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Evaluation of Free-fatty acid receptor-4 (FFA4) on modulation of ROS 
generation and COX-2 expression via the C-terminal β-arrestin 
phosphosensor  
 
Under the direction of Dr. Nader H. Moniri 

 

ABSTRACT 

 
Agonism of the G-protein coupled free-fatty acid receptor-4 (FFA4) has been 

shown to promote numerous anti-inflammatory effects in macrophages that arise due to 

interaction with β-arrestin partner proteins upon the receptor phosphorylations. Humans 

express functionally distinct short and long FFA4 splice variants, such that FFA4-S 

signals through both Gαq/11 and β-arrestin, while FFA4-L is intrinsically biased solely 

towards β-arrestin signaling. Recently, we (and others) have shown that phosphorylation 

of the FFA4-S and FFA4-L C-terminal tail is responsible for β-arrestin intractability and 

signaling. However, there is no apparent phosphorylation or arrestin recruitment in the C-

terminal truncated mutant FFA4-L-Δ356, indicating that the C-terminal of FFA4-L plays 

a critical role in β-arrestin recruitment.  

Given the significance of β-arrestin in FFA4 anti-inflammatory function, the first 

objective of this study was to examine the role of the C-terminal β-arrestin 

phosphosensor in FFA4-S and FFA4-L signaling. To reach this objective, we employed 

PMA induced COX-2 expression, LPS induced NF-κB activity, and ERK1/2 

phosphorylation in murine Raw 264.7 macrophages.  
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The second objective was to assess the role of dietary omega-3 fatty acid 

supplementation on FFA4 anti-inflammatory effect. To reach this objective, we 

supplemented rat diets with fish oil and flaxseed oil, and studied the proinflammatory 

cytokine TNF-α release in the rat colon.  

 Our data reveal for the first time that both FFA4 isoforms modulate PMA-

induced ROS generation, and that abolishment of the FFA4-S,

but not FFA4-L C-terminal phosphosensor, is detrimental to this effect. Furthermore, we 

show that while both isoforms reduce PMA-induced expression of COX-2, removal of 

the FFA4-S phosphosensor significantly decreases this response, suggesting that these 

effects of FFA4-S are β-arrestin mediated. On the contrary, FFA4-S, as well as the 

truncated C-terminal congener lacking the β-arrestin phosphosensor were both able to 

reduce LPS-induced NF-κB activity and ERK1/2 phosphorylation. However, FFA4-L 

and its corresponding mutant were incapable of modulating either, suggesting that these 

responses are mediated by G-protein coupling.  

In this thesis, it has been shown that the agonism of FFA4-S and FFA4-L with 

DHA and PKC activator lead to phosphorylation. However, there is no apparent 

phosphorylation or β-arrestin recruitment in the C-terminal truncated mutant FFA4-L-

Δ356, indicating that the C-terminal of FFA4-L plays a critical role in β-arrestin 

recruitment. 

We also showed that supplementation of diets with 10 % fish oil or flaxseed oil 

for a period of 7 weeks in rats facilitates up regulation of FFA4, and decreases 

proinflammatory cytokine TNF-α in the rat colon.  
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Taken together, our data reveals important structure-function and signaling 

differences between the two FFA4 isoforms, and for the first time links FFA4 to 

modulation of ROS in macrophages. The anti-inflammatory effect of FFA4 agonism in 

rat colon is also discussed. 
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CHAPTER 1 

G-PROTEIN COUPLED RECEPTORS (GPCRs) 

Introduction 

Signal transduction is a fundamental biological process, which is required to 

maintain cellular homeostasis, and to ensure coordinated cellular activity in all 

organisms. Membrane proteins at the cell surface serve important roles in signal 

transduction and communicate the interface between external and internal environments 

(Miyamoto et al., 2016). One of the largest and most diverse membrane protein families 

is the G-protein coupled receptor (GPCR) superfamily (Venkatakrishnan et al., 2013). 

GPCRs are known to regulate physiological processes, and respond to a variety of 

extracellular signals, including photons, ions, small organic molecules, proteins, lipids, 

hormones, and neurotransmitters (Johnson et al., 2017) (R. Kishimoto et al., 2016). 

GPCRs are widely expressed in most life forms, from bacteria to fungi and animals. Over 

800 GPCRs are encoded in the human genome and over 1300 GPCR genes exist in mice 

(Fredriksson, 2003). In zebrafish, large numbers of GPCRs are encoded by over 700 

genes while over 200 GPCRs are encoded in Drosophila (Taddese et al., 2014).  

Due to large involvement of GPCRs in the physiological and pathological 

process, they are also subject to intense study and are strong candidates for drug 

discovery. It has been shown that the mutation of some GPCRs link to several disease,
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such as hypertension, blindness, depression, heart disease, and diabetes insipidus (Billet 

et al., 2007) (Arehart et al., 2008) (Claeysen et al., 2003) (Schoneberg et al., 2004). It is 

estimated that roughly 40% of commercially marketed drugs target a GPCR, for example 

diphenhydramine targets the histamine 1 GPCR (Nugroho et al., 2013), acebutolol targets 

the β-adrenergic-1 GPCR (El-Gindy et al., 2001) and several others like exenatide, 

phenylephrine, albuterol (Bond, 2006) (A. Lee et al., 2002). Currently, drug discovery 

research is focused on both improving therapies for more than 50 established GPCR 

targets, and at characterizing the growing list of new GPCRs to target. Due to large 

diversity of GPCRs, there is a high potential for finding and developing additional drugs 

for diseases such as neurological disorders, inflammatory diseases, and cancers 

(Suleymanova et al., 2017). Therefore, investigating the structure of GPCRs and studying 

the molecular mechanisms of receptor activation has great potential for affecting human 

health (Venkatakrishnan, 2013). In 2012, the Nobel Prize in Chemistry was awarded to 

Robert J. Lefkowitz and Brian Kobilka for their contribution to our knowledge regarding 

the function and structure of GPCRs (Alfonzo-méndez et al., 2017) (Lefkowitz, 2013) (B. 

Kobilka, 2008).  

X-ray crystallography is the main method for determining the structures of protein 

complexes such as GPCRs at atomic resolution. In terms of spatial positioning of the 

receptor, GPCRs have seven transmembrane spanning α-helical segments, each spanning 

the membrane by 3 extracellular (ECL) and 3 intracellular (ICL) loops (Hanlon & 

Andrew, 2015). Figure 1 shows a schematic diagram of a GPCR. This orientation of the 

seven transmembrane (7TM) is conserved among GPCRs (Mirzadegan & Benko, 2003). 
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Figure 1. Schematic diagram of prototypical GPCR. Seven transmembrane α-helices span the cell 
membrane with an extracellular N-terminus and intracellular C-terminus. 
 

GPCR Classification 

Despite the similarities of a seven transmembrane topology, individual GPCRs 

have unique functions and properties that can be activated or blocked by structurally 

diverse ligands, and which can activate distinct signaling pathways (Rosenbaum et al., 

2014). Based on the International Union of Basic and Clinical Pharmacology guidelines, 

nonsensory human GPCRs are categorized into five main groups: class A rhodopsin-like, 

class B secretin-like, class C metabotropic glutamate/pheromone, frizzled receptors and 

adhesion receptors (Munk et al., 2016). There are other subfamilies of these five classes, 

which are categorized based on their homology of amino acids sequences. Furthermore, 

as much as one third of the non-sensory GPCRs are still orphan receptors with unknown 

endogenous ligands and/or function. Thus, significant work remains to be done in the 

clarification of their basic pharmacology and physiology (Munk, 2016). 
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Rhodopsin-Like Family 

The rhodopsin-like family is the largest subfamily of GPCRs in all vertebrates and 

humans. It has been estimated that more than 80% of GPCRs in humans are rhodopsin-

like (Joost & Methner, 2002) (Fredriksson, Lagerström, et al., 2003) (J. C. R. Cardoso et 

al., 2012). This subfamily includes a wide range of different receptors that can respond to 

variety of agonist such as small molecules, neurotransmitters, peptides and hormones, 

and taste (F. Aizawa et al., 2016) (N. Singh et al., 2011). The rhodopsin-like family has a 

short extracellular N-terminal domain and several conserved amino acid motifs in the 

receptor backbone such as N-S-x-x-N-P-x-x-Y and the DRY motif (Krishnan et al., 2012) 

(Fredriksson, 2003). The N-S-x-x-N-P-x-x-Y motif, located within TM7, plays a role in 

the conformational switch in a manner that ligand binding pocket reposition to increase 

affinity of receptor and ligand and also effect signal transduction (Z.-L. Lu et al., 2001) 

(Fredriksson, 2003). Mutation of the aromatic residues in the conserved N-S-x-x-N-P-x-

x-Y motif to alanine in muscarinic 1 acetylcholine receptors shows reduction in signaling 

efficacy (Z.-L. Lu, 2001). The DRY, Arg motif contains (Asp-Arg-Tyr) amino acids 

located between transmembrane 3 (TM3) and intracellular loop (IL) 2 that have roles in 

receptor signal transduction and receptor proton exchange with the environment 

(Sandoval et al., 2016). Mutation of the Arg residue causes constitutive activation of 

receptor in the absence of agonist (Rosenkilde et al., 2005). Based on sequence similarity 

within the human genome, rhodopsin-like receptors are classified into four main groups: 

α, β, γ and δ. The α-group includes GPCRs that are agonized by amine, melatonin, 

melanocortin, prostaglandins and adenosine (Fredriksson, 2003). The β-group includes 

receptors that bind peptides such as orexin (OX), neuropeptide FF (NPFF), neurokinin 
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(NK), and gastrin-cholecystokinin (CCK) (Mickael et al., 2016). The γ-group contains 

many peptide-binding receptors such as chemokine receptors, somatostatin, galanin, and 

opioids and the δ-group includes the large group of olfactory receptors, purine receptors, 

and glycoprotein receptors (White et al., 2013) (Fredriksson, 2003).  

Secretin Family 

The secretin subfamily of GPCRs is encoded by 15 genes in human. The ligands 

for these receptor families are polypeptide hormones, which contain 27-141 amino acids 

(Sato et al., 2017). The Secretin receptors have long N-terminus, often between 60 and 80 

amino acids, which contain 6 conserved cysteine bridge residues (L. J. Miller & M. 

Dong, 2013). These conserved cysteine residues are critical for disulfide bonds and 

receptor stabilization (Lisenbee et al., 2005). There are nine sub-groups of secretin 

receptors in mammals that respond to polypeptide hormones, such as glucagon, 

glucagon-like peptides (GLP-1, GLP-2), glucose-dependent insulinotropic polypeptide 

(GIP), secretin, vasoactive intestinal peptide (VIP), pituitary adenylate cyclase-activating 

polypeptide (PACAP), and growth-hormone-releasing hormone (GHRH) (L. J. Miller, 

2013) (Schiöth & Fredriksson, 2005). 

Glutamate Family 

The glutamate subfamily of GPCRs includes receptors such as metabotropic 

glutamate receptors (mGluR), metabotropic γ-aminobutyric acid (GABA-B) receptors, 

the calcium sensing receptor (CASR), and taste receptors type 1 and 2 (D. A. Schwarz et 

al., 2000). The main distinguishing feature of these receptors is a long N-terminus which 

has a role in constitutive homo or hetero dimerization of receptors (H. Wu et al., 2014). 
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This family plays important roles in many physiological processes such as synaptic 

transmission, taste sensation, and Ca2+ homeostasis (D. Jin et al., 2017) (H. Wu, 2014).  

Adhesion Family 

The adhesion subfamily of GPCRs was first identified through bioinformatic 

searches in the human databases (D. E. Gloriam et al., 2007). The main characteristic of 

the Adhesion family is their relatively long N-terminus, which participates in cell-cell 

and cell-matrix interactions (Bohnekamp & Schöneberg, 2011). In most adhesion 

receptors the N-terminus contains a high percentage of serine and threonine residues 

(Paavola et al., 2011) (Schiöth, 2005). Almost all members of the adhesion GPCR family 

contain a conserved N-terminal domain known as a GPCR proteolytic site (GPS), which 

undergoes proteolysis upon receptor agonism (Demberg et al., 2015) (Yona et al., 2008). 

This proteolytic process has been shown to be essential for surface expression, 

subcellular trafficking and function of some adhesion-GPCRs such as Ca2+-independent 

receptor of α-latrotoxin (CIRL) (Krasnoperov et al., 2002) (N. Y. Chiang et al., 2011).  

Frizzled Family 

The frizzled subfamily of GPCRs is classified in 10 subfamilies (FZD (1-10)), 

each with distinct molecular functions (C. Dong et al., 2015). The FZDs are activated by 

Wingless/Int-1 lipoglycoprotein (WNT) family of secreted lipoglycoproteins (Arthofer et 

al., 2016). Frizzled receptors contain conserved extracellular cysteine-rich domain (CRD) 

with about 200 amino acids in N-terminal, which likely contributes in WNT binding (Y. 

Wang et al., 2016). Frizzled receptor mediates canonical Wnt/β-catenin pathway, and the 

Wnt/Ca2+ pathway, which regulate proliferation and cell fate specification via activation 
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of protein kinase C (PKC), and release of intracellular Ca2+ (Golan et al., 2004) 

(Spreafico et al., 2013) (Weeraratna, 2005). 

G-Protein Coupled Receptor Signaling 

GPCRs signal to cells through two main intracellular signaling cascades that are 

dependent on heterotrimeric G proteins or G protein-independent (e.g. arrestin pathway). 

The G-protein contains three separate subunits: α, β, and γ. When the receptor is in the 

inactive state, the Gα subunit is bound to guanosine diphosphate (GDP), and sequesters 

the Gβγ complex subunit in a heterotrimeric complex within the cytosolic side of the cell 

membrane (J. Wang et al., 2009). Activation of the GPCR by agonist (activating ligand) 

causes conformational changes through rearrangement of the transmembrane helices in a 

manner allowing for stimulus to be transduced to the intracellular environment (Gether et 

al., 1997) (Yen et al., 2017). This conformational change causes key intracellular 

sequences of the GPCR to be exposed to the cytosolic signaling proteins such as G-

proteins (Figure 2). Agonist-induced conformational changes in the receptor leads to 

exchange of GDP for guanosine triphosphate (GTP) on the Gα subunit, an effect 

catalyzed by the receptor (Pai et al., 1990). Upon GTP binding to the Gα subunit, Gα 

undergoes conformational changes, which causes dissociation from the Gβγ complex 

(Wall et al., 1998) (C. J. Thomas et al., 2004). At this point, the activated Gα subunit and 

the Gβγ are able to interact with their downstream effectors such as adenylyl cyclase, 

kinases, phospholipase C, and ion channels (Y. Chen et al., 1997) (Dbouk et al., 2014) 

(H.-Y. Yu et al., 2008). The G-protein is inactivated due to the GTPase activity of the α-

subunit, causing GTP hydrolysis, which induces conformational changes in the binding 
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sites of Gα subunit (C. J. Thomas, 2004). As a consequence of this GDP-bound 

transition, the affinity of Gα for its effector is reduced whereas the affinity for Gβγ is 

increased (S. J. Gold et al., 1997). Inactivation can be accelerated by regulators of G-

protein signaling (RGS), which function as GTPase activating proteins (GAPs) to 

stimulate the GTPase activity of Gα subunit (S. J. Gold, 1997) (Larminie et al., 2004).  

 

Figure 2. The G-protein activation cycle. Agonist binding to the GPCR leads to GDP-GTP 
exchange on the Gα protein and dissociation of the Gα and Gβγ complex. Based on agonist 
GPCR activation, both Gα-GTP and Gβγ may regulate downstream effectors. In the inactivated 
state, the α subunit causes GTP hydrolysis via intrinsic GTPase activity back to GDP. This 
process is accelerated by RGS proteins. In last step GDP binds to Gα with the Gβγ dimer and the 
GPCR returns to the inactive state. 
 

Most of the GPCR signaling specificity depends on the Gα subunit specificity, 

which is itself classified into five groups: Gαq/11, Gαs, Gαi, Gα12/13, and Gαv (Maruta 

et al., 2015). Each type of Gα protein interacts with different canonical downstream 

effectors (Urtatiz & Raamsdonk, 2016) as shown in Figure 3.  
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Figure 3. GPCR activation through Gα isoforms. GPCR activation promotes GDP/GTP exchange 
on the α-subunit, which stimulates canonical downstream effectors. Gαs activates adenylyl 
cyclase, which increase cyclic AMP (cAMP) and Gαi inhibits adenylyl cyclase thereby 
decreasing cAMP accumulation. Gαq/11 activates phospholipase C, which increase Ca2+ 
mobilization. Gα12 activates the small G-protein Rho, Gβγ can activate G protein-coupled 
receptor kinases (GRK) pathway. 
 

 

Gαq/11 Signaling 

Gαq/11 activates the β-isoform of phospholipase C (PLCβ) which is the major 

downstream effector of Gαq/11 (Nagao et al., 1998). PLCβ hydrolyzes membrane-

associated phosphatidylinositol 4,5-bisphosphate (PIP2) to generate diacylglycerol 

(DAG) and 1,4,5-inositol trisphosphate (IP3). DAG acts as a second messenger and 

activates a number of isoforms of Ca2+ dependent kinases (Nagao, 1998). IP3 diffuses to 

the endoplasmic reticulum (ER) and binds to ER-IP3 receptor, which modulates activity 
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of IP3 gated Ca2+ channel leading to Ca2+ release into the cytosol, and in some cells, 

further influx of extracellular Ca2+ (Golebiewska & Scarlata, 2008) (Sterne-Marr et al., 

2003) (Carman et al., 1999). PLCβ has the ability deactivate the Gαq/11 by affecting on 

the Gα-subunits to hydrolyze GTP which leads to subsequent deactivation of the G 

protein (Waldo et al., 2010).  

Gαs Signaling 

Gαs activates adenylyl cyclase, which catalyzes the conversion of adenosine 

triphosphate (ATP) into the 2nd messenger, cyclic adenosine monophosphate (cAMP) (Y. 

Chen, 1997) (Ramos-Espiritu et al., 2016). Most of the Gαs downstream effects are 

through the cAMP pathway, which can activate other signaling pathways such as cyclic 

adenosine monophosphate (cAMP)-dependent protein kinase A (PKA) and cAMP-

regulated guanine nucleotide exchange factors (cAMP-GEFs) (Ji et al., 2012). The 

cAMP/PKA pathway can effect gene expression by phosphorylation of transcription 

factors such as the cAMP response element binding protein (CREB) (Al-Wadei et al., 

2006). cAMP-GEFs are subdivided in cAMP-GEF I (also known as RapGEF3 or Epac1) 

and II (also known as RapGEF4 or Epac2) (K. Lee et al., 2015). Epac1 regulates cell 

spreading and cell adhesion and Epac2 has role in hippocampal functions including 

behavioral flexibility and long-term depression (Rangarajan et al., 2003) (K. Lee, 2015).  

Gαi/o Signaling 

In contrast to Gαs signaling pathway, Gαi/o activation inhibits adenylyl cyclase 

activity, which leads to inhibition of cAMP responses (Steiner et al., 2005). Specific 

effects of the Gαi/o activation depend on type of receptor and cell type. For instance, 

activation of serotonin receptors such as 5-HT1A through Gαi/o pathway may lead to 
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activation of key protein kinases, such as mitogen-activated protein kinases 1 and 2 

(MAPK1/2) (Hsiung et al., 2003). As a consequence, MAPK1/2 can stimulate 

transcription factor regulators such as CREB (Zorina et al., 2010).  

Gα12/13 Signaling 

The G12 subfamily consists of Gα12 and Gα13 subunits.  Most receptors that can 

couple to Gα12/13 are able to couple to other G-protein especially to Gαq/11 (N. Suzuki 

& Kozasa, 2009) (Aragay et al., 1995). One of the well-characterized functions of 

Gα12/13 is its ability to activate RhoGTPase (M. Patel et al., 2014) which regulates 

multiple several downstream cascades such as actin organization, cell migration, and 

invasion (Malcolm et al., 1994) (N. Suzuki, 2009).  

Gαv Signaling 

The fifth and newest discovered class of Gα protein is Gαv, which is involved in 

the regulation of cell osmolality and cellular differentiation processes (Oka et al., 2009). 

Gαv is more closely related to Gαi/o pathway compared to the other classes (Oka, 2009). 

Gαv is expressed in vertebrates, arthropods, mollusks, and annelids, but has been lost in 

many other families such as nematodes, fruit fly, jawless fish, and tetrapods (De 

Mendoza et al., 2014).  

Gβγ Subunits 

Upon activation of the GPCR, the G-protein heterotrimer dissociates into Gα 

and/or Gβγ subunits each capable of modulating their downstream effectors (Baljinnyam 

et al., 2011). In the inactivate state, the binding site of Gβγ is sterically blocked by the 

Gα-GDP subunit. Gβγ downstream signaling occurs when Gα-GTP dissociates and 

uncovers this binding site (Goubaeva et al., 2003). Gβγ Signaling can lead to a variety of 
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different cellular signaling pathways including G protein-coupled receptor kinases 

(GRK), modulation of adenylyl cyclase isoforms, activation of phospholipase C β2/β3, 

activation of N-terminal Jun kinase (JNK) and modulation of Ca2+ channels, (H. Jo et al., 

1997) (Goubaeva, 2003) (Brust et al., 2016).  

Receptor Desensitization 

Agonist binding to GPCRs leads to activation of the receptor and G-protein 

signaling. However, excessive stimulation can cause prolonged signal transduction and 

agonist insensitivity (Krueger et al., 1997) (V. Alonso & P. A. Friedman, 2013) 

(Strulovici & Lefkowitzs, 1984). Desensitization and recycling are two primary 

mechanisms that control cell signaling, and include homologous desensitization, which is 

agonist dependent, and heterologous desensitization, which occurs in the absence of 

agonist occupation of the given receptor (Ujiie et al., 1994). In general, both of these 

processes are regulated by phosphorylation of the GPCRs (Rapacciuolo et al., 2003).  

Homologous Phosphorylation 

The major protein kinase responsible for agonist-mediated homologous phosphorylation 

of many GPCRs are G-protein coupled receptor kinases (GRKs) (Palczewski, 1997). The 

GRK family consists of seven serine/threonine protein kinases, GRK1–GRK7, which are 

subdivided in three main groups based on protein sequence homology and receptor 

specificity (Ribas et al., 2007). The first group consists of GRK1 and GRK7, which 

phosphorylate rhodopsin or visual receptors and are expressed in visual tissue (Horner et 

al., 2005). The second group consists of GRK2 and GRK3, and are referred to the β-
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adrenergic receptor kinase subfamily (β-ARK), which are known to phosphorylate a 

variety of GPCRs (Sallese et al., 1997). The third group is the GRK4 subfamily, 

consisting of GRK4, GRK5 and GRK6, which also exhibit distinct functional effects on 

other GPCRs (Premont et al., 1999). GRK1 and 7 are expressed in retinal rods and cones, 

while GRK2, GRK3, GRK5 and GRK6 are ubiquitously distributed and GRK4 is 

expressed mainly in the brain, kidney and testes (Sallese, 1997). All GRKs have a 

common structural architecture, a multi-domain N-terminal region, C-terminal region and 

functional domain. The N-terminus of GRKs contains 25 amino acids that resolute 

membrane translocation, especially in the GRK4 family (Ribas, 2007). The C-terminal 

domain of GRKs increases their interaction with lipids and other membrane proteins 

(Gan et al., 2004). For instance, the C-terminal domain of GRK2 and GRK3 is the 

essential domain for targeting GRKs to the plasma membrane (Packiriswamy & N. 

Parameswaran, 2016). The third common domain of GRKs is the functional domain, 

which includes an amino-terminal regulator of G-protein signaling (RGS) homology 

domain (RH), a catalytic serine/threonine protein kinase domain, and a carboxyl-terminal 

membrane targeting domain, which together are responsible for phosphorylating 

substrates (Magalhaes et al., 2012). In homologous phosphorylation, after activation of 

GPCRs, GRKs target the plasma membrane mainly via released Gβγ subunits, and 

phosphorylate serine and threonine residues within the third intracellular loop and 

carboxyl-terminal tail domains of agonist occupied receptor (Oakley et al., 2001). 

Importantly, this process enhances the affinity of the receptor for binding to cytosolic 

arrestin proteins. Hence, phosphorylation of GPCRs can facilitate recruitment of arrestin 

partner proteins, which prevents further receptor and G-protein interaction and 
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subsequently leads to termination of G-protein signaling and receptor desensitization, as 

described in detail below (Ribas, 2007). 

