. b-Arrestin-2 pull-down experiments demonstrated the phys-
ical interaction between b-arrestin-2 and the FFA4 receptor and
also with TAB-1 in both cells heterologously expressing these pro-
teins, and in RAW264.7 cells, after stimulation with DHA, or DHA
plus LPS respectively [57]. Similar results have been reported using
a synthetic agonist of FFAR4 to replace the fatty acid [57]. Com-
pound A (cpdA), is bioavailable and has reasonable potency at
FFAR4 but lacks activity at FFAR1 [62]. This molecule produced
anti-inflammatory effects in macrophages in both in vitro and
in vivo models [62]. Treatment of primary macrophages with cpdA
in conjunction with LPS inhibited phosphorylation of many of the
previously discussed phospho-regulated kinases that are typically
activated in inflammatory processes (e.g. p-IKK, p-JNK, pTAK-1)
[62]. Furthermore, treatment with this compound blocked chemo-
taxis of macrophages towards adipocytes in co-culture experi-
ments employing adipocyte-derived conditioned medium and
this was lacking if the macrophages were derived from an FFAR4
knock-out mouse [62]. This is clearly consistent with FFAR4 activa-
tion regulating macrophage infiltration into AT [62]. Although, as
discussed earlier, FFAR4 does not respond only to omega-3 fatty
acids [66,113] studies with mice sustained on omega-3 fatty
acid-enriched diets also showed decreased macrophage chemo-
taxis and infiltration into AT in general and a decrease in inflam-
matory markers typically found in M1 polarised macrophages
[57,138]. Equivalent experiments performed in vivo, where isolated
wild type circulating monocytes were labelled with a fluorescent
dye and were re-injected into either wild type or FFAR4
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knock-out mice which were subsequently maintained on a high-fat
diet, and omega-3-enriched diet or treated with cpdA showed a
marked decrease in the AT infiltrated macrophages in wild type
animals that were treated with either omega-3-enriched diet or
with cpdA, whilst there were no differences in the FFAR4-
deficient mice [62]. This once more highlights the role of FFAR4
in mediating macrophage infiltration of AT.

This is of significance as the majority of the infiltrated macro-
phages found in obese AT tend to be CD11c+, M1-like, macrophages
[124], due to the nature of the adipokines and cytokines released in
this tissue, whereas alternatively activated M2-macrophages tend
to reside in healthy AT [58,139,140]. Moreover, a new subtype of
macrophage, that differs from the M1 phenotype, has been recently
described that develops under metabolic activation conditions
(high FFA concentrations, high glucose and insulin) and is associ-
ated with a pro-inflammatory phenotype [59]. This
metabolically-activated macrophage has been shown to express
distinct surface marker proteins and is able to secrete pro-
inflammatory cytokines including IL-1b, in a PPARc-dependent
manner [59]. However, to date, expression patterns of the FFAR
receptors, and more specifically of FFAR4, has not been shown
for this subtype.

Based on the foregoing, selective small molecule agonists of
FFAR4 might be useful tool compounds to assess effects of limiting
macrophage migration into the AT and to regulate the phenotypi-
cal switch between M1/M2 macrophages that has been linked to
the development of further inflammation and insulin resistance
[139], as well as having an insulin sensitising effect.

Further supporting a central role of FFAR4, and of FFAR1, in
anti-inflammatory processes there have been a number of studies
describing the mechanisms by which omega-3 fatty acids suppress
inflammation by inhibiting the activation of the NLRP3 inflamma-
some acting predominantly via an arrestin-FFAR4 dependent path-
way [140]. This provides a novel anti-inflammatory mechanism of
action of FFAs, in particular omega-3 fatty acids. Activation of the
NLPR3 inflammasome in response to either pathogens or danger
associated molecular patterns triggers a caspase-1-dependent cas-
cade that leads to the release of pro-inflammatory cytokines such
as IL-1b, IL-33 and IL-18. This increase in levels of pro-
inflammatory cytokines has been linked to the development of
insulin resistance in chronic hyperglycaemic conditions, and ele-
vated levels of IL-1b have been found at the onset of type 2 dia-
betes in obese individuals [141]. Moreover, the NLRP3
inflammasome is not solely involved in host defence but also in
auto-inflammatory disorders, therefore further insights into how
these processes are regulated will be key to developing novel ther-
apeutics. The studies described in [140] show that both the natural
ligand DHA and the small synthetic agonist molecule GW9508, act-
ing at either FFAR1 or FFAR4, are able to suppress caspase-1 activa-
tion and IL-1b and IL-18 secretion in LPS-primed bone marrow-
derived macrophages, where expression of FFAR4 in particular is
high. Equivalent experiments performed in human monocytic
THP-1 cells confirmed these findings and additional studies in this
cell line when either FFAR1 or FFAR4 expression was knocked-
down using shRNA technology demonstrated an additive effect of
both receptors in the inhibition of inflammasome activation and
suppression of the release of IL-1b. This has led to suggestions that
the high level of inflammation found in AT reported as part of the
phenotype of FFAR4 knock-out mice [122] reflects failure to inhibit
the NLRP3 inflammasome actions in this context [140]. It was also
noted in this work that silencing of b-arrestin-2 expression, a crit-
ical component of the downstream FFAR4 anti-inflammatory path-
way, in THP-1 cells cancelled the inhibitory effect of DHA on NLRP3
and NLRP1b (another subtype of inflammasome complex) activa-
tion. Furthermore b-arrestin-2 forms a complex with either NLRP3
or NLRP1b after DHA treatment but not with some of the other
members of the inflammasome proteins (NLRC4 or AIM2). Finally,
it was shown in wild type mice fed a high-fat diet that there were
improvements in insulin resistance when the diet was supple-
mented with DHA but this was without effect in Nlrp3�/� mice.
On this basis, the authors proposed that omega-3 fatty acids are
able to block metabolic stress and inflammation derived from the
activation of the NLRP3 inflammasome and potentially have bene-
ficial effects on high-fat-induced insulin resistance [140].

