
REVIEW
published: 01 July 2021

doi: 10.3389/fphys.2021.668330

Frontiers in Physiology | www.frontiersin.org 1 July 2021 | Volume 12 | Article 668330

Edited by:

Naim Akhtar Khan,

Université de Bourgogne, France

Reviewed by:

Amilcare Barca,

University of Salento, Italy

Karthik Dhatchinamoorthy,

University of Massachusetts Medical

School, United States

*Correspondence:

Maria A. Hidalgo

mahidalgo@uach.cl

Specialty section:

This article was submitted to

Lipid and Fatty Acid Research,

a section of the journal

Frontiers in Physiology

Received: 17 February 2021

Accepted: 04 June 2021

Published: 01 July 2021

Citation:

Hidalgo MA, Carretta MD and

Burgos RA (2021) Long Chain Fatty

Acids as Modulators of Immune Cells

Function: Contribution of FFA1 and

FFA4 Receptors.

Front. Physiol. 12:668330.

doi: 10.3389/fphys.2021.668330

Long Chain Fatty Acids as
Modulators of Immune Cells
Function: Contribution of FFA1 and
FFA4 Receptors
Maria A. Hidalgo*, Maria D. Carretta and Rafael A. Burgos

Laboratory of Inflammation Pharmacology, Institute of Pharmacology and Morphophysiology, Universidad Austral de Chile,

Valdivia, Chile

Long-chain fatty acids are molecules that act as metabolic intermediates and

constituents of membranes; however, their novel role as signaling molecules in immune

function has also been demonstrated. The presence of free fatty acid (FFA) receptors

on immune cells has contributed to the understanding of this new role of long-chain

fatty acids (LCFAs) in immune function, showing their role as anti-inflammatory or

pro-inflammatory molecules and elucidating their intracellular mechanisms. The FFA1

and FFA4 receptors, also known as GPR40 and GPR120, respectively, have been

described in macrophages and neutrophils, two key cells mediating innate immune

response. Ligands of the FFA1 and FFA4 receptors induce the release of a myriad of

cytokines through well-defined intracellular signaling pathways. In this review, we discuss

the cellular responses and intracellular mechanisms activated by LCFAs, such as oleic

acid, linoleic acid, palmitic acid, docosahexaenoic acid (DHA), and eicosapentaenoic

acid (EPA), in T-cells, macrophages, and neutrophils, as well as the role of the FFA1 and

FFA4 receptors in immune cells.
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INTRODUCTION

The interplay between metabolism and immunity has been described by several authors. Fatty
acids play an essential role in metabolic disorders and in chronic diseases wherein inflammation
is associated. Several pieces of evidence suggest a relationship between obesity, in which there is
an increase in levels of fatty acids, and impaired immune response (Falagas and Kompoti, 2006;
Boden, 2008; Sheridan et al., 2012).

The physiological functions of fatty acids on immune cells are similar to those of non-immune
cells, such as energy source andmembrane constituents, but they also regulate immune homeostasis
through anti-inflammatory or pro-inflammatory effects. Furthermore, new roles as signaling
molecules have begun to be described (de Jong et al., 2014; Im, 2016; Rodrigues et al., 2016).
Those functions on immune response are diverse and mainly dependent on the type of fatty
acid and immune cell (Kimura et al., 2020). For instance, omega-3 fatty acids have recognized
anti-inflammatory effects as having been demonstrated in T-cells and inflammatory cells, such as
macrophages and neutrophils. On the contrary, saturated fatty acids have pro-inflammatory effects.
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Long-chain fatty acids are saturated or unsaturated fatty
acids containing 13–21 carbons. Oleic, linoleic, palmitic,
docosahexaenoic acid (DHA), and eicosapentaenoic acid (EPA)
are important in health and disease. Levels of some fatty acids
(oleic acid, palmitic acid, or linoleic acid) are higher in the blood
compared with other fatty acids, and their levels can increase
significantly in diabetes mellitus, insulin resistance, and obesity
(Prescott et al., 1999; Boden, 2008). Linoleic acid is an essential
fatty acid and the most abundant type of polyunsaturated fatty
acid (PUFA) in the human diet. Some fatty acids (DHA and
EPA) are crucial in mediating inflammation. It is well-known
that a diet with high content of monounsaturated fatty acids,
specifically oleic acid, exerts a beneficial effect reducing the risk of
coronary heart diseases (Kris-Etherton, 1999). Likewise, the role
of fatty acids in some diseases, such as cancer, inflammation, and
autoimmune diseases, has been well-discussed in several reviews
(Simopoulos, 2008; Rohrig and Schulze, 2016; Innes and Calder,
2018; Li et al., 2019). Oleic and linoleic fatty acids, also known
as omega-9 and−6 fatty acids, respectively, are monounsaturated
fatty acids with plasma total lipid levels ranging from 0.03 to
5 mmol/L (0.03–3.2 mmol/L for oleic acid, and 0.2–5 mmol/L
for linoleic acid). DHA and EPA are polyunsaturated fatty acids
that are also known as omega-3 fatty acids, ranging between 7.2
and 237.5 µmol/L for DHA (Abdelmagid et al., 2015).On the
contrary, palmitic acid is a saturated fatty acid with plasma total
lipid levels ranging from 0.3 to 4.1 mmol/L (Abdelmagid et al.,
2015).

Long-chain fatty acids exert their actions in part through
membrane receptors, which were first described in the pancreas
and intestinal cells (Briscoe et al., 2003; Itoh et al., 2003; Milligan
et al., 2017). However, these receptors have been detected in
immune cells, such as macrophages and neutrophils (Oh et al.,
2010; Manosalva et al., 2015; Agrawal et al., 2017; Souza et al.,
2020). The purpose of this review is to discuss the role of long-
chain fatty acids (LCFAs) and their receptors in key cells that
are part of the innate and adaptive immune response. Here, we
focus on the effect of LCFAs on immune cells, specifically T-cells,
neutrophils, and macrophages, and the intracellular signaling
pathways activated by LCFAs in these cells. Also, the presence
and role of free fatty acids (FFAs) receptors in immune cells
are discussed.

EFFECTS OF LCFA ON IMMUNE CELLS

Neutrophils and macrophages are considered the first line of
defense of the host against injury or pathogen invasion, as part
of the innate immunity, while T-cells are the main constituent
of the adaptive immune response. However, the current evidence
recognizes an interplay between innate and adaptive immunity
(Gregersen and Behrens, 2006; Mantovani et al., 2011). We
will discuss the effects of LCFA on T-cells, neutrophils, and
macrophages because of their important role in the orchestration
of immune response.

Oleic Acid
The effect of oleic acid on T-cells has not yet been extensively
studied. However, existing studies have suggested a positive

effect on T-cells through different mechanisms. Oleic acid
increased the proliferation of human lymphocytes isolated from
peripheral blood (Gorjao et al., 2007; Ioan-Facsinay et al.,
2013) and reduced the proliferation of Jurkat T-cells (Verlengia
et al., 2003). Two recent studies have shown mechanisms by
which oleic acid suppressed T-cell function. Oleic acid has
been shown to enhance human Treg suppressive function
through a mechanism that involves amplification of Treg fatty
acid oxidation-driven oxidative phosphorylation metabolism,
resulting in positive feedback that increases the expression of
FOXP3 and phosphorylation of STAT5 (Pompura et al., 2020).
Fatty acids can also alter cell function by inducing changes
in epigenetic processes (Burdge and Lillycrop, 2014; Silva-
Martinez et al., 2016). Oleic acid at physiologically relevant
concentrations induced CpG locus-specific DNA methylation
associated with zinc-finger-containing transcription factors in
Jurkat T cells (Perez-Mojica et al., 2020). These findings are
significant since epigenetic changes have been linked with
diverse diseases, such as asthma, systemic lupus erythematosus,
rheumatoid arthritis, multiple sclerosis, and diabetes mellitus
(Zhang et al., 2020). Therefore, the unveiling of this mechanism
opens new opportunities to develop a dietary intervention based
on a combination of fatty acids for immune-metabolic diseases.