Heterologous Phosphorylation 

In heterologous desensitization, PKA (protein kinase A) and PKC (protein kinase 

C) or other second messenger linked kinases phosphorylate a receptor even in the 

absence of its agonist (I. R. Thompson et al., 2014) (W. Xu et al., 2013). PKC is a 

lipid/Ca2+ activated enzyme that plays a role in a wide range of cellular functions. PKCs 

are known as lipid-sensitive enzymes that are activated by membrane-bound 

diacylglycerol (DAG), which activates PKC and inositol trisphosphate (IP3), and leads to 

mobilization of intracellular Ca2+ (Lum et al., 2016) (Steinberg, 2008). The PKC family 

of polypeptides are comprised of an N-terminal regulatory region and a C-terminal 

catalytic region (Cole & Igumenova, 2015). Studies have shown that the PKC family 

shares four conserved domains: C1, C2, C3, and C4. The C1 domain is the 

diacylglycerol/phorbol ester-binding site, consisting of high cysteine motif. The C2 

domain works as a recognition site for acidic lipids, and in some PKC isomers is 

responsible for Ca2+ binding (Cole, 2015). The C3 and C4 domains are within the kinase 

core and form the ATP- and substrate-binding lobes (Castrillo et al., 2001).  

Protein kinase A (PKA) is a hetero-tetramer protein kinase that regulates signal 

transduction of Gαs coupled receptors through activation by adenylyl cyclase-mediated 

cAMP formation (Ji, 2012). The PKA family consists of catalytic and regulatory 

subunits, with four different PKA regulatory subunits: RIα, RIβ, RIIα and RIIβ (Cadd & 

Stanley McKnight, 1989). RIα and RIβ regulatory subunits associates with membrane 
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receptors such as antigen receptors, while the RIIα and RIIβ subunits of PKA are 

associated with cytoskeletal elements (Tasken et al., 1993) (Herberg et al., 2000). PKA 

has two catalytic subunits: Cα and Cβ, which are sequestered by the regulatory (R) 

subunits to form an inactive conformation (M. G. Gold et al., 2006) (Søberg et al., 2017). 

Upon binding of four cAMP molecules to the regulatory subunit, the catalytic subunit is 

released and activated to phosphorylate substances, including GPCRs (X. Hou et al., 

2008) (C. M. Smith et al., 1999). 

Arrestin Mediated Desensitization 

Arrestins are proteins that selectively bind to phosphorylated GPCRs and play 

major roles in receptor desensitization and trafficking (Finch et al., 2010). Figure 4 

shows the basic scheme for arrestin activation. The mammalian arrestin family contains 

four types of arrestin proteins. Arrestin 1 and arrestin 4 are visual arrestins, and 

physiologically interact to a small number of receptors including rhodopsin and the color 

opsins (V. V Gurevich, 2004). Visual arrestins were the first arrestin proteins to be 

discovered and were characterized in the study of desensitization of β2-adrenergic 

receptor (Lohse et al., 1990). In contrast, nonvisual variants, arrestin 2 and arrestin 3 are 

now termed β-arrestin-1 and β-arrestin-2, respectively (Lohse, 1990). Recruitment of 

arrestin and subsequent interaction of arrestin to GPCRs can be triggered by agonist 

mediated receptor activation followed by phosphorylation of receptors by GRKs (for 

example homologous phosphorylation) (Finch, 2010). Receptor phosphorylation of 

specific serine and threonine residues in the third intracellular loop and C-terminal 

domains of GPCRs are critical towards increasing affinity of arrestin to GPCRs. Different 
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phosphorylation patterns of a given receptor occur for different GRKs and their receptor 

substrates. 

 

Figure 4. Basic scheme for arrestin activation. Agonist stimulates activation of GPCR, which 
leads to the dissociation of G-protein into activated α subunit and βγ dimers, and triggers their 
downstream signaling (bottom left). The agonist-occupied GPCR is phosphorylated by GRKs 
(top), leading to G-protein desensitization of receptor and recruitment of arrestin protein. Arrestin 
binding can lead to endocytosis and arrestin dependent signaling (bottom right). 
 

In vitro studies have shown that the β-arrestin-1 binding affinity of β2 adrenergic 

receptors is increased 10 to 30-fold following phosphorylation of the receptor by GRK2 

(Schlador & Nathanson, 1997). However, in addition to individual receptor/β-arrestin 

binding based on specific GRK phosphorylation patterns, receptors can bind to arrestin 

based on the receptor structure as well (Oakley et al., 2000). The C-terminus of the 

receptor is often a key sequence that determines arrestin binding (Oakley, 2000). Binding 

of arrestin to phosphorylated receptors is mediated by two regions in the arrestin 

molecule: the phosphorylation sensor in the core of the protein, and conformational 

sensor (Hanson & V. V Gurevich, 2006). The phosphate sensor recognizes negatively 

charged phosphorylated region on the C-terminal or third intracellular loop of the 
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receptor, while the conformational sensor identifies the agonist-induced activated 

receptor (Shukla et al., 2013).  

Arrestin Dependent Signaling 

Arrestin binding to the receptor induces a conformational change in the arrestins 

as well, changing the polar core of the arrestin (V. V Gurevich, 2004) (V. V Gurevich & 

Benovic, 1993). These conformational changes in arrestin increase the chances of 

interaction with further downstream proteins, allowing arrestins to serve as protein 

scaffolds (Magalhaes, 2012). Arrestin interaction with receptors can initiate a series of 

signaling and regulatory proteins such as activation of kinases like cellular Src kinase (c-

Src), Jun amino-terminal kinases (JNK), and Extracellular Signal-Regulated Kinase-1/2 

(ERK1/ERK2). Arrestin also regulates kappa-light-chain-enhancer of activated B cells 

(NF-κB) indirectly by stabilizing IκBα, which can promote NF-κB inhibition. In 

unstimulated cells, the NF-κB dimers are sequestered by IκBα, whereas activation of NF-

κB leads to degradation of IκBα by IKK mediated phosphorylation and release of NF-κB. 

The β-arrestin-IκBα scaffold prevents IKK from phosphorylating IκBα and negatively 

regulates NF-κB activation (L. M. Luttrell & Lefkowitz, 2002). In a final example, β-

arrestins recruit the E3 ubiquitin ligase mdm2, which results in ubiquitination of β-

arrestins and leads to more stable β-arrestin/receptor complexes, which are then 

internalized (V. V. Gurevich & E. V. Gurevich, 2015). 
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GPCR Endocytosis 

Receptor phosphorylation triggers the binding of arrestins, which leads to 

termination of G-protein signaling and receptor desensitization, endocytosis and 

internalization of GPCRs (DeFea et al., 2000) (Ribas, 2007) . In the endocytic trafficking 

process, the receptor is dissociated from the plasma membrane, followed by 

internalization and intracellular sorting to recycling or degradative compartments (Ware 

et al., 1997). Figure 5 shows a scheme of GPCR endocytosis. The structure of activated 

receptor, patterns of activation, and cell type can define distinct endocytic pathways. 

There are several endocytotic process and pathways, including clathrin-dependent, 

caveolae-dependent, and clathrin/caveolae-independent pathways (L. M. Luttrell et al., 

1999). To date, clathrin-dependent endocytosis is the most well characterized pathway 

for GPCRs. This pathway occurs through clathrin-coated pits (CCPs) that contain clathrin 

and heterotetrameric adaptor protein-2 (AP-2) complexes, which are scaffold by arrestins. 

Hence, in clathrin-coated endocytosis, arrestins play an essential role as scaffolds, lacking 

the GPCR to the components of AP-2 and clathrin whithin CCPs (C. A. C. Moore et al., 

2007). The AP-2 complex initiates sequestration through clathrin-coated pits, and 

sequestered receptors are subsequently sorted to either recycling endosomes, whereby 

receptors return back to the plasma membrane, or traffic receptors to lysosomes for 

degradation (Goodman et al., 1996) (L. M. Luttrell, 2002). Thus, arrestins appear to play 

a dual role in regulating receptor sensitivity. They desensitize receptors by preventing 

their further interaction with G-proteins, and they resensitize them by promoting 

internalization, which is followed by dephosphorylation of the receptors and subsequent 

recycling to the cell surface or degradation (Krueger, 1997). 
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Figure 5. GPCR endocytosis A) GRKs phosphorylate the 3rd intracellular loop or C-terminus of 
activated GPCRs and arrestin binds to the phosphorylated receptor. B) Arrestin serves as an 
adaptor and initiates clathrin-coated endocytosis. C) Arrestin may dissociate from receptor or 
remain bound in vesicle. Arrestin dissociation promotes receptor recycling. Arrestin-GPCR 
complex to dissociate proceed to receptor degradation or delayed receptor recycling. Figure 
adapted from (J. B. Black et al., 2016) with permission. 

Figure 2. 7TMR/GPCR signal regulation
A) Receptor desensitization. GRKs phosphorylate the C-terminal of activated GPCRs. 
Arrestin binds to the phosphorylated receptor that is then sterically blocked from interacting 
with cognate G protein. B) Receptor sequestration. Arrestin serve as an adaptor and recruit 
endocytic machinery proteins to mediate GPCR internalization into vesicles. GPCR 
internalization sequesters the activated receptors from further stimulation. C) Arrestin may 
dissociate or remain bound to the receptor in vesicle. Early dissociation of arrestin promotes 
receptor recycling. Failure of the arrestin-GPCR complex to dissociate marks that receptor 
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CHAPTER 2 

LITERATURE REVIEW 

FREE-FATTY ACID RECEPTOR-4 (FFA4): STRUCTURE, MOLECULAR 
FUNCTION, AND POTENTIAL AS A THERAPEUTIC TARGET FOR TREATMENT 

OF INFLAMMATION 

Introduction 

Free-fatty acids (FFAs) serve as nutrients, provide an important energy source, 

and also function as signaling molecules to regulate various cellular processes and 

physiological functions including regulation of insulin secretion and inflammation (C. B. 

Huang et al. 2011) (Watson, Brown, and Holliday 2012) (Cogswell et al. 2000) (Da 

Young Oh et al. 2010). The basic structure of FFAs are a carboxylic acid group linked to 

an aliphatic chain of variable length that may be saturated or unsaturated. Based on the 

length of the carbon chain, FFAs are classified into: short chain fatty acids (SCFAs), 

medium chain fatty acids (MCFAs) and long chain fatty acids (LCFAs). SCFAs, such as 

acetate, propionate, and butyrate have 2-6 carbons and are by-products of the 

fermentation of dietary fibers through the action of intestinal gut microbial (Besten et al., 

2013) (Ulven, 2012). MCFAs have 7-12 carbons, such as octanoic acid, capric acid, and 

lauric acid, while LCFAs have greater than 12 carbons such as palmitic acid, linoleic acid 

(ω-6) and α-linolenic acid (ω-3) (C. B. Huang, 2011) (S.-J. Watson, 2012) (Burdge & 

Wootton, 2003). MCFAs and LCFAs are metabolized by β-oxidation of fats 

(triglycerides) in adipose tissue and liver and used as energy sources (Berne, 1975) (S.-J. 
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Watson, 2012). However humans are unable to generate linoleic acid (ω-6) and α-

linolenic acid (ω-3), due to lack of Δ12- and Δ15-desaturase enzymes in order to 

synthesize the ω-6 or ω-3 double bond (Goyens et al., 2006). Therefore, these fatty acids 

must be obtained from dietary sources. FFAs are provided in tissues as an energy source 

and received interest in their beneficial metabolic effects on glucose homeostasis, food 

intake, insulin sensitivity, and body weight (T. K. T. Lam et al., 2005) (Y. T. Oh et al., 

2016) (Miyamoto, 2016). Recent studies have shown that FFAs can activate GPCRs, and 

several orphan GPCRs have been identified that are activated by FFAs including free-

fatty acid receptor 1 (FFA1), free-fatty acid receptor 2 (FFA2), free-fatty acid receptor 3 

(FFA3) and free-fatty acid receptor 4 (FFA4) (Ichimura et al., 2014) (Tikhonova & 

Poerio, 2015) (A. J. Brown et al., 2003) (Briscoe et al., 2003). While FFA2 and FFA3 are 

activated by SCFAs, both FFA1 and FFA4 are agonized by MCFAs and LCFAs 

(Katsuma et al., 2005). 

Free-Fatty Acid Receptor 1 (FFA1) 

FFA1, previously known as GPR40 is expressed in several systems such as taste, 

immune, central nervous and gastrointestinal (GI) tract (Katsuma, 2005). FFA1 is largely 

expressed in pancreatic insulin-producing β cells. Studies have shown that activation of 

FFA1 with LCFA can promote insulin secretion, and insulin secretion was reduced in 

FFA1-deficient mice (Stoddart et al., 2008). It has been shown that there is link between 

FFA1 activation and secretion of the incretin hormones glucagon-like peptide (GLP-1) 

and gastric inhibitory polypeptide (GIP) from GI tract (Christensen et al., 2015). These 

hormones can decrease blood sugar, by enhancing glucose-simulated insulin secretion. 
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FFA1 is expressed is intestinal L and K cells, which are responsible for secretion of GLP-

1 and GIP respectively (Christensen, 2015). FFA1 is also expressed in cholecystokinin 

(CCK) cells producing the peptide hormone that stimulates digestion of fat and protein 

(Liou et al., 2016) (Katsuma, 2005). In addition to the regulation of endocrine function, 

recent studies have shown that activation of FFA1 in brain is involved in an anti-

nociceptive effect for descending pain and also regulates emotional and cognitive 

function (F. Aizawa, 2016).  

FFA1 is known to primarily couple to Gαq proteins inducing activation of 

phospholipase C (PLC) (Manosalva et al., 2015). Studies in Chinese hamster ovary 

(CHO)-K1 cells expressing FFA1 show that agonism of FFA1 leads to activation of PLC 

that can increase intracellular Ca2+
 and activate extracellular signal-regulated kinase 

(ERK1/2) signaling (Manosalva, 2015). Studies also show that FFA1 activation in 

neuroblastoma cells induced activation of cAMP via Gαs coupled pathway that 

subsequently activates cyclic AMP response element binding protein (CREB) (Stoddart, 

2008). CREB may influence secretion of brain-derived neurotrophic factor (BDNF), 

which plays an important role in activity-dependent regulation of synaptic structure and 

function (Stoddart, 2008) (Miyamoto, 2016). 

Docosahexaenoic acid (DHA) (ω-3) and eicosapentaenoic acid (EPA) (ω-3) are 

the most potent endogenous agonists of FFA1. Figure 6 shows structures of some of the 

FFA1 agonists, including the synthetic agonists GW9508, TAK-875, AMG-837, 

AM1638, and AM8182 (Tikhonova, 2015) (Ichimura, 2014). DC260126 and GW1100 

are two potent synthetic FFA1 antagonists (H. Hu et al., 2009).  
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Figure 6. Structure of FFA1, FFA2, and FFA3 agonists adapted from (Tikhonova, 2015) with 
permission.  
 
 

Free-Fatty Acid Receptor 2 (FFA2) 

FFA2 was previously known as a GPR43, and it is activated by SCFAs (A. J. 

Brown, 2003). Most of the data regarding the FFA2 expression is based on mRNA 

analysis and shows FFA2 expression in the distal ileum, colon, and adipose tissue as well 

as immune cells such as monocytes and peripheral blood mononuclear cells (Karaki et 

al., 2006) (Sina et al., 2009) (Nilsson et al., 2003). It has been shown that FFA2 is 

expressed at high levels during the cellular response to inflammation, such as 

lipopolysaccharide (LPS) and tumor necrosis factor (TNF-α) mediated inflammation 

(Senga et al., 2003). The overexpression of FFA2 can effect PI3K/Akt signaling that 

leads to inhibition of phosphoinositide-3 kinase (PI3K) that may result in tumor 
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suppression (Ang et al., 2015). In addition to expression in the immune system, there is 

also evidence that FFA2 has a role in regulation of appetite and metabolism (Sleeth et al., 

2010). Activation of FFA2 in enteroendocrine L cells is found to be responsible for 

secretion of the satiety hormone peptide YY (PYY) and has effects on lowering body 

weight, which can decrease appetite (Karaki et al., 2008) (Sleeth, 2010) (Karra & 

Batterham, 2010) (Psaltopoulou et al., 2010). Activation of FFA2 in both colonic primary 

cultures and intestinal tumor L-cell line (STC-1) promotes GLP-1 secretion (Tolhurst et 

al., 2012), which as previously stated directly regulates insulin secretion (Ang & J. L. 

Ding, 2016).  

FFA2 is also expressed in pancreatic β cells, and directly regulates insulin 

secretion through the Gαq pathway, thereby promoting systemic insulin responses. These 

observations indicate that FFA2 agonists have some potential as therapeutics for 

treatment of type 2 diabetes (T2D) and related metabolic conditions (Tolhurst, 2012). 

CHO-K1 cell lines expressing FFA2 were found to couple both Gαi/o and Gαq (Poul et 

al., 2003).  

FFA2 has several endogenous agonists such as acetate, propionate, butyrate, 

valerate, and trans-2-methylcrotonic acid (tiglic acid) (Figure 6) (Schmidt et al., 2011) 

(B. D. Hudson et al., 2012). Compound CATPB is an example of synthetic FFA2 

antagonist (B. D. Hudson, 2012).  

Free-Fatty Acid Receptor 3 (FFA3) 

FFA3, previously known as GPR41, is activated by SCFAs (Poul, 2003). FFA3 

mRNA expression is expressed in adipose tissue, intestine, pancreas, PBMC, and spleen 
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(A. J. Brown, 2003) (Miyamoto, 2016). Activation of FFA3 by propionate can increase 

energy expenditure and heart rate (I. Kimura et al., 2011). FFA3, like FFA2 can mediate 

this process by regulating intestinal gluconeogenesis. In intestinal L cells, FFA3 mediates 

secretion of the PYY and GLP-1 to balance energy homeostasis (Samuel et al., 2008). 

Moreover, in primary cultured endocrine cells derived from FFA3-deficient mice, PYY 

and GLP-1 secretion are decreased (I. Kimura, 2011). In addition to this effect on 

intestinal cells, FFA3 is expressed in the sympathetic nervous system (SNS) and directly 

regulates nerve signaling (Poul, 2003). Under fasting conditions and a low level of 

glucose, the liver produces β-hydroxybutyrate, which suppresses the SNS by 

antagonizing FFA3 to subsequently reducing energy expenditure (I. Kimura, 2011).  

Studies have shown that FFA3 is coupled to Gαi/o proteins leading to inhibition 

of cAMP production and activation of the ERK1/2 cascade, and as such, FFA3 effects are 

reduced by treatment of cells with Gαi/o inhibitor pertussis toxin (Poul, 2003).  

Propionate, butyrate, 1-MCPC and isobutyrate, are agonists of FFA3 (Figure 6), 

while β-hydroxybutyrate (β-HB) has been shown to be a potent antagonist of FFA3 

(Poul, 2003) (A. J. Brown, 2003) (I. Kimura, 2011).  

Free-Fatty Acid Receptor 4 (FFA4) 

FFA4 also known as GPR120, omega-3 fatty acid receptor 1 (O3FAR1), and 

FFAR4 was de-orphanized in 2005 when it was found to be activated by LCFAs 

(Hirasawa et al., 2005). FFA4 is widely expressed in many tissues such as the GI tract, 

pancreas, lungs, bone-related cells, taste buds, adipose, and immune cells (Hirasawa, 

2005) (Gong et al., 2014) (Taneera et al., 2012). Studies have shown that activation of 
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FFA4 can regulate secretion of a range of hormones, such as GLP-1, GIP, CCK, ghrelin, 

and somatostatin, all of which are implicated in regulation of glucose metabolism and 

regulation of appetite (Sykaras et al., 2012) (Gribble, 2012) (D. Oh, 2010) (H. E. Parker 

et al., 2009) (Ulven and Christiansen 2015). FFA4 has received considerable attention in 

recent years as a novel therapeutic target for treatment of metabolic conditions, including 

diabetes, obesity and related inflammatory diseases (D. Oh, 2010) (Yore et al., 2014) (B. 

D. Hudson et al., 2014). Currently, obesity is an epidemic disease in the United States 

due to sedentary lifestyles, and it is one of the main causes of metabolic syndrome, which 

ultimately develops into type 2 diabetes (Haffner & Taegtmeyer, 2003).  

Genetic studies have also shown that there is a link between disruption in FFA4 

function, and obesity in both humans and mice (B. D. Hudson, 2014). One of the main 

characteristic features of patients with type 2 diabetes is insulin resistance (D. Y. Oh & 

Walenta, 2014). Several studies on FFA4 suggest that activation of this receptor by 

synthetic and selective agonists might improve diabetes by increasing insulin sensitivity 

(D. Oh, 2010) (Ichimura et al., 2012). Studies show that FFA4-deficient mice develop 

glucose intolerance and hyper-insulinemia compared to wild-type mice (D. Oh, 2010). 

On a normal diet containing 13% fat, FFA4-deficiency leads to obesity and glucose 

intolerance in humans and mice (Ichimura, 2012). Mice that were fed DHA in their diets 

had significant increases in insulin sensitivity in wild-type genotype, but not in the FFA4-

deficient genotype. These results indicate that FFA4 has an important role in regulation 

of metabolic disorders such as obesity and type 2 diabetes (D. Oh, 2010). Moreover, 

inflammation plays an important role in the pathogenesis of T2D and obesity (Donath & 

Shoelson, 2011). It has been shown that activation of FFA4 leads to anti-inflammatory 



27 

 

responses by inhibiting pro-inflammatory cytokine release, specifically TNF-α and IL-6 

from macrophages (D. Oh, 2010).  

The growing interest in FFA4 has prompted the discovery of several agonists of 

FFA4, some of which include the endogenous LCFA such as ALA, DHA, EPA, as well 

as palmitoleic, myristic, and linoleic acids (B. D. Hudson, 2014), and synthetic agonists 

such as TUG-891, GW9508, and TUG-670 (Figure 7).  

 

Figure 7. Structures of various agonists and antagonists of FFA4 (B. D. Hudson, 2014) (Moniri, 
2016). 
 
 
 

FFA4 antagonists 

FFA4 agonists 
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FFA4 Gene Expression and Splicing Isoforms 

Currently, FFA4 complimentary DNA (cDNA) in higher vertebrates such as 

human, cynomolgus monkey, pig, cat, rat, and mouse have been isolated (Hirasawa, 

2005) (K. Moore et al., 2009) (Colombo et al., 2012) (Habara et al., 2015). Cynomolgus 

monkey colon FFA4 cDNA has 85.1% and 83.4% homology with the mouse and rat, 

respectively and 97.5% homology with the human FFA4 sequences (K. Moore, 2009). 

Rat FFA4 shares 85% sequence homology with human, and 98% homology sequence 

identity with the mouse FFA4 (Tanaka et al., 2008).  

The human FFA4 gene has four coding exons region compared to only three in rat 

and mouse which (Fredriksson, Höglund, et al., 2003). Hence, human FFA4 has two 

isoforms, long (FFA4-L) and short (FFA4-S) (K. Moore, 2009) (Burns & Moniri, 2010) 

(Fredriksson, 2003) (S.-J. Watson, 2012). The FFA4-S contains 361 amino acids and the 

long isoform (FFA4-L) has 377 amino acids (Moore et al., 2009) as shown in Figure 8.  

 

Figure 8.  Schematic overview of FFA4-S and FFA4-L. The additional 16 amino acid residues 
present in ICL3 of hFFA4-L are colored in green. 
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Most recent lines of evidence show that the human FFA4-L and FFA4-S have 

different tissue distributions and pharmacological characteristics (T. Song et al., 2015). 

The longer isoform of human FFA4 has been detected in only a few tissues, particularly 

in the colon, where in contrast, FFA4-S is expressed in gastrointestinal tract, pancreas, 

lungs, bone-related cells, taste buds, adipose, and immune cells (Hirasawa, 2005) (Gong, 

2014) (Taneera, 2012).  

These splice variant isoforms are distinguished by the presence or absence of 16 

amino acids in intracellular loop 3 (ICL3), which is a critical GPCR region that is 

involved in both G-protein and β-arrestin recognition. Hence, an ICL3 insertion in FFA4-

L might have distinct effects in mediating receptor signaling pathways (V. V Gurevich & 

E. V Gurevich, 2006) (S.-J. Watson, 2012). Indeed, Studies in transfected HEK-293 cells 

show that FFA4-S can activate both Gαq/11 and β-arrestin-2 cascades, however FFA4-L 

is biased towards only β-arrestin-2 signaling (S.-J. Watson, 2012). Furthermore, Ca2+ 

responses, which are mediated by Gαq/11 for FFA4-S are absent upon FFA4-L agonism 

(S.-J. Watson, 2012).  

Molecular Basis of FFA4 Ligand Binding 

Since the crystal structure of FFA4 has not be solved, mutagenesis and homology 

modeling are common practices to study FFA4 and ligand interactions (B. D. Hudson, 

2014). Full amino acid sequence of FFA4-S and FFA4-L are presented in Figure 9. 