Expression of FFAR4 is not restricted exclusively to
macrophages/monocytes as recently expression of this receptor
has been described in human eosinophils isolated from peripheral
venous blood and visceral AT [142,143]. This class of granulocyte is
normally found at low levels in the circulation but it can accumu-
late in certain tissues, such as the gastro-intestinal tract and the
lungs. Eosinophils can play a positive role in clearing infection,
but in pathologies such as asthma, they have typically been associ-
ated with Th2-mediated airway inflammation [144,145]. Eosino-
phils are also present in visceral AT under normal conditions,
where they help maintain glucose homoeostasis through the stim-
ulation of alternative polarisation of macrophages in a Th2-
dependent manner through the release of IL-4 [143]. Konno and
co-workers reported a strong down-regulation of FFAR4 expression
on the surface of isolated human blood eosinophils after treatment
with the FFAR4 active agonist GW9508. This is anticipated as rapid
agonist-induced internalisation of FFAR4 has been reported in
many settings [66,82,146]. The role of FFAR4 in eosinophil chemo-
taxis remains uncertain, however, but the receptor may play a role
in suppressing eosinophil apoptosis [142], which may be relevant
to control of the lifespan of eosinophils in adipose and gastroin-
testinal tissues.

4. Conclusions and final remarks

It was already clear from early studies on the expression pro-
files in various immune cell populations of each of the SCFA recep-
tor FFAR2, the MCFA receptor GPR84, and the LCFA receptor FFAR4,
that these receptors would likely play important roles in immune
cell function. However, in recent times a broad swathe of studies
have confirmed and built on these predictions. In concert with
improving understanding of the roles that these, and the other
FFARs, play in other cell types and tissues in providing a means
to sense metabolite availability then an emerging view is that they
act to regulate the metabolic-inflammatory axis. Given that aspects
of inflammation underlie many chronic and co-morbid diseases,
including type II diabetes, and obesity, there is considerable antic-
ipation that agonist and/or antagonists of these receptors may play
important roles in further understanding this interface and poten-
tial in the therapeutic treatment of such diseases.

Conflict of interest

The authors declare that there are no conflicts of interest
regarding this work.

Acknowledgement

These studies were supported in part by the Biotechnology and
Biosciences Research Council (grant numbers BB/L027887/1 and
BB/K019864/1).

References

[1] E. Le Chatelier, T. Nielsen, J. Qin, E. Prifti, F. Hildebrand, G. Falony, et al.,
Richness of human gut microbiome correlates with metabolic markers,
Nature 500 (2013) 541–546.

[2] A.N. Thorburn, L. Macia, C.R. Mackay, Diet, metabolites, and ‘‘western-
lifestyle” inflammatory diseases, Immunity 40 (2014) 833–842.

http://refhub.elsevier.com/S0006-2952(16)00184-2/h0005
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0005
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0005
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0010
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0010
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0010


E. Alvarez-Curto, G. Milligan / Biochemical Pharmacology 114 (2016) 3–13 11
[3] J. Font-Burgada, B. Sun, M. Karin, Obesity and cancer: the oil that feeds the
flame, Cell Metab. 23 (2016) 48–62.

[4] N.D. Holliday, S.J. Watson, A.J. Brown, Drug discovery opportunities and
challenges at g protein coupled receptors for long chain free fatty acids, Front.
Endocrinol. (Lausanne) 2 (2011) 112.

[5] B.D. Hudson, T. Ulven, G. Milligan, The therapeutic potential of allosteric
ligands for free fatty acid sensitive GPCRs, Curr. Top. Med. Chem. 13 (2013)
14–25.

[6] Q. Wu, H. Wang, X. Zhao, Y. Shi, M. Jin, B. Wan, et al., Identification of G-
protein-coupled receptor 120 as a tumor-promoting receptor that induces
angiogenesis and migration in human colorectal carcinoma, Oncogene 32
(2013) 5541–5550.

[7] H. Chung, Y.S. Lee, R. Mayoral, D.Y. Oh, J.T. Siu, N.J. Webster, et al., Omega-3
fatty acids reduce obesity-induced tumor progression independent of GPR120
in a mouse model of postmenopausal breast cancer, Oncogene 34 (2015)
3504–3513.

[8] C.M. Yates, P.C. Calder, G. Ed Rainger, Pharmacology and therapeutics of
omega-3 polyunsaturated fatty acids in chronic inflammatory disease,
Pharmacol. Ther. 141 (2014) 272–282.

[9] D.E. Lackey, J.M. Olefsky, Regulation of metabolism by the innate immune
system, Nat. Rev. Endocrinol. 12 (2016) 15–28.

[10] P.J. Murray, J. Rathmell, E. Pearce, SnapShot: immunometabolism, Cell Metab.
22 (2015) 190-e1.

[11] R. Rasoamanana, N. Darcel, G. Fromentin, D. Tome, Nutrient sensing and
signalling by the gut, Proc. Nutr. Soc. 71 (2012) 446–455.

[12] T. Hara, D. Kashihara, A. Ichimura, I. Kimura, G. Tsujimoto, A. Hirasawa, Role
of free fatty acid receptors in the regulation of energy metabolism, Biochim.
Biophys. Acta 1841 (2014) 1292–1300.

[13] T. Hara, I. Kimura, D. Inoue, A. Ichimura, A. Hirasawa, Free fatty acid receptors
and their role in regulation of energy metabolism, Rev. Physiol. Biochem.
Pharmacol. 164 (2013) 77–116.

[14] A. Ichimura, A. Hirasawa, T. Hara, G. Tsujimoto, Free fatty acid receptors act as
nutrient sensors to regulate energy homeostasis, Prostaglandins Other Lipid
Mediat. 89 (2009) 82–88.

[15] I. Kimura, D. Inoue, K. Hirano, G. Tsujimoto, The SCFA receptor GPR43 and
energy metabolism, Front. Endocrinol. (Lausanne) 5 (2014) 85.

[16] L.A. Stoddart, N.J. Smith, G. Milligan, International Union of Pharmacology.
LXXI. Free fatty acid receptors FFA1, -2, and -3: pharmacology and
pathophysiological functions, Pharmacol. Rev. 60 (2008) 405–417.

[17] A. Coope, A.S. Torsoni, L. Velloso, Mechanisms in endocrinology: metabolic
and inflammatory pathways on the pathogenesis of type 2 diabetes, Eur. J.
Endocrinol. (2015).

[18] S. Offermanns, Free fatty acid (FFA) and hydroxy carboxylic acid (HCA)
receptors, Annu. Rev. Pharmacol. Toxicol. 54 (2014) 407–434.

[19] E. Tvrzicka, L.S. Kremmyda, B. Stankova, A. Zak, Fatty acids as biocompounds:
their role in human metabolism, health and disease—a review. Part 1:
classification, dietary sources and biological functions, Biomed. Pap. Med. Fac.
Univ. Palacky Olomouc. Czech Repub. 155 (2011) 117–130.