Studies on the effect of oleic acid on neutrophil function
show two types of response, depending on whether oleic acid
is studied alone, or in the presence of a stimulus. In in
vivo assays, oleic acid reduced the migration and rolling of
neutrophils when administered by gavage in a mouse model of
sepsis (Medeiros-de-Moraes et al., 2018). Similarly, in isolated
human neutrophils, oleic acid reduced lipopolysaccharide (LPS)-
induced cell migration (Reyes-Quiroz et al., 2014). In a study on
wound healing in rats, oleic acid topically administered showed
beneficial effects on the inflammatory phase. In this model, an
increase in the number of neutrophils in the wounded area and
air pouches was observed, which can speed up wound healing
(Pereira et al., 2008). Most studies on neutrophils in the absence
of a stimulus have described a stimulatory effect of oleic acid.
Oleic acid increases reactive oxygen species (ROS) production in
humans, rats, and bovine neutrophils in in vitro assays (Hatanaka
et al., 2006; Carrillo et al., 2011; Hidalgo et al., 2011). It also
increased the release of vascular endothelial growth factor-alpha
and interleukin-1beta (IL-1β) in rat neutrophils (Pereira et al.,
2008). In bovine neutrophils, oleic acid increased several effects
or functions, such as the release of matrix metalloproteinase-
9 (MMP-9), IL-8, and cyclooxygenase-2 expression (Hidalgo
et al., 2011; Manosalva et al., 2015; Mena et al., 2016). At
high concentration, oleic acid induced the release of ATP
and neutrophil extracellular traps (NETs), which is mediated
via pannexin-1 dependent ATP release (Alarcon et al., 2020).
Although oleic acid was used at high concentrations in these
assays, its results are relevant in postpartum cow, because they
show high plasma levels of oleic acid in this period. Overall, all
the evidence of the effects of oleic acid on neutrophil function
shows that this fatty acid could be useful for the destruction of
microorganisms or during tissue injury.

The effect of oleic acid on macrophages has been determined
in both in vivo and in vitro studies, and overall they have shown

Frontiers in Physiology | www.frontiersin.org 2 July 2021 | Volume 12 | Article 668330

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Hidalgo et al. Fatty Acids and Immune Function

an anti-inflammatory effect. In vivo and in vitro experiments
suggest that dietary oleic acid can increase M2 macrophage
polarization. Camell and Smith (2013) observed that a diet high
in oleic acid elevated the levels of M2macrophages in the adipose
tissue ofmice and increased the levels ofM2macrophagemarkers
(CD206, MGL1, and ARG1) in RAW264.6 macrophages under in
vitro conditions. In another line of evidence, oleic acid induced
the secretion of apolipoprotein E (apoE) via a post-translational
glycosylation to increase its secretion in monocyte-derived
macrophages, which play a key role in metabolic disorders
and atherosclerosis (Huang et al., 2004). In addition, oleic acid
decreased the LPS-induced expression of iNOS, COX-2, TNF-α,
IL1β, and IL6 mRNAs in murine RAW264.7 macrophages, and
reduced nitric oxide formation and palmitate-induced apoptosis
(Kim et al., 2017). Furthermore, oleic acid inhibited saturated
fatty acid-induced IL-1β release in a dose-dependent manner
in murine primary macrophages (Karasawa et al., 2018). In
summary, all the effects of oleic acid suggest that it is involved
in mediating anti-inflammatory responses with immune cells.

Interestingly, products of the nitration of fatty acids have
shown potent anti-inflammatory properties, and some studies
show their action on immune cells. Nitro-oleic acid induced
IL-10 expression and accumulation of Treg cells in a model
of hypersensitivity in mice (Mathers et al., 2017). Also, some
actions on neutrophils have been described; nitro-oleic acid
induced apoptosis of neutrophils and their phagocytosis by
alveolar macrophages in a model of allergic airway disease
(Reddy et al., 2013) and reduced neutrophil infiltration in a
murine model of myocardial ischemia and reperfusion (Rudolph
et al., 2010). Nitro-oleic acid reduced the activation of signaling
pathways, such as STAT5, ERK, and PI3K, and the expression
of adhesion molecules and pro-inflammatory cytokines in RAW
264.7 macrophages or mice bone marrow-derived macrophages
(Rudolph et al., 2010; Ambrozova et al., 2016; Verescakova
et al., 2017). Furthermore, nitro-oleic acid (5µM) increased the
expression of CD36 in RAW 264.7 macrophages, and ligand
binding analysis showed the interaction of nitro-oleic acid with
CD36 (Vazquez et al., 2020). This effect of nitro-oleic acid
could be dependent on the cellular model and concentrations
used, because Lamas Bervejillo (Lamas Bervejillo et al., 2020),
using THP-1 cells differentiated to macrophages and 1µMnitro-
oleic acid, did not observe changes in CD36 expression. These
different results show potential limitations of some in vitro
studies, depending on the experimental setting of each assay.

Linoleic Acid
The immunoregulatory effects of fatty acids have also been
observed with linoleic acid, and they are especially interesting in
patients who consume high-fat diets. Several years ago, some in
vivo studies began to show the role of fatty acids in the immune
response using dietary fatty acids in rats fed with high-fat diets,
and also through in vitro assays (Jeffery et al., 1996, 1997). These
studies observed a stimulatory effect of linoleic acid on T-cells
proliferation. Then, most recent evidence suggests that linoleic
acid might decrease the function of immune cells. Huang et al.
(2020) demonstrated that linoleic acid inhibited Th1 and Th17
cell differentiation and reduced IL-17 and IFN-γ production,

using isolated human and mouse CD4+T-cells. Likewise, linoleic
acid induced death in CD4+T-cells and promoted apoptosis and
necrosis in Jurkat T cells (Cury-Boaventura et al., 2004; Ma et al.,
2016). Although existing studies show a suppressive effect of
linoleic acid on T cell activation, more studies are needed to
demonstrate the mechanisms involved in these effects.

Studies on neutrophils suggest the participation of linoleic
acid, through its metabolite 13-S-hydroxyoctadecadienoic acid
(HODE), in airway inflammation. The in vivo study of
Mabalirajan et al. (2013) observed that mice treated with 13-S-
HODE showed airway neutrophilia. Then, Panda et al. (2017)
showed that mice with allergic airway inflammation treated
with dexamethasone and 13-S-HODE increased neutrophilic
inflammation. These findings are very important for obese
patients, because they suggest that the metabolism of linoleic
acid could affect asthma severity and sensitivity to steroids.
In addition to these in vivo pro-inflammatory effects, in vitro
studies have shown that linoleic acid increases several neutrophil
responses, such as oxidative stress, production of thromboxane,
TNF-α, COX-2, IL-8, IL-1β and CINC-2αβ, MMP-9 release, ROS,
and NET release (Vaughan andWalsh, 2005; Hidalgo et al., 2011;
Manosalva et al., 2015; Mena et al., 2016; Alarcon et al., 2020).
A pro-inflammatory stage is crucial for the inflammatory phase
in wound healing, and linoleic acid has shown to be useful in
this process. Similar to the aforementioned effects of oleic acid
on neutrophils described by Pereira et al. (2008), linoleic acid
also increased the release of vascular endothelial growth factor-
alpha and IL-1β in neutrophils during the wound healing process,
which can speed up wound healing.

Linoleic acid also exerts pro-stimulatory effects on
macrophages; however, depending on the experimental
design of the studies, an anti-inflammatory effect has also been
suggested. Linoleic acid increased the mRNA expression of
pro-inflammatory markers TNF-α, IL-6, chemokine (C-C motif)
ligand 2 (Ccl2), and IL-1β in mouse peritoneal macrophages
(Kain and Halade, 2019). Also, linoleic acid increased the
ROS production in macrophages-derived THP-1 cells and
reduced the mRNA corresponding to the antioxidant enzymes
catalase, glutathione peroxidase, and superoxide dismutase-1;
however, it did not affect their enzymatic activities (Rybicka
et al., 2011). In contrast, an anti-inflammatory effect of linoleic
acid was suggested by Magdalon et al. (2012). The authors
observed a reduction in the levels of IL-1β and IL-6 in peritoneal
macrophages isolated from rats after oral administration of
linoleic acid; however, they also observed an increase in IL-1β
and decrease in levels of IL-10 in LPS-treated macrophages,
which suggests that it may lead to higher microbicidal activity
in these cells. Besides, linoleic acid might play a protective role
against parasitic infection. Linoleic acid suppressed the parasitic
load of Leishmania donovani in J774A.1 macrophages and
promoted a Th-1-mediated immune response (Saini and Rai,
2020).

Palmitic Acid
Palmitic acid is a fatty acid known to stimulate pro-inflammatory
responses and is of special interest in conditions, such as obesity,
type 2 diabetes or patients that consume high-fat diets. Although
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palmitic acid is the most abundant saturated fatty acid in plasma,
its effects on T cells and neutrophils have been poorly studied.
On the contrary, more antecedents exist describing the effect of
palmitic acid on macrophages.