Recent studies have indicated that two amino acids, arginine (R99) and tryptophan 

(W104) have an important role in receptor-ligand interactions (M. Takeuchi et al., 2013) 

(Figure 9). 
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Figure 9. Snake diagram of FFA4-S and FFA4-L. Adapted from (Moniri, 2016) with permission. 
 

These two amino acids are located in the first extracellular loop and chelate with 

the carboxylic acid group of the FFA ligand (M. Takeuchi, 2013). For FFA4 agonist, 

NCG21 and ALA, the oxygen of the carboxylate is engaged with the nitrogen of R99 via 

hydrogen bonds (Q. Sun et al., 2010). Mutation of R99Q shows complete loss of down 

stream signaling in cells expressing the FFA4 R99Q mutant (Shimpukade et al., 2012). 

Meanwhile, W104 interacts with the carboxylate of FFA4 agonists such as ALA, 

GW9508, TUG-891, and TUG-670 facilitates the receptor ligand interaction, which leads 

to a more effective activation of FFA4 (T. Suzuki et al., 2008) (B. D. Hudson, 2014). In 

addition to hydrogen bonding, molecular modeling studies have identified other amino 

acids including phenylalanine amino acids (F88, F115, F211, F303, F304, F309, and 

F311), Leucine (L114), threonine (T119), tryptophan (W277), asparagine (N215), and 
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isoleucine (I280, I281, I284) can create a hydrophobic pocket that facilitates the 

interaction of phenylpropionate moiety of ligands with receptor (Shimpukade, 2012). 

Mutations at these positions impaired the interactions between FFA4 and specific ligands 

such as ALA, GW9508, TUG-891 or TUG-670 (B. D. Hudson, 2014). Three residues, 

T119, N215 and I280, are unique to FFA4 when compared with other free-fatty acid 

receptors and may be exploited for further specific FFA4 ligand development (B. D. 

Hudson, 2014).  

FFF4 Signaling  

GPCRs are important signaling molecules and have the ability to activate 

heterotrimeric G-proteins, such as Gαs, Gαi/o, Gαq/11 and β-arrestin pathways. Through 

G-proteins, GPCRs are able to stimulate a variety of cellular responses via second 

messengers such as cAMP, Ca2+, inositol 1,4,5-triphosphate, and diacyl glycerol 

(Tsukahara et al., 2015). FFA4 is able to activate both G-protein mediated signaling 

pathway, and β-arrestin mediated pathways, as described in detail here (B. D. Hudson, 

2014) (Moniri, 2016).  

FFA4 G-Protein Mediated Signaling 

FFA4 is generally considered as a receptor that couples with high selectivity to 

the members of the Gαq/11 protein subfamily to elevate intracellular Ca2+ (K. Moore, 

2009). Activation of FFA4 through Gαq/11 plays an important role in mediating hormone 

secretion (Hirasawa, 2005). Figure 10 shows a schematic overview of FFA4 mediated 

Gαq/11 signaling pathway. Agonism of FFA4 activates Gαq/11 coupling, which activates 
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phospholipase C (PLC). PLC then cleaves phosphatidylinositol 4,5-bisphosphate (PIP2) 

to produce the 2nd messengers diacylglycerol (DAG) and inositol 1,4,5-trisphosphate 

(IP3) (Maruyama et al., 1997).  

 

Figure 10. Schematic overview of FFA4 mediated-Gαq/11 signaling pathways. Binding of FFA4 
by free fatty acids (FFA) promotes Gαq/11 dependent signaling pathways. Then Gαq/11 couples 
to phospholipase C (PLC), which increases the intracellular 1,4,5-trisphosphate (IP3) 
concentrations and promotes Ca2+ release via the IP3 receptor in the endoplasmic reticulum (ER). 
The intracellular Ca2+ release may promote glucose uptake and insulin secretion. 
  

DAG stays bound to the membrane, and IP3 is released into the cytosol which 

triggers the release of Ca2+ from stores in the endoplasmic reticulum (ER) (Hara et al., 

2009). The intracellular Ca2+ release may promote other signaling such as glucose 

transporter 4 (GLUT4) translocation that promotes glucose uptake, angiogenesis or 

regulation of hormone secretion in different tissues or cells (D. Oh, 2010). The FFA4 

agonists, TUG-891, GW9508, ALA, and NCG21 produce concentration-dependent 

increases in intracellular Ca2+ mobilization. TUG-891 has the highest potency and is 
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approximately 7- and 50-fold more potent than GW9508, ALA or NCG21, respectively 

(B. D. Hudson et al., 2013). Blockade of Gαq/11 signaling inhibits FFA4-induced Ca2+ 

mobilization (Milligan et al., 2017). Agonism by TUG-891 in Gαq/11-null HEK-293 

cells, did not elevate inositol phosphate levels, and failed to elevate intracellular Ca2+ 

levels (Alvarez-Curto et al., 2016), and together, these studies validate the FFA4 

mediated Gαq/11 mechanism. Activation of FFA4 in enteroendocrine L and K cells with 

ALA enhanced the secretion of incretin hormones, such as GLP-1 and GIP through 

Gαq/11 (Hirasawa, 2005). GLP-1 can promote insulin secretion indirectly from 

pancreatic β cells, in a glucose-dependent manner (D. Oh, 2010). Agonism of FFA4 

through Gαq/11 also activates the mitogen-activated protein kinase (MAPKC) pathway, 

which leads to phosphorylation of extracellular signal-regulated kinase 1/2 (ERK1/2) 

(Hirasawa, 2005). The ERK1/2 pathway has been linked to growth and cell 

differentiation, and it is a well-recognized key regulator of mammalian cell proliferation 

and inhibits apoptosis in different cell systems (Woessmann & Mivechi 2001).  

In adipose tissue, FFA4 has been reported to contribute to adipocyte maturation 

(Ichimura, 2012), and glucose uptake through the Gαq/11 stimulation of GLUT4 

translocation (D. Oh, 2010). GLUT4 is highly expressed in the adipose tissues, and 

skeletal muscles and is an insulin-regulated glucose transporter that mediates the removal 

of circulating glucose (N. Kim et al., 2015). Thus, GLUT4 is a key regulator of systemic 

glucose homeostasis (Rossetti et al., 1997).  

In addition to Gαq/11 coupling, recent studies indicate that some of the 

physiological functions of FFA4 might be facilitated by Gαi/o proteins (Engelstoft et al., 

2013). Treatment with pertussis toxin, a Gαi/o inhibitor, eliminates the ability of FFA4 to 
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regulate the release of the satiety hormone ghrelin (Engelstoft, 2013). Ghrelin is an 

octanoylated peptide that is produced mainly by gastric mucosal endocrine cells (Sakata 

& Sakai, 2010), and regulates a large number of physiologic processes and behaviors that 

are related to eating, storage of energy, body weight, and blood glucose (Sakata, 2010). 

In the ghrelin cells, hormone secretion is inhibited through Gαi/o mechanism (Engelstoft, 

2013). FFA4 is highly expressed in ghrelin cells, and its agonism suppresses ghrelin 

secretion in Gαi/o dependent manner (Engelstoft, 2013) (Milligan et al., 2015). FFA4 is 

also expressed in the somatostatin positive delta cells of murine islets (Stone et al., 2014). 

Somatostatin has inhibitory effect on glucagon and insulin secretion from pancreatic cells 

and agonism of FFA4 inhibits somatostatin secretion while treatment with pertussis toxin 

eliminates the ability of this receptor to regulate the release of somatostatin from delta 

cells (Hauge-Evans et al., 2015) (Stone, 2014). These results indicate a key role of Gαi/o 

coupling in FFA4 signaling in some cells. 

FFA4 Phosphorylation 

In response to a stimulus, GPCRs activate heterotrimeric G-proteins, however, 

prolonged activation is not beneficial and can cause extensive signaling and activity 

(Krueger, 1997) (V. Alonso, 2013). In order to turn off the G-protein response, or modify 

the persistent stimulus, active receptors need to be desensitized and eventually 

internalized as described in chapter 1 (Strulovici, 1984). Phosphorylation of GPCRs can 

facilitate recruitment of arrestin partner proteins, which ‘’arrests’’ further receptor and G-

protein interaction. Subsequently, β-arrestins also lead to receptor desensitization and 

internalization and form signaling scaffolds (Ribas, 2007) (V. V Gurevich, 2006). FFA4 
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can be desensitized by homologous and heterologous phosphorylation. The major protein 

kinases in homologous phosphorylation of many GPCRs, including FFA4, are G-protein 

coupled receptor kinases (GRKs) (Palczewski, 1997) (Burns et al., 2014). In homologous 

phosphorylation, after activation of GPCRs with agonist, GRKs are recruited to the 

receptor by released Gβγ subunits from hetrameric G-protein activation. GRKs 

phosphorylate serine and threonine residues within the third intracellular loop and 

carboxyl-terminal tail domains of agonist-activated GPCRs (Oakley, 2001). Studies using 

GRK2, GRK3, or GRK5 knockdown in HEK-293 cells show no reduction in DHA-

induced FFA4 phosphorylation (Burns, 2014). However, in cells treated with GRK6 

siRNA, DHA-mediated phosphorylation of FFA4 was significantly reduced (Burns, 

2014). This result indicates that GRK6 is responsible for phosphorylation of FFA4 upon 

agonism with DHA (Burns, 2014). When considering heterologous phosphorylation, 

PKA (protein kinase A) and PKC (protein kinase C) can phosphorylate a receptor even in 

the absence of agonist, as described previously (I. R. Thompson, 2014) (W. Xu, 2013). 

Treatment of CHO cells and HEK-293 cells expressing FFA4 with the phorbol ester 

phorbol 12-myristate 13-acetate (PMA) a PKC activator, shows significant increases in 

phosphorylation of FFA4 (Butcher et al., 2014) (Burns, 2014). Treatment with the PKC-

selective inhibitor bisindolylmaleimide II (BIMII) reduced basal phosphorylation of 

FFA4 and block the PKC effect (Burns, 2014). Moreover, treatment with either the 

cAMP//PKA pathway activator forskolin or the PKA inhibitor (H-89) had no significant 

effect on FFA4 phosphorylation (Burns, 2014). These results demonstrate that PKC, but 

not PKA, mediates heterologous phosphorylation of FFA4.  
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Based on mass spectrometry, mutagenesis, and phosphospecific antibodies, it has 

been shown that phosphorylation of the human FFA4 occurs primarily at five residues, 

T347, T349, S350, S357, and S360, in the C-terminal tail (Butcher, 2014) (Burns, 2014). 

These phosphorylation sites are important for recruitment of β-arrestin molecules. In 

addition to these five sites, three acidic residues (E341, D348, and D355) are located 

close to the phosphorylation sites in the C-terminal tail and together form an area with 

negative charge that interacts with β-arrestin (Butcher, 2014). Mutation of these 

phosphorylation and acidic sites, or truncation of the full C-terminal tail restricts the 

effectiveness for interaction of the receptor with β-arrestin-2 (Butcher, 2014).  

FFA4 β-Arrestin Mediated Signaling 

Association of β-arrestin with GPCRs can activate specific downstream signaling 

pathways, as well as mediate receptor endocytosis (Luttrell and Lefkowitz, 2002). After 

phosphorylation of the receptor and recruitment of β-arrestin, the FFA4/β-arrestin 

complex travels to the endosome and initiates β-arrestin-dependent signaling. For most 

GPCRs, receptor phosphorylation leads to the recruitment of β-arrestin-1/β-arrestin-2 

(Vibhuti et al., 2011), however activation of FFA4 by DHA in the murine RAW264.7 

macrophage cell line selectively recruits β-arrestin-2, but not β-arrestin-1, to the plasma 

membrane (D. Oh, 2010). Recently, studies show that the signaling outcome of β-

arrestin-2 binding to the mouse FFA4 (mFFA4) can be determined by the pattern of the 

receptor’s C-terminal phosphorylation (Prihandoko et al., 2016). The five 

phosphorylation sites on C-terminal can be categorized in two clusters: cluster 1 that 

includes T347, T349, and S350 and cluster 2, which includes S357, and S361. Mutation 
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of cluster 1 did not have an effect on receptor internalization, and had a small effect on β-

arrestin-2 recruitment, but abolished Akt activation. Mutations within cluster 2 did not 

effect agonist activation of Akt, but instead had a significant effect on receptor 

internalization and β-arrestin recruitment (Prihandoko, 2016). Complete mutation of all 

these five sites prevented phosphorylation of mFFA4 and fully blocked β-arrestin-2 

recruitment and all β-arrestin activities. These data show that spatial phosphorylation 

patterns can regulate different signaling outcomes. Mutation of all five sites did not limit 

receptor coupling to extracellular signal regulated protein kinase 1 and 2 (ERK1/2) 

activation, which is known to be Gαq/11-dependant (Alvarez-Curto, 2016).  

FFA4 Anti-Inflammatory Signaling 

Activation of FFA4 with DHA mediates anti-inflammatory and potent insulin 

sensitizing effects. Chronic inflammation is one of the main mechanisms causing insulin 

resistance (Shoelson et al., 2007). The anti-inflammatory FFA4 in macrophages and 

adipocytes is independent of Gαq/11 signaling, and occurs through inhibition of NF-κB 

activation via β-arrestin-2 (Anbazhagan et al., 2016). NF-κB is a heterodimer protein 

complex, which controls transcription of DNA that subsequently regulates host 

inflammatory and immune responses such as releasing IL-6 and IL-8 cytokines 

(Schoonbroodt et al., 2000) (Matsusaka et al., 1993) (M. H. Cheng et al., 2017). NF-κB 

mediates several signal transduction cascades such as nitric oxide synthase (iNOS), 

which generates nitric oxide (NO), and the inducible cyclooxygenase (COX) (R. Newton, 

Kuitert, et al., 1997) (Q. Xie et al., 1994).  
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COX catalyzes conversion of arachidonic acid (AA) to prostaglandin H2 (PGH2) 

(Figure 11). PGH2 then acts as a precursor for prostaglandins (PGs) and thromboxane 

(Tx), which contribute to the inflammatory processes (Kapoor et al., 2005) (R. Newton, 

1997) (Q. Xie, 1994). There are four bioactive PGs including E2 (PGE2), prostacyclin 

(PGI2), prostaglandin D2 (PGD2), and prostaglandin F2α (PGF2α).  

 

Figure 11. Synthetic pathway of COX. Figure adapted form (Ricciotti & FitzGerald, 2011) with 
permission. 

 

During an inflammatory response, levels of PG production changes (Frederick et 

al., 2016). Cyclooxygenase is expressed in two isoforms: cyclooxygenase-1 (COX-1) and 

cyclooxygenase-2 (COX-2) while COX-1 is constitutively expressed, COX-2 expression 

is induced after inflammatory stimuli at sites of inflammation in macrophages, fibroblasts 
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and synoviocytes (W. Xie et al., 1992) (D’Acquisto et al., 1997) (Massaro et al., 2006). 

The COX-2 gene is known to be regulated by NF-κB, and contains a 5' promoter region 

for binding to NF-κB (R. Newton, Stevens, et al., 1997).  

Abnormalities in the NF-κB pathway are also seen in a variety of human cancers 

such as colorectal cancer (Charalambous et al., 2003) and breast cancer (Cogswell, 2000) 

as well as chronic inflammatory disease such as inflammatory bowel disease (IBD) 

(Bantel et al., 2000) and rheumatoid arthritis (RA) (Z. Han et al., 1998).  

Figure 12 shows the anti-inflammatory FFA4 signaling pathways in 

macrophages, where β-arrestin-2 mediated FFA4 signaling has been shown to have 

receptor-regulated anti-inflammatory effects through inhibition of NF-κB (B. D. Hudson, 

2013) (D. Oh, 2010) (X. Li et al., 2013). As shown in Figure 12, Lipopolysaccharide 

(LPS) mediated inflammation occurs through the Toll-Like Receptor 4 (TLR4) induces a 

series of interactions with several proteins (Kawai & Akira, 2006). TLR4 activates the 

Interleukin-1 receptor-associated kinase 1 (IRAK), which is a serine/threonine kinase and 

that leads to phosphorylation of the transforming growth factor β-activated kinase 1 

(TAK1). TAK1 phosphorylates IKKβ, which phosphorylates IκB and consequently 

releases nuclear factor NF-κB, leading to its activation (D. Oh, 2010). Here, IκB is 

inhibitory and sequesters NF-κB. Meanwhile, TAB1 is a regulatory binding protein that 

is required for TAK1 activity (Figure 12). Agonism of FFA4 with DHA leads to β-

arrestin-2 mediated sequestration of TAB1, which can not be associated with TAK1, 

thereby inhibiting the entire TAK1/NF-κB series of events, such as NF-κB activation and 

COX-2 expression, that promote inflammation (D. Oh, 2010). Inhibition of TAK1/NF-κB 

with DHA in LPS mediated inflammation shows further inhibition of COX-2 expression, 
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without affecting COX-1 expression (Massaro, 2006) (X. Li, 2013). However, having 

FFA4 knockdown reverses the effect of DHA on COX-2 expression in RAW 264.7 cells 

(X. Li, 2013). 

 

Figure 12. Overview of anti-inflammatory signaling pathways of FFA4 in macrophages. LPS and 
TNF-α activate Toll-like receptor 4 (TLR4) and TNF-receptor (TNFR), respectively. Activation 
of these receptors causes the interaction of TAK1 kinase and its binding protein TAB1. Active 
TAK1 can eventually activate NF-κB and JNK. NF-κB and phospho-JNK promote downstream 
inflammatory processes, including increased expression of TNF-α, IL-6, and COX-2. Agonism of 
FFA4 leads to FFA4/β-arrestin-2 interaction, which inhibits TAK1/NF-κB inflammatory 
downstream signaling. Adapted from (Moniri, 2016) with permission. 

 

Moreover, treatment with DHA decreases the infiltration of macrophages into 

adipose tissue in the wild-type mice, decreasing adipose inflammation, and reversing 

insulin resistance. However, these effects are absent in FFA4-deficient mice (D. Oh, 

2010). Taken together, FFA4 strongly induces anti-inflammatory effects in macrophages. 

Metabolex-36, and this effect was not seen in islets isolated from
FFA4 KO mice [18]. Interestingly, the effects of this agonist on
somatostatin secretion were at least in part attenuated by PTX,
demonstrating FFA4 coupling to Gai/o proteins in the delta cells. It
is also noteworthy that although Metabolex-36 affected somato-
statin secretion, the endogenous agonist DHA did not [18]. To date,
there have been no reports in regard to the expression or role of
FFA4 in the digestive exocrine pancreas.

4.6. Anti-inflammatory and metabolic effects within skeletal muscle

FFA4 has been shown to be expressed in rat and mouse gastroc-
nemius and soleus (i.e., calf) as well as extensor digitorum longus
(EDL) skeletal muscle [52,60]. High fat diets increased FFA4 expres-
sion in EDL but not soleus skeletal muscle [60]. Meanwhile, diets
enriched with 10% n-3 and n-9 fatty acids mediated improvement
in muscle sensitivity to insulin as well as significant decreases in
muscle inflammation as noted by reduced macrophage inflamma-
tion and increased IL-10, in a manner that was dependent on both
FFA4 and FFA1 [52]. FFA4 is also expressed on murine C2C12 and
rat L6 myoclasts, where it was shown to modulate DHA-
mediated GLUT4 translocation and glucose uptake via a mecha-
nism dependent on Ca2+/CaMKK/AMPK signaling [61]. These data
are in contrast to those that show that FFA4 plays no role in fatty

acid uptake and oxidation in muscle during endurance exercise
[62]. Taken together, these results demonstrate that FFA4 influ-
ences inflammation of muscle as well as uptake and metabolism
of glucose, but not of fatty acids.

4.7. Anti-inflammatory effects within liver

FFA4 has been shown to be expressed in the liver [60], and its
extrahepatic activation, or lack thereof, has been shown to greatly
influence hepatic function. In addition to becoming glucose intoler-
ant and obese, FFA4 KO mice fed a high-fat diet demonstrate
enhanced hepatic lipogenesis and develop fatty liver [11].
Immunohistochemistry of mouse liver sections revealed FFA4
expression in liver sinusoids, where it colocalizes exclusively with
the macrophage marker F4/80, suggesting the restricted expres-
sion of the receptor in the resident macrophage-like Kupffer cells
[63]. On these cells, FFA4 agonism serves to diminish hepatic
inflammation via abrogation of NF-jB and JNK signaling [63]. On
the contrary to this report and others [58], FFA4 was shown to
be expressed in hepatocytes and hepatic stem/progenitor cells, in
addition to hepatic Kupffer cells in biopsies from pediatric non-
alcoholic fatty liver disease (NAFLD) patients [64]. Interestingly,
the number of Kupffer cells expressing FFA4 was increased in these
patients, and this elevation was strongly correlated with increased
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recruitment inhibits AKT signaling, again, inhibiting the activation of NF-jB, thereby promoting anti-inflammatory effects. Finally, activation of FFA4 activation, via both Gaq/11

and b-arrestin-2, facilitates ERK1/2-dependent PGE2 synthesis, which can then act via prostaglandin EP4 receptors to inhibit NF-jB-modulated inflammatory effects.

N.H. Moniri / Biochemical Pharmacology xxx (2016) xxx–xxx 7

Please cite this article in press as: N.H. Moniri, Free-fatty acid receptor-4 (GPR120): Cellular and molecular function and its role in metabolic disorders,
Biochem. Pharmacol. (2016), http://dx.doi.org/10.1016/j.bcp.2016.01.021



 

41 
 

CHAPTER 3 

INSIGHTS INTO ADIPOSE TISSUE MACROPHAGES 

Introduction 

Adipose tissue or body fat is a connective tissue and it is mainly composed of 

adipocytes. Adipose tissue is recognized as a primary site of excess energy storage in the 

form of lipids and is an insulator for the body’s temperature (K. Kim et al., 2001). Studies 

have shown that adipose tissue plays an important role in mammalian health due to its 

role in regulating metabolic homeostasis and releasing endocrine hormones, as such 

adipose tissue is one of the active endocrine organs (J. Wang et al., 2014). Adipose cells 

can secret several hormones such as leptin, which can induce secretion of inflammatory 

cytokines such as induction of IL-1β, adiponectin, interleukin-6 (IL-6), interleukin-1β 

(IL-1β), and tumor necrosis factor (TNF)-α (Lafrance et al., 2010) (Desai et al., 2017) (Y. 

Bai & Q. Sun, 2016) (Coelho et al., 2013) (V. L. B. Nelson et al., 2017). In this regard, 

adipose tissue dysfunction has been correlated to metabolic diseases such as insulin 

resistance, obesity, type 2 diabetes, cardiovascular disease and chronic inflammatory 

diseases (Brini et al., 2017) (Kern et al., 2001). Adipose tissue consists of white adipose 

tissue (WAT) and brown adipose tissue (BAT) (Desai, 2017) (Garg et al., 2014). The 

primary role of WAT is cell signaling, secreting endocrine hormones, and cytokines, 

while BAT is considered a specialized form of adipose tissue with a main role of 

thermoregulation by uncoupling protein-1 (UCP1), which leads to high levels of
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substrate oxidation and results in generating heat from mitochondria (Silvério et al., 

2017) (Grabek et al., 2015) (Prusiner et al., 1968).  

Role of Macrophages in Adipose Tissue 

One of the metabolic diseases that dysfunction within adipose tissue can cause is 

obesity. Obesity is a disease that affects millions of people worldwide and affects 50% of 

the adult population in western countries (J. Cheng et al., 2016). Obesity is also linked to 

other diseases such as type 2 diabetes, cardiovascular diseases, and several types of 

cancer, including breast cancer (Katiraei et al., 2017). Long-term inflammation in the 

adipose tissue can lead to obesity and studies show that chronic inflammation in adipose 

tissue is due to infiltration of white adipose tissue (WAT) macrophages (D. Oh, 2010) (A. 

R. Sun et al., 2017). The macrophages that reside in adipose tissue are known as adipose 

tissue macrophages (ATM), and studies in mice have shown that the number of 

macrophages and inflammatory gene expression of macrophages in WAT are correlated 

with adipocyte size and body mass index (BMI) (Cinti et al., 2005) (Dowal et al., 2017). 

It has been shown that most of infiltrated macrophages in WAT of obese mice are 

localized to dead adipocytes (Cinti, 2005). In obesity, ATM surrounds the dead 

adipocytes with a morphology of crown-like structures, which in a hallmark of chronic 

inflammation secretes pro-inflammatory cytokines (Alkhouri et al., 2010). It is also 

known that the frequency of adipocyte death is positively correlated with increased 

adipocyte size in obese mice and humans (Cinti, 2005). Macrophages are the 

predominant source of TNF-α, IL-6, reactive oxygen species (ROS) and nitric oxide in 

WAT (Ye et al., 2007). It has been shown that TNF-α, IL-6, and ROS were 
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overexpressed in white adipose tissue (WAT) in obese mice and humans and causes 

insulin-resistant states (H. Xu et al., 2003). 