[20] L.S. Kremmyda, E. Tvrzicka, B. Stankova, A. Zak, Fatty acids as biocompounds:
their role in human metabolism, health and disease: a review. Part 2: fatty
acid physiological roles and applications in human health and disease,
Biomed. Pap. Med. Fac. Univ. Palacky Olomouc. Czech Repub. 155 (2011)
195–218.

[21] S. Macfarlane, B. Bahrami, G.T. Macfarlane, Mucosal biofilm communities in
the human intestinal tract, Adv. Appl. Microbiol. 75 (2011) 111–143.

[22] S. Krishnan, N. Alden, K. Lee, Pathways and functions of gut microbiota
metabolism impacting host physiology, Curr. Opin. Biotechnol. 36 (2015)
137–145.

[23] B.D. Hudson, N.J. Smith, G. Milligan, Experimental challenges to targeting
poorly characterized GPCRs: uncovering the therapeutic potential for free
fatty acid receptors, Adv. Pharmacol. 62 (2011) 175–218.

[24] L. Macia, A.N. Thorburn, L.C. Binge, E. Marino, K.E. Rogers, K.M. Maslowski,
et al., Microbial influences on epithelial integrity and immune function as a
basis for inflammatory diseases, Immunol. Rev. 245 (2012) 164–176.

[25] K.M. Maslowski, C.R. Mackay, Diet, gut microbiota and immune responses,
Nat. Immunol. 12 (2011) 5–9.

[26] M. Sawzdargo, S.R. George, T. Nguyen, S. Xu, L.F. Kolakowski, B.F. O’Dowd, A
cluster of four novel human G protein-coupled receptor genes occurring in
close proximity to CD22 gene on chromosome 19q13.1, Biochem. Biophys.
Res. Commun. 239 (1997) 543–547.

[27] A.J. Brown, S.M. Goldsworthy, A.A. Barnes, M.M. Eilert, L. Tcheang, D. Daniels,
et al., The Orphan G protein-coupled receptors GPR41 and GPR43 are
activated by propionate and other short chain carboxylic acids, J. Biol. Chem.
278 (2003) 11312–11319.

[28] H.L. Puhl 3rd, Y.J. Won, V.B. Lu, S.R. Ikeda, Human GPR42 is a transcribed
multisite variant that exhibits copy number polymorphism and is functional
when heterologously expressed, Sci. Rep. 5 (2015) 12880.

[29] A. Hirasawa, K. Tsumaya, T. Awaji, S. Katsuma, T. Adachi, M. Yamada, et al.,
Free fatty acids regulate gut incretin glucagon-like peptide-1 secretion
through GPR120, Nat. Med. 11 (2005) 90–94.

[30] C.P. Briscoe, M. Tadayyon, J.L. Andrews, W.G. Benson, J.K. Chambers, M.M.
Eilert, et al., The orphan G protein-coupled receptor GPR40 is activated by
medium and long chain fatty acids, J. Biol. Chem. 278 (2003) 11303–11311.

[31] Y. Itoh, Y. Kawamata, M. Harada, M. Kobayashi, R. Fujii, S. Fukusumi, et al.,
Free fatty acids regulate insulin secretion from pancreatic beta cells through
GPR40, Nature 422 (2003) 173–176.
[32] K. Kotarsky, N.E. Nilsson, E. Flodgren, C. Owman, B. Olde, A human cell surface
receptor activated by free fatty acids and thiazolidinedione drugs, Biochem.
Biophys. Res. Commun. 301 (2003) 406–410.

[33] N.E. Nilsson, K. Kotarsky, C. Owman, B. Olde, Identification of a free fatty acid
receptor, FFA2R, expressed on leukocytes and activated by short-chain fatty
acids, Biochem. Biophys. Res. Commun. 303 (2003) 1047–1052.

[34] R.N. Burns, N.H. Moniri, Agonismwith the omega-3 fatty acids alpha-linolenic
acid and docosahexaenoic acid mediates phosphorylation of both the short
and long isoforms of the human GPR120 receptor, Biochem. Biophys. Res.
Commun. 396 (2010) 1030–1035.

[35] K. Moore, Q. Zhang, N. Murgolo, T. Hosted, R. Duffy, Cloning, expression, and
pharmacological characterization of the GPR120 free fatty acid receptor from
cynomolgus monkey: comparison with human GPR120 splice variants, Comp.
Biochem. Physiol. B Biochem. Mol. Biol. 154 (2009) 419–426.

[36] M.M. Galindo, N. Voigt, J. Stein, J. van Lengerich, J.D. Raguse, T. Hofmann,
et al., G protein-coupled receptors in human fat taste perception, Chem.
Senses. 37 (2012) 123–139.

[37] N.J. Smith, Low affinity GPCRs for metabolic intermediates: challenges for
pharmacologists, Front. Endocrinol. (Lausanne) 3 (2012) 1.

[38] J.H. Cummings, E.W. Pomare, W.J. Branch, C.P. Naylor, G.T. Macfarlane, Short
chain fatty acids in human large intestine, portal, hepatic and venous blood,
Gut 28 (1987) 1221–1227.

[39] D.L. Topping, P.M. Clifton, Short-chain fatty acids and human colonic
function: roles of resistant starch and nonstarch polysaccharides, Physiol.
Rev. 81 (2001) 1031–1064.

[40] E. Pouteau, I. Meirim, S. Metairon, L.B. Fay, Acetate, propionate and butyrate
in plasma: determination of the concentration and isotopic enrichment by
gas chromatography/mass spectrometry with positive chemical ionization, J.
Mass. Spectrom. 36 (2001) 798–805.

[41] Y. Wang, J.J. Liu, P.J. Dransfield, L. Zhu, Z. Wang, X. Du, et al., Discovery and
optimization of potent GPR40 full agonists containing tricyclic spirocycles,
ACS Med. Chem. Lett. 4 (2013) 551–555.

[42] J. Schmidt, N.J. Smith, E. Christiansen, I.G. Tikhonova, M. Grundmann, B.D.
Hudson, et al., Selective orthosteric free fatty acid receptor 2 (FFA2) agonists:
identification of the structural and chemical requirements for selective
activation of FFA2 versus FFA3, J. Biol. Chem. 286 (2011) 10628–10640.

[43] D. Bolognini, A.B. Tobin, G. Milligan, C.E. Moss, The pharmacology and
function of short chain fatty acid receptors, Mol. Pharmacol. 89 (2015) 388–
398.