Several years ago, some studies suggested that palmitic acid
can modulate the T-cell function. An in vivo study conducted
on rats fed with a diet rich in palmitic acid showed increased
lymphocyte proliferation compared with rats fed with diets
rich in other fatty acids (oleic acid, linoleic acid, or fish oil).
However, this study also analyzed the levels of plasma lipids.
According to these results, the authors suggested that the ratio
of different dietary fatty acids could be more relevant than the
individual amount of each fatty acid (Tinahones et al., 2004).
Besides, it was shown that palmitic acid regulates DNA synthesis
(low concentrations of palmitic acid stimulated DNA synthesis,
whereas high concentrations inhibited it) and enhances cytokine
release (IFN-γ, TNF-α, IL-6, IL-8, IL-1β, IL-2, and IL-10) in
human lymphocytes (Karsten et al., 1994; Stentz and Kitabchi,
2006). Other studies demonstrated that low concentrations of
palmitic acid induced proliferation and that high concentrations
were cytotoxic in Jurkat cells and human lymphocytes (Lima
et al., 2002; Gorjao et al., 2007; Takahashi et al., 2012). Although
the exact mechanisms on how palmitic acid increases those
responses in T-cells are not understood, more recent reports have
attempted to clarify them. As mentioned above, palmitic acid
plays a detrimental role in patients who are obese or have type
2 diabetes, where its levels in plasma are elevated. The study of
Zhou et al. (2019) showed that the treatment of human T-cells
with palmitic acid led to significant upregulation of signaling
lymphocytic activation molecule family member 3 (SLAMF3)
in cells primed with anti-CD3/CD28 antibodies. This finding
is significant to understand the mechanisms by which palmitic
acid promotes inflammation in patients with type 2 diabetes,
which show the upregulation of SLAMF3 on T cells compared
with healthy persons, and SLAMF3 has been associated with
increased production of pro-inflammatory cytokines. Another
recent study has shown evidence about the role of a subset of
CD3+ T cells in fatty liver diseases, such as steatohepatitis, in
which chronic accumulation of free fatty acids and activated
inflammatory response are observed. The authors showed that
the subset of mouse CD3+ T cells stimulated by palmitic acid
induces the expression of IL17A (Torres-Hernandez et al., 2020),
which has been implicated in recruiting immune cells during the
early stages of liver disease.

In neutrophils, evidence from several years ago has shown
somewhat contradictory results. Palmitic acid decreased
hydrogen peroxide generation in cells stimulated with zymosan,
without affecting other neutrophil functions (chemotaxis,
phagocytosis, superoxide radical anion, and hydroxyl radical
generation) (Akamatsu et al., 2001). In contrast, Wanten et al.
(2002) observed that high concentrations of palmitic acid
increased ROS production in the absence of any stimulus. The
authors attributed these differences to the distinct methods used
in the studies. In a more recent study, the effect of palmitic acid
on neutrophils has also been assessed to evaluate its contribution
to the local inflammation in obesity. Exposure of murine
macrophages to palmitic acid induces the release of nucleotides

through pannexin-1 channels that attract neutrophils, suggesting
that this mechanismmay facilitate the recruitment of neutrophils
into metabolic tissues during obesity (Tam et al., 2020).

Numerous studies exist detailing the pro-inflammatory effects
of palmitic acid on macrophages (Kim et al., 2017; Wang et al.,
2017; Karasawa et al., 2018; Korbecki and Bajdak-Rusinek, 2019;
Sano et al., 2020; Youk et al., 2021). High-fat diet (HFD)
may promote hepatocarcinogenesis through an exacerbated
inflammatory response that affects the liver function. In vivo
experiments demonstrated that HFD affected liver function in
mice, induced liver infiltration of macrophages, and increased
expression of inflammatory factors, such as proliferating cell
nuclear antigen (PCNA), NF-κB, cyclin D1, TNF-α, and IL-
1β in the liver (Fu et al., 2020). In addition, to understand
the link between obesity and inflammation, and its effects
in pregnancy, Sano et al. (2020) studied the in vivo and in
vitro effects of palmitic acid in pregnant mice. The authors
observed that palmitic acid induced ASC assembly and IL-
1β release in murine macrophages. Palmitic acid-induced IL-
1β release was suppressed in NLRP3-knockdown macrophages,
which, together with in vivo experiments, suggests that higher
levels of palmitic acid exposure in pregnant mice activate NLRP3
inflammasome and induce placental inflammation, which may
result in pregnancy complications (Sano et al., 2020). Also, an
in vitro assay showed that palmitic acid enhanced macrophage
adhesion and decreased phagocytosis, as well as increased nitric
oxide production by J774 cells (Calder et al., 1990a; de Lima et al.,
2006). Recent evidence intends to explain the role of palmitic
acid in inflammatory responses in obesity and insulin resistance
(Korbecki and Bajdak-Rusinek, 2019). Palmitic acid elevated the
release of IL-1β, IL-6, and TNF-α, which are important cytokines
that cause insulin resistance, increase apoptosis, and activate
the NLRP3 inflammasome in macrophages (Kim et al., 2017;
Wang et al., 2017; Karasawa et al., 2018; Korbecki and Bajdak-
Rusinek, 2019; Sano et al., 2020; Youk et al., 2021). Also, palmitic
acid induced M1 macrophage polarization and increased CD36
expression, a membrane glycoprotein that transports fatty acids,
via decreased expression of the histone methyltransferase G9a
(Lu et al., 2017;Wang et al., 2021). An in vitro assay demonstrated
that palmitic acid induced the expression of iNOS and secretion
of IL-6, IL-10, CCL2, IFN-γ, and TNF-α in mouse primary
macrophages (Fu et al., 2020). Thus, the most recent studies have
elucidated the role of palmitic acid not only in mediating the
function of isolated macrophages but also the pro-inflammatory
effects on macrophages in conditions such as obesity or when
HFDs are ingested.

Omega-3 Fatty Acids: Docosahexaenoic
Acid and Eicosapentaenoic Acid
Numerous beneficial effects of omega-3 fatty acids have been
proposed, and their mechanisms of action have begun to be
elucidated. DHA and EPA, the main dietary n-3 fatty acids
present in fatty fish, have shown positive effects on health
and diseases, such as cardiovascular diseases, dyslipidemia,
hypertension, atherosclerosis, diabetes, obesity, gastrointestinal
disorders, arthritis, and neurological disorders (reviewed in
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Riediger et al., 2009; Yashodhara et al., 2009). Omega-3 fatty
acids not only participate in the formation of specialized pro-
resolving mediators (SPMs) of the D- or E-series (Jaudszus et al.,
2013; Serhan, 2014), they also participate in the orchestration
of the anti-inflammatory response by inhibiting the expression
of pro-inflammatory factors and preventing the hyper-immune
response (Riediger et al., 2009; Yashodhara et al., 2009; Rodrigues
et al., 2016). A mechanism that could in part explain the
effect anti-inflammatory of n-3 fatty acids is its participation
in the synthesis of 3-series of prostaglandins (via competition
with arachidonic acid by the COX pathway) and reduction
of the levels of 2-series of prostaglandins (i.e., it has been
demonstrated that PGE3 reduces the level of IL-6 compared
with PGE2 in RAW264.7 macrophages) (Bagga et al., 2003). Two
other mechanisms had been proposed prior to the discovery
of DHA as a ligand of the FFA4 receptor, the activation of
peroxisome proliferation activator receptor gamma (PPARγ),
and the inhibition of TLR2/3/4 (Lee et al., 2003; Gani and Sylte,
2008). However, with the study conducted by Oh et al. (2010)
examining the anti-inflammatory mechanism through the FFA4
receptor, several effects of n-3 fatty acids were elucidated.

The first studies that evaluated the effects of n-3 fatty acids
on the immune system were performed using diets containing
fatty fish or diets enriched with DHA or EPA, and they suggested
a beneficial effect (Meydani et al., 1991; Fowler et al., 1993;
Peterson et al., 1998; Fritsche et al., 1999; Arrington et al.,
2001a,b). Several studies have suggested the usefulness of omega-
3 fatty acids in the managing of diseases associated with an
exacerbated immune response. Oral administration of DHA and
EPA to asthmatic patients for 3months showed a reduction in the
serum levels of IL-17A and TNF-α compared with those observed
after the administration of placebo, suggesting that these fatty
acids are a promising complementary approach for managing
asthma (Farjadian et al., 2016). The effect of EPA on experimental
autoimmune encephalomyelitis (EAE) in mice was also assessed;
the authors described a reduction in the production of IFN-
γ and IL-17 and an increase in the expression of peroxisome
proliferator-activated receptors in CD4T cells infiltrating the
central nervous system (Unoda et al., 2013). Also, DHA and EPA
reduced the migration of T cells in vivo and in vitro (Yessoufou
et al., 2009; Cucchi et al., 2020). Other studies have evaluated the
effect of purified n-3 fatty acids; DHA or EPA showed an anti-
proliferative effect, reduced the expression of IL-2, IFN-γ, and
IL-10 in Jurkat T-cells, and induced hypermethylation in DNA
(Verlengia et al., 2004; Perez-Mojica et al., 2020; Saidi et al., 2020).
DHA could be useful in anticancer chemotherapy. The treatment
of Jurkat T-cells with DHA and the anticancer drugs everolimus
and barasertib induced apoptosis and ROS production; however,
these effects were not observed in normal lymphocytes (Zhelev
et al., 2016). Controversial data about the beneficial effect of n-
3 fatty acids in cancer have been demonstrated by some clinical
studies with omega-3 supplementation in patients with cancer.
However, these discrepancies could be attributed to difficulties
in collecting dietary data or genetic variations affecting PUFA
metabolism (reviewed in Azrad et al., 2013).