Biology of Macrophage Polarization 

Macrophages are heterogeneous immune cells and are able to modify their 

morphology and function to increase their adaptability, in response to exposure to 

pathogens and environment signaling (Stout et al., 2005). These signals can polarize 

macrophages reversibly by altering the phenotype of the cells which consequently 

influence their function (Galli et al., 2011). This polarization might happen substantially 

over time or in some cases, rapidly (Galli, 2011). Due to macrophage heterogeneity, 

reaching precise classification of macrophages is challenging. There is also high variety 

of activation types, and differences of macrophage activation profiles between humans 

and animal models (Ivanova & Orekhov, 2016). However, macrophages are mainly 

classified based on the polarization at their activation state, which can regulate pro- or 

anti-inflammatory effects. 

Macrophage Phase Classification 

Initially, phase classifications for macrophages were considered when Stein and 

colleagues saw that murine macrophages were altered to different phenotypes in response 

to different stimuli (Stein et al., 1992). They found that murine macrophages stimulated 

with IL-4 changed to different phenotype, compared to murine macrophages that were 

stimulated with interferon-γ (IFN-γ) (Stein, 1992). They classified them into two groups 

referred to as M1 and M2 phase macrophages with M1 phase referring to classically 
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activated, pro-inflammatory state, and M2 referring to alternatively activated, anti-

inflammatory state (L. Bai et al., 2017). M1 and M2 phases can also be distinguished 

based on L-Arginine metabolism where M1 macrophages metabolize L-Arginine to nitric 

oxide (NO) via iNOS activity, which leads to inflammatory reactions, while M2 

macrophages metabolize L-Arginine to ornithine via arginase-1 that limits arginine 

availability for NO synthesis promoting anti-inflammatory effects, cellular proliferation, 

and tissue repair (Markiewski et al., 2008) (Munder et al., 1998) (Al-Rayahi et al., 2017) 

(M.-H. Oh et al., 2017).  

Pro-Inflammatory M1 Phase 

Macrophages are polarized to pro-inflammatory M1 phenotype when they are 

exposed to toll-like receptor (TLR) ligands such as TNF-α, a pro-inflammatory cytokine, 

and LPS (lipopolysaccharide), a component of the outer membrane of gram-negative 

bacteria (Villalta et al., 2009) (L. Bai, 2017). They are also polarized to the M1 

phenotype by exposure to some cytokines (mainly INF-γ), which are mostly secreted by 

Th1 and CD8+ cytotoxic lymphocytes, natural killer (NK) cells and antigen-presenting T 

cells (L. Bai, 2017). In general, in response to such stimuli, M1 phase macrophages 

secrete pro-inflammatory cytokines such as TNF-α, IL-1β, IL-6, IL-12, and chemokines 

such as CCL2, CCL5, and CXCL8, as shown in Figure 13 (Abrial et al., 2015) (Cheon et 

al., 2017). M1 macrophage phenotypes also produce reactive oxygen species and NO in 

response to inflammatory stimuli (Rezende et al., 2007) (Al-Rayahi, 2017). Studies have 

shown that M1 phenotypes can increase resistance against antigens, eliminate infections 

caused by bacterial, virus or fungal factors, and kill tumor cells (Juhas et al., 2015).  
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Figure 13 The macrophages M1/M2 polarization phase. The M1 phase is activated by IFN-γ, LPS 
or TNF-α. The M2 phase is classified to three groups: M2a, M2b and M2c based on different 
stimuli: IL-4, Toll-like receptor (TLR) ligands, and IL-10 respectively. Figure adapted from 
(Mantovani et al., 2004) with permission. 
 

 

Some pro-inflammatory transcriptional factors are activated in the M1 phase, such 

as NF-κB, AP-1 (activator protein-1), CCAAT/enhancer-binding protein α (C/EBP-α), 

signal transducer and activator of transcription 1 (STAT1) and interferon regulatory 

factor 5 (IRF5) (Juhas, 2015) (Garg, 2014). These transcriptional networks are used to 

control gene expression, which subsequently can control the function of specific 

enzymes, receptors, such as GPCRs, kinases, peptidases, phosphatases and cytokines 

(Jablonski et al., 2015). However, an excessive or prolonged M1 phase causes excessive 

cytokine accumulation and causes severe inflammation, which can lead to pathologies 

such as obesity and chronic inflammation (Mirza et al., 2013).  

Anti-Inflammatory M2 Macrophages 

The M2 phase is known as an anti-inflammatory phase of macrophage 

polarization and has an essential role in the resolution of inflammation, tissue repair, 

tissue remodeling, and also in tumor growth (Mantovani et al., 2007). Similar to the M1 
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phase, there are important transcription factors which promote M2 activation, along with 

some anti-inflammatory pathways, such as Interferon regulatory factor 4 (IRF4), 

CCAAT/enhancer-binding protein β (C/EBP-β), Krüppel-like factor 4 (KLF4), STAT6 

(signal transducer and activator of transcription 6), and receptor PPARγ (peroxisome 

proliferator-activated receptor γ) (Juhas, 2015). The M2 phase can be classified based on 

different stimuli to three groups: M2a, M2b and M2c, as shown in Figure 13. These 

groups are characterized by different cytokines, including interleukin 4 and 13 (IL-4 and 

IL-13), which are mainly produced by Th2 cells, mast cells, and basophils (Loegl et al., 

2016). The M2a activation would subsequently promote wound healing, in the case of an 

injury (Gale et al., 2010). Pro-inflammatory cytokines such as IL-1β, TNF-α, IL-6, IL-8, 

IL-12, GM-CSF, IFN-ϒ, CCL2/MCP-1, and superoxide anions are down regulated in the 

M2a phase (Gale, 2010). By deactivating these cytokines, M2a promotes tissue 

remodeling and participates in the formation of extracellular matrix by stimulating the 

production of collagen (Pilling et al., 2017) (Gale, 2010).  

The M2b macrophage phase is an immunity-regulating type (Yue et al., 2017). 

M2b macrophages are known to maintain a balance between anti- and pro-inflammatory 

functions (Yue, 2017). Immune complexes, agonists of both TLRs and IL-1 receptors 

induce M2b pholarization in macrophages (Ortiz et al., 2015). M2b cells have the 

opposite function in comparison to M1 cells. M2b cells turn off IL-12 and increase IL-10 

production, which can inhibit the production and activity of various pro-inflammatory 

cytokines and sustain antibody production (Yue, 2017). However, M2b phase is also able 

to produce many pro-inflammatory cytokines (Yue, 2017), producing much higher levels 

of TNF-α, IL-1β, and IL-6, indicating that these cells are not absolutely anti-
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inflammatory per se (Gale, 2010).  

The M2c macrophages are known for wound remodeling, or deactivated anti-

inflammatory macrophages (Ortiz, 2015). This phase responds to anti-inflammatory 

stimuli and down regulates pro-inflammatory cytokines, such as glucocorticoids, which 

are important for maintenance of homeostatic functions (S. M. Ohlsson et al., 2014). 

Glucocorticoids are released in response to a variety of stressors, such as starvation, pain, 

and infection (Ortiz, 2015). M2c is also activated by exposure to IL-10, which is 

produced by macrophages, T cells, B cells, and some other cell types, in response to 

infection and inflammation (Parsa et al., 2012). TGF-β is another M2c promoter, which is 

a cytokine that mediates a wide variety of effects on cellular activation, differentiation, 

and proliferation (Parsa, 2012). M2c has also a role in the early stage of wound healing 

(Yue, 2017) and is capable of clearing apoptotic cells (Zizzo et al., 2012).  

Reactive Oxygen Species in Macrophages 

As mentioned above, macrophages are able to produce reactive oxygen species 

(ROS) in response to stimuli and ROS are overexpressed in white adipose tissue (WAT) 

in obese mice and humans (H. Xu, 2003). ROS are chemically reactive molecules 

containing oxygen atoms, and can be radical or non-radical molecules such as superoxide 

anion (O2
.−), hydrogen peroxide (H2O2), and hydroxyl radicals (OH·) (Tavakoli & Asmis, 

2012). ROS molecules are very reactive, have a short life, and react quickly with their 

biological targets (Forman et al., 2004). In many systems, reactive oxygen is released as a 

mitochondrial byproduct or waste in oxidative metabolism (Tavakoli, 2012). In the 

process of cell defense, ROS are produced via signal transduction, synthesis, or 
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breakdown, to protect the organism from invasion. One of the important cellular 

processes in macrophage is phagocytosis, which is the host response against infection for 

non-specific killing of microbial components, which serves to remove pathogens and cell 

debris (Fadok et al., 1992). Macrophages are tissue-resident phagocytes equipped with a 

variety of phagocytic receptors, such as Fcγ receptors, complement receptors, and 

scavenger receptors, which sense and interact with microbial components (Tohyama & 

Yamamura, 2009). Activation of phagocytic receptors also leads to production of ROS 

such as hydrogen peroxide and superoxide in macrophages and neutrophils, in a process 

that involves activation of the membrane bound NADPH oxidase 2 (NOX-2) complex 

(Y. Zhu et al., 2017). 

Source of ROS Generation 

ROS are generated by biological processes such as NOX, mitochondria, 

uncoupled nitric oxide (NO) synthase, and xanthine oxidase (Kelley et al., 2010). All 

eukaryotic cells are able to produce ROS, and the predominant source in most of them is 

mitochondrial respiration (Min et al., 2011).  

In respiration processes, the nicotinamide adenine dinucleotide phosphate 

(NADPH) oxidase complex generates superoxide (O2
.−) that is the precursor of H2O2 and 

other ROS compounds (Q. Xu et al., 2016). Seven NADPH oxidase isoforms have been 

identified, including NOX-1, NOX-2, NOX-3, NOX-4, NOX-5, Duox-1, and Duox-2 (Q. 

Xu, 2016). The NOX family are very important enzymes and they participate in a wide 

variety of cellular processes from apoptosis and host defense, to cellular signal 

transduction, and angiogenesis (Steinhorn et al., 2017). In macrophages, NADPH oxidase 
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plays an important role in phagocytosis in response to pathogens and other stimuli (De 

Groote et al., 1997).  

NADPH oxidase functions by electron transfer from NADPH to molecular 

oxygen (O2) to generate superoxide (O2
.−), as shown in Figure 14 (J. H. Kim et al., 2017). 

The resulting superoxide is a precursor of more potent ROS such as hydrogen peroxide, 

and hydroxyl radical (Keith et al., 2017). The NADPH oxidase is a heterodimeric 

complex, consisting of two membrane-bound (gp91phox and p22phox), four cytoplasmic 

subunits including p40phox, p47phox, p67phox, and Rac complex associated with GDP and 

RhoGDI complex (Swain et al., 1997). In resting conditions, p40phox, p47phox, and p67phox 

subunits exist in cytosol as a complex as shown in Figure 14. Upon activation, 

cytoplasmic p47phox subunit of enzyme undergoes phosphorylation by protein kinase C 

(PKC), one of the upstream regulators of NADPH oxidase and has an important role in 

phospho-regulation of p47phox (Casbon et al., 2012). The phosphorylation of p47phox by 

PKC is very important for activation of the enzyme especially in NOX-1, NOX-2 and 

NOX-3 isoforms (Casbon, 2012). Phosphorylation of p47phox leads to a conformational 

change and that increases the interaction with the membrane bound p22phox subunit 

(Swain, 1997). Subsequently, the entire complex translocates to the membrane, where it 

maintains activity of ROS generation (Keith, 2017) (A. Singh et al., 2016) (Tsunawaki & 

Yoshikawa, 2000).  
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Figure 14. Model of NADPH oxidase activation and ROS generation. In the inactive state, 
gp91phox (NOX-2) and p22phox exist in a membrane-associated complex, and p40phox, p47phox, and 
p67phox subunits and Rac complex associated with GDP and RhoGDI in the cytoplasm. Due to 
activation, p40phox, p47phox, p67phox, and active Rac-GTP translocate to the cell membrane. The 
p47phox, p67phox and RhoGDI-Rac complex is phosphorylated by PKC. Translocation and 
phosphorylation of these subunits form the active NADPH oxidase complex with NOX-2 and 
p22phox. The active complex transfers electrons from NADPH to O2 to form superoxide radicals. 
Figure adapted from (George et al., 2010) with permission. 

 

In many cell types, in addition to phosphorylation of p47phox, PKC can mediate 

the activation of the RacGTPase, a part of Rho family, which switch between the GDP-

bound to GTP-bound in order to regulate signaling pathways (George et al., 2013) 

(Heyworth et al., 1993). GDP-bound Rac proteins are inactive and are sequestered by 

Rho GDP-dissociation inhibitors (RhoGDIs) (George, 2013). In the active form, GDP is 

substituted with GTP, and RhoGDIs are phosphorylated by PKC. Rac GTPase mediates 

the association of p67phox with NOX-2 (Cano-Dominguez et al., 2008). This process 

facilitates the redox chain in which the electron donor (NADPH) in the cytosol interacts 

Inactive state Active state 
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with the electron acceptor molecular O2 on the other side of the membrane to produce 

superoxide radicals (J. H. Kim, 2017). Studies show that other protein kinase such as 

PKA, MAPK ERK1/2, p38MAPK, casein kinase 2 (CKII), p21-activated kinase (PAK), 

and src kinase able to phosphorylate p47phox (Bourdonnay et al., 2012).  

In addition to the NADPH oxidases, there are other important enzymes that 

produce ROS in the body, such as Xanthine oxidase, and Nitric oxide synthases (NOS) 

(Z. Zhang et al., 1998). Xanthine oxidase (XO) enzyme catalyzes the conversion of 

hypoxanthine and xanthine to uric acid and O2
·− is produced during this process 

(Rajagopalan et al., 1996), while NOS, which includes neuronal (nNOS), inducible 

(iNOS), and endothelial NOS (eNOS) (H. Li et al., 1999), synthesize nitric oxide from L-

Arginine in mammalian tissues (Zou et al., 2002). In macrophages, NOS is only 

expressed when in cells are exposed to activating cytokines or bacterial products (e.g. M1 

macrophages) (Stuehr & Ikeda-Saito, 1992). 

Overexpression of ROS 

ROS have important roles in various biological processes, however, over 

production of ROS causes damage to cellular components such as proteins and nucleic 

acids, and produces oxidized lipids, which eventually leads to the loss of biological 

function (Cahill-Smith & J.-M. Li, 2014). Accumulation of oxidative stress has been 

linked to human diseases such as hepatitis, diabetes, atherosclerosis, neurodegenerative 

disease, and many cancers (Kojda & D. Harrison, 1999). It has been shown that oxidative 

stress can oxidize DNA, and hydrolyze DNA base pairs, which promotes chromosomal 

abnormalities and oncogene activation, leading to cancer development (Pizzino et al., 
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2014) (Cahill-Smith, 2014). Oxidative stress can also promote obesity by stimulating the 

deposition of white adipose tissue (WAT), and infiltration of macrophages into adipose 

stimulating pro-inflammatory cytokines, superoxide generation from NOX, oxidative 

phosphorylation, and PKC activation (Inoguchi et al., 1939). ROS have been found to be 

involved in body weight by exerting different effects on hypothalamic neurons, which 

control satiety and hunger behavior (Z. B. Andrews et al., 2014). Two distinct neuronal 

populations exist in the arcuate nucleus of hypothalamus (ARH): the anorexigenic pro-

opiomelanocortin (POMC) which regulates appetite-suppressing neurons, and the 

orexigenic neuropeptide Y (NPY)/agouti-related peptide (AgRP) which regulates 

appetite-increasing neurons (Z. B. Andrews, 2014). These neurons have been identified 

as main regulators of appetite, satiety, and are sensitive to ROS. Overexpression of ROS 

in mitochondria of these neurons has inhibitory effects on POMC, where inhibition of 

appetite-suppressing POMC neurons leads to increases in food intake and promotes 

obesity (Z. B. Andrews, 2014).  

Antioxidant Enzymes 

To avoid cellular damage due to oxidative stress, endogenous antioxidant 

enzymes reduce unnecessary ROS. These enzymes include catalase, superoxide 

dismutase (SOD), glutathione peroxidase (GPx), peroxiredoxins, thioredoxins, and 

glutathione reductase (GR) (Rister & Baehner, 1976) (H. Tan et al., 2016) (Kurup & 

Mini, 2017). Superoxide dismutase (SOD) is one of the important antioxidants for cell 

defense in response to ROS (L. Yu et al., 2006). Superoxide (O2
.-) is converted to H2O2 

and H2O quickly without enzymes, however, SOD catalyze this reaction four orders of 
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magnitude faster (L. Yu, 2006). SOD has three isoforms, and two isoforms of SOD have 

Cu+and Zn+ in their catalytic center and are localized to either intracellular cytoplasmic 

compartments (Cu+Zn+-SOD or SOD1) or to extracellular elements (EC-SOD or SOD3) 

(L. Chang et al., 1988). The action of antioxidant enzymes on superoxide, including SOD 

is shown in Figure 15.  

 

 

Figure 15. Action of antioxidant enzymes. O2
·− is dismutated to H2O2 by superoxide dismutase 

(SOD). H2O2 can be converted to H2O by catalase or glutathione peroxidase (GSH-Px). Figure 
adapted from (Griendling & FitzGerald, 2003) with permission. 
 

For elimination of H2O2, there are several different enzymes such as catalase and 

GSH peroxidases. Catalase is a tetrameric enzyme, and it is generally found in all major 

sites of H2O2 production, readily catalyzing very rapid dismutation reaction of H2O2 to 

H2O (Fatemi-Naeini et al., 2012). Catalase is expressed in the subcellular environments 

such as peroxisomes and mitochondria (I. Sharma & Ahmad, 2014).  

Another antioxidant that converts H2O2 to H2O is glutathione peroxidase (GPx) 

(De Haan et al., 1998). Gpx has five isoforms: Gpx1, Gpx2, Gpx3, Gpx4 and Gpx5 (Ho 
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et al., 1997). These isoforms are present in mammals and they are expresses ubiquitously, 

however, the level of expression depends on the tissue type (De Haan, 1998). As shown 

in Figure 15, these enzymes reduce H2O2, utilizing GSH and producing GSSG 

(Griendling & FitzGerald 2003). This process protects macrophages and surrounding 

cells from effects of oxidative stress (Rosenblat & Aviram, 1998). 
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CHAPTER 4 

FREE-FATTY ACID RECEPTOR-4 (FFA4) MODULATES ROS GENERATION AND 
COX-2 EXPRESSION VIA THE C-TERMINAL β-ARRESTIN PHOSPHOSENSOR IN 

RAW 264.7 MACROPHAGES 

Adapted with permission from Ameneh Cheshmehkani, Nader H. Moniri, Biochem 

Pharmacol. 2017, 146, 139–150. 

Introduction 

Macrophages are critical orchestrators of phagocytosis and innate immune 

function and play central roles in tissue repair via activation, maintenance, and resolution 

of inflammation within target tissues (Chawla et al., 2011). This mixed-function modality 

of macrophages resides in their ability to produce cytokines, growth factors, reactive 

oxygen species (ROS), reactive nitrogen species (RNS), as well as eicosanoids, including 

prostaglandins (PG) (Chawla, 2011). The rapid and transient generation of ROS in 

macrophages is dependent on NADPH oxidase (NOX) holoenzymes, which generate 

superoxide ions (Gloire et al., 2006). ROS are intricately involved in regulation of 

macrophage biology, and along with RNS, facilitate macrophage-mediated antimicrobial 

responses. Importantly however, ROS also serve purposeful roles in signal transduction 

and are able to promote inflammatory responses via activation of NF-κB or Jak/STAT 

signaling in pro-inflammatory M1 polarized macrophages (Gloire, 2006). In a variety of 

inflammomodulatory cell types, including macrophages, the consequences of this ROS
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signaling cascade includes upregulation of cyclooxygenase-2 (COX-2) and subsequent 

synthesis of PG, which in part, direct the inflammatory response (Callaway & J. X. Jiang, 

2015; S. E. Cheng et al., 2013; C. W. Lee et al., 2016; Martínez-Revelles et al., 2013; 

Onodera et al., 2015). ROS signaling also promotes differentiation of M1 macrophages to 

the anti-inflammatory M2 phenotype, which is responsible for tissue healing and 

remodeling (Y. Zhang et al., 2013). 

Long chained free-fatty acids (FFA), including the family of n-3 (i.e., omega-3) 

fatty acids, have long since been known to influence macrophage biology and 

inflammatory processes (reviewed in (Calder, 2010; Oliver et al., 2010; Yacoubian & 

Serhan, 2007)). Over the last decade, a subfamily of G protein-coupled receptors (GPCR) 

that are activated by endogenous and dietary FFA has been discovered and shown to 

mediate many of the well-described effects of FFA. These free-fatty acid receptors 

include FFA2 and FFA3, which are agonized by short-chained FFA, as well as FFA1 and 

FFA4, which are agonized by medium-to-long chained FFA. FFA4, previously termed 

GPR120, has recently drawn considerable attention due to its profound anti-inflammatory 

effects (reviewed in (Moniri, 2016)). Oh and colleagues recently demonstrated that FFA4 

agonism can reverse LPS-induced activation of NF-κB and inhibit release of 

proinflammatory IL-6 and TNF-α from macrophages, in a manner dependent on 

interaction with β-arrestin-2 partner proteins (D. Oh, 2010). In addition, NLRP3 

inflammasome assembly/activity, NF-κB translocation, and IL-1β secretion was inhibited 

via agonism of FFA4 with the n-3 fatty acid docosahexaenoic acid (DHA), in a manner 

dependent on both Gαq/11 and β-arrestin-2 (Williams-Bey et al., 2014). Importantly, 

FFA4 agonism has also been shown to reduce COX-2, but not COX-1, in a β-arrestin-
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dependent manner (X. Li, 2013), and together, these results suggest a primary role for the 

FFA4/β-arrestin axis in modulating the anti-inflammatory effects of FFA in these cells. 

In humans, the FFA4 gene yields two protein isoforms, FFA4-L (long; 377 amino 

acids) and FFA4-S (short; 361 amino acids) (Figure 16), which are identical with the 

exception of the 16 additional amino acid sequence within the 3rd intracellular loop 

(Burns, 2010), a GPCR domain that typically contributes to partner-protein interactions, 

downstream signaling, and desensitization. Interestingly, in transfected HEK-293 cells, 

FFA4-S signals by way of both Gαq/11 and β-arrestin-2 cascades, whereas FFA4-L fails 

to couple to Gαq/11 and is intrinsically biased towards only β-arrestin-2 signaling (S.-J. 

Watson, 2012). Since the GPCR-β-arrestin signaling axis is dependent on receptor 

phosphorylation by G protein-coupled receptor kinases (GRKs), we have previously 

studied and reported that upon agonism with DHA, FFA4-S is phosphorylated by GRK6 

at Thr347, Ser350, Ser357 located within the C-terminal tail (Burns, 2014). In an elegant 

series of proteomic studies using the synthetic FFA4 agonist TUG-891, Butcher and 

colleagues confirmed phosphorylation of these sites, and also revealed agonist-mediated 

phosphorylation of nearby Thr349 and Ser360 (Butcher, 2014). Importantly, this work 

also demonstrated that three nearby acidic residues, Glu341, Asp348, and Asp355, work 

in concert with the 5 phosphorylation sites to comprise the negatively charged FFA4 

phosphosensor that interacts with β-arrestin (Butcher, 2014). Consistent with this 

observation, truncation of this C-terminal tail phosphosensor after residue 340 abolished 

β-arrestin interactability and signaling (Butcher, 2014), demonstrating the importance of 

the FFA4 C-terminal tail towards its function. 
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Figure 16. Schematic representation of wild-type and C-terminal truncated mutant FFA4. A, 
Wild-type FFA4-S and FFA4-L (green insert), depicting the differences between the isoforms at 
the 3rd ICL. The β-arrestin-phosphosensor (blue) is comprised of acidic residues Glu341, 
Asp348, Asp355 (red) and the phosphorylation sites Thr347, Thr349, Ser350, Ser357, and Ser360 
(yellow). B, FFA4 C-terminal mutants used in this study were truncated after Pro340 
(corresponding to 356 in FFA4-L), thereby eliminating the C-terminal β-arrestin phosphosensor. 
Figure adapted from (Cheshmehkani et al., 2017) with permission. 
 