[44] G. Milligan, B. Shimpukade, T. Ulven, B.D. Hudson, Complex pharmacology of
the Free Fatty Acid receptors, Chem. Rev. (2016) (in press).

[45] J. Wang, X. Wu, N. Simonavicius, H. Tian, L. Ling, Medium-chain fatty acids as
ligands for orphan G protein-coupled receptor GPR84, J. Biol. Chem. 281
(2006) 34457–34464.

[46] T. Wittenberger, H.C. Schaller, S. Hellebrand, An expressed sequence tag (EST)
data mining strategy succeeding in the discovery of new G-protein coupled
receptors, J. Mol. Biol. 307 (2001) 799–813.

[47] E. Le Poul, C. Loison, S. Struyf, J.Y. Springael, V. Lannoy, M.E. Decobecq, et al.,
Functional characterization of human receptors for short chain fatty acids
and their role in polymorphonuclear cell activation, J. Biol. Chem. 278 (2003)
25481–25489.

[48] I. Kimura, D. Inoue, T. Maeda, T. Hara, A. Ichimura, S. Miyauchi, 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. 108
(2011) 8030–8035.

[49] S. Forbes, S. Stafford, G. Coope, H. Heffron, K. Real, R. Newman, et al., Selective
FFA2 agonism appears to act via intestinal PYY to reduce transit and food
intake but does not improve glucose tolerance in mouse models, Diabetes 64
(2015) 3763–3771.

[50] Y. Itoh, S. Hinuma, GPR40, a free fatty acid receptor on pancreatic beta cells,
regulates insulin secretion, Hepatol. Res. 33 (2005) 171–173.

[51] A. Salehi, E. Flodgren, N.E. Nilsson, J. Jimenez-Feltstrom, J. Miyazaki, C.
Owman, et al., Free fatty acid receptor 1 (FFA(1)R/GPR40) and its involvement
in fatty-acid-stimulated insulin secretion, Cell Tissue Res. 322 (2005) 207–
215.

[52] S. Edfalk, P. Steneberg, H. Edlund, Gpr40 is expressed in enteroendocrine cells
and mediates free fatty acid stimulation of incretin secretion, Diabetes 57
(2008) 2280–2287.

[53] A.P. Liou, X. Lu, Y. Sei, X. Zhao, S. Pechhold, R.J. Carrero, et al., The G-protein-
coupled receptor GPR40 directly mediates long-chain fatty acid-induced
secretion of cholecystokinin, Gastroenterology 140 (2011) 903–912.

[54] M. Hauge, M.A. Vestmar, A.S. Husted, J.P. Ekberg, M.J. Wright, J. Di Salvo, et al.,
GPR40 (FFAR1) – combined Gs and Gq signaling in vitro is associated with
robust incretin secretagogue action ex vivo and in vivo, Mol. Metab. 4 (2015)
3–14.

[55] V.M. Stone, S. Dhayal, K.J. Brocklehurst, C. Lenaghan, M. Sorhede Winzell, M.
Hammar, et al., GPR120 (FFAR4) is preferentially expressed in pancreatic
delta cells and regulates somatostatin secretion from murine islets of
Langerhans, Diabetologia 57 (2014) 1182–1191.

[56] M. Bjursell, X. Xu, T. Admyre, G. Bottcher, S. Lundin, R. Nilsson, et al., The
beneficial effects of n-3 polyunsaturated fatty acids on diet induced obesity
and impaired glucose control do not require Gpr120, PLoS One 9 (2014)
e114942.

[57] D.Y. Oh, S. Talukdar, E.J. Bae, T. Imamura, H. Morinaga, W. Fan, et al., GPR120
is an omega-3 fatty acid receptor mediating potent anti-inflammatory and
insulin-sensitizing effects, Cell 142 (2010) 687–698.

http://refhub.elsevier.com/S0006-2952(16)00184-2/h0015
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0015
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0020
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0020
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0020
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0025
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0025
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0025
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0030
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0030
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0030
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0030
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0035
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0035
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0035
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0035
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0040
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0040
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0040
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0045
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0045
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0050
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0050
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0055
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0055
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0060
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0060
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0060
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0065
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0065
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0065
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0070
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0070
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0070
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0075
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0075
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0080
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0080
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0080
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0085
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0085
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0085
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0090
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0090
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0095
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0095
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0095
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0095
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0100
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0100
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0100
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0100
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0100
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0105
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0105
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0110
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0110
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0110
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0115
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0115
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0115
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0120
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0120
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0120
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0125
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0125
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0130
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0130
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0130
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0130
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0135
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0135
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0135
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0135
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0140
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0140
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0140
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0145
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0145
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0145
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0150
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0150
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0150
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0155
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0155
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0155
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0160
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0160
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0160
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0165
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0165
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0165
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0170
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0170
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0170
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0170
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0175
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0175
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0175
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0175
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0180
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0180
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0180
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0185
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0185
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0190
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0190
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0190
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0195
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0195
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0195
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0200
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0200
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0200
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0200
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0205
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0205
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0205
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0210
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0210
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0210
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0210
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0215
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0215
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0215
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0220
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0220
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0225
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0225
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0225
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0230
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0230
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0230
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0235
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0235
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0235
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0235
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0240
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0240
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0240
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0240
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0245
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0245
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0245
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0245
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0250
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0250
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0255
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0255
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0255
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0255
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0260
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0260
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0260
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0265
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0265
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0265
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0270
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0270
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0270
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0270
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0275
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0275
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0275
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0275
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0280
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0280
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0280
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0280
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0285
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0285
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0285


12 E. Alvarez-Curto, G. Milligan / Biochemical Pharmacology 114 (2016) 3–13
[58] A. Castoldi, C. Naffah de Souza, N.O. Camara, P.M. Moraes-Vieira, The
macrophage switch in obesity development, Front. Immunol. 6 (2015) 637.

[59] M. Kratz, B.R. Coats, K.B. Hisert, D. Hagman, V. Mutskov, E. Peris, et al.,
Metabolic dysfunction drives a mechanistically distinct proinflammatory
phenotype in adipose tissue macrophages, Cell Metab. 20 (2014) 614–625.

[60] S. Gordon, P.R. Taylor, Monocyte and macrophage heterogeneity, Nat. Rev.
Immunol. 5 (2005) 953–964.