Similar as in T cells, some studies have assessed the
effects of dietary supplementation with DHA on neutrophil

functions; however, the effects on oxidative response are
somewhat divergent. Capo et al. (2015) observed that DHA
diet supplementation increased the response (antioxidant
and anti-inflammatory) of neutrophils to in vitro phorbol
myristate acetate (PMA) activation, whereas Gorjao et al.
(2006) observed an increase in ROS production by PMA-
stimulated neutrophils, in addition to an increase in the
phagocytic activity of zymosan particles. Neutrophils play a
crucial role in the inflammatory phase of a healing wound.
The oral administration of EPA and DHA to patients with
chronic venous leg ulcers reduced the number of CD66b,
an activated neutrophil marker, and the area of the wound,
suggesting that EPA+DHA therapy could regulate PMN activity
and stimulate healing (McDaniel et al., 2017). In the same
way, dietary administration of EPA and DHA to mice with
contact dermatitis in the ear reduced ear inflammation and
neutrophil infiltration, with EPA being more efficient (Sierra
et al., 2008). DHA and EPA also induce different in vitro
responses in neutrophils, such as the production of hydrogen
peroxide, phagocytic capacity, fungicidal activity, TNF-α, IL-
1β, and MMP-9 granule release, and ROS production in rat,
goat, or bovine neutrophils (Pisani et al., 2009; Paschoal et al.,
2013; Olmo et al., 2019). DHA reduces the IL-8 release induced
by pneumolysin in human neutrophils and PMA-induced ROS
production in goat neutrophils (Fickl et al., 2005; Pisani et al.,
2009).

In macrophages, diverse studies performed under in vivo
conditions have demonstrated a beneficial effect of DHA and
the role of macrophages in cancer, type-1 diabetes, and diabetic
wound healing (Jia et al., 2020; Liang et al., 2020; Davanso et al.,
2021). Dietary n-3 fatty acids inhibited M2-like macrophage
function and the development and progression of castrate-
resistant prostate cancer in an immunocompetent mouse model
(Liang et al., 2020). Furthermore, dietary DHA significantly
accelerated wound healing in diabetic rats by restoring the
impaired plasticity of macrophage progenitor cells (Jia et al.,
2020). Another study suggested the use of DHA as adjuvant
therapy in the treatment of type-1 diabetes. The authors observed
that DHA reduced the macrophage inflammatory state and
reversed diabetes-induced changes (Davanso et al., 2021). A diet
containing DHA and EPA showed anti-inflammatory effects and
reduced atherogenesis in Apoe–/– mice (Takashima et al., 2016).
Also, a HFD supplemented with EPA administrated to mice
reduced macrophage infiltration, adipose tissue inflammation,
and adipocyte hypertrophy (LeMieux et al., 2015). Evidence in
vitro has also shown diverse effects of DHA on macrophages
(Im, 2016); DHA reduced the expression of histone deacetylase
3, 4, and 5 in RAW 264.7 macrophages, which could affect
the posttranslational modifications of histones, resulting in the
alteration of gene expression, thus explaining the possible anti-
inflammatory mechanism of DHA (Pham et al., 2018). DHA
also reduced crystalline silica-induced inflammasome activation
and IL-1 release in macrophages (Wierenga et al., 2019).
Kawano et al. (2019) showed that DHA induced the expression
of M2 macrophage markers, suggesting that it controls the
M2 macrophage polarization that plays a key role in innate
immunity. Thus, the results of diverse studies are consistent with
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respect to the anti-inflammatory effect of omega-3 fatty acids on
immune cells.

T-cells, neutrophils, and macrophages are key cells in the
orchestration of the immune response, as mentioned above.
However, some effects of LCFAs on other immune cells, such as
B-cells and dendritic cells (DCs), have been described although
to a lesser extent. Among the effects described in B-cells, an
increase in radical oxygen species release and cell proliferation
have been observed (Butler et al., 1997; Campoio et al., 2011).
However, other authors suggest that a mix of LCFAs, in the
range of 0.1–0.4mM, induces apoptosis of B-cells (Otton and
Curi, 2005). Moreover, an individual LCFA can reduce the
proliferation of B-cells induced by LPS (Calder et al., 1990b).
This discrepancy could be attributed to the concentrations of the
LCFA, or because the potency of the LCFA is determined by the
fatty acid: BSA ratio, or the simultaneous addition of a saturated
and an unsaturated fatty acid abrogates the inhibitory activity
of the former (Buttke, 1984). Palmitic and oleic acids sensitize
DCs resulting in augmented secretion of TH1/TH17-instructive
cytokines upon pro-inflammatory stimulation (Stelzner et al.,
2016). DHA induces the upregulation of activation markers
on DCs (Carlsson et al., 2015). LCFAs and, more specifically,
adipose-derived fatty acids stimulate hepatic DCs accumulation,
suggesting a key role in the pathology of the obese liver (Harmon
et al., 2018).

INTRACELLULAR SIGNALING PATHWAYS
ACTIVATED BY LONG-CHAIN FATTY
ACIDS IN IMMUNE CELLS

Although several evidence has described the effects of LCFAs
on immune cells, the current information on the intracellular
signaling pathways activated by LCFAs in immune cells is still
reduced. In contrast, most studies have described the effects and
intracellular signaling activated by LCFAs in other cell types, such
as pancreatic and intestinal cells, because of their relevance in
metabolic diseases. However, those cells are not the focus of this
review and, therefore, will not be reviewed here (a review can be
found in Kimura et al., 2020).

Oleic Acid
Few studies have been published examining the effects of oleic
acid on T-cells, and even fewer studies have evaluated the
signaling pathways induced by this fatty acid in T-cells. A
recent assay has shown the effects of oleic acid on intracellular
calcium, a crucial second messenger involved in processes
such as proliferation and IL-2 expression through the pathway
calcineurin/NFAT. The authors have shown that oleic acid
increased intracellular calcium, partly mediated by extracellular
calcium influx through econazole-insensitive channels (Carrillo
et al., 2017). They have also observed that oleic acid inhibited
thapsigargin-induced store-operated calcium entry (SOCE) in a
dose-dependent manner in Jurkat T cells (Carrillo et al., 2017).

In neutrophils, several studies have shown that oleic acid
has activated different intracellular signaling pathways, such
as intracellular calcium, PKC, PLC, ERK1/2, and p38 MAPK

phosphorylation, Akt phosphorylation, and NF-κB activation
(Carrillo et al., 2011; Hidalgo et al., 2011; Manosalva et al., 2015;
Mena et al., 2016). In addition, the participation of PLC and
PKC in intracellular calcium mobilization, and MMP-9 and ROS
production was demonstrated. ERK1/2, p38 MAPK, and PI3K
control NF-κB activation induced by oleic acid, and ERK1/2
participates in MMP-9 granules release (Manosalva et al., 2015;
Mena et al., 2016).

Finally, a study showed that oleic acid could also affect NF-
κB in macrophages, increasing its activation in macrophage J774
cells (de Lima et al., 2006).

Linoleic Acid
Currently, there are no studies showing signaling pathways
activated by linoleic acid in T-cells. In contrast, in neutrophils,
some studies have described the signaling induced by linoleic
acid. Manosalva et al. (2015) showed that linoleic acid induces
intracellular calcium mobilization through PLC activation.
Linoleic acid also induced the phosphorylation of ERK1/2, p38
MAPK and Akt, and reduced the levels of IκBα, which was
dependent on the proteins described above (Mena et al., 2016).
PLC, PKC, and ERK1/2 controlled MMP-9 release, PLC and PKC
controlled ROS production, and NF-κB participated in COX-2
expression in bovine neutrophils (Manosalva et al., 2015; Mena
et al., 2016). In macrophages, most studies have assessed the
effect of linoleic acid-derived metabolites or conjugated linoleic
acids, and only few studies have observed the effects of linoleic
acid. These studies demonstrated that linoleic acid reduced the
phosphorylation of MAPK (ERK1/2, JNK, and p38 MAPK)
induced by stimuli, such as LDL or LPS, and the NF-κB activation
in macrophages (Rahman et al., 2006; Stachowska et al., 2011;
Kim et al., 2020).

Palmitic Acid
As mentioned above, palmitic acid exerts its pro-inflammatory
effect in T cells through the expression of SLAMF3. In addition,
Zhou et al. (2019) demonstrated that palmitic acid activates the
STAT5 and PI3K/Akt pathways, which control the expression
of SLAMF3, thus proposing a mechanism by which fatty acids
can promote inflammation in obesity or type 2 diabetes. Another
study demonstrated that palmitic acid also activates the classical
MAPK (JNK, ERK1/2, and p38) and the Akt pathway in Jurkat T
cells (Takahashi et al., 2012).

The effect of palmitic acid on signaling pathway activation in
neutrophils has been poorly studied. Khan et al. (2018) observed
that palmitic acid induced NETosis dependent on NADPH
oxidase, which required the activation of ERK and Akt.