Given the significance of β-arrestin signaling in FFA4 function and the seemingly 

intrinsic-bias of FFA4-L towards β-arrestin signaling, we wished to examine the role of 

the C-terminus of both FFA4 isoforms in macrophages. In the present study, we use Raw 

264.7 mouse macrophages to show for the first time that FFA4 agonism significantly 

abrogates NOX-mediated ROS generation. We also assess the ability of FFA4 isoforms 

and their respective phosphosensor-null C-terminal mutants to modulate ROS generation, 

COX-2 expression, as well as LPS-mediated NF-κB activity and activation of MAPK. 

Our results reveal important structure-function differences between the two FFA4 

isoforms, and also show that that the C-terminal tail of FFA4-S is critical to the activity 

of this isoform. 
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Materials and Methods 

Reagents and Chemicals 

Wild-type (WT) flag-tagged FFA4-S and FFA4-L constructs were generated as 

previously described (Burns, 2010). Mutant receptors lacking the β-arrestin 

phosphosensor (Butcher, 2014) were truncated after amino acid residue 340 in FFA4-S 

(FFA4-S-Δ340) and after residue 356 in FFA4-L (FFA4-L-Δ356) and created via 

overlapping PCR and cloned into pcDNA3.1, as we described previously (Burns, 2010). 

Phorbol 12-myristate 13-acetate (PMA), and bisindolylmaleimide II (BIMII) were 

obtained from Sigma-Aldrich (St. Louis, MO). PMA was used at a concentration of 1 µM 

throughout the study. 8-Amino-5-chloro-2,3-dihydro-7-phenyl-pyrido[3,4-d]pyridazine 

sodium salt (L-012) was obtained from Wako Chemicals USA (Richmond, VA). Initially, 

TUG-891 and AH 7614 were purchased from Tocris (Minneapolis, MN) and Sigma-

Aldrich, respectively, and were later synthesized as described in next section. All other 

chemicals used were obtained at the highest available purity from Thermo Fisher 

Scientific or Sigma-Aldrich. 

Synthesis of TUG-891 and AH7614 

The synthesis of TUG-891 or 3-(4-((4-fluoro-4′-methyl-[1,1′-biphenyl]-2-

yl)methoxy)phenyl)propanoic acid was achieved via a five-step synthetic scheme, as 

previously described and performed by our collaborators at university of Saint Joseph, 

Hartford, CT, USA(Shimpukade, 2012). Briefly, 5-fluoro-2-iodobenzoic acid was 

reduced to the primary alcohol derivative using lithium aluminum hydride in ether, 

followed by conversion to the acid chloride 2-(chloromethyl)-4-fluoro-1-iodobenzene 

using thionyl chloride in dichloromethane. The acid chloride was then coupled with 
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methyl 3-(4-hydroxyphenyl)propanoate using potassium carbonate in acetonitrile. Suzuki 

cross-coupling was then performed on the resulted methyl 3-(4-((5-fluoro-2-

iodobenzyl)oxy)phenyl)propanoate with p-tolylboronic acid in the presence of palladium 

acetate and triphenyl phosphine in anhydrous dimethylformamide to yield methyl 3-(4-

((4-fluoro-4′-methyl-[1,1′-biphenyl]-2-yl)methoxy)phenyl)propanoate. The resulted 

methyl ester was hydrolyzed using lithium hydroxide in tetrahydrofuran to achieve the 

final compound 3-(4-((4-fluoro-4′-methyl-[1,1′-biphenyl]-2-yl) 

methoxy)phenyl)propanoic acid with an overall yield of 43%. High-resolution mass 

spectrometry [calculated for C23H21FO3Na (M+ Na+) 386.39 versus experimental 386.80] 

and 1H-NMR spectra were consistent with the published data (Shimpukade, 2012). The 

synthesis of AH7614 or 4-methyl-N-(9H-xanthen-9-yl)benzenesulfonamide was obtained 

via a three-step scheme starting with the reductive amination of o-anisidine and 

salicylaldehyde in the presence of isopropyl alcohol at refluxing temperature to achieve 

2-(((2-methoxyphenyl)imino)methyl)phenol, which was followed by its reaction with p-

tolualdehyde in the presence of glacial acetic acid and acetic anhydride. The resulted 

product N-(2-hydroxybenzylidene)-4-methylbenzenesulfonamide was reacted with 2-

(trimethylsilyl)phenyl trifluoromethanesulfonate in the presence of potassium fluoride, 

18-crown ether and tetrahydrofuran to afford the final product in an overall yield of 58%. 

The 1H-NMR spectrum was consistent with the published data (S. Lu & C. Lu, 2013; 

Sparks et al., 2014). 

Cell Culture, Transfections, and Selection 

Raw 264.7 macrophages were obtained from ATCC (Manassas, VA) and cultured 

in 100 mm plates containing Dulbecco’s modified Eagle’s medium (DMEM), 
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supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin (Life 

Technologies, Grand Island, NY). Transfections were performed using LipoD293 reagent 

(Signagen Laboratories, Gaithersburg, MD) and 8 µg of the respective plasmid DNA, 

according to the manufacturer’s directions. Forty-eight hours after transfection, stable cell 

selection was initiated and maintained with 1 mg/ml G418-containing selection medium. 

RNA Extraction, PCR and Quantitative Real-Time PCR 

Total cellular RNA was extracted from cells using the RNeasy Mini Kit (Qiagen, 

Gaithersburg, MD), according to the manufacturer’s directions. Extracted RNA was 

reverse-transcribed to cDNA using high capacity cDNA Reverse Transcription (Applied 

Biosystems, Foster City, CA) and random primers. cDNA templates were amplified for 

30 cycles by polymerase chain reaction (PCR) with primers corresponding to FFA4-S-

WT, FFA4-L-WT and their corresponding mutants. Quantitative real-time PCR was 

performed using EvaGreen PCR master mix (Biotium, Fremont, CA). Glyceraldehyde 3-

phosphate dehydrogenase (GAPDH) was used as a control housekeeping gene with the 

below primers: FFA4 (N-terminal region): 5′-ATGTCCCCTGAATGCGCGCGG-

3′(FWD) and 5′-ATGAGCACCAGCACGGTTGTCTCC-3′(REV); Catalase: 5′-

GCAGATACCTGTGAACTGTC-3′(FWD) and 5′-GTAGAATGTCCGCACCTGAG-3′ 

(REV). GAPDH: 5′-ACCACAGTCCATGCCATCAC-3′(FWD) and 5′-

TCCACCACCCTGTTGCTGTA-3′(REV). For data analysis, the ΔΔCt method was used. 

ROS Generation 

The kinetic generation of ROS was induced by stimulation of cells with the 

superoxide and hydrogen peroxide generator Phorbol 12-myristate 13-acetate (PMA) and 

monitored by the ROS-sensitive luminol-enhanced chemiluminescent probe L-012 
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(Martel-Gallegos et al., 2013; Sohn et al., 1999; K. Zhao et al., 2010). Briefly, cells were 

treated with vehicle, TUG-891 (3 µM), or AH 7614 (1 µM) for 1 h, washed with PBS to 

remove drugs, and detached with a cell scraper. Cells were suspended in HBSS 

containing 100 µM of L-012 and 100 µl of suspended cells were transferred in triplicate 

into white 96-well plates, and basal chemiluminescence was recorded immediately in a 

Tecan Infinite M200. After 5 min, PMA (1 µM) or vehicle (water) was injected to induce 

ROS generation and chemiluminescence was recorded for an additional 90 min. 

Immunoblotting 

Immunoblotting was performed as described previously (Burns, 2014, 2010). 

Briefly, cells were lysed in RIPA buffer (50 mM Tris-HCl, 150 mM NaCl, 5 mM EDTA, 

1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, 10 mM NaF, 10 mM 

Na2HPO4, pH 7.4) plus protease inhibitor cocktail for 20 min and cleared for insoluble 

debris by centrifugation at 15,000g for 15 min at 4 °C. Protein concentrations were 

standardized using DC Protein Assay (Bio-Rad, Hercules, CA) and an aliquot of the 

lysate was denatured in 2X SDS-sample buffer and boiled for 5 min. Equivalent 

concentrations of lysates were resolved by SDS–PAGE, followed by transfer to PVDF 

membranes, and immunoblotted with the appropriate antibody. Blots were visualized 

with HRP-conjugated secondary antibody followed by ECL. Blots were stripped by 

incubation in glycine IgG stripping buffer for 30–45 min with agitation (25 mM Glycine, 

1% SDS, 50 °C, pH 2.0) for re-probing. Polyclonal anti-COX-2 antibody (160126) was 

purchased from Cayman Chemical (Ann Arbor, MI), rabbit anti-FFA4 antibody was 

purchased from Novus Biologicals (Littleton, CO), rabbit anti-phosphoThr202/Tyr204-

p44/p42 MAPK (ERK1/2) and p44/42 MAPK (ERK1/2) antibodies were purchased from 
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Cell Signaling Technologies (Beverly, MA), and anti-actin-HRP antibody was purchased 

from Santa Cruz Biotechnology (Santa Cruz, CA). 

Cell Viability 

Cell viability and inhibition of cell proliferation was measured by reduction of 3-

(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) to formazan (Thermo 

Fisher, Carlsbad, CA). Briefly, cells were seeded in 96-well plates and after overnight 

incubation, treated with PMA (1 µM) or vehicle (water) for 1 h after which, MTT reagent 

was added to each well and incubated for 4 h at 37 °C. Reduced formazan crystals were 

dissolved in DMSO and absorbance was measured at 540 nm on a microliter plate reader. 

For assays that induced cytotoxicity via H2O2, 1 mM H2O2 was added to cells for 1 h, 

then fresh media was added for an additional 16 h prior to addition of MTT reagent and 

absorbance reading. 

NF-κB Reporter Assay 

NF-κB activity was assessed using the pNFκB-MetLuc2-Reporter assay 

(Clonetech Laboratories, Mountain View, CA). Briefly, cells were seeded in 100 mm 

plates and transiently transfected with 5 µg pNFκB-MetLuc2-Reporter or 1 µg 

pMetLuc2-Control (for normalization of transfection efficiency) vectors, according to 

manufacturer’s protocol. After 24 h, cells were plated in 24 well-plates and treated with 

TUG-891 (3 µM), 1 h prior to treatment with LPS (100 ng/ml). The cell culture medium 

was collected after 16 h incubation and analyzed utilizing Ready-To-Glow Secreted 

Luciferase according to the manufacturer's instructions. NF-κB metridia luciferase 

activity was normalized to control renilla luciferase values to account for transfection 

efficiency. 
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PGE2 Production 

PGE2 metabolites were assessed by commercially available ELISA (Cayman, 

Chemical, Mountain View, CA). Briefly, cells were plated in six-well plates and 

incubated with PMA for 4 h. Fifty microliters of supernatant of culture medium was 

collected for the determination of PGE2 metabolite concentration according to the 

manufacturer’s directions. Due to differences in absolute concentrations of PGE2 

metabolite between experiments, results are expressed as the concentration of PGE2 

metabolites normalized to the respective experiment’s untransfected control condition. 

Data Analysis 

Autoradiographic data were quantified by densitometric analysis within the linear 

range using NIH Image J (Bethesda, MD) and graphed using Graphpad Prism 3.0 (San 

Diego, CA). Data are expressed as mean ± S.E.M for representative experiments repeated 

at least three independent times. Where not visible, error bars fall within the symbol size. 

Statistical analysis was performed in Graphpad Instat using a one-way analysis of 

variance and post-hoc Tukey-Kramer’s analysis or Student’s t-test, as described in the 

Figure legends. Statistical significance is represented as a single symbol for p < 0.05, a 

double symbol for p < 0.01, and a triple symbol for p < 0.001, as noted in the Figure 

legends. 

Results 

FFA4 Agonism Decreases PMA-Induced ROS Generation in Raw 264.7 Macrophages 

Since ROS serve primary functions in macrophage biology, we assessed the role 

of FFA4 in modulating ROS generation in murine Raw 264.7 macrophages. Phorbol-12-



65 

 

myristate 13-acetate (PMA) is known to facilitate the immediate and robust activation of 

the membrane-bound NADPH oxidase (NOX) machinery to rapidly generate endogenous 

ROS in superoxide-producing cells, including Raw 264.7 macrophages (Gieche et al., 

2001; Palmer et al., 2009; Qiao et al., 2005) True to this nature, PMA (1 µM) stimulated 

a rapid (within 1 min) and robust increase in ROS generation, which was transiently 

sustained over a timeframe of 90 min (Figure 17A). The effects of PMA on NOX and 

subsequent ROS generation are known to be mediated by protein kinase-C (PKC) (S. E. 

Cheng, 2013; Gieche, 2001; Palmer, 2009), and our results confirm that PMA-induced 

ROS generation was abolished by pretreatment of cells with the PKC inhibitor 

bisindolylmaleimide II (BIMII) (10 µM, 20 min prior to PMA) (Figure 17B). Since Raw 

264.7 macrophages have been shown to endogenously express low levels of FFA4 that 

are agonist-responsive (X. Li, 2013) (D. Oh, 2010), we next assessed PMA-induced ROS 

generation in cells treated with synthetic FFA4 modulators. Preincubation of cells for 1 h 

with the selective FFA4 agonist TUG-891 (3 µM) prior to PMA stimulation resulted in 

significant abrogation of ROS generatability (Figure 17C, F), but had no effect in the 

absence of PMA, demonstrating that agonism of FFA4 can negatively-modulate ROS 

generation. On the contrary, pretreatment of cells for 1 h with the selective FFA4 

antagonist AH7614 (1 µM) (Miyamoto, 2016) prior to PMA treatment facilitated a 

statistically significant increase in ROS generation compared to PMA alone (Figure 17D, 

F). Importantly, pretreatment of cells with TUG-891 (3 µM) in combination with 

AH7614 (1 µM) prior to PMA treatment lead to complete loss of the agonist’s effect, 

demonstrating that FFA4 is responsible for reversal of PMA-induced ROS generation 

(Figure 17E, F). In order to quantify the entire transient nature of the ROS cycle induced 
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by PMA, and which is modulated by FFA4, we pooled all data and expressed them as the 

entirety of the area under the curve (AUC) ± SEM of each ROS tracing (Figure 17F). To 

ensure that the effects on ROS seen with TUG-891 were not simply due to the 

compounds ability to quench or scavenge ROS, we performed cell-free assays with TUG-

891, AH7614, or both agents in the presence of exogenous ROS in the form of 100 µM 

H2O2. These results show that neither TUG-891 nor AH7614, alone or in combination, 

affect ROS detection or ROS levels in cell-free systems (Figure 17G). Finally, to ensure 

that the ROS generation seen here was not purely a property of TUG-891, we utilized the 

endogenous FFA4 agonist DHA as well as the FFA1/FFA4 dual agonist GW9508, which 

has been used as a selective FFA4 agonist in cells that lack FFA1, as Raw 264.7 

macrophages do (D. Oh, 2010). DHA (100 µM) decreased PMA-induced ROS generation 

to a level similar to that seen with TUG-891 (Figure 17H), and this effect was again 

reversed to a level greater than PMA alone upon pretreatment with AH7614 (Figure 

17H). Interestingly, others have previously shown that GW9508 facilitates an increase in 

ROS generation from mitochondrial sources and in a manner independent of FFA1/FFA4 

(Philippe et al., 2013). Our data support this observation as GW9508 (1 µM) significantly 

increased PMA-induced ROS generation (Figure 17H) and this effect was dose-

dependent (data not shown). This result suggests that GW9508 would not be an 

acceptable agent for subsequent studies on FFA4-mediated ROS generation. 
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Figure 17. Effects of FFA4 agonism and antagonism on PMA-induced ROS generation in Raw 
264.7 macrophages. As described in Experimental Procedures, ROS generation was detected by 
suspending cells in HBSS containing the ROS-sensitive luminescent probe L-012 (100 µM) in the 
presence of the noted FFA4 modulators or their vehicles (Veh). Basal luminescence was read for 
5 min prior to addition of PMA (1 µM) or vehicle (H2O), after which, luminescence was recorded 
for an additional 90 min. In A-E, representative traces are shown for experiments repeated 
independently (n)-times. A, PMA induces rapid and robust ROS generation in Raw 264.7 cells. A 
representative trace is shown for this condition, which was included in all subsequent experiments 
(n = 24). B, The PKC inhibitor BIMII (10 µM, 20 min prior to PMA treatment) abolishes PMA-
induced ROS generation (n = 3), demonstrating the PKC-dependency of NADPH-oxidase 
generation of ROS. C, The FFA4 agonist TUG-891 (3 µM, 1 h prior to PMA treatment) decreases 
PMA-induced ROS generation (n = 8). D, The FFA4 antagonist AH7614 (1 µM, 1 h prior to 
PMA treatment) increases PMA-induced ROS generation (n = 6). E, AH7614 blocks the ability 
of TUG-891 to reduce PMA-induced ROS generation, demonstrating that this effect is modulated 
directly by FFA4 agonism (n > 5). F, Area under the curves (AUC) for all conditions induced by 
PMA were quantified (mean ± SEM) using Prism 3.0 and normalized to the maximal response 
elicited by PMA. G, Cell-free effects of TUG-891 and AH7614 on ROS shows no effects of 
either agent on ROS detection. H, The FFA4 agonist DHA (100 µM, 1 h prior to PMA treatment) 
decreases PMA-induced ROS generation (n = 3) and this effect was reversed by AH7614 (1 µM). 
The FFA4/FFA1 agonist GW9508, which has been shown to increase ROS generation via 
receptor-independent mechanisms robustly increases PMA-induced ROS generation. Statistical 
analysis was performed by ANOVA and ***denotes p < 0.001 versus the maximal PMA-
response, †††denotes p < 0.001 versus the TUG-891-treated condition. Figure adapted from 
(Cheshmehkani, 2017) with permission. 
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The C-Terminal Tail Of FFA4-S but Not FFA4-L is Critical in Decreasing PMA-Induced 

ROS Generation 

Next, we sought to better understand the role of FFA4 isoforms, as well as the 

importance of FFA4 phosphorylation/β-arrestin interactions in the modulation of ROS in 

macrophages. Since Raw 264.7 macrophages are difficult to transfect transiently and are 

known to have poor transfection efficiency, we created Raw 264.7 cell lines that stably 

expressed wild-type (WT) FFA4-S or FFA4-L, or the C-terminal truncated mutants 

(Figure 16), which lack the β-arrestin phosphosensor and are hence incapable of being 

phosphorylated or recruiting β-arrestin (Burns, 2014) (Butcher, 2014). Using primers 

specific to the C-terminal-FLAG epitope used in our constructs (Burns, 2010), Figure 

18A demonstrates stable expression of FLAG-tagged receptor transcripts in FFA4-S-WT 

and FFA4-L-WT cells, as well as cells stably expressing the respective C-terminal 

mutants lacking the β-arrestin phosphosensor, FFA4-S-Δ340 and FFA4-L-Δ356. Using 

real-time PCR to detect an N-terminal region of FFA4 that is homologous to endogenous 

FFA4 as well as FFA4-S-WT, FFA4-L-WT, FFA4-S-Δ340 and FFA4-L-Δ356, we show 

that the stable cell lines expressed approximately 4–5-fold of the respective transcripts 

relative to endogenous FFA4 mRNA within untransfected Raw 264.7 cells (Figure 18B). 

Immunoblotting of whole cell lysates with an anti-FFA4 antibody revealed specific 

detection of an immunoreactive band at the expected size of 45 kDa in untransfected Raw 

264.7 cells (UNTR) that was not present in HEK-293 cells [(−) CON)], which we and 

others have shown to lack endogenous FFA4 (Burns, 2010) (S.-J. Watson, 2012) (Figure 

18C). Importantly, the FFA4 band was increased in the stable transfectants compared to 

untransfected cells (Figure 18C), and was not significantly different amongst transfected 
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cells, confirming similar protein expression of FFA4 constructs in stably transfected 

cells. Next, we assessed ROS generation in each stable cell line and these results 

demonstrate that overexpression of FFA4-S-WT nearly abolishes the PMA-induced ROS 

generation seen in untransfected Raw 264.7 cells (Figure 18D, F-G), while the FFA4-S-

Δ340 mutant that lacks amino acids 341–361 comprising the β-arrestin phosphosensor, 

only slightly albeit significantly, reduces the PMA effect (Figure 18D, F). Similarly, 

PMA-induced ROS generation was nearly abolished in FFA4-L-WT overexpressing 

cells, but not to the degree seen with FFA4-S-WT (Figure 18E-G). Interestingly, unlike 

that seen with FFA4-S-Δ340, overexpression of FFA4-L-Δ356 was able to decrease 

PMA-induced ROS generation to the same degree as FFA4-L-WT (Figure 18E-G), 

suggesting that the presence of the additional 16 residues in the longer isoform are able to 

compensate for the loss of the C-terminal tail. These results confirm that FFA4 can 

modulate NOX-induced ROS generation and importantly, the C-terminal tail of FFA4-S, 

but not FFA4-L, is to a large extent required for this effect. The C-terminal tail of FFA4-

S, but not FFA4-L is required for antagonism of PMA-induced ROS generation. Next, we 

wished to assess the effects of TUG-891 and AH7614 on PMA-induced ROS generation 

in macrophages stably expressing the given FFA4 constructs. While as seen in Figure 18, 

FFA4-S-WT and FFA4-L-WT expressing cells demonstrated significantly lowered levels 

of PMA-induced ROS generation compared to untransfected Raw 264.7 cells, to our 

surprise, agonism with TUG-891 (3 µM, 1 h prior to PMA addition) in these stably 

overexpressing cells yielded no further reduction of the PMA-induced effect (Figure 19A 

and B), suggesting that receptor overexpression supplies the maximal activity, which is 

not sensitive to further agonism. 
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Figure 18. Effects of FFA4 isoforms and β-arrestin phosphosensor-mutants on PMA-induced 
ROS generation in stably expressing Raw 264.7 macrophages. A, Raw 264.7 macrophages were 
stably transfected with FLAG-tagged FFA4-S, FFA4-L, or their respective β-arrestin 
phosphosensor truncated mutants, FFA4-S-Δ340, or FFA4-L-Δ356. RT-PCR was used to detect 
the FLAG-epitope after stable selection in G418, as described in the Experimental Procedures. (-) 
CON represents PCR condition lacking DNA template, UNTR represents PCR with template 
derived from untransfected Raw 264.7 cells. PCR amplicons represent full-length FFA4 sequence 
beginning with the initiating codon and terminating with the C-terminal FLAG epitope, and 
plasmids encoding for each condition were used as positive controls. B, real-time quantitative 
PCR to detect the level of endogenous FFA4 mRNA expression compared to stable cell lines 
shows an approximately 4–5-fold increase in FFA4 transcript compared to endogenous mRNA in 
untransfected cells. Statistical significance was determined by Student’s t-test, and all stable cell 
lines were significantly different (p < 0.05) compared to untransfected control, but not compared 
to each other. C, Immunoblotting of whole cell lysates with an anti-FFA4 antibody reveals the 
presence of two bands near the expected size of 45 kDa. The lower band is a non-specific 
immunoreactive band as it is also present in lysates of HEK-293 cells [(−) CON], which we and 
others have shown to lack specific FFA4 expression (Refs. (Burns, 2010) (S.-J. Watson, 2012) ). 
The upper band, corresponding to FFA4, is as expected, detected in untransfected Raw 264.7 
cells (UNTR) and is lacking in the (−) CON lane. FFA4-immunoreactivity is increased in stable 
cell lines compared to that seen in UNTR cells, and is of similar intensity in the transfectants. D, 
ROS generation induced by PMA in untransfected Raw 264.7 cells (UNTR), compared with cells 
stably expressing FFA4-S-WT, or FFA4-S-Δ340 reveals that PMA-induced ROS generation is 
almost completely abolished in cells expressing FFA4-S-WT and only slightly decreased in cells 
expressing FFA4-S-Δ340 (n ≥ 5). E, ROS generation induced by PMA in untransfected Raw 
264.7 cells (UNTR), compared with cells stably expressing FFA4-L-WT, or FFA4-L-Δ356 
reveals that PMA-induced ROS generation is similarly decreased in cells expressing both FFA4-
L-WT and FFA4-L-Δ356 (n ≥ 5). F, Overview of the effects of FFA4-isoforms and mutants on 
PMA-induced ROS generation (n ≥ 5). G, Area under the curves (AUC) for all conditions 
induced by PMA were quantified (mean ± SEM) using Prism 3.0 and normalized to the maximal 
response elicited by PMA. Statistical analysis was performed by ANOVA and *denotes p < 0.05 
versus the maximal PMA-response, ***denotes p < 0.001 versus the maximal PMA-response, 
†††denotes p < 0.001 versus the FFA4-S-WT. Figure adapted from (Cheshmehkani, 2017) with 
permission. 
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On the contrary, receptor blockade by AH7614 (1 µM, 1 h prior to PMA addition) 

decreased the effect of both FFA4-S-WT and FFA4-L-WT, thereby inhibiting the 

receptors ability to reduce PMA-induced ROS generation (Figure 19A, B). Interestingly, 

this effect was completely lost in cells overexpressing the FFA4-S-Δ340 mutant (Figure 