[61] F.O. Martinez, L. Helming, S. Gordon, Alternative activation of macrophages:
an immunologic functional perspective, Annu. Rev. Immunol. 27 (2009) 451–
483.

[62] Y. Oh da, E. Walenta, T.E. Akiyama, W.S. Lagakos, D. Lackey, A.R.
Pessentheiner, et al., A Gpr120-selective agonist improves insulin resistance
and chronic inflammation in obese mice, Nat. Med. 20 (2014) 942–947.

[63] H.J. Dranse, M.E. Kelly, B.D. Hudson, Drugs or diet? – developing novel
therapeutic strategies targeting the free fatty acid family of GPCRs, Br. J.
Pharmacol. 170 (2013) 696–711.

[64] G. Milligan, E. Alvarez-Curto, K.R. Watterson, T. Ulven, B.D. Hudson,
Characterizing pharmacological ligands to study the long-chain fatty acid
receptors GPR40/FFA1 and GPR120/FFA4, Br. J. Pharmacol. 172 (2015) 3254–
3265.

[65] G. Milligan, T. Ulven, H. Murdoch, B.D. Hudson, G-protein-coupled receptors
for free fatty acids: nutritional and therapeutic targets, Br. J. Nutr. 111 (Suppl
1) (2014) S3–S7.

[66] B.D. Hudson, B. Shimpukade, A.E. Mackenzie, A.J. Butcher, J.D. Pediani, E.
Christiansen, et al., The pharmacology of TUG-891, a potent and selective
agonist of the free fatty acid receptor 4 (FFA4/GPR120), demonstrates both
potential opportunity and possible challenges to therapeutic agonism, Mol.
Pharmacol. 84 (2013) 710–725.

[67] J. Qian, C. Wu, X. Chen, X. Li, G. Ying, L. Jin, et al., Differential requirements of
arrestin-3 and clathrin for ligand-dependent and -independent
internalization of human G protein-coupled receptor 40, Cell. Signal. 26
(2014) 2412–2423.

[68] A.D. Mancini, V. Poitout, The fatty acid receptor FFA1/GPR40 a decade later:
how much do we know? Trends Endocrinol. Metab. 24 (2013) 398–407.

[69] A.D. Mancini, G. Bertrand, K. Vivot, E. Carpentier, C. Tremblay, J. Ghislain,
et al., Beta-arrestin recruitment and biased agonism at free fatty acid receptor
1, J. Biol. Chem. 290 (2015) 21131–21140.

[70] A.K. Shukla, K. Xiao, R.J. Lefkowitz, Emerging paradigms of beta-arrestin-
dependent seven transmembrane receptor signaling, Trends Biochem. Sci. 36
(2011) 457–469.

[71] E. Reiter, S. Ahn, A.K. Shukla, R.J. Lefkowitz, Molecular mechanism of beta-
arrestin-biased agonism at seven-transmembrane receptors, Annu. Rev.
Pharmacol. Toxicol. 52 (2012) 179–197.

[72] E. Reiter, R.J. Lefkowitz, GRKs and beta-arrestins: roles in receptor silencing,
trafficking and signaling, Trends Endocrinol. Metab. 17 (2006) 159–165.

[73] S.K. Shenoy, R.J. Lefkowitz, Beta-Arrestin-mediated receptor trafficking and
signal transduction, Trends Pharmacol. Sci. 32 (2011) 521–533.

[74] E.V. Gurevich, V.V. Gurevich, Arrestins: ubiquitous regulators of cellular
signaling pathways, Genome Biol. 7 (2006) 236.

[75] V.V. Gurevich, E.V. Gurevich, The structural basis of arrestin-mediated
regulation of G-protein-coupled receptors, Pharmacol. Ther. 110 (2006)
465–502.

[76] L.M. Luttrell, Arrestin pathways as drug targets, Prog. Mol. Biol. Transl. Sci.
118 (2013) 469–497.

[77] S. Rajagopal, K. Rajagopal, R.J. Lefkowitz, Teaching old receptors new tricks:
biasing seven-transmembrane receptors, Nat. Rev. Drug Discov. 9 (2010)
373–386.

[78] K. Defea, Beta-arrestins and heterotrimeric G-proteins: collaborators and
competitors in signal transduction, Br. J. Pharmacol. 153 (Suppl 1) (2008)
S298–S309.

[79] Y. Sun, Z. Cheng, L. Ma, G. Pei, Beta-arrestin2 is critically involved in CXCR4-
mediated chemotaxis, and this is mediated by its enhancement of p38 MAPK
activation, J. Biol. Chem. 277 (2002) 49212–49219.

[80] K.A. DeFea, Beta-arrestins as regulators of signal termination and
transduction: how do they determine what to scaffold? Cell. Signal. 23
(2011) 621–629.

[81] P.H. McDonald, C.W. Chow, W.E. Miller, S.A. Laporte, M.E. Field, F.T. Lin, et al.,
Beta-arrestin 2: a receptor-regulated MAPK scaffold for the activation of
JNK3, Science 290 (2000) 1574–1577.

[82] S.J. Watson, A.J. Brown, N.D. Holliday, Differential signaling by splice variants
of the human free fatty acid receptor GPR120, Mol. Pharmacol. 81 (2012)
631–642.

[83] A.J. Butcher, B.D. Hudson, B. Shimpukade, E. Alvarez-Curto, R. Prihandoko, T.
Ulven, et al., Concomitant action of structural elements and receptor
phosphorylation determines arrestin-3 interaction with the free fatty acid
receptor FFA4, J. Biol. Chem. 289 (2014) 18451–18465.

[84] R. Prihandoko, E. Alvarez-Curto, B.D. Hudson, A.J. Butcher, T. Ulven, A.M.
Miller, A.B. Tobin, G. Milligan, Distinct phosphorylation clusters determines
the signalling outcome of the free fatty acid receptor FFA4/GPR120, Mol.
Pharmacol. (2016). in press.

[85] M.S. Engelstoft, W.M. Park, I. Sakata, L.V. Kristensen, A.S. Husted, S. Osborne-
Lawrence, et al., Seven transmembrane G protein-coupled receptor repertoire
of gastric ghrelin cells, Mol. Metab. 2 (2013) 376–392.

[86] G. Tolhurst, H. Heffron, Y.S. Lam, H.E. Parker, A.M. Habib, E. Diakogiannaki,
et al., Short-chain fatty acids stimulate glucagon-like peptide-1 secretion via
the G-protein-coupled receptor FFAR2, Diabetes 61 (2012) 364–371.
[87] C. Sina, O. Gavrilova, M. Forster, A. Till, S. Derer, F. Hildebrand, et al., G
protein-coupled receptor 43 is essential for neutrophil recruitment during
intestinal inflammation, J. Immunol. 183 (2009) 7514–7522.