The signaling pathways activated by palmitic acid in
macrophages have been mainly linked to some TLR receptors
and their signaling pathways, because studies on different cells
have demonstrated the participation of these receptors in the
effects induced by palmitic acid (reviewed in Korbecki and
Bajdak-Rusinek, 2019). Studies on macrophages have shown
that palmitic acid induces the activation and dimerization
of TLR2/TLR1, TLR2/TLR6, and TLR4 (Huang et al., 2012;
Hu et al., 2020), and induces the formation of the complex
involving MD2/TLR4/MyD88, which is essential to induce
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FIGURE 1 | LCFAs activate signaling pathways and mediate immune cell

functions. (A) Oleic and palmitic acids activate intracellular signaling pathways.

Oleic acid reduces the release of cytokines, whereas palmitic acid increases

(Continued)

FIGURE 1 | the release of cytokines. Linoleic acid reduces viability and inhibits

proliferation in T-cells. However, there is no evidence of the participation of the

FFA1 receptor in those responses in this cell type. Omega-3 fatty acids inhibit

cytokines release, migration, and proliferation. However, the participation of

the FFA4 receptor has not been demonstrated in these cells. (B) Oleic and

linoleic acids stimulate different signaling pathways and release inflammatory

products via the FFA1 receptor in bovine neutrophils. Palmitic acid increases

NETosis. However, the role of the FFA1 receptor has not been demonstrated.

DHA induces intracellular calcium via the FFA4 receptor in neutrophils and

increases release of inflammatory products, independent of the FFA4 receptor.

(C) Oleic, linoleic, and palmitic acids activate signaling pathways and stimulate

or inhibit the release of inflammatory mediators in macrophages. However, the

participation of the FFA1 receptor has not been described yet. Omega-3 fatty

acids inhibit intracellular signaling and release of inflammatory products

through the FFA4 receptor in macrophages. Solid lines indicate cellular

responses induced by fatty acids in which the participation of the FFA receptor

has been demonstrated. Dashed lines represent responses induced by fatty

acids where there is no evidence of the participation of the FFA receptors.

Question marks indicate that FFA receptor involvement has not been

demonstrated or FFA receptors have not been detected (created with

BioRender.com).

cytokine production in mouse primary macrophages (Wang
et al., 2017). Contrary to these lines of evidence, Lancaster et al.
(2018) argued against these observations. They demonstrated
through multiple experimental approaches that TLR4 is not a
receptor for palmitic acid but that it indirectly regulates palmitic
acid-induced inflammation as TLR4-dependent priming is a
prerequisite for palmitic acid to induce inflammation (Lancaster
et al., 2018). The authors observed that palmitic acid induce
the phosphorylation of JNK and MKK4/7 after 4 h of treatment,
but the pharmacological inhibition of TLR4 did not reduce
JNK phosphorylation. Palmitic acid does not induce TLR4
dimerization or endocytosis (Lancaster et al., 2018).

Omega-3: Docosahexaenoic Acid and
Eicosapentaenoic Acid
The elucidation of signaling pathways modulated by omega-3
fatty acids has contributed to understanding the mechanisms of
T-cell activation and the immunosuppressive effect of these fatty
acids. Denys et al. (2005) demonstrated the inhibitory action
of DHA on PMA-induced plasma membrane translocation of
PKC-alpha and-epsilon and nuclear translocation of NF-κB in
Jurkat T-cells. Furthermore, DHA exerts inhibitory effects on T-
cell proliferation and increases free intracellular calcium through
TRP3 and TRP6 calcium channels; however, it also reduces
the expression of TRP3 and TRP6 (Saidi et al., 2020). These
results suggest that the anti-proliferative effect of DHA might be
dependent on the modulation of TRP3 and TRP6 channels.

In neutrophils, DHA also induced intracellular calcium
mobilization in the absence of a stimulus, but experiments in
the presence of an inflammatory stimulus showed that DHA
reduced calcium influx and NF-κB activation (Fickl et al., 2005;
Olmo et al., 2019). Several defensive functions of neutrophils are
calcium-dependent; therefore, these findings suggest that DHA
might modulate calcium-dependent functions to orchestrate
an adequate innate immune response. However, more studies
are required.
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DHA and EPA also inhibit LPS-activated NF-κB in
macrophages. DHA stimulates the expression, phosphorylation,
and activity of α1AMPK, and induces the overexpression of
SIRT1 and the deacetylation of p65 NF-κB, thereby regulating
macrophage inflammation (Xue et al., 2012). In addition, DHA
and EPA reduced the phosphorylation of the MAPK p38,
ERK and JNK, p65 NF-κB, and the IκB degradation induced
by RANKL in RAW264.7 macrophages, with a more potent
effect observed with DHA compared with EPA (Rahman et al.,
2008; Kasonga et al., 2019). DHA attenuated the JNK and Akt
pathways activated by LPS in RAW264.7 macrophages (Li et al.,
2013). Oh et al. (2010) unveiled a mechanism by which DHA
exerts its anti-inflammatory effects. They demonstrated that
DHA reduced the phosphorylation of TAK1, MKK4, and JNK,
and decreased NF-κB activation and the release of TNF-α, IL-6,
and MCP-1 in RAW264.7 and primary macrophages. Thus, the
authors described a new anti-inflammatory mechanism of DHA.

A summary of the signaling pathways and effects induced
by LCFAs, as well as the participation of the FFA1 and FFA4
receptors, is presented in Figure 1.

LONG-CHAIN FATTY ACID RECEPTORS IN
IMMUNE CELLS

Progress has been made in elucidating the role of LCFAs in
cellular functions based on the discovery of LCFA receptors.
FFA1 (GPR40) and FFA4 (GPR120) are G protein-coupled
receptors (GPCRs) for LCFAs, while other FFA receptors
(FFA3/GPR41 and FFA2/GPR43 receptors) bind to short-chain
fatty acids. The FFA1 and FFA4 receptors have been mostly
studied in pancreatic cells, intestinal cells, and heterologous
expression systems, owing to their relevance in diabetes and
obesity. However, some studies have been performed on
immune cells, and they have expanded the knowledge on the
roles of LCFAs and inflammatory mechanisms. The following
subsections will address the pharmacology of the FFA1 and FFA4
receptors and then the role of these receptors in immune cells.

Pharmacology of the FFA1 and FFA4
Receptors
The FFA1 receptor was the first deorphanized GPCR for fatty
acids (Sawzdargo et al., 1997). It is highly expressed in human
β-pancreatic cells (Itoh et al., 2003) and gut enteroendocrine
responsible for glucagon-like peptide-1 (GLP-1) and peptide
hormone YY (PYY) (Milligan et al., 2017). In addition, the FFA1
receptor is expressed in several tissues, such as those of the
heart, skeletal muscle, liver, bone, brain, epithelial mammary
cells, endothelial cells, macrophages, monocytes, and neutrophils
(Briscoe et al., 2003; Kotarsky et al., 2003; Yonezawa et al., 2004,
2008; Cornish et al., 2008; Manosalva et al., 2015; Loaiza et al.,
2016; Agrawal et al., 2017; Souza et al., 2020). Since FFA1 receptor
agonists in β-pancreatic cells increase glucose-dependent insulin
release (Briscoe et al., 2003; Itoh et al., 2003), basic FFA1 receptor-
related research has mainly focused on investigating its potential
use in diabetes mellitus therapy (Burant, 2013; Mohammad,
2016).

Agonists of the FFA1 Receptor

Both medium-chain fatty acids (MCFA) and LCFAs are natural
ligands of the FFA1 receptor, such as oleic, linoleic, and palmitic
acids (Table 1) (Briscoe et al., 2003). In addition, diverse synthetic
agonists have been developed mainly for therapeutic purposes.
However, they have also been useful for the pharmacological
characterization of the FFA1 receptor. Since pharmacological
studies on the FFA1 receptor and its natural ligands have been
carried out in heterologous expression systems, and the effects
of oleic, linoleic, and palmitic acids on immune cells have been
reviewed above, we will review some synthetic agonists that have
been described for the FFA1 receptor (Table 1).

GW9508 {4-[[(3-Phenoxyphenyl)methyl]amino]benzene
propanoic acid} is a partial agonist of the FFA1 receptor (pEC50
= 7.32), being 100-fold more selective for the FFA1 receptor
than for the FFA4 receptor (pEC50 = 5.46) (Briscoe et al.,
2006). However, it has also been used as an FFA4 receptor
agonist in FFA4 receptor-expressing cells (Son et al., 2021).
In bovine neutrophils, GW9508 and natural ligands increase
the release of ROS and MMP-9, and the expression of COX-2
and IL-8, suggesting a potential role of the FFA1 receptor in
innate immune response and inflammation (Hidalgo et al.,
2011; Manosalva et al., 2015; Mena et al., 2016). In human
neutrophils, the FFA1 receptor is upregulated upon activation
with pro-inflammatory stimuli, such as PAF and LTB4, and
GW9508 enhances IL-8-induced chemotaxis and prolongs
human neutrophil lifespan (Souza et al., 2020). In macrophages,
GW9508 (used at 100 or 200µM) induced the expression of
ABC transporters and activated intracellular signaling pathways,
such as PLC and AMPK, PLA2, and arachidonic acid release, and
reduced LPS-induced IL-6 secretion (Liu et al., 2014; An et al.,
2020).