19C), but not in cells overexpressing FFA4-L-Δ356 (Figure 19D). These results confirm 

that the C-terminal tail of the shorter isoform is required for the ROS-reducing effect, and 

that the longer isoform overcomes the loss of the C-terminus due to its additional 16 

residue segment. To insure that effects on diminished ROS generation in these studies 

were not simply due to cell toxicity, we assessed cell viability of all stable cell lines. Cell 

viability did not differ from untransfected Raw 264.7 cells for any of the stable 

expressants (Figure 20A), nor did stable expression of FFA4-S, -L, or mutants inhibit or 

promote the cytotoxicity induced by exogenously administered ROS in the form of H2O2 

(1 mM, 1 h) (Figure 20A). PMA has mitogenic properties that could promote cell 

proliferation or could induce toxicity via generation of ROS. To ensure that PMA 

treatment in ROS-generation assays did not induce cytotoxicity, or induce proliferation 

differently in our cell lines, we also performed cell viability assays in control and stable 

cells exposed to PMA (1 µM) for 4 h. As expected, these data reveal increased cell 

numbers in PMA treated cells that were not altered by FFA4 expression, and also show 

no adverse effect on cell viability in any of the stable expressants (Figure 20B). 
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Figure 19. Effects of TUG-891 and AH7614 on PMA-induced ROS generation in Raw 264.7 
macrophages stably expressing FFA4 isoforms or β-arrestin phosphosensor-mutants. For all 
experiments, results are expressed as mean ± SEM of the area under the curves (AUC) for all 
conditions induced by PMA and are normalized to the maximal response elicited by PMA in 
untransfected cells (UNTR). Statistical analysis was performed by ANOVA. A, PMA-induced 
ROS generation was significantly reduced in cells expressing FFA4-S-WT compared to 
untransfected control Raw 264.7 cells (UNTR). Treatment of cells with TUG-891 (3 µM, 1 h 
prior to PMA addition) did not further alter PMA-induced ROS-generation, while treatment of 
cells with AH7614 (1 µM, 1 h prior to PMA addition) lead to increases in PMA-induced ROS 
generation compared to cells treated with PMA alone. B, PMA-induced ROS generation was 
reduced in cells expressing FFA4-L-WT compared to untransfected cells. Treatment of cells with 
TUG-891 (3 µM, 1 h prior to PMA addition) did not further alter PMA-induced ROS-generation, 
while treatment of cells with AH7614 (1 µM, 1 h prior to PMA addition) lead to increases in 
PMA-induced ROS generation compared to cells treated with PMA alone. ***Denotes p < 0.001 
versus the maximal PMA-response in untransfected cells. C, PMA-induced ROS generation was 
reduced in cells expressing FFA4-S-Δ340 compared to untransfected Raw 264.7 cells (UNTR). 
Treatment of cells with TUG-891 (3 µM, 1 h prior to PMA addition) or AH7614 (1 µM, 1 h prior 
to PMA addition) did not further alter PMA-induced ROS-generation compared to cells treated 
with PMA alone. D, PMA-induced ROS generation was reduced in cells expressing FFA4-L-
Δ356 compared to untransfected Raw 264.7 cells (UNTR). Treatment of cells with TUG-891 (3 
µM, 1 h prior to PMA addition) did not further alter PMA-induced ROS-generation, while 
treatment of cells with AH7614 (1 µM, 1 h prior to PMA addition) lead to increases in PMA-
induced ROS generation compared to cells treated with PMA alone. ***, ** Denotes p < 0.01 and 
p < 0.001 respectively versus the maximal PMA-response in untransfected cells, †††denotes p < 
0.001 versus the PMA-treated condition in corresponding FFA4 isoforms or β-arrestin 
phosphosensor-mutants. NS denotes not statistically significant compared to PMA condition in 
representative FFA4 isoforms or β-arrestin phosphosensor-mutants (n ≥ 5). Figure adapted from 
(Cheshmehkani, 2017) with permission.  
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Figure 20. Viability of cells stably expressing FFA4 isoforms or β-arrestin phosphosensor-
mutants. Cell viability was assessed by MTT assay as described in Experimental Procedures. A, 
Cells stably expressing FFA4-S-WT, FFA4-L-WT, FFA4-S-Δ340, or FFA4-L-Δ356 display 
similar viability as untransfected Raw 264.7 cells (UNTR) (gray). All stable cells also display 
similar levels of cytotoxicity to UNTR when treated with exogenous H2O2 (1 mM for 1 h, 
removed, and assayed 16 h later). B, To ensure that PMA treatment does not induce cytotoxicity, 
experiments were repeated within our PMA-treatment paradigm and no significant differences in 
cytotoxicity was apparent in any of the stable cells compared to untransfected cells (UNTR). 
Figure adapted from (Cheshmehkani, 2017) with permission. 
 
 

The C-Terminal Tail of FFA-4-S, but Not FFA4-L Modulates the Receptors Ability to 

Reduce COX-2 Expression 

Since ROS are known to play a part in increasing expression of pro-inflammatory 

COX-2 in macrophages and other cell types (Onodera, 2015) (Martínez-Revelles, 2013) 

(S. E. Cheng, 2013) (Y. Zhang, 2013), we next assessed the role of FFA4 in modulating 

COX-2 expression. In untransfected Raw 264.7 macrophages, PMA treatment (1 µM, 4 

h) induced COX-2 expression via PKC, as BIMII (10 µM 1 h prior to PMA) completely 

abolished the effect (Figure 21A). Similarly, treatment of cells with TUG-891 (3 µM, 1 h 

prior to PMA) in untransfected macrophages significantly reduced PMA-induced COX-2 

expression, an effect that was furthered by BIMII (10 µM, 1 h prior to PMA with TUG-
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891) (Figure 21A). Bacterial LPS treatment is also known to induce COX-2 expression in 

macrophages, an effect that is more robust, though not as rapid as that of PMA. 

Treatment of cells with LPS (100 ng/ml, 6 h) induced a potent upregulation of COX-2 

expression, an effect that was not significantly altered by TUG-891, but was nearly fully 

blocked by BIMII (Figure 21A; same control as PMA blot). Based on these results, we 

then assessed PMA-induced COX-2 expression in untransfected Raw 264.7 macrophages 

and those stably expressing FFA4-S, FFA4-L, or their respective C-terminal truncates. 

The PMA-induced COX-2 upregulation seen in untransfected cells was significantly 

decreased in cells expressing FFA4-S-WT and to a lesser degree FFA4-L-WT, but was 

not significantly decreased in cells expressing either of the respective C-terminal mutants 

(Figure 21B). Here, the effect of FFA4-S-Δ340 was significantly less than that seen with 

FFA4-S-WT (Figure 21B), but the effect of FFA4-L-WT was only slightly not 

significantly different than that of FFA4-L-Δ356. These results also coincided with a 

significant decrease in PGE2 only in cells expressing FFA4-S-WT (Figure 21C), and 

taken together, demonstrate that FFA4-WT-S has a significant influence on PMA-

induced COX-2 expression and subsequent PG synthesis, and the C-terminal 

phosphosensor plays a major role in this activity. Given the known linkage between ROS 

generation and COX-2 expression in macrophages, we gauged the role of ROS in the 

FFA4-mediated effect in the absence or presence of the ROS scavenger N-acetyl-L-

cysteine (NAC). In untransfected Raw 264.7 cells, NAC treatment significantly reduced 

PMA-induced COX-2 expression, confirming the partial-ROS dependence of this effect 

(Figure 21D–F). While cells that stably expressed FFA4-S-WT or FFA4-L-WT had 

reductions in PMA-induced COX-2 expression (as in Figure 21B), there was no additive 
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effect of NAC in these cells (Figure 21F), suggesting that the partial ROS-dependency of 

this effect was already maximally inhibited by receptor expression. Our data reveal a role 

for FFA4 in reduction of both ROS generation and COX-2 expression, yet, NAC had no 

additional effect in lowering COX-2 expression in FFA4-WT expressing cells. Hence, we 

hypothesized that FFA4 expression could modulate cellular adaptations that could 

explain the effects seen on ROS generation and COX-2 expression. As such, we 

examined expression of selected oxidant-relevant genes including superoxide dismutase, 

glutathione reductase, arginase, and catalase to assess potential differences in their 

expression that may have been induced by overexpression of FFA4. Using real-time 

PCR, our results show that Raw 264.7 macrophages which stably overexpressed FFA4-S-

WT displayed nearly two-fold higher levels of catalase, the enzyme responsible for 

reduction of H2O2, compared to untransfected cells or those expressing FFA4-L-WT or 

either of the C-terminal truncates (Figure 21G). We did not note significant effects on 

any of the other transcripts within our panel. These results could explain the lack of 

ability of NAC to further reduce PMA-induced COX-2 expression in FFA4-S-WT 

expressing cells and may in part, mechanistically explain. 
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Figure 21. Effects of FFA4 isoforms or β-arrestin phosphosensor-mutants on COX-2 expression 
in stably expressing Raw 264.7 macrophages. A, In untransfected Raw 264.7 macrophages 
(UNTR), PMA treatment (1 µM for 4 h) induces COX-2 expression, and this effect is decreased 
by TUG-891 (3 µM, 1 h prior to PMA treatment) and is fully blocked by the PKC inhibitor BIMII 
(10 µM, 1 h prior to PMA treatment). The effects of TUG-891 (3 µM, 1 h prior to LPS treatment) 
on LPS (100 ng/ml, 6 h) induced COX-2 expression are noticeably absent, despite partial 
dependence on PKC for the LPS-effect. The PMA blot (left) and LPS blot (right) in this Figure 
were run on one blot, and thus share the same control (lane 1) and are separated for naming 
clarity. B, PMA (1 µM for 4 h) induced COX-2 expression was substantially decreased in cells 
expressing FFA4-S-WT and to a lesser, albeit significant degree in cells expressing FFA4-L-WT, 
but not in cells expressing the respective β-arrestin phosphosensor-lacking mutants, FFA4-S-
Δ340 and FFA4-L-Δ356. A representative immunoblot is shown, and data from at least three 
independent experiments was quantified as described in the Experimental Procedures and 
expressed as COX-2 over β-actin, which was used as a loading control in each. Statistical analysis 
was performed by ANOVA and * and ***denote p < 0.05 and p < 0.001, respectively, versus the 
PMA-response in untransfected control cells (UNTR), †denotes p < 0.05 versus the PMA-treated 
condition in FFA4-S-WT cells. C, PGE2 metabolites were assessed using ELISA as described in 
the Experimental Procedures and reveal that PMA (1 µM for 4 h)-induced PGE2 biosynthesis was 
significantly decreased only in cells that expressed FFA4-S-WT. *Denotes p < 0.05 versus the 
PMA-response in untransfected control cells (UNTR) (n ≥ 3). D-F, In untransfected Raw 264.7 
cells (UNTR), PMA-induced COX-2 expression was significantly (ca. 50%), but not fully 
blocked by 16 h treatment of cells with the ROS scavenger NAC (1 mM) prior to PMA treatment 
(1 µM for 4 h). This reduction by NAC was not seen in stable transfectants. A representative 
immunoblot is shown, and the experiments were performed independently three times and 
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quantified (F). *, and **denote p < 0.05 and p < 0.01, respectively, versus the untransfected 
condition stimulated with PMA. †Denotes p < 0.05 versus the PMA-treated condition in FFA4-S-
WT cells. ‡Denotes p < 0.05 versus the PMA and NAC-treated condition in FFA4-S-WT cells. 
(G) Real-time PCR was utilized to detect the expression of catalase in untransfected Raw 264.7 
cells and in cells stably expressing FFA4 isoforms or mutants. Catalase mRNA expression was 
normalized to the housekeeping gene GAPDH, and is expressed as the mean ± SEM of three 
independent experiments. Statistical analysis was performed by Student’s t-test and *denotes p < 
0.05 versus untransfected control cells. Figure adapted from (Cheshmehkani, 2017) with 
permission. 
 

 

FFA4-S but Not FFA4-L Reduces LPS-Mediated NF-κB Activity and LPS-Mediated 

ERK1/2 Phosphorylation 

In Raw 264.7 macrophages, bacterial lipopolysaccharide is known to stimulate 

NF-κB promotor activity and transcription of inflammatory genes, and this effect is in 

part associated with mitogen-activated protein kinases, including the extracellular-signal-

regulated kinases 1/2 (ERK1/2), phosphorylation and activation of which, plays integral 

roles in release of proinflammatory cytokines (Meja et al., 2000; Schrofelbauer et al., 

2009; Zong et al., 2012). Hence, we also wished to assess the role of the FFA4-S and 

FFA4-L β-arrestin phosphosensor on LPS-mediated effects to determine if there were 

similarities to that seen with PMA stimulation. To do so, we assessed NF-κB reporter 

activity and phosphorylation of ERK1/2. Agonism of endogenous FFA4-S on 

untransfected Raw 264.7 cells with TUG-891 facilitated reduction in NF-κB promoter 

activity as assessed by a luciferase-promotor assay (Figure 22A), consistent with 

previous reports (D. Oh, 2010). On the contrary to the observed PMA-mediated effects, 

overexpression of both FFA4-S-WT and FFA4-S-Δ340, but not FFA4-L-WT or FFA4-L-

Δ356, significantly reduced LPS-mediated NF-κB activity (Figure 22B). Notably, while 

expression of FFA4-S-Δ340 reduced NF-κB activity, it did so to a significant degree less 

than that seen in cells expressing FFA4-S-WT (Figure 22B), suggesting that this 
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component of receptor activity may be both β-arrestin and Gαq/11-dependent. Similar to 

results seen in ROS-generation assays, the addition of TUG-891 to cells overexpressing 

these constructs did not further the effect (data not shown), suggesting that heightened 

receptor numbers yield maximal activity that is not sensitive to further agonism. In Raw 

264.7 macrophages, LPS-induced phosphorylation of ERK1/2, can be activated in part by 

Ca2+-dependent signals through PI3-Kinase, phospholipase-C, or PKC activity (Fenton & 

Golenbock, 1998; S.-H. Lee et al., 2016; Meja, 2000), as well as via TAK1 scaffolds that 

are upheld by β-arrestin-2 (Endale et al., 2017; Y. Wang et al., 2015) (D. Oh, 2010). 

Hence, we next examined the effects of FFA4 isoform and C-terminal mutant expression 

on LPS-mediated ERK1/2 phosphorylation. Similar to that seen with NF-κB activity, our 

results show that FFA4-S-WT and FFA4-S-Δ340, but not FFA4-L-WT or FFA4-L-Δ356, 

decrease LPS-mediated ERK1/2 phosphorylation, compared to untransfected Raw 264.7 

cells (Figure 22C–F). Taken together, these data suggest that there are differences in 

PMA vs. LPS-mediated pathways affected by FFA4 isoforms, and that while the C-

terminal tail of FFA4-S is an important component of its ability to reverse PMA-

mediated ROS-generation and COX-2 upregulation, it is not required for LPS-driven NF-

κB activity or ERK1/2 phosphorylation. Meanwhile, though FFA4-L-WT decreased 

PMA-induced ROS generation and COX-2 expression, it had no effect in decreasing 

LPS-stimulated NF-κB activity or phosphorylation of ERK1/2, suggesting that the 

isoforms have distinct abilities to modulate differential signal transduction cascades. 
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Figure 22. Effects of FFA4 isoforms or β-arrestin phosphosensor-mutants on LPS-induced NF-
κB activity and ERK1/2 phosphorylation. A, LPS-stimulated NF-κB activity was assessed in 
untransfected Raw 264.7 cells stably expressing the pNF-κB –MetLuc2-reporter (UNTR) or the 
corresponding constitutively active positive control, as described in the Experimental Procedures. 
Cells expressing the reporter were stimulated with vehicle or TUG-891 (3 µM) for 1 h prior to 
overnight treatment with 100 ng/ml LPS. NF-κB metridia luciferase activity was normalized to 
control renilla luciferase values to account for transfection efficiency and results are expressed as 
mean of the maximal LPS-response ± SEM for three independent experiments. Statistical analysis 
was performed by ANOVA and *denotes p < 0.05 versus the LPS-response. B, Untransfected 
Raw 264.7 cells (UNTR) or those stably expressing FFA4 isoforms or mutants and transiently 
expressing the pNF-κB –MetLuc2-reporter or the corresponding constitutively active positive 
control, were stimulated with LPS (100 ng/ml) for 16 h as described in A. NF-κB metridia 
luciferase activity was normalized to control renilla luciferase values to account for transfection 
efficiency and results are expressed as mean of the maximal LPS-response ± SEM for three 
independent experiments. Results show that FFA4-S-WT and FFA4-S-Δ340, but not FA4-L-WT 
and FFA4-L-Δ356, decrease LPS-induced NF-κB activity. Statistical analysis was performed by 
ANOVA and ***denotes p < 0.001 versus the LPS-response in untransfected Raw 264.7 cells 
while ††denotes p < 0.01 versus the LPS-response in cells expressing FFA4-S-WT. C-F, 
Phosphorylation of ERK1/2 was assessed by immunoblotting of phospho-ERK1/2, and ERK1/2 
followed by quantification of the phospho-ERK1/2 over ERK1/2, as described in the 
Experimental Procedures. Untransfected control cells (UNTR), or cells expressing FFA4 isoforms 
or mutants were stimulated with vehicle or LPS (100 ng/ml) for 30 min. Results are expressed as 
a percentage of the maximal LPS-induced response. Results show that FFA4-S-WT (C) and 
FFA4-S-Δ340 (D), but not FFA4-L-WT (E) or FFA4-L-Δ356 (F) decrease LPS-induced ERK1/2 
phosphorylation. Statistical analysis was performed by ANOVA and **denotes p < 0.01 versus 
the LPS-response in untransfected Raw 264.7 cells. Figure adapted from (Cheshmehkani, 2017) 
with permission. 
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Discussion 

In a previous study, we have shown that agonism of FFA4 with DHA facilitates 

its rapid phosphorylation at Thr347, Ser350, Ser357 located within the C-terminal tail 

(Burns, 2014). Butcher and colleagues subsequent work showed that TUG-891 induces 

phosphorylation at these sites, and also at nearby Thr349 and Ser360 (Butcher, 2014), 

which together with neighboring acidic residues Glu341, Asp348, and Asp355 comprise 

an area of negative charge that defines the β-arrestin phosphosensor (Butcher, 2014). 

Indeed, truncation of the C-terminal tail following Pro340 formed a mutant FFA4 that 

failed to interact with, or signal through, β-arrestin-2 but was otherwise signal-capable 

(Butcher, 2014). In this study, we examined the role that the β-arrestin phosphosensor 

plays in modulating activities of both FFA4 isoforms in Raw 264.7 macrophages. Our 

results show that agonism of endogenous FFA4 on the cell-surface of native Raw 264.7 

macrophages with TUG-891 significantly reduces PMA-induced ROS generation, an 

effect that is blocked by the FFA4 antagonist AH7614. Utilizing stable cell lines that 

express either FFA4 isoform or their respective phosphosensor-null mutant, our results 

demonstrate that both FFA4-S and FFA4-L can inhibit PMA-induced ROS generation, 

yet, only removal of the FFA4-S, but not the FFA4-L phosphosensor significantly altered 

this effect. This result is intriguing and suggests that the presence of the additional 16 

amino acid sequence in the 3rd ICL of FFA4-L offsets the loss of its C-terminal tail in 

regard to signals that facilitate the blockade of NOX-generated ROS. 

ROS have been shown to contribute in part to upregulation of COX-2 in a variety 

of cell types, including macrophages (Callaway, 2015; S. E. Cheng, 2013; C. W. Lee, 

2016; Martínez-Revelles, 2013; Onodera, 2015). Meanwhile, agonism of FFA4 with 
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DHA has been shown to decrease COX-2 expression in Raw 264.7 cells via β-arrestin (X. 

Li, 2013), prompting us to examine the role of loss of the β-arrestin phosphosensor 

towards this effect. Here, we show that PMA induces upregulation of COX-2 and that 

expression of FFA4-S significantly abrogates this effect, while expression of FFA4-L 

was able to do so to a lesser, albeit still significant degree. The decrease in COX-2 

expression translated to a significant reduction of PGE2 and its metabolites only in cells 

expressing FFA4-S, questioning the physiological significance of the FFA4-L induced 

reduction of COX-2. Notably, our results point to a definitive role for the FFA4-S 

phosphosensor towards decreasing COX-2 expression, and this result is in line with 

previous data showing that knockdown of β-arrestin-2 in Raw 264.7 cells abolishes the 

ability of DHA to reduce COX-2 via FFA4 endogenously expressed on these cells (X. Li, 

2013). Our results here also confirm the partial ROS dependence of COX-2 expression, 

as NAC decreased the PMA-induced effect in untransfected cells, yet this effect was 

lacking in cells expressing wild-type FFA4 isoforms, which inherently already reduce 

ROS levels. In these cells, PMA-induced COX-2 expression was not further reduced by 

NAC treatment, suggesting that the ROS-contribution to this axis was already maximally 

inhibited upon wild-type FFA4 overexpression. Our results showing upregulation of 

catalase in only cells which overexpress FFA-S-WT, but not other stable transfectants, 

confirms this hypothesis and could also mechanistically explain the near full abolishment 

of PMA-induced ROS generation by the shorter isoform. Expression of FFA4-L-WT also 

significantly reduced PMA-induced ROS generation, but yet, no significant upregulation 

in catalase was detected in these cells. Hence, even though the effect of FFA4-S on 

PMA-induced ROS generation was significantly more profound than that of FFA4-L, 
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catalase upregulation likely only plays a partial role in absolving acute ROS generation. 

While canonical signaling of GPCRs has been shown to modulate COX-2 expression 

patterns (Deacon & Knox, 2010; Dusaban et al., 2013; Oyesanya et al., 2008; Paruchuri 

et al., 2008; S.-L. Xiong et al., 2014; J. Yoo et al., 2013), a recent study found that the C-

terminal tail of the angiotensin-II type 1 GPCR regulated COX-2 expression in a manner 

independent of canonical signals, including phosphorylation of the C-terminal tail and β-

arrestin recruitment (Sood et al., 2017). Rather, ATII-1R decreases COX-2 expression via 

direct enhancement of COX-2 ubiquitination and subsequent proteosomal degradation, an 

effect that was facilitated by the C-terminal tail in absence of the rest of the GPCR (Sood, 

2017). In this regard, our results did not reveal any significant alterations to COX-2 

ubiquitination induced by FFA4 isoforms or C-terminal truncates (data not shown), 

suggesting that the effects of FFA4 on COX-2 expression are not modulated by simple 

enhancement of degradation, distinct from that seen with ATII-1R. 

FFA4-S agonism and overexpression has a clear role in decreasing ROS 

generation and COX-2 expression induced by PMA, yet in our studies, agonism of stably 

expressing cells with TUG-891 did not facilitate a further decrease in either of these 

effects. On the contrary, antagonism of FFA4 in stably expressing cells served to 

significantly inhibit the observed decreases in ROS generation. These results were 

surprising, but suggest that receptor overexpression in our stable cell lines likely 

encompasses heightened constitutive activity that has reached maximal efficacy and 

which is not sensitive to further activity upon receptor agonism. Despite a 4–5-fold 

increase in transcript expression in our stable cell lines, a level that should not signify 

artefactually massive overexpression, these observations were contradictory to those in 
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untransfected Raw 264.7 cells, where agonism of the low levels of endogenous FFA4 (D. 

Oh, 2010) with TUG-891 did elicit both ROS and COX-2 responses. Interestingly, when 

we examined the effects of TUG-891 on PMA-induced ROS generation in primary 

intraperitoneal macrophages, which express FFA4 (D. Oh, 2010), we failed to detect a 

robust PMA-induced ROS generation (data not shown), making it difficult to interpret if 

FFA4 modulates this cascade in these cells. Nonetheless, in our stable Raw 264.7 cell 

lines, antagonism of stably expressed FFA4 isoforms with AH7614 was able to 

significantly reduce receptor constitutive activity, confirming the FFA4-mediated 

mechanism, and corroborating our hypothesis on the lack of further effect upon agonism. 

Due to its more ubiquitous expression, much more work has been published on 

the shorter FFA4 isoform (Moniri, 2016), while very little has been described regarding 

the function of FFA4-L. A study published in 2012 showed that agonism of FFA4-S 

transiently expressed in HEK-293 cells could signal via both Gαq/11 and β-arrestin-2 

cascades, while importantly, agonism of FFA4-L was incapable of promoting Ca2+-

dependent signals via Gαq/11, yet could signal fully via β-arrestin-2 (S.-J. Watson, 2012). 