[88] P.M. Smith, M.R. Howitt, N. Panikov, M. Michaud, C.A. Gallini, Y.M. Bohlooly,
et al., The microbial metabolites, short-chain fatty acids, regulate colonic Treg
cell homeostasis, Science 341 (2013) 569–573.

[89] M.K. Nohr, M.H. Pedersen, A. Gille, K.L. Egerod, M.S. Engelstoft, A.S. Husted,
et al., GPR41/FFAR3 and GPR43/FFAR2 as cosensors for short-chain fatty acids
in enteroendocrine cells vs FFAR3 in enteric neurons and FFAR2 in enteric
leukocytes, Endocrinology 154 (2013) 3552–3564.

[90] A.G. Sykaras, C. Demenis, R.M. Case, J.T. McLaughlin, C.P. Smith, Duodenal
enteroendocrine I-cells contain mRNA transcripts encoding key
endocannabinoid and fatty acid receptors, PLoS One 7 (2012) e42373.

[91] P. Lepage, R. Hasler, M.E. Spehlmann, A. Rehman, A. Zvirbliene, A. Begun, et al.,
Twin study indicates loss of interaction between microbiota and mucosa of
patients with ulcerative colitis, Gastroenterology 141 (2011) 227–236.

[92] C. Manichanh, L. Rigottier-Gois, E. Bonnaud, K. Gloux, E. Pelletier, L. Frangeul,
et al., Reduced diversity of faecal microbiota in Crohn’s disease revealed by a
metagenomic approach, Gut 55 (2006) 205–211.

[93] D.S. Pearl, M. Masoodi, M. Eiden, J. Brummer, D. Gullick, T.M. McKeever, et al.,
Altered colonic mucosal availability of n-3 and n-6 polyunsaturated fatty
acids in ulcerative colitis and the relationship to disease activity, J. Crohns
Colitis 8 (2014) 70–79.

[94] K.M. Maslowski, A.T. Vieira, A. Ng, J. Kranich, F. Sierro, D. Yu, et al., Regulation
of inflammatory responses by gut microbiota and chemoattractant receptor
GPR43, Nature 461 (2009) 1282–1286.

[95] J.A. Nick, N.J. Avdi, S.K. Young, L.A. Lehman, P.P. McDonald, S.C. Frasch, et al.,
Selective activation and functional significance of p38alpha mitogen-
activated protein kinase in lipopolysaccharide-stimulated neutrophils, J.
Clin. Invest. 103 (1999) 851–858.

[96] M. Pizzonero, S. Dupont, M. Babel, S. Beaumont, N. Bienvenu, R. Blanque,
et al., Discovery and optimization of an azetidine chemical series as a free
fatty acid receptor 2 (FFA2) antagonist: from hit to clinic, J. Med. Chem. 57
(2014) 10044–10057.

[97] E. Sergeev, A.H. Hansen, S.K. Pandey, A.E. MacKenzie, B.D. Hudson, T. Ulven,
et al., Non-equivalence of key positively charged residues of the free fatty acid
2 receptor in the recognition and function of agonist versus antagonist
ligands, J. Biol. Chem. 291 (2016) 303–317.

[98] A.T. Vieira, L. Macia, I. Galvao, F.S. Martins, M.C. Canesso, F.A. Amaral, et al., A
role for gut microbiota and the metabolite-sensing receptor GPR43 in a
murine model of gout, Arthritis Rheumatol. 67 (2015) 1646–1656.

[99] A. Haslberger, R. Terkeltaub, Editorial: can GPR43 sensing of short-chain fatty
acids unchain inflammasome-driven arthritis? Arthritis Rheumatol. 67
(2015) 1419–1423.

[100] B.D. Hudson, E. Christiansen, I.G. Tikhonova, M. Grundmann, E. Kostenis, D.R.
Adams, et al., Chemically engineering ligand selectivity at the free fatty acid
receptor 2 based on pharmacological variation between species orthologs,
FASEB J. 26 (2012) 4951–4965.

[101] T. Lee, R. Schwandner, G. Swaminath, J. Weiszmann, M. Cardozo, J. Greenberg,
et al., Identification and functional characterization of allosteric agonists for
the G protein-coupled receptor FFA2, Mol. Pharmacol. 74 (2008) 1599–1609.

[102] A. Trompette, E.S. Gollwitzer, K. Yadava, A.K. Sichelstiel, N. Sprenger, C.
Ngom-Bru, et al., Gut microbiota metabolism of dietary fiber influences
allergic airway disease and hematopoiesis, Nat. Med. 20 (2014) 159–166.

[103] B. Mirkovic, M.A. Murray, G.M. Lavelle, K. Molloy, A.A. Azim, C. Gunaratnam,
et al., The role of short-chain fatty acids, produced by anaerobic bacteria, in
the cystic fibrosis airway, Am. J. Respir. Crit. Care Med. 192 (2015) 1314–
1324.

[104] P. Ghorbani, P. Santhakumar, Q. Hu, P. Djiadeu, T.M. Wolever, N. Palaniyar,
et al., Short-chain fatty acids affect cystic fibrosis airway inflammation and
bacterial growth, Eur. Respir. J. 46 (2015) 1033–1045.

[105] S. Yousefi, P.R. Cooper, S.L. Potter, B. Mueck, G. Jarai, Cloning and expression
analysis of a novel G-protein-coupled receptor selectively expressed on
granulocytes, J. Leukoc. Biol. 69 (2001) 1045–1052.

[106] J.E. Lattin, K. Schroder, A.I. Su, J.R. Walker, J. Zhang, T. Wiltshire, et al.,
Expression analysis of G Protein-Coupled Receptors in mouse macrophages,
Immunome Res. 4 (2008) 5.

[107] C. Bouchard, J. Page, A. Bedard, P. Tremblay, L. Vallieres, G protein-coupled
receptor 84, a microglia-associated protein expressed in neuroinflammatory
conditions, Glia 55 (2007) 790–800.

[108] H. Nagasaki, T. Kondo, M. Fuchigami, H. Hashimoto, Y. Sugimura, N. Ozaki,
et al., Inflammatory changes in adipose tissue enhance expression of GPR84, a
medium-chain fatty acid receptor: TNFalpha enhances GPR84 expression in
adipocytes, FEBS Lett. 586 (2012) 368–372.