Partial agonists, TAK-875 (Negoro et al., 2010) and AMG 837
(Hauge et al., 2015), and full agonists, AM-1638 (Brown et al.,
2012; Lin et al., 2012) and AM-5262 (Wang et al., 2013), have
been described. Radioligand interaction binding experiments
suggest that full agonists do not interact with the binding site
of partial agonists. However, positive cooperativity has been
observed in in vitro and in vivo functional assays (Lin et al.,
2012; Xiong et al., 2013). TAK-875 (Fasiglifam) was one of
the first synthetic agonists used to prove the utility of the
FFA1 receptor in the treatment of type 2 diabetes (Kaku et al.,
2015). TAK-875 activates the recruitment of β-arrestin-2 with
higher efficacy and potency (EC50: 54.7 nM) compared with
oleic and palmitic acids (EC50: 58.4 and 42.4µM, respectively)
(Mancini et al., 2015). In contrast, oleic and palmitic acids
show higher potency and efficacy in activating the Gαq/11
signaling pathway compared with TAK-875, acting as a partial
agonist and revealing the complexity of FFA1 receptor signal
transduction (Mancini et al., 2015). TAK-875, as an allosteric
modulator, potentiates fatty acid-induced insulin secretion, and
fatty acids increase the activity of TAK-875 (Yabuki et al.,
2013). Even though TAK-875 shows clinical efficacy in patients
with type 2 diabetes, side effects, such as nasopharyngitis,
upper respiratory tract inflammation, and liver toxicity, have
been described (Kaku et al., 2015; Suckow and Briscoe, 2017).
AMG837 (Amgen) is a β-substituted phenylpropanoic acid
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TABLE 1 | Ligands for the FFA1 receptor, signaling pathways, and effects on immune cells.

Action Ligand Effects on immune cells References

Natural agonist Oleic acid ↑ FOXP3 and p-STAT5; ↓ SOCE, IL-2, IFN-γ,

proliferation in T-cells.

Verlengia et al., 2003; Carrillo et al., 2017; Pompura

et al., 2020

↓ migration; ↑ calcium, PKC, PLC, ERK1/2, p38

MAPK, Akt, NF-κB, ROS, MMP-9, VEGF, IL-1β,

IL-8, COX-2, NETs, and ATP in neutrophils.

Hatanaka et al., 2006; Pereira et al., 2008; Carrillo et al.,

2011; Hidalgo et al., 2011; Reyes-Quiroz et al., 2014;

Manosalva et al., 2015; Mena et al., 2016;

Medeiros-de-Moraes et al., 2018; Alarcon et al., 2020

↑ M2 markers, NF-κB, apoE; ↓ iNOS, COX-2,

TNF-α, IL1β, IL6, and apoptosis in macrophages.

Huang et al., 2004; de Lima et al., 2006; Camell and

Smith, 2013; Kim et al., 2017; Karasawa et al., 2018;

Muller et al., 2019

Linoleic acid ↓ proliferation in T-cell; ↑ apoptosis in T-cell. Jeffery et al., 1996, 1997; Cury-Boaventura et al., 2004

↑ calcium, PLC, ERK1/2, p38 MAPK, Akt, NF-κB,

ROS, TX, TNF-α, MMP-9, COX-2, IL-8, NETs, IL-1β,

CINC-2αβ, VEGFα in neutrophils

Vaughan and Walsh, 2005; Pereira et al., 2008;

Rodrigues et al., 2010; Hidalgo et al., 2011; Manosalva

et al., 2015; Mena et al., 2016; Alarcon et al., 2020

↓ IL-1β, IL-6, IL-10, ERK1/2, JNK, p38 MAPK,

NF-κB; ↑ TNF-α, IL-6, Ccl2 and IL-1β and ROS in

macrophages

Rahman et al., 2006; Rybicka et al., 2011; Stachowska

et al., 2011; Magdalon et al., 2012; Kain and Halade,

2019; Kim et al., 2020

Palmitic acid ↑ STAT5, PI3K/Akt, JNK, ERK1/2, SLAMF3, IFN-γ,

TNF-α, IL-6, IL-8, IL-1β, IL-2, IL-10, proliferation,

SLAMF3, IL17A in T-cells.

Karsten et al., 1994; Lima et al., 2002; Tinahones et al.,

2004; Stentz and Kitabchi, 2006; Gorjao et al., 2007;

Takahashi et al., 2012; Zhou et al., 2019;

Torres-Hernandez et al., 2020

↑ ERK1/2, Akt, NETs, ROS, chemotaxis in

neutrophils.

Wanten et al., 2002; Khan et al., 2018; Tam et al., 2020

↑ adhesion, apoptosis, NLRP3, NO, IL-1β, IL-6,

TNF-α, NF-κB, JNK, MKK4/7, IL-10, CCL2, IFN-γ

M1 polarization, CD36; ↓ phagocytosis in

macrophages.

Calder et al., 1990a; de Lima et al., 2006; Kim et al.,

2017; Lu et al., 2017; Wang et al., 2017, 2021;

Karasawa et al., 2018; Lancaster et al., 2018; Korbecki

and Bajdak-Rusinek, 2019; Fu et al., 2020; Sano et al.,

2020; Youk et al., 2021

Synthetic agonist GW9508 ↑ ROS, MMP-9, COX-2, IL-8, chemotaxis in

neutrophils.

Hidalgo et al., 2011; Manosalva et al., 2015; Mena et al.,

2016; Souza et al., 2020

↑ PLC, PLA2, AMPK, AA; ↓ IL-6 in macrophages. Liu et al., 2014; An et al., 2020

Antagonist GW1100 ↓ MMP-9, ROS, IL-8, COX-2 in neutrophils. Manosalva et al., 2015; Mena et al., 2016

↑, increases; ↓, decreases.

and potent FFA1 receptor agonist that has been proposed as
a candidate for type 2 diabetes therapy (Houze et al., 2012;
Luo et al., 2012). However, phase 1 clinical trials have been
discontinued probably because of concerns over toxicity (Suckow
and Briscoe, 2017). AM-1638 is a back-up candidate of AMG837
reported as an FFA1 receptor full agonist (Lin et al., 2012). In
COS7 cells transiently transfected with human the FFA1 receptor,
AM-1638 activates Gαq and Gαs, while alpha-linolenic acid
and DHA only activate Gαq, suggesting complex intracellular
signaling induced by AM-1638 that would contribute to the
higher efficacy observed in incretin release (Hauge et al., 2015).
Another similar derivative, AM-5262, showed improved efficacy
but similar binding properties and signaling pathways compared
with AM-1638 (Wang et al., 2013; Hauge et al., 2015).

LY2881835 (Eli Lilly), a spiro [indene-1, 4-peperdine], shows
a partial agonist effect on the FFA1 receptor with an EC50 of
164 nmol/L in calcium flux assay but shows a full agonist effect
in β-arrestin recruitment assays (EC50: 8.7 nmol/L) (Chen et al.,
2016).

Clinical trials using agonist molecules for the FFA1 receptor
had to be abandoned or stopped because of adverse effects, such
as liver injury (Menon et al., 2018).

Antagonists of the FFA1 Receptor

Unlike the evolution and development of FFA1 receptor agonists,
only few molecules have been studied as antagonists (Table 1).
GW1100 was the first FFA1 receptor antagonist that reduced the
calcium increase induced by GW9508 and linoleic acid in HEK-
293 cells expressing the human FFA1 receptor (pIC50 values of
5.99 ± 0.03 and 5.99 ± 0.06, respectively). However, it did not
show this response in cells expressing the FFA4 receptor (Briscoe
et al., 2006). GW1100 reduced the FFA1 receptor ligand-induced
release of MMP-9 granules, ROS production, IL-8 release, and
COX2 expression in neutrophils (Manosalva et al., 2015; Mena
et al., 2016).

DC260126 containing a sulfonamide structure inhibited
intracellular calcium responses induced by several FFA receptor
ligands and reduced ERK1/2 phosphorylation stimulated by
linoleic acid in FFA1 receptor-expressing CHO cells (Hu et al.,
2009). In addition, long-term DC1260126 treatment inhibited
glucose-stimulated insulin secretion and serum insulin levels and
protected against pancreatic β-cell dysfunction in obese diabetic
db/db mice (Sun et al., 2013).

The pyrimidinyl hydrazone ANT-203 was developed by
the high-throughput screening of HEK293 cells expressing the
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human FFA1 receptor. ANT-203 showed an anti-apoptotic effect
on MIN6 cells (IC50 = 251 nM). However, it demonstrated low
solubility and bioavailability (Kristinsson et al., 2013).