Our results shed further light on differences in signal capabilities of the two FFA4 

isoforms. While both isoforms were capable of significantly reducing PMA-induced ROS 

generation and COX-2 expression, only FFA4-S was able to significantly reduce LPS-

stimulated NF-κB and ERK1/2 activity. This raises important questions regarding the 

signaling mechanisms leading to blockade of PKC-dependent functions such as PMA-

induced activation of NOX and COX-2 expression, versus LPS/TLR4-dependent 

cascades. Furthermore, while expression of both FFA4-S-WT and FFA4-S-Δ340 was 

able to reduce LPS-stimulated NF-κB activity, the C-terminal truncate was significantly 
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less robust at doing so, confirming previous results that showed a β-arrestin component to 

FFA4 modulation of NF-κB in Raw 264.7 cells (D. Oh, 2010). In that study, the FFA4-β-

arrestin-2 axis was responsible for sequestration of TAB1 by β-arrestin-2, blocking the 

TAB1/TAK1 interaction that facilitates NF-κB activity (D. Oh, 2010). The ability of 

FFA4-β-arrestin-2 signaling to inhibit TAK1 effects are also of note given the importance 

of TAK1 in ROS-dependent upregulation of COX-2 (Onodera, 2015), signifying that the 

noted effects of FFA4 on ROS generation may also be mediated, at least in part, by β-

arrestin-2, a hypothesis that is confirmed by reduced ability of FFA4-S-Δ340 to decrease 

ROS generation. However, a curiosity of these data is the lack of effect of FFA4-L-WT, 

the purported β-arrestin-biased isoform, on inhibition of NF-κB activity, since neither 

FFA4-L-WT or FFA4-L-Δ356 were able to reduce LPS-mediated NF-κB or ERK1/2 

activities, contrary to their ability to reduce PMA-mediated ROS generation. 

In summary, we have found that agonism of FFA4 facilitates decreases in ROS 

generation and COX-2 expression, and that the C-terminal β-arrestin-phosphosensor of 

FFA4-S, but not FFA4-L, is in part required for this effect. Meanwhile, our results point 

to a partial contribution of the C-terminal phosphosensor of FFA4-S in modulating LPS-

induced effects, which were completely lacking in the longer isoform. 
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CHAPTER 5 

STUDY OF THE HOMOLOGOUS AND HETEROLOGOUS  

PHOSPHORYLATION OF FFA4-L 

Introduction 

There is growing interest in the area of free fatty acids (FFAs), which are known 

as important nutrients that provide energy for the body, and play important roles in 

various biological processes (T. Song, 2015). Consumption of omega-3 fatty acids (n-3 

FAs), as dietary constituents or supplements, has been linked to various positive health 

outcomes, such as cardiovascular health, and has been shown to suppress the growth of 

cancer cells, including prostate cancer cells (Z. Liu et al., 2015). Studies show that free 

fatty acids such as ω-3 fatty acids from fish products are able to activate 2 subfamilies of 

GPCRs: free-fatty acid receptor 1 (FFA1), and free-fatty acid receptor 4 (FFA4) (D. Oh, 

2010). The FFA4 (previously known as GPR120), belongs to the rhodopsin subfamily of 

GPCRs and is widely expressed in many tissues such as human lung and gastrointestinal 

tract, as well as adrenal gland and immune cells (Hirasawa, 2005) (Gong, 2014). Recent 

studies have discovered that FFA4 plays an important role in glucose homeostasis, such 

as insulin sensitivity, lipid metabolism, and inflammatory responses in macrophages (D. 

Oh, 2010) (Yore, 2014) (Butcher, 2014). Studies on FFA4 deficient mice show that the 

elimination of FFA4 leads to development of obesity, and glucose intolerance (Ichimura, 

2012). For these reasons, FFA4 received attention as a target for treatment of specific 
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human diseases such as obesity and type 2 diabetes (D. Y. Oh, 2014). In humans, the 

FFA4 protein has two isoforms: FFA4-S (short; 361 amino acids), and FFA4-L (long; 

377 amino acids). These two FFA4 isoforms are identical with the exception of the extra 

16 amino acid sequence within the intracellular loop 3 (IL3) of FFA4-L (Burns, 2010). 

Mechanisms of signal transduction utilized by these two FFA4 isoforms are different due 

to the ICL3 insertion in FFA4-L (S.-J. Watson, 2012). Studies in transfected HEK-293 

cells show FFA4-S is able to activate both Gαq/11 or β-arrestin-2 cascades, however 

FFA4-L is biased towards only β-arrestin-2 signaling (S.-J. Watson, 2012). Studies also 

show that Ca2+ responses which are mediated by Gαq/11 in FFA4-S are absent in FFA4-

L (S.-J. Watson, 2012). Agonism of FFA4 by their endogenous ligands or synthetic 

agonists leads to homologous phosphorylation on serine/threonine residues by G protein-

coupled receptor kinases (GRKs), predominantly by GRK6 (Burns, 2014). GRK-

mediated phosphorylation leads to recruitment of β-arrestin proteins, which physically 

uncouples the GPCR from G-protein (Goodman, 1996) (Cahill et al., 2017). Furthermore, 

β-arrestins behave as important scaffolding proteins and initiate G-protein-independent 

intracellular signals, receptor endocytosis and trafficking (Lefkowitz, 2005). In addition 

to homologous phosphorylation, GPCRs can be phosphorylated in absent of agonist by 

heterologous phosphorylation mechanisms mediated by protein kinase A (PKA) and 

protein kinase C (PKC) which are linked to adenylyl cyclase and phospholipase cascades, 

respectively (Burns, 2014). For instance, activation of the histamine (H) 1 receptor (H1R) 

which is linked to PKC signaling is able to phosphorylate the C-terminal tail of FFA4-S 

(Burns, 2014).  
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Based on mass spectrometry, mutagenesis, and phosphospecific antibodies, it was 

shown that phosphorylation of the human FFA4-S occurred primarily at five residues 

(Thr347, Thr349, Ser350, Ser357, and Ser360) in the C-terminal tail (Butcher, 2014) 

(Burns, 2014). In addition to these five phosphorylation sites, three acidic residues 

(Glu341, Asp348, and Asp355) are located close to the phosphorylation sites in the C-

terminal tail, and they create a bulk negative charge that promotes β-arrestin-2/receptor 

interaction (Butcher, 2014). Mutation of these phosphorylation and acidic sites, or 

truncation of the full C-terminal tail restricts the effectiveness for interaction of the 

receptor with β-arrestin-2 (Butcher, 2014). FFA4-S presents greater degree of basal 

phosphorylation (in absent of agonist) compared to FFA4-L. However, both isoforms are 

phosphorylated to the same extent by DHA and ALA (Burns, 2010). 

Since the mechanism and sites of phosphorylation for FFA4-L isoform remain unstudied, 

in the current study, we examined the role of the C-terminal tail and intracellular loop 3 

(IL3) in phosphorylation of FFA4-L and β-arrestin-2 recruitment.  

Material and Methods 

Reagents and Chemicals 

Wild-type (WT) flag-tagged FFA4-S and FFA4-L constructs were generated and 

mutant receptors lacking the β-arrestin phosphosensor were truncated after amino acid 

residue 356 in FFA4-L (FFA4-L-Δ356) as previously described (Burns, 2010) (Butcher, 

2014). Phorbol 12-myristate 13-acetate (PMA), and bisindolylmaleimide II (BIMII) were 

obtained from Sigma-Aldrich (St. Louis, MO). Purified docosahexaenoic acid oil was 

purchased from Nu-Chek Prep (Elysian, MN). All other chemicals used were obtained at 



88 

 

the highest available purity from Thermo Fisher Scientific (Waltham, MA) or Sigma-

Aldrich (St. Louis, MO). 

Cell Culture and Transfection 

Human embryonic kidney (HEK-293) cells were obtained from ATCC 

(Manassas, VA) and were grown in 100 mm dish plates, containing Dulbecco’s modified 

Eagle’s medium (DMEM) and supplemented with 10% fetal bovine serum and 1% 

penicillin-streptomycin (Life Technologies, Grand Island, NY). Transient transfection of 

FLAG-epitope tagged FFA4-S, FFA4-L and pcDNA3.1-human histamine H1R plasmid 

was performed using LipoD293 reagent (Signagen Laboratories, Gaithersburg, MD) 

according to the manufacturer’s directions.  

Whole Cell Phosphorylation Assay 

Forty-Eight hours following transfection of HEK-293 cells, cells were starved in 

phosphate-free DMEM for 75 minutes, and incubated with 0.2 mCi H3
32PO4 (Perkin 

Elmer, Waltham, MA) for 45 minutes, and then stimulated with PMA, DHA or 

histamine. Unstimulated control conditions replicated the vehicle for each given agent. 

Following treatment, cells were lysed at 4°C in RIPA/protease inhibitor cocktail for 60 

min, and then diluted with detergent-free RIPA buffer prior to centrifugation at 14,000xg 

for 15 minutes at 4°C. Lysate protein content was assessed using the DC Protein Assay 

(Bio-Rad, Hercules, CA), and equivalent protein concentrations (1.0 - 1.5 mg/ml) were 

immuneprecipitated overnight at 4°C with anti-FLAG M2 antibody (Sigma Aldrich, St. 

Louis, MO), and protein G-agarose beads (Santa Cruz Biotechnology, Santa Cruz, CA). 

Beads were washed three times with RIPA buffer and proteins eluted by addition of 1X 

SDS-sample buffer with 2.5% β-mercaptoethanol followed by resolution by SDS-PAGE. 
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Gels were then dried and subjected to autoradiography at −80°C to detect 32P 

incorporation. 

Visualization of β-Arrestin Recruitment 

HEK-293 cells were transiently transfected with the appropriate FFA4 plasmid, as 

in the phosphorylation assays, but also in the presence of pGFP(N1)-topaz-β-arrestin-2-

YFP (2 µg) (a kind gift from Dr. Michel Bouvier, University of Montreal). Twenty-four 

hours post-transfection, cells were plated on collagen-coated 35-mm glass bottom plates. 

Cells were either starved in serum-free medium overnight, or for 3.5h before assay on the 

following day, followed by addition of 100 µM DHA for 5, 15 or 30 min. After 

stimulation, cells were washed in ice-cold PBS, and fixed in 4% paraformaldehyde for 15 

min at 4°C. Images were obtained using an Leica SP8 confocal microscope equipped 

with an argon ion laser. 

Results 

Homologous and Heterologous Phosphorylation of FFA4 

Stimulation of HEK-293 cells transiently expressing FFA4-S or FFA4-L with 

DHA (100µM, 5 min) and phorbol-12-myristate-13-acetate (PMA) (1µM, 20 min) was 

assessed. DHA is known to phosphorylate FFA4-S via GRK6, while PMA, a PKC 

activator, also phosphorylates FFA4-S as seen in the representative blots in Figure 23A, 

is in our lab’s previous paper (Burns, 2010). Based on equivalent loading of protein in 

each case, FFA4-L exhibits a lower basal level of phosphorylation in the absence of any 

FFA agonist or PKC activator, compared to the FFA4-S isoform. Interestingly, our 

results show that both FFA4 isoforms have higher phosphorylation upon stimulation with 
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DHA, compared to PMA treatment (Figure 23A). It is already known that DHA is able to 

phosphorylate the C-terminal of FFA4-S, which is important for the recruitment of β-

arrestin-2 (Burns, 2014, 2010) (D. Oh, 2010). Next we tested to see to see if the extra 

amino acids in the intracellular loop of FFA4-L (compared to FFA4-S) have an effect on 

DHA and PMA phosphorylation. We assessed this using the C-terminal truncated of 

FFA4-L (FFA4-L-Δ356) plasmid as described in chapter 4. As shown in Figure 23B, C-

terminal truncation of FFA4-L abolished DHA and PMA phosphorylation. This result 

shows that DHA and PMA only phosphorylate the C-terminal tail, even in the longer 

FFA4 isoform (FFA4-L). 

 

 
Figure 23. Homologues and heterologous phosphorylation of FFA4-S and FFA4-L. A) 
Stimulation of HEK-293 cells expressing FFA4-S and FFA4-L with DHA (100µM, 5 min) and 
phorbol-12-myristate-13-acetate (PMA, 1µM, 20 min). Representative autoradiograph shows that 
FFA4-S has higher basal phosphorylation compared to FFA4-L. It also shows that both FFA4 
isoforms have higher phosphorylation upon stimulation with DHA, compared to PMA treatment. 
B) In cells expressing C-terminal truncated mutant FFA4-L-Δ356, there is no phosphorylation 
induced by DHA or PMA treatment, compared to FFA4-L PMA treatment where is used as 
positive control. 
 
 

Heterologous Phosphorylation of FFA4-L Mediated by Second Messenger-Associated 

Kinase PKC 

To better understand the effects of second messenger-associated kinase activity on 

FFA4 phosphorylation, HEK-293 cells were co-transfected with either FFA4-L or FFA4-

L-Δ356 along with the Histamine 1 receptor (H1R). Agonism of H1R with histamine can 
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activate the Gαq/11/PKC signaling pathway, which has been shown to phosphorylate 

FFA4-S (Burns, 2014). As can be seen in the representative blot in Figure 24, stimulation 

of cells expressing FFA4-L/H1R with histamine (10 µM, 10 min) caused an increase in 

phosphorylation of FFA4-L, compared to untransfected control (UNTR). However this 

effect was completely abolished for FFA4-L-Δ356, which lacks the C-terminus and is 

thereby phospho-deficient. This result confirms the role of PKC in heterologous 

phosphorylation of FFA4-L. 

 
 
Figure 24. Heterologous phosphorylation of FFA4-L and FFA4-L-Δ356 upon co-expression with 
H1R. Stimulation of cells expressing FFA4-L with histamine (10 µM, 10 min) significantly 
increased FFA4 phosphorylation, and this effect is eliminated in cells expressing C-terminal 
truncated FFA4-L-Δ356. 
 
 

Interaction of FFA4-S and FFA4-L with β-Arrestin-2 

β-Arrestins are responsible for desensitization and internalization of most GPCRs, 

and also serve as molecular scaffolds that facilitate alternative G protein-independent 

signaling pathways (D. Y. Oh, 2014). Here, confocal microscopy was utilized to visualize 

the effects of DHA treatment on β-arrestin-2 recruitment, in wild type or C-terminal 

phospho-deficient FFA4-L (FFA4-L-Δ356) over the time course of 30 min. Figure 25 

and Figure 26 show experiments with HEK-293 cells transiently expressing FFA4-S, 

FFA4-L, or FFA4-L-Δ356, along with β-arrestin-2-YFP under two conditions: serum 

starvation for 3.5 h, and serum starvation for 18 h. The fluorescent signals represent the 
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β-arrestin-2-YFP protein. As shown in Figure 25, in the absence of agonist, β-arrestin-2-

YFP is localized to the cytosol, as expected (Figure 25A, E, and I). Upon agonism of 

FFA4-S and FFA4-L with DHA (100 µM) for 5, 15, and 30 min, the β-arrestin-2-YFP 

translocates to the cell-surface, and is densely located to punctuated areas on the plasma 

membrane that are typical of endosomes vesicles (Cahill, 2017) (Figure 25B-D and F-H).  

 

 
 
Figure 25. Agonist-stimulated β-arrestin-2 recruitment as visualized by confocal microscopy. 
Cells were serum starved for 3.5 h prior to agonism. Cells are expressing FFA4-S (top), FFA4-L 
(middle), or FFA4-L-Δ356 (bottom) with β-arrestin-2-YFP. Cells were either left unstimulated 
(A, E, I) or stimulated with DHA (100 µM) for 5 min (B, F, J), 15 min (C, G, K), or 30 min (D, 
H, L).  
 

Importantly, there is not a usually significant difference in the recruitment of β-

arrestin-2 in FFA4-S compared to FFA4-L upon stimulation with DHA over the studied 

time period. In contrast, in cells expressing the phospho-deficient FFA4-L-Δ356/β-
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arrestin-2-YFP, there is not clear membrane association of β-arrestin-2-YFP following 

DHA stimulation (Figure 25J-L), demonstrating that the phospho-defective FFA4-L-

Δ356 is incapable of recruiting β-arrestin-2. 

In Figure 26, the same experiment as shown in Figure 25 is performed with a 

longer (18 hr) starvation time to control for any effects that may have been due to 

presence of FFA in serum. Here, similar to that seen with 3.5 h starvation (Figure 25), β-

arrestin-2-YFP is found in cytosol in the absent of agonism (DHA), as expected (Figure 

26A, E, and I).  

 

Figure 26. Agonist-stimulated β-arrestin-2 recruitment as visualized by confocal microscopy. 
Cells were serum starved for 18 h prior to agonism. Cells are expressing FFA4-S (top), FFA4-L 
(middle), or FFA4-L-Δ356 (bottom) with β-arrestin-2-YFP. Cells were either left unstimulated 
(A, E, I) or stimulated with DHA (100 µM) for 5 min (B, F, J), 15 min (C, G, K), or 30 min (D, 
H, L).  

 



94 

 

In response to agonism by DHA, both FFA4-S and FFA4-L have a similar 

pattern, and β-arrestin-2-YFP is prominently associated with the cell-surface over the 

time course (Figure 26B-D and F-H). As it can be seen, the punctuated areas represent β-

arrestin-2 protein in the plasma membrane for both FFA4-S and FFA4-L. In cells 

expressing FFA4-L-Δ356/β-arrestin-2-YFP, similar to the 3.5 h starvation, there is no 

clear membrane association of β-arrestin-2-YFP following DHA stimulation. This result 

shows that the C-terminal tail of FFA4 isoforms is essential for recruiting β-arrestin-2 

(Figure 26J-L). 

Discussion 

GPCR phosphorylation is a highly conserved signaling mechanism as well as 

regulatory mechanism, which is followed by receptor internalization, and recycling 

(Shenoy & Lefkowitz, 2003) (Dragano et al., 2017). In this study, we wanted to examine 

the phosphorylation pattern of two isoforms of human FFA4: FFA4-S and FFA4-L. The 

objective was to speculate on the effect of the 16 extra amino acids in third intracellular 

loop of FFA4-L on phosphorylation, by both heterologous and homologous 

phosphorylation mechanisms. Agonist-occupied receptors are typically homologously 

phosphorylated on their cytoplasmic tails or intracellular loops, by the family of G 

protein-coupled receptor kinases (GRKs). Previous studies showed that DHA-mediated 

phosphorylation is predominantly facilitated by GRK6 in FFA4-S (Burns, 2014).  

Our results show that both FFA4-S and FFA4-L are phosphorylated by DHA, and 

confirms our previous study that FFA4-L exhibits a lower basal level of phosphorylation, 

even in the absence of DHA agonist, compared to the shorter isoform (Burns, 2010). Our 



95 

 

results demonstrate that in both FFA4 isoforms, agonist-induced phosphorylation by 

DHA is greater than phosphorylation by PMA (PKC activator), suggesting that DHA 

plays a significant role in FFA4 phosphorylation. 

In addition to five phosphorylation sites in the FFA4-L C-terminus, there are three 

potential phosphorylation sites in ICL3 of FFA4-L S237, T242 and S256 (Burns, 2014). 

We wanted to observe if DHA or PMA treatment specifically phosphorylates the C-

terminal, ICL3, or both in FFA4-L. C-terminal truncation of FFA4-S abolished β-

arrestin-2 intractability and signaling, demonstrating the importance of the FFA4 C-

terminal tail towards its β-arrestin-2 recruitment function (Butcher, 2014). We made C-

terminal truncates of FFA4-L (FFA4-L-Δ356), and our results show that the truncation of 

C-terminal of FFA4-4-L abolished β-arrestin-2 recruitment even after stimulation from 

DHA and PMA, which validates that DHA and PMA phosphorylate the C-terminus of the 

receptor.  

Agonism of the histamine H1 receptor (H1R) actives the Gαq/11/PKC signaling 

pathway (M. Wang et al., 2014). In our studies, stimulation of cells co-expressing FFA4-

L and H1R with histamine caused an increase in phosphorylation of FFA4-L, compared 

to unstimulated control, which shows that FFA4-L can be phosphorylated through PKC-

second messengers linked signals from H1R. However, this effect was completely 

abolished when we used FFA4-L-Δ356/H1R, confirming heterologous phosphorylation 

of the C-terminal of FFA4-L. 

β-Arrestins are responsible for desensitization and internalization of most GPCRs, 

and FFA4/β-arrestin-2 is shown to have an important role in FFA4 receptor-regulated 

anti-inflammatory effects (Cahill, 2017) (B. D. Hudson, 2013). While β-arrestin-2 
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interaction with FFA4-S have been documented, no such characterization has been done 

for FFA4-L (D. Oh, 2010). We utilized confocal microscopy to visualize the effects of 

phospho-deficient FFA4-L on β-arrestin-2-YFP recruitment over the time course of 30 

min in serum starved cells for either 3.5 h or 18 h. In absence of FFA4 agonist, β-

arrestin-2-YFP is found to be localized to the cytosol, as expected (Figure 25 and 25). 

Upon stimulation of FFA4 with DHA (100 µM), β-arrestin-2-YFP was prominently 

associated with the cell-surface in our time course (Figure 25 and 26). There was not a 

significant difference in the recruitment of β-arrestin-2 between FFA4-S and FFA4-L 

upon stimulation with DHA over the time course for both 3.5 h and 18 h starvation 

(Figure 25 and 26). On the contrary, in cells expressing the phospho-defective FFA4-L-

Δ356, there was no clear membrane association of β-arrestin-2-YFP following DHA 

stimulation (Figure 25 and 26). These results confirm that the C-terminal is needed for 

recruitment of arrestin, and phospho-defective FFA4 is incapable of recruiting and 

interacting with β-arrestin-2. 

In conclusion, we have shown that agonism of FFA4-S and FFA4-L with DHA 

and PKC activator leads to phosphorylation. However, there is no apparent 

phosphorylation or arrestin recruitment in the C-terminal truncated mutant FFA4-L-

Δ356, indicating that the C-terminal of FFA4-L plays a critical role in β-arrestin 

recruitment.  
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CHAPTER 6 

FISH OIL AND FLAX SEED OIL SUPPLEMENTED DIETS INCREASE FFA4 
EXPRESSION IN THE RAT COLON 

Adapted with permission from Ameneh Cheshmehkani and Nader H. Moniri, Inflamm. 

Res. 2015, 64(10), 809–815. 

Introduction 

In mammals, essential polyunsaturated fatty acids (PUFA) are mainly obtained 

through dietary sources and are primarily classified as omega-3 (n-3) or omega-6 (n-6), 

which are biochemically differentiated largely based on the position of the first double 

bond. Interestingly, an abundance of in vivo and in vitro studies demonstrate that n-3 and 

n-6 PUFA have opposing effects in regard to inflammation, whereby omega-3 fatty acids 

suppress inflammatory cascades, while omega-6 fatty acids promote them. Indeed, 

omega-3 fatty acids, including α-linolenic acid (ALA), eicosapentaenoic acid (EPA), and 

docosahexaenoic acid (DHA) have long been associated with anti-inflammatory activities 

beneficial toward human health, including within the gastrointestinal tract (Cabré et al., 

2012; Hawkey et al., 1992; Hokari et al., 2013; Kantha, 1987; Yates et al., 2014). These 

benefits have led to a surge in public consumption of PUFA supplements including fish 

oil, which is a primary source of EPA and DHA, and vegetable-based oils, such as those 

derived from flaxseed, walnuts, almonds, or canola, which are enriched in ALA.

While the beneficial effects of n-3 PUFA were historically presumed to occur via their 
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intracellular metabolism or their incorporation into biological membranes, recently, a 

subfamily of cell-surface free-fatty acid receptors (FFAR) belonging to the G protein-

coupled receptor (GPCR) superfamily has been discovered and shown to include 4 

members: FFAR1 (originally described as GPR40), FFAR2 (GPR43), FFAR3 (GPR41), 

and FFA4 (GPR120) (A. J. Brown et al., 2005), suggesting that many effects of fatty 

acids are receptor-mediated. While FFAR2-3 were shown to bind short-chained FFAs, 

FFA1 and FFA4 bind long chain FFAs such as palmitic and oleic acid, as well as n-3 

PUFA, including ALA, EPA, and DHA (Hirasawa et al. 2005; Oh et al. 2010; Burns & 

Moniri 2010). FFA4 first began to draw interest due to its ability to stimulate the release 

of the insulin secretagogue glucagon-like peptide-1 (GLP-1) from secretory L-cells of the 

intestinal lumen (Hirasawa, 2005), suggesting that its agonism could be linked to 

modulation of blood glucose levels. Moreover, FFA4 has gained considerable recent 

attention due to its ability to profoundly affect blood glucose levels through modulation 

of glucose transporters, as well as its ability to abrogate pro-inflammatory signals that 

lead to insulin resistance (D. Oh, 2010), demonstrating that FFA4 agonism promotes 

insulin-sensitizing and anti-diabetic effects. Further studies that delineate a critical role of 

FFA4 in metabolism are reflected by data from FFA4 knockout (KO) mice, which show 

moderate insulin resistance when fed normal diets, but quickly become obese, have less 

energy expenditure and heightened adipose inflammation compared to wild-type animals 

when fed high-fat diets (Ichimura, 2012). Taken together, these results make a 

convincing case that FFA4 plays critical roles in ameliorating inflammation and 

mediating metabolism. 