[109] S. Talukdar, J.M. Olefsky, O. Osborn, Targeting GPR120 and other fatty acid-
sensing GPCRs ameliorates insulin resistance and inflammatory diseases,
Trends Pharmacol. Sci. 32 (2011) 543–550.

[110] M. Suzuki, S. Takaishi, M. Nagasaki, Y. Onozawa, I. Iino, H. Maeda, et al.,
Medium-chain fatty acid-sensing receptor, GPR84, is a proinflammatory
receptor, J. Biol. Chem. 288 (2013) 10684–10691.

[111] C. Venkataraman, F. Kuo, The G-protein coupled receptor, GPR84 regulates IL-
4 production by T lymphocytes in response to CD3 crosslinking, Immunol.
Lett. 101 (2005) 144–153.

[112] L.S. Nicol, J.M. Dawes, F. La Russa, A. Didangelos, A.K. Clark, C. Gentry, et al.,
The role of G-protein receptor 84 in experimental neuropathic pain, J.
Neurosci. 35 (2015) 8959–8969.

http://refhub.elsevier.com/S0006-2952(16)00184-2/h0290
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0290
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0295
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0295
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0295
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0300
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0300
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0305
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0305
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0305
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0310
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0310
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0310
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0315
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0315
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0315
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0320
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0320
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0320
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0320
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0325
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0325
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0325
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0330
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0330
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0330
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0330
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0330
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0335
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0335
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0335
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0335
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0340
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0340
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0345
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0345
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0345
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0350
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0350
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0350
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0355
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0355
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0355
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0360
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0360
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0365
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0365
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0370
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0370
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0375
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0375
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0375
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0380
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0380
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0385
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0385
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0385
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0390
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0390
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0390
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0395
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0395
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0395
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0400
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0400
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0400
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0405
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0405
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0405
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0410
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0410
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0410
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0415
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0415
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0415
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0415
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0420
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0420
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0420
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0420
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0425
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0425
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0425
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0430
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0430
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0430
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0435
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0435
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0435
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0440
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0440
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0440
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0445
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0445
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0445
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0445
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0450
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0450
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0450
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0455
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0455
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0455
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0460
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0460
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0460
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0465
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0465
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0465
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0465
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0470
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0470
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0470
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0475
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0475
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0475
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0475
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0480
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0480
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0480
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0480
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0485
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0485
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0485
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0485
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0490
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0490
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0490
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0495
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0495
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0495
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0500
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0500
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0500
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0500
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0505
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0505
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0505
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0510
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0510
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0510
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0515
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0515
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0515
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0515
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0520
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0520
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0520
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0525
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0525
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0525
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0530
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0530
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0530
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0535
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0535
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0535
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0540
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0540
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0540
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0540
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0545
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0545
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0545
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0550
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0550
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0550
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0555
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0555
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0555
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0560
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0560
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0560


E. Alvarez-Curto, G. Milligan / Biochemical Pharmacology 114 (2016) 3–13 13
[113] E. Christiansen, K.R. Watterson, C.J. Stocker, E. Sokol, L. Jenkins, K. Simon,
et al., Activity of dietary fatty acids on FFA1 and FFA4 and characterisation of
pinolenic acid as a dual FFA1/FFA4 agonist with potential effect against
metabolic diseases, Br. J. Nutr. 113 (2015) 1677–1688.

[114] T.M. Stulnig, Immunomodulation by polyunsaturated fatty acids:
mechanisms and effects, Int. Arch. Allergy Immunol. 132 (2003) 310–321.

[115] P.C. Calder, Omega-3 polyunsaturated fatty acids and inflammatory
processes: nutrition or pharmacology? Br. J. Clin. Pharmacol. 75 (2013)
645–662.

[116] P.C. Calder, N-3 fatty acids, inflammation and immunity: new mechanisms to
explain old actions, Proc. Nutr. Soc. 72 (2013) 326–336.

[117] H. Shi, M.V. Kokoeva, K. Inouye, I. Tzameli, H. Yin, J.S. Flier, TLR4 links innate
immunity and fatty acid-induced insulin resistance, J. Clin. Invest. 116 (2006)
3015–3025.

[118] C.N. Serhan, S. Yacoubian, R. Yang, Anti-inflammatory and proresolving lipid
mediators, Annu. Rev. Pathol. 3 (2008) 279–312.

[119] D.Y. Oh, J.M. Olefsky, Omega 3 fatty acids and GPR120, Cell Metab. 15 (2012)
564–565.

[120] D.S. Im, Functions of omega-3 fatty acids and FFA4 (GPR120) in macrophages,
Eur. J. Pharmacol. S0014–2999 (15) (2015). 00458-6.

[121] A.T. Suckow, D. Polidori, W. Yan, S. Chon, J.Y. Ma, J. Leonard, et al., Alteration
of the glucagon axis in GPR120 (FFAR4) knockout mice: a role for GPR120 in
glucagon secretion, J. Biol. Chem. 289 (2014) 15751–15763.

[122] A. Ichimura, A. Hirasawa, O. Poulain-Godefroy, A. Bonnefond, T. Hara, L.
Yengo, et al., Dysfunction of lipid sensor GPR120 leads to obesity in both
mouse and human, Nature 483 (2012) 350–354.

[123] A. Bonnefond, A. Lamri, A. Leloire, E. Vaillant, R. Roussel, C. Levy-Marchal,
et al., Contribution of the low-frequency, loss-of-function p. R270H mutation
in FFAR4 (GPR120) to increased fasting plasma glucose levels, J. Med. Genet.
52 (2015) 595–598.

[124] S.P. Weisberg, D. McCann, M. Desai, M. Rosenbaum, R.L. Leibel, A.W. Ferrante
Jr., Obesity is associated with macrophage accumulation in adipose tissue, J.
Clin. Invest. 112 (2003) 1796–1808.

[125] H. Morinaga, R. Mayoral, J. Heinrichsdorff, O. Osborn, N. Franck, N. Hah, et al.,
Characterization of distinct subpopulations of hepatic macrophages in HFD/
obese mice, Diabetes 64 (2015) 1120–1130.

[126] Y. Wang, F. Huang, N-3 polyunsaturated fatty acids and inflammation in
obesity: local effect and systemic benefit, Biomed. Res. Int. 2015 (2015)
581469.