The FFA4 receptor is the second deorphanized receptor for
LCFAs, which is abundantly expressed in the intestine and other
tissues, such as those of the lungs, thymus, brain, adrenal gland,
spleen, and placenta (Hirasawa et al., 2005; Lager et al., 2014).
It is also expressed in the adipose tissue, pro-inflammatory
macrophages, and neutrophils (Oh et al., 2010; Olmo et al.,
2019). LCFAs are natural ligands for the FFA4 receptor, and
omega-3 fatty acids demonstrate higher potency compared with
other fatty acids (Hirasawa et al., 2005). The regulation of
the release of incretin glucagon-like peptide-1 (GLP) secretion
was the initial function observed for the FFA4 receptor after
stimulation with PUFA (Hirasawa et al., 2005). Subsequently, it
was described a function of insulin-sensitization and reduction of
the inflammation induced by macrophages, which could explain
their anti-diabetic effects (Oh et al., 2010).

Agonists of the FFA4 Receptor

Several synthetic agonists of the FFA4 receptor have been
studied in in vitro and in vivo assays (Table 2). NCG21 [4-{4-[2-
(phenyl-pyridin-2-yl-amino)-ethoxy]-phenyl}-butyric acid], is a
selective agonist of the FFA4 receptor obtained from peroxisome
proliferator-activated receptor-γ (PPAR-γ) agonist derivatives
(Suzuki et al., 2008). NCG21 has 10-fold higher selectivity for the
FFA4 receptor over the FFA1 receptor in an intracellular calcium
assay performed in HEK293 cells expressing the FFA4 receptor
(Suzuki et al., 2008).

Grifolic acid {2,4-dihydroxy-6-methyl-3-[(2E,6E)-3,7,11-
trimethyl-2,6,10-dodecatrien-1-yl]-benzoic acid}, is a partial
agonist of the FFA4 receptor that activates ERK and augments
intracellular calcium concentrations in cells expressing the
FFA4 receptor but not the FFA1 receptor (Hara et al., 2009).
Grifolic acid reduced cell viability, ATP levels, and mitochondrial
membrane potential in macrophages (Zhao et al., 2018).

TUG-891, 3-(4-{[5-fluoro-2-(4-methylphenyl)phenyl]
methoxy}phenyl)propanoic acid, is a potent and selective
human FFA4 receptor agonist showing calcium mobilization, β-
arrestin1 and β-arrestin 2 recruitment, and ERK phosphorylation
properties, similar to those observed with alpha-linolenic acid
(αLA) in human FFA4 receptor-expressing cells (Hudson et al.,
2013). However, its selectivity for the mouse FFA4 receptor
has not been confirmed. Despite this, TUG-891 has been used
as a tool for the study of the FFA4 receptor using siRNA
technology in KO mice. TUG-891 induced intracellular calcium
mobilization (EC50 73µM), increased MMP-9 release, and
ROS production in bovine neutrophils (Olmo et al., 2019), and
upregulated the expression of M2 marker macrophages CD206
and arginase-1, while reducing the expression of M1 markers
IL-6 and TNF-α (Wang et al., 2019a). TUG-891 inhibited the
release of TNFα induced by LPS in RAW264.7 macrophages
(Hudson et al., 2013). TUG-891 administration in drinking
water ameliorated inflammation in visceral white adipose tissue
and insulin resistance (Gozal et al., 2016). TUG-891 interferes
with the motility and phagocytosis of alveolar macrophages via
a Gq protein-PLC-calcium release pathway (Su et al., 2020). LPS

treatment counteracted the effects of TUG-891 on the inhibition
of phagocytosis by alveolar macrophages interfering with the
expression of the FFA4 receptor (Zhao et al., 2019).

GSK137647A [4-methoxy-N-(2,4,6-trimethylphenyl)
benzenesulfonamide], is the first non-carboxylic FFA4 receptor
agonist (pEC50 = 6.3) demonstrating 50-fold higher selectivity
for the FFA4 receptor over the FFA1 receptor, with similar
responses across species (Sparks et al., 2014). This FFA4
receptor agonist increases the mineralization of differentiated
osteoblasts and reduces the adipogenic differentiation of bone
mesenchymal stem cells (Wang et al., 2020). GSK137647A
restored pancreatic duodenal homeobox-1 (PDX1) expression
levels and β-cell function by inhibiting lipotoxicity induced by
palmitic acid, interfering with an increase in the expression
of pro-inflammatory chemokines and activation of NF-κB,
JNK1/2, and p38MAPK signaling pathways (Wang et al., 2019b).
GSK137647 significantly reduced the mRNA levels and secretion
of IL-6 and CCL2 in 3T3-L1 adipocytes, both basal and those
stimulated by LPS (Hasan et al., 2017). GSK137647 reduced the
production of extracellular matrix-modulating factors induced
by adipocytes in macrophages and reduced the migration of
macrophages (Hasan et al., 2017).

Compound A was developed as an orally available, selective
FFA4 receptor agonist (EC50 = ∼0.35µM) and shows anti-
inflammatory effects in macrophages in vitro. In HFD-
fed obese mice, the compound improved glucose tolerance
and insulin sensitivity and decreased hyperinsulinemia and
hepatic steatosis (Oh et al., 2014). Compound A reduced 2,4-
dinitrochlorobenzene-induced atopic dermatitis that is mediated
through FFA4 receptor activation and Foxp3+ Treg increase
in mice (Son et al., 2020). However, other studies have
suggested that therapies based only on FFA4 receptor activation
would not be helpful in the treatment of inflammatory
diseases. They observed that Compound A did not modify
the course of Aldara-induced psoriasis-like dermatitis, K/BxN
serum transfer arthritis, or antibody transfer pemphigoid disease-
like dermatitis (Wannick et al., 2018). Metabolex 36 and
metabolex compound B have been used as FFA4 receptor
agonists. Metabolex 36 shows an EC50 value of 1.17µM with
the FFA4 receptor and >100µM with the FFA1 receptor (Stone
et al., 2014), whereas compound B showed EC50 = 15 nM
on the FFA4 receptor and 1,000-fold selectivity over the FFA1
receptor in inositol triphosphate accumulation assays performed
with FFA4 receptor-transfected COS7 cells (Engelstoft et al.,
2013). Compound B inhibited basal ghrelin secretion from
primary gastric mucosal cells and somatostatin release from
primary gastric epithelial cells; however, these effects were
not observed in cells derived from FFA4 receptor KO mice
(Engelstoft et al., 2013; Egerod et al., 2015). TUG-1197 was
developed from a series of cyclic sulfonamide FFA4 receptor
agonists, with pEC50 = 6.6 and 6.8 as demonstrated in
calcium mobilization assays performed for examining human
and murine FFA4 receptors, respectively (Azevedo et al.,
2016). KDT501 is an isohumulone structure derived from
hop extracts and aids in the control of impaired glucose
and insulin regulation in patients with insulin resistance.
The agonist activity on the FFA4 receptor was estimated at
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TABLE 2 | Ligands for the FFA4 receptor, signaling pathways, and effects on immune cells.

Action Ligand Effects on immune cells References

Natural agonist DHA, EPA ↓ proliferation, migration, IL-2, IFN-γ, IL-17, IL-10,

NF-κB, PKC; ↑ calcium, PPAR, apoptosis, ROS in

T-cells.

Verlengia et al., 2004; Denys et al., 2005; Yessoufou et al.,

2009; Unoda et al., 2013; Zhelev et al., 2016; Cucchi et al.,

2020; Saidi et al., 2020

↑ phagocytosis, TNF-α, IL-1β, MMP-9, ROS,

calcium; ↓ IL-8, ROS, calcium and NF-κB in

neutrophils.

Fickl et al., 2005; Gorjao et al., 2006; Pisani et al., 2009;

Paschoal et al., 2013; Olmo et al., 2019

↓ HDACs, Inflammasome, IL-1, TAK1, MKK4,

NF-κB, p38 MAPK, ERK, JNK;↑ M2 macrophages.

Rahman et al., 2008; Oh et al., 2010; Xue et al., 2012; Li

et al., 2013; Pham et al., 2018; Kasonga et al., 2019;

Kawano et al., 2019; Wierenga et al., 2019

Synthetic agonist TUG-891 ↑ calcium, MMP-9 and ROS in neutrophils. Olmo et al., 2019

↑ M2 markers; ↓ M1 markers, motility and

phagocytosis in macrophages.

Hudson et al., 2013; Wang et al., 2019a; Zhao et al., 2019;

Su et al., 2020

Grifolic acid ↓ viability, ATP and MMP in macrophages. Zhao et al., 2018

GSK 137647 ↓ MMP-9, MMP-3, TIMP-1 and migration in

macrophages.

Hasan et al., 2017

Compound A ↓ NF-κB, TNF-α, IL-6 and chemotaxis, in

macrophages.

Oh et al., 2014

KDT501 ↓ IL-6, IL-10, MCP-1 and RANTES in macrophages. Konda et al., 2014

Antagonist AH7614 ↓ Calcium and ROS in neutrophils. Olmo et al., 2019

↑, increases; ↓, decreases.

EC50 = 30.3µM with weak and partial agonism on PPARγ.
KDT501 improved insulin sensitivity and glucose regulation
and reduced the expression of LPS-stimulated inflammatory
mediators MCP-1, RANTES, and IL-6 in monocytic THP-1 cells
(Konda et al., 2014).

Antagonists of the FFA4 Receptor

AH7614 was first described as an antagonist of the FFA4
receptor since it inhibited FFA4 receptor activation by
GSK137647A and linoleic acid; however, it did not demonstrate
appropriate properties for utilization in an in vivo setting
(Sparks et al., 2014). AH7614 was proposed as a negative
allosteric modulator of the FFA4 receptor that inhibits signaling
induced by a range of FFA4 receptor agonists, such as TUG-
891, TUG-1197, GSK137647A, and compound A (Watterson
et al., 2017). AH7614 reduced the intracellular calcium
mobilization and ROS production induced by TUG-891 in
bovine neutrophils (Table 2) (Olmo et al., 2019). Arachidonic
acid increased intracellular calcium in cells expressing green
fluorescent protein-tagged human FFA4 receptors and was
inhibited by AH7614 (Villegas-Comonfort et al., 2017). The
protective effect of DHA on hepatic steatosis was diminished
by treatment with AH7614 and not observed in primary
hepatocytes derived from FFA4 receptor-deficient mice
(Kang et al., 2018).

Role of the FFA1 and FFA4 Receptors on
Immune Cells
Since most studies examining the pharmacology and expression
of the FFA1 and FFA4 receptors have been performed in
pancreatic cell, intestinal cell, and heterologous expression
systems, they have also described some intracellular signaling
pathways and cellular effects mediated by the FFA receptors in

those cells. On the contrary, only few studies have demonstrated
the presence and role of the FFA1 or FFA4 receptors in
neutrophils or macrophages.

The FFA1 Receptor

The presence of the FFA1 receptor has been confirmed
in neutrophils, but opposite results about its expression in
macrophages have been observed (Cornish et al., 2008; Oh
et al., 2010; Manosalva et al., 2015; Souza et al., 2020). A
study showed expression of the FFA1 receptor, although at low
levels, but another study did not detect the FFA1 receptor in
RAW264.7 macrophages (Cornish et al., 2008; Oh et al., 2010).
In contrast, the FFA1 receptor has not been detected in T cells
(Briscoe et al., 2003).

A reduced number of studies have evaluated the participation
of the FFA1 receptor in neutrophil functions and intracellular
signaling induced by LCFA. The FFA1 receptor is activated
by oleic and linoleic acids, and the synthetic agonist GW9508
in neutrophils, as demonstrated by intracellular calcium assay
(Carrillo et al., 2011; Hidalgo et al., 2011; Manosalva et al.,
2015). The increase in intracellular calcium induced by linoleic
acid and GW9508 is essentially mediated by the FFA1 receptor,
as was demonstrated through assays in CHO cells transfected
with the bovine FFA1 receptor. Also, assays performed in bovine
neutrophils treated with the FFA1 receptor antagonist GW1100
showedwhole inhibition of the intracellular calciummobilization
induced by linoleic acid and GW9508. However, when oleic
acid was assessed in neutrophils treated with GW1100, only
partial inhibition was observed, suggesting the participation of
other mechanisms in intracellular calcium mobilization. The
FFA1 receptor controls the activation of several intracellular
signaling pathways (PKC, PLC, phosphorylation of ERK1/2,
p38 MAPK, and Akt, and NF-κB activation) induced by oleic
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and linoleic acids (Carrillo et al., 2011; Hidalgo et al., 2011;
Manosalva et al., 2015; Mena et al., 2016). However, results
similar to those of calcium assays were observed when oleic
acid was used in some experiments of intracellular signaling
or neutrophil functions in the presence of GW1100, suggesting
that oleic acid might exert its effects partially via the FFA1
receptor. In addition, the participation of the FFA1 receptor in IL-
8 and COX-2 expression, MMP-9 release, and ROS production
were demonstrated (Manosalva et al., 2015; Mena et al., 2016).
Recently, Souza et al. (2020) suggested the participation of the
FFA1 receptor in chemotaxis and phagocytosis, in in vitro and in
vivo assays using the synthetic FFA1 receptor agonist GW9508.
In summary, all these findings argue that the FFA1 receptor
may play a host-protective role against infection or tissue injury.
However, we did not rule out that LCFAs can produce their
effect through additional mechanisms, such as incorporation into
membrane phospholipids or diffusion through the membrane to
exert their effects intracellularly, mechanisms which remain to
be demonstrated. More studies on the participation of the FFA1
receptor in other neutrophil functions, potential mechanisms
activated by LCFAs, and the in vivo role of the FFA1 receptor
are necessary.

The FFA4 Receptor

The presence of the FFA4 receptor in T cell has not been
studied yet. In contrast, evidence supports the presence of the
FFA4 receptor in neutrophils and macrophages (Oh et al., 2010;
Olmo et al., 2019). DHA and the synthetic agonist TUG-891
induced intracellular calciummobilization in bovine neutrophils,
which was partially inhibited by AH7614 (antagonist of the FFA4
receptor), suggesting the participation of this receptor in calcium
mobilization (Olmo et al., 2019). In addition, as described
above, DHA also stimulates MMP-9 granules release and ROS
production in neutrophils However, these responses were not
inhibited by AH7614, which strongly suggests the involvement
of other mechanisms in the action of DHA, such as incorporation
into the cellular membrane and diffusion through it.

In macrophages, Oh et al. (2010) unveiled a mechanism
by which DHA exerts its anti-inflammatory effects. They
demonstrated that the inhibitory effect of DHA on intracellular
signaling pathways (TAK1, MKK4, JNK, NF-κB) and release of
TNF-α, IL-6, and MCP-1 in macrophages are mediated by the
FFA4 receptor and the activation of β-arrestin2. Thus, the authors
described a new anti-inflammatorymechanism of DHAmediated
by the FFA4 receptor.

Overall, the findings described above support the protective
and anti-inflammatory role of omega-3 fatty acids mediated by
the FFA4 receptor. However, it is important to consider that
DHA and EPA also have a key pro-resolution role during the
inflammatory process through the formation of specialized pro-
resolving mediators (SPM). Therefore, the FFA4 receptor should
not be considered as a single anti-inflammatory mechanism.

CONCLUSIONS

The importance of LCFAs has been extensively demonstrated
in metabolic diseases, but to a lesser extent in inflammation.

While there is evidence of the effects of LCFAs on immune
cells in higher or lower magnitude depending on the fatty
acid, the role of the FFA1 and FFA4 receptors in these cells
is yet to be elucidated. In T-cells, oleic and palmitic acids
activate intracellular signaling pathways. Oleic acid reduces
the release of cytokines, and palmitic acid increases cytokine
release. Linoleic acid reduces viability and inhibits proliferation,
whereas omega-3 fatty acids inhibit cytokine release, migration,
and proliferation in T-cells. However, in T-cells, the FFA1 and
FFA4 receptors have not been detected, which strongly suggests
that LCFAs induce their effects through other mechanisms.
In neutrophils, oleic and linoleic acids stimulate different
signaling pathways and release inflammatory products through
the FFA1 receptor. Palmitic acid increases NETosis; however,
the role of the FFA1 receptor has not been demonstrated.
DHA induces intracellular calcium via the FFA4 receptor in
neutrophils and increases the release of inflammatory products,
independent of the FFA4 receptor. In macrophages, oleic,
linoleic, and palmitic acids activate signaling pathways and
stimulate or inhibit the release of inflammatory mediators;
however, the participation of the FFA1 receptor has not
been described yet. Omega-3 fatty acids inhibit intracellular
signaling and release inflammatory products through the
FFA4 receptor.

In summary, the FFA1 receptor has been studied in
neutrophils, but there is no evidence demonstrating its role
in macrophages and T-cells. In contrast, the role of the
FFA4 receptor in cellular activation has been demonstrated in
macrophages and, to a lesser extent, in neutrophils, but not in T-
cells. Although several effects of LCFAs have been demonstrated,
studies on intracellular signaling pathways activated by these
fatty acids and the role of the FFA receptors are still incipient.
It is necessary to continue studying the mechanisms by
which LCFAs exert their effects and regulate the immune
function; and more in vivo studies are necessary, because some
contradictory results observed in in vitro assays can limit its
usefulness. Also, in vivo studies that assess the potential useful
of agonists or antagonists of the FFA1 and FFA4 receptors in
inflammatory diseases are necessary. Although several studies
have assessed the potential use of synthetic agonists of the
FFA1 receptor for the treatment of metabolic diseases, they
have not been successful because of some toxic effects reported.
In contrast, natural agonists of the FFA receptors have not
reported toxic effects at concentrations that are achieved in
plasma. Therefore, we propose that the dietary supplementation
with LCFA (in an adequate ratio) might be a useful tool to
improve inflammatory diseases, which also would contribute to
control metabolic diseases, thus regulating homeostasis immune
and metabolic.
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