[127] J.I. Odegaard, A. Chawla, The immune system as a sensor of the metabolic
state, Immunity 38 (2013) 644–654.

[128] M. Debnath, S. Agrawal, A. Agrawal, G.P. Dubey, Metaflammatory responses
during obesity: pathomechanism and treatment, Obes. Res. Clin. Pract.
(2015). S1871-403X(15)00180-5.

[129] P.C. Calder, Mechanisms of action of (n-3) fatty acids, J. Nutr. 142 (2012)
592S–599S.
[130] A.R. Saltiel, Fishing out a sensor for anti-inflammatory oils, Cell 142 (2010)
672–674.

[131] S. Cinti, G. Mitchell, G. Barbatelli, I. Murano, E. Ceresi, E. Faloia, et al.,
Adipocyte death defines macrophage localization and function in adipose
tissue of obese mice and humans, J. Lipid. Res. 46 (2005) 2347–2355.

[132] C. Hofmann, K. Lorenz, S.S. Braithwaite, J.R. Colca, B.J. Palazuk, G.S.
Hotamisligil, et al., Altered gene expression for tumor necrosis factor-alpha
and its receptors during drug and dietary modulation of insulin resistance,
Endocrinology 134 (1994) 264–270.

[133] G.S. Hotamisligil, B.M. Spiegelman, Tumor necrosis factor alpha: a key
component of the obesity-diabetes link, Diabetes 43 (1994) 1271–1278.

[134] O. Osborn, J.M. Olefsky, The cellular and signaling networks linking the
immune system and metabolism in disease, Nat. Med. 18 (2012) 363–374.

[135] S.E. Shoelson, J. Lee, M. Yuan, Inflammation and the IKK beta/I kappa B/NF-
kappa B axis in obesity- and diet-induced insulin resistance, Int. J. Obes. Relat.
Metab. Disord. 27 (Suppl. 3) (2003) S49–S52.

[136] J. Hirosumi, G. Tuncman, L. Chang, C.Z. Gorgun, K.T. Uysal, K. Maeda, et al., A
central role for JNK in obesity and insulin resistance, Nature 420 (2002) 333–
336.

[137] M.C. Arkan, A.L. Hevener, F.R. Greten, S. Maeda, Z.W. Li, J.M. Long, et al., IKK-
beta links inflammation to obesity-induced insulin resistance, Nat. Med. 11
(2005) 191–198.

[138] J.M. Olefsky, C.K. Glass, Macrophages, inflammation, and insulin resistance,
Annu. Rev. Physiol. 72 (2010) 219–246.

[139] C.N. Lumeng, S.M. Deyoung, J.L. Bodzin, A.R. Saltiel, Increased inflammatory
properties of adipose tissue macrophages recruited during diet-induced
obesity, Diabetes 56 (2007) 16–23.

[140] Y. Yan, W. Jiang, T. Spinetti, A. Tardivel, R. Castillo, C. Bourquin, et al., Omega-
3 fatty acids prevent inflammation and metabolic disorder through inhibition
of NLRP3 inflammasome activation, Immunity 38 (2013) 1154–1163.

[141] K. Schroder, R. Zhou, J. Tschopp, The NLRP3 inflammasome: a sensor for
metabolic danger? Science 327 (5963) (2010) 296–300.

[142] Y. Konno, S. Ueki, M. Takeda, Y. Kobayashi, M. Tamaki, Y. Moritoki, et al.,
Functional analysis of free fatty acid receptor GPR120 in human eosinophils:
implications in metabolic homeostasis, PLoS One 10 (2015) e0120386.

[143] A.B. Molofsky, J.C. Nussbaum, H.E. Liang, S.J. Van Dyken, L.E. Cheng, A.
Mohapatra, et al., Innate lymphoid type 2 cells sustain visceral adipose tissue
eosinophils and alternatively activated macrophages, J. Exp. Med. 210 (2013)
535–549.

[144] C.M. Lloyd, S. Saglani, Eosinophils in the spotlight: Finding the link between
obesity and asthma, Nat. Med. 19 (2013) 976–977.

[145] S.S. Possa, E.A. Leick, C.M. Prado, M.A. Martins, I.F. Tiberio, Eosinophilic
inflammation in allergic asthma, Front. Pharmacol. 4 (2013) 46.

[146] S. Fukunaga, S. Setoguchi, A. Hirasawa, G. Tsujimoto, Monitoring ligand-
mediated internalization of G protein-coupled receptor as a novel
pharmacological approach, Life Sci. 80 (2006) 17–23.

http://refhub.elsevier.com/S0006-2952(16)00184-2/h0565
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0565
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0565
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0565
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0570
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0570
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0575
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0575
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0575
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0580
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0580
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0585
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0585
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0585
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0590
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0590
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0595
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0595
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0600
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0600
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0605
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0605
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0605
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0610
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0610
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0610
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0615
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0615
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0615
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0615
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0620
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0620
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0620
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0625
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0625
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0625
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0630
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0630
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0630
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0635
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0635
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0640
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0640
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0640
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0645
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0645
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0650
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0650
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0655
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0655
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0655
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0660
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0660
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0660
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0660
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0665
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0665
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0670
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0670
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0675
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0675
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0675
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0680
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0680
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0680
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0685
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0685
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0685
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0690
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0690
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0695
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0695
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0695
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0700
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0700
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0700
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0705
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0705
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0710
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0710
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0710
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0715
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0715
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0715
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0715
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0720
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0720
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0725
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0725
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0730
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0730
http://refhub.elsevier.com/S0006-2952(16)00184-2/h0730

	Metabolism meets immunity: The role of free fatty acid receptors �in the immune system
	1 Introduction
	2 Overview of the family of free fatty acid receptors
	2.1 Free fatty acids
	2.2 Free fatty acid receptors
	2.3 Signal transduction and expression of FFARs

	3 The role of free fatty acid receptors in metabolism and immune responses
	3.1 Short-chain free fatty acid receptors in immune cell signalling and regulation
	3.1.1 Roles of FFAR2 receptor in inflammatory processes related to the gut and other tissues
	3.1.2 FFAR3 is a key player in airway inflammation

	3.2 Medium and long-chain free fatty acid receptors in immune cell signalling and regulation
	3.2.1 Roles of GPR84, a newly described MCFA receptor, in immunity
	3.2.2 FFAR4 receptor: the paradigm of an anti-inflammatory mediator with important metabolic consequences


	4 Conclusions and final remarks
	Conflict of interest
	Acknowledgement
	References