FFA4 expression is dense in the mammalian intestinal tract, particularly the colon 
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(Hirasawa, 2005), and as such, alterations to the expression of FFA4 have been linked to 

dietary-intake of fats and inflammation in mammals. For example, mice that were fed 

high-fat diets for 11 weeks showed an increase in adipocyte FFA4 expression compared 

to those fed control diets (C. Gotoh et al., 2007). Meanwhile, epididymal adipose of mice 

fed high-fat diets with variable n-6:n-3 ratios ranging from 1:1 to 20:1 showed 

significantly lower levels of FFA4 expression, and also had significantly higher levels of 

inflammatory mediators such as TNF-α and IL-10 compared to control-diet fed mice, 

suggesting that the n-6 and n-3 components of fats make important contributions toward 

both inflammation and expression of FFA4 (Enos et al., 2014). Similarly evidence exists 

in rats, where energy-dense, high-fat diets were found to increase expression of intestinal 

FFA4 in a diet-induced obese (DIO) rat model as early as 6 months of age (Paulsen et al., 

2014). Interestingly, others have showed that the effects of high-fat diet on FFA4 

expression are tissue-specific, as rats fed a high-fat diet for 12 weeks showed 

upregulation in FFA4 expression in cardiac tissue and extensor digitorum longus (EDL) 

skeletal muscle, but not in liver or soleus skeletal muscle (Cornall et al., 2011). 

Nonetheless, diet-induced alteration to FFA4 expression in rodents seems to be a 

physiologically relevant effect in line with the role of the receptor as sensor for dietary 

nutrients (Oh et al. 2010; Ichimura et al. 2012), and these results are consistent with the 

finding that human FFA4 expression is higher in obese compared to lean subjects 

(Ichimura et al. 2012). Given the dense expression of FFA4 in the mammalian colon, its 

role as a dietary sensor, and the noted effects of dietary fats on FFA4 expression, the aim 

of the current study was to assess the effects of dietary n-3 supplementation on FFA4 

expression in the rat colon. Specifically, our goal was to gauge whether diets enriched in 
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omega-3 PUFA from fish oil or flax seed oil would contribute to alterations in expression 

of FFA4 in the colon. 

Materials And Methods 

Animals and Diets 

Male Sprague–Dawley rats (ca. 150 g; ca. 40 days old) were purchased from 

Harlan Laboratories (Madison, WI). Animals were housed singly to account for food 

intake and were maintained on a 12:12-h light/dark cycle (lights on at 7 am) in humidity 

(50–60 %) and temperature (22–25 °C) controlled room. Experiments were conducted 

with approval of and in compliance with the Mercer University Institutional Animal Care 

and Use Committee and the National Institutes of Health Guide for Care and Use of 

Laboratory Animals. Animals were divided into cohorts of four separated by diet type 

and given ad libitum access to food and water, which was removed for 6 h under fasting 

conditions. The control diet (AIN-93 M) was formulated for the maintenance of non-

reproducing adult rats and consisted of 12.4 % fat, 68.4 % carbohydrate, and 12 % 

protein and also included 40 g/kg soybean oil to meet basic unsaturated and saturated 

fatty acid needs (P. G. Reeves et al., 1993). Importantly, while soybean oil does contain 

basic n-3 fats, it is more highly enriched in n-6 fatty acids at approximately 1:6–1:8 ratios 

(Kris-Etherton et al., 2000). On the contrary, the experimental diets consisted of the 93 M 

diet supplemented with 100 g/kg (10 %) of either purified fish oil (FO) or flaxseed oil 

(FSO) (Harlan Laboratories). Animal weight, food intake, fasting and non-fasting blood 

glucose, and plasma GLP-1 levels were assessed at the same time for each cohort weekly. 

Animals were sacrificed at the beginning of the eighth week and a section of the 
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transverse colon was removed and frozen at −80 °C for assessment of FFA4 protein 

expression. 

Immunoblotting 

Immunoblotting was performed as we have previously described (Burns, 2014). 

Briefly, 20–30 mg of tissue was lysed in RIPA buffer (50 mM Tris–HCl, 150 mM NaCl, 

5 mM EDTA, 1 % Nonidet P-40, 0.5 % sodium deoxycholate, 0.1 % SDS, 10 mM NaF, 

10 mM Na2HPO4, pH 7.4) plus protease inhibitor cocktail and homogenized with an 

electric homogenizer at maximum speed for 10–15 s. The lysate was cleared for insoluble 

debris by centrifugation at 14,000×g for 15 min at 4 °C, and protein concentrations were 

standardized using DC Protein Assay (Bio-Rad, Hercules, CA). An aliquot of the lysate 

was denatured in 2X SDS-sample buffer, resolved by SDS-PAGE, followed by transfer to 

PVDF membranes, and immunoblotted with the appropriate antibody (FFA4: Abcam, 

75315; total actin: Santa Cruz Biotechnology, sc-1615; ERK1/2: Cell Signaling, 9102). 

Blots were visualized with HRP-conjugated secondary antibody followed by ECL. Blots 

were stripped of IgG and reprobed to verify equal protein loading as described. 

Active GLP-1 and Blood Glucose Assessment 

Blood was collected from the tail vein in EDTA-containing tubes and plasma was 

separated by centrifugation at 2500×g for 10 min at 4 °C. Glucose was measured using 

Accutrend Glucose (Roche Diagnostics, Indianapolis, IN) from fresh plasma. Active 

GLP-1 was measured using the Glucagon-Like Peptide-1 (Active) ELISA kit (Merck 

KGaA, Darmstadt, Germany), according to the manufacturer’s instructions. 

Data Analysis 

Resulting data was quantified by densitometric analysis using Image J (National 
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Institutes of Health, Bethesda, MD) and Prism 3.0 (GraphPad, San Diego, CA). Animal 

metric data are expressed as mean ± SEM for representative experiments performed in 

triplicate. Western blot experiments were repeated at least three independent times. 

Where not visible, error bars fall within the symbol size. Statistical analysis was 

performed, as appropriate, either by one-way analysis of variance and post hoc Tukey’s 

test or by Student’s t test using Graphpad Instat or Prism, and are represented as *p < 

0.05 or ***p < 0.001. 

Results 

Animal Metrics 

Animals fed control (CON), fish oil enriched (FO), or flaxseed oil enriched (FSO) 

diets were monitored for food intake, weight gain, and adjusted nutrient intake for 7 

weeks. Animals that were fed FO or FSO diets consumed similar amounts of the 

respective diet compared to those fed control diets over the period of observation (Figure 

27a). Animals that were fed the n-3 fatty acid enriched diets demonstrated a statistically 

significant gain in weight by week 5, and this effect continued through week seven of the 

study (Figure 27b). However, differences in caloric content of the control (3.6 kcal/g) 

and n-3 enriched (4.1 kcal/g) diets lead to significant differences in caloric intake 

amongst the cohorts. As such, animals fed the CON diet consumed fewer calories than 

those fed FO (p < 0.01 vs CON) or FSO (p < 0.001 vs CON) enriched diets, which most-

likely explains the elevated weight gain in the n-3 fed groups (Figure 27c). Since acute 

FFA4 agonism by n-3 PUFA has been shown to increase GLP-1 secretion from intestinal 

L-cells, we also assessed whether chronic intake of n-3 enriched diets would mimic this 
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effect. Our results show no significant alterations in GLP-1 secretion over the study 

period in FSO and FO fed animals, compared to control (Figure 27d). Moreover, since 

FFA4 agonism has been shown to decrease blood glucose levels, we assessed this effect 

in n-3 enriched diets and found no significant effect of the n-3-supplemented diets on 

fasting (Figure 27e) or non-fasted (data not shown) blood glucose.  

 

Figure 27. Study animal metrics. Animals fed control (CON), fish oil enriched (FO), or flaxseed 
oil enriched (FSO) diets had no differences in weekly food intake (a). Animals fed the enriched 
diets began to demonstrate heightened weight gain compared to control at week 5, an effect that 
continue through the study (p < 0.05 vs CON at week 5–6, p < 0.001 vs CON at week 7) (b). 
Animals fed FO and FSO enriched diets consumed a greater caloric load compared to CON (p < 
0.01 and 0.001, respectively) (c). There were no notable or significant differences in plasma GLP-
1 levels (d) or fasting blood glucose (e) in animals fed the n-3 enriched diets compared to control. 
* denotes p < 0.05, *** denotes p < 0.001 vs CON. Figure adapted form (Cheshmehkani et al., 
2015) with permission. 
 

FFA4 Expression 

Given the previously noted alterations in FFA4 expression based on dietary fat 

components, the major aim of this study was to assess the effects of FO and FSO 

enriched diets on FFA4 expression in the rat colon. At the conclusion of the study, rat 

colon was removed and the levels of FFA4 protein were assessed by immunoblotting. 

Our results demonstrate that FO and FSO enriched diets significantly upregulate FFA4 
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protein expression in the rat colon compared to animals fed CON diets (Figure 28). 

Densitometric quantification of the data reveals approximately 4.7 ± 1.1 and 6.9 ± 2.7-

fold increases in FFAR protein expression in FO and FSO fed animals compared to 

control, respectively (Figure 28) (p < 0.001 vs CON for both). Upon stripping of IgG 

from blots and reprobing with anti-actin IgG to demonstrate equivalent protein loading, 

to our surprise, the protein lysates from FO and FSO fed animals also expressed 

significantly heightened actin levels compared to lysates from animals fed CON diets 

(Figure 28).  

 

Figure 28. FO and FSO enriched diets increase FFA4 expression. Animals fed fish oil enriched 
(FO) or flaxseed oil enriched (FSO) diets demonstrate heightened FFA4 protein expression 
compared to those fed CON diets, as demonstrated by immunoblotting. FO and FSO diets were 
also correlated with increased actin expression compared to animals fed CON diets. ERK1/2 was 
used as a housekeeping protein to demonstrate equivalent protein loading in each lane. Samples 
from two of the four representative cohorts are shown. Densitometric quantification of FFA4 
expression shows 4.7 ± 1.1 and 6.9 ± 2.7-fold increases in FFAR protein expression in FO and 
FSO fed animals compared to control, respectively. *** denotes p < 0.001 vs CON. Figure 
adapted form (Cheshmehkani, 2015) with permission. 
 
 

However, when blots were probed with ERK1/2, a protein that is regulated by 

phosphorylation rather than by alterations to expression, there was no difference between 

the respective conditions, demonstrating equivalent protein loading in each lane of the 

gel. 

TNF-α Expression 

Since n-3 PUFA have been shown to reduce pro-inflammatory mediators through 
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activation of FFA4 (Oh et al. 2010), we also wished to assess whether FO or FSO 

enriched diets would affect expression of TNF-α protein in the rat colon. Immunoblotting 

of rat colon lysates revealed a decrease in TNF-α protein expression in animals fed FO 

and FSO enriched diets compared to those fed CON diets (Figure 29), consistent with 

those of others showing a decrease in pro-inflammatory mediators, including TNF-α, 

upon PUFA treatment and FFA4 activation (Oh et al. 2010) (Ichimura et al. 2012) (C. 

Gotoh, 2007) (Enos, 2014). 

 

Figure 29. FO and FSO enriched diets decrease TNF-α expression. Animals fed fish oil enriched 
(FO) or flaxseed oil enriched (FSO) diets demonstrate decrease TNF-α protein expression 
compared to those fed CON diets, as demonstrated by immunoblotting. ERK1/2 was used as a 
housekeeping protein to demonstrate equivalent protein loading in each lane. Densitometric 
quantification of TNF-α expression shows relative density of 0.42 ± 0.06 and 0.23 ± 0.1, in FO 
and FSO fed animals compared to control (1.0), respectively. * denotes p < 0.05 vs CON, ** 
denotes p < 0.01 vs CON. Figure adapted form (Cheshmehkani, 2015) with permission. 
 

Discussion 

In this study, we have assessed the effects of dietary fish oil and flaxseed oil 

supplementation on FFA4 expression in the rat colon. Additionally, we have gauged the 

effects of dietary FO and FSO supplementation on GLP-1 secretion and blood glucose 

levels. Interestingly, while agonism of FFA4 with n-3 PUFA has clearly been shown to 

increase GLP-1 secretion from rodent and human intestinal L cell lines (Hirasawa et al. 

2005; Oh et al. 2010), the in vivo effects of FFA4 on GLP-1 secretion have been less 
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poorly resolved. While some studies have shown that n-3 PUFA such as ALA and DHA 

increase plasma GLP-1 levels in vivo (Hirasawa, 2005; Tanaka, 2008), the physiological 

relevance of FFA4 in this role has been challenged by other studies that have shown that 

FFA4 agonism by ALA does not play a major role in increasing plasma GLP-1 levels in 

vivo in rats (Paulsen, 2014), as well as those that point to a contribution of the related 

FFAR1 in modulating the GLP-1 secretagogue effect of PUFA in vivo (Y. Xiong et al., 

2013). Here, we did not observe any alterations in GLP-1 concentrations in animals fed 

FO or FSO diets compared to those fed CON diets. However, since GLP-1 secretion is 

glucose-dependent, this lack of response could be attributed to the fact that we did not 

augment diets with exogenous glucose. More importantly, since elevations in 

physiological levels of GLP-1 are short-lived due to its rapid inactivation by DPP-IV, the 

chronic dietary-intake modality of n-3 PUFA based on free access to chow and weekly, 

as opposed to post-prandial, measurement of GLP-1 used within this study could have 

neglected to capture rapidly occurring increases in GLP-1 following ingestion of 

supplemented chow. Similarly, this affect could have prevented us from capturing 

alterations to blood glucose. Additionally, the soybean oil control diet used in this study 

contains a basal level of n-3 fats, albeit at a much lower level and at roughly 1:7 ratio to 

n-6 fats, which could also have masked some of the effects that may otherwise be 

apparent in diets that are completely lacking in n-3 fatty acids. Nevertheless, chronic 

supplementation of FO or FSO in animals given free access to these diets had no effect 

on either GLP-1 or blood glucose throughout the time course of our study. 

Our finding that FO and FSO enriched diets significantly increase FFA4 

expression in the colon are in line with results described for FFA4 expression in other 
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tissues. This effect was initially reported in adipose tissue of mice fed high-fat diets (C. 

Gotoh, 2007), and has subsequently been demonstrated in other tissues. For example, 

both FFA4 transcript and protein expression in the intestines were increased in diet-

induced obese (DIO) rats compared to the diet-resistant (DR) genotype (Y. Xiong, 2013). 

While Paulsen and colleagues also showed that expression of FFA4 is upregulated in 

DIO rats compared to the DR rats, they also found that in this case, there were no 

differences in FFA4 transcript expression induced by the fat composition in the diets 

(Paulsen, 2014). Meanwhile, Cornall and colleagues describe the tissue-specific 

upregulation of FFA4 expression in rats, such that high-fat diets increased FFA4 

expression in cardiac muscle and EDL skeletal muscle, but not in liver or soleus skeletal 

muscle (Cornall, 2011). A recent report by Widmayer and colleagues demonstrates that 

both FFA4+ cells and FFA4 transcript expression in the mouse gastric corpus increased 

1.5-fold in as little as three weeks’ time on a high-fat diet, while interestingly, in the 

antral compartment of the stomach, high-fat diets had no effect on FFA4 expression and 

actually reduced the number of FFA4+ cells (Widmayer et al., 2015), suggesting that the 

effects of fats on expression of FFA4 extend past tissue-specific and are likely cell-type 

specific. 

Along with an increase in intestinal FFA4 expression, intestinal tissue of animals 

fed FO and FSO supplemented diets had significantly elevated levels of actin, a finding 

that was surprisingly exposed as a consequence of using actin as a loading-control 

housekeeping protein for FFA4 immunoblots. Since our immunoblots demonstrated 

uniform levels of ERK1/2, which is regulated by phosphorylation, between the 

experimental conditions, we interpret the actin results as representing a genuine increase 
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in expression of actin in animals fed n-3 PUFA supplemented diets. The actin protein 

family is an essential component of the cell cytoskeleton and has important roles in cell 

proliferation and migration. Interestingly, it is noteworthy that other studies have 

demonstrated that cdc42-dependent actin polymerization occurs in rodent intestinal L cell 

lines, and that such actin remodeling is a requirement prior to insulin-induced GLP-1 

secretion from these enteroendocrine cells (G. E. Lim et al., 2009). Given that we did not 

observe absolute increases in GLP-1 secretion given our study paradigm, the link 

between increases in actin polymerization and GLP-1 secretion from the intestines in 

vivo will require more elaborate study. 

Omega-3 PUFA, have been historically linked to anti-inflammatory effects, and 

recently, FFA4 has been noted to, at least in part, modulate many of these effects. In a 

landmark study that thrust FFA4 to the forefront of drug discovery efforts, Oh and 

colleagues described broad anti-inflammatory effects that are mediated by FFA4 upon its 

agonism with either n-3 PUFA or synthetic agonists (D. Oh, 2010). Since, other studies 

have linked FFA4 agonism with anti-inflammatory effects, specifically, decreases in 

synthesis of pro-inflammatory mediators such as TNF-α, IL-1β, IL-10, and COX-2, 

amongst others ( Oh et al. 2010; Wellhauser & Belsham 2014; Liu et al. 2014; Mobraten 

et al. 2013; Li, Yu & Colin D Funk 2013; Yan et al. 2013). Consistent with these effects, 

we found that protein levels of TNF-α were significantly decreased in intestinal tissue of 

animals fed FO or FSO diets compared to those fed control diets, suggesting decreased 

inflammatory role of TNF-α in the colons of n-3 supplemented animals. FFA4 has been 

shown to be overexpressed in ileal mucosa from patients with Crohn’s Disease, an effect 

that was correlated with increased mucosal inflammation, which was dependent on 
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increased TNF-α, suggesting that TNF-α regulates expression of FFA4, at least in the 

upper gastric tissue (Tsukahara, 2015). Interestingly, our data demonstrate elevations in 

FFA4 expression in the absence of TNF-α increases, suggesting differential regulation of 

FFA4 expression in the distal intestines (e.g., colon). The effects of n-6:n-3 PUFA ratio 

also likely play a role in modulation of FFA4 expression as diets rich in n-6 PUFA have 

been shown to greatly increase inflammatory mediators, including TNF-α, in adipocytes 

(Enos, 2014), however interestingly in this tissue, the increased TNF-α was associated 

with significant decreases in FFA4 expression. Future studies will be required to bear out 

the relationship between dietary PUFA intake and FFA4 regulation in the context of 

TNF-α alterations. 

In conclusion, chronic supplementation of diets with 10 % fish oil or flaxseed oil 

for a period of 7 weeks facilitates upregulation of FFA4 and decreases in TNF-α in the rat 

colon. At the same time, dietary supplementation with fish oil or flaxseed oil had no 

effect on plasma GLP-1 or blood glucose levels. 
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CHAPTER 7 

CONCLUDING REMARKS AND FUTURE DIRECTIONS 

 

One of the largest and most diverse membrane protein families is the G-protein 

coupled receptor (GPCR) superfamily (Venkatakrishnan, 2013). GPCRs are known to 

regulate physiological processes, and respond to a variety of extracellular signals, 

including photons, ions, small organic molecules, proteins, lipids, hormones, and 

neurotransmitters (Johnson, 2017) (R. Kishimoto, 2016). GPCRs are widely expressed in 

most life forms, from bacteria to fungi and animals. Over 800 GPCRs are encoded in the 

human genome. Due to large involvement of GPCRs in the physiological and 

pathological process, they are also subject to intense study and are strong candidates for 

drug discovery. It is estimated that roughly 40% of commercially marketed drugs target a 

GPCR (Teller et al., 2001). Currently, drug discovery research is focused on both 

improving therapies for more than 50 established GPCR targets, and at characterizing the 

growing of new GPCRs to target. Therefore, investigating the structure of GPCRs and 

studying the molecular mechanisms of receptor activation has great potential for 

increasing human health (Venkatakrishnan, 2013). Free-fatty acid receptor 4 (FFA4) is a 

member of the GPCR family and is activated by medium and long chain free fatty acids. 

Recently, FFA4 has received considerable attention as a novel therapeutic target for 

treatment of metabolic conditions, including diabetes, obesity and related inflammatory 
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diseases (D. Oh, 2010) (Yore, 2014) (B. D. Hudson, 2014). Studies on FFA4 deficient 

mice show that the elimination of FFA4 leads to development of obesity, and glucose 

intolerance (Ichimura, 2012). In humans, the FFA4 gene yields two protein isoforms, 

FFA4-L and FFA4-S which are identical with the exception of the 16 additional amino 

acid sequence within the 3rd intracellular loop (Burns, 2010). Studies in transfected HEK-

293 cells show that FFA4-S is able to activate both Gαq/11 or β-arrestin-2 cascades, 

however FFA4-L is biased towards only β-arrestin-2 signaling (S.-J. Watson, 2012). Oh 

and colleagues recently demonstrated that FFA4-S agonism can inhibit release of 

proinflammatory IL-6 and TNF-α from macrophages, in a manner dependent on 

interaction with β-arrestin-2 partner proteins (D. Oh, 2010). Importantly, FFA4-S 

agonism has also been shown to reduce COX-2, which produces prostanoids where this 

product contribute in inflammatory process in a β-arrestin-dependent manner (R. Newton, 

1997) (Q. Xie, 1994) (X. Li, 2013). Together, these results suggest a primary role for the 

FFA4/β-arrestin-2 axis in modulating the anti-inflammatory effects of FFA in these cells.  

In the current study we have found that agonism of FFA4-S and FFA4-L 

facilitates decreases in ROS generation and COX-2 expression, and that the C-terminal β-

arrestin-phosphosensor of FFA4-S, but not FFA4-L, is in part required for this effect. 

Meanwhile, our results point to a partial contribution of the C-terminal phosphosensor of 

FFA4-S in modulating LPS-induced effects, which were completely lacking in the longer 

isoform.  

Since the GPCR-β-arrestin signaling axis is dependent on receptor 

phosphorylation by GRKs, a previous study by Burns and colleagues showed FFA4-S is 

phosphorylated in response to DHA by GRK6 at Thr347, Ser350, Ser357 located within the 
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C-terminal tail (Burns, 2014). Butcher and colleagues confirmed phosphorylation of these 

sites, and also revealed agonist-mediated phosphorylation of nearby Thr349 and Ser360 

(Butcher, 2014). Importantly, this work also demonstrated that three nearby acidic 

residues, work in concert with the 5 phosphorylation sites to comprise charged the 

negatively FFA4 phosphosensor that interacts with β-arrestin-2 (Butcher, 2014). Here in 

the second study, we have shown that agonism of FFA4-S and FFA4-L with DHA, PMA 

or PKC-second messengers linked signals from H1R leads to phosphorylation. However, 

there is no apparent phosphorylation or arrestin recruitment in the C-terminal truncated 

mutant FFA4-L-Δ-356, indicating that the C-terminal of FFA4-L plays a critical role in 

β-arrestin recruitment.  

FFA4 plays profound roles in mediating anti-inflammatory effects, insulin-

sensitizing (D. Oh, 2010), and it is able to reduce ROS production and COX-2 expression 

in macrophages. We also have shown that supplementation of diets with 10 % fish oil or 

flaxseed oil for a period of 7 weeks in rats facilitates upregulation of FFA4 and decreases 

in pro-inflammatory cytokines, TNF-α in the rat colon. It will be of interest to study 

effects of FFA4-S and FFA4-L on ROS and COX-2 level in a vivo model.  

From a cell signaling perspective, since FFA4-S is expressed ubiquitously in 

different cell types, much more work has been published on this shorter isoform (Moniri, 

2016), while very little has been described regarding the function of FFA4-L. Activation 

of FFA4-S has shown that it has insulin-sensitizing effects, by promoting secretion of 

glucagon like peptide-1 (GLP-1) from enteroendocrine cells. However, there is no study 

of FFA4-L, in this area. It would be interesting to see if expression of FFA4-L also can 

have an effect on GLP-1 in enteroendocrine cells such as STC-1 cells.  
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In conclusion, these studies have shown that FFA4 has an important role in the 

anti-inflammatory response.  Our data reveals important structure-function and signaling 

differences between the two FFA4 isoforms, and for the first time, links FFA4 to 

modulation of ROS in macrophages. We also demonstrated that the C-terminal of FFA4-

L plays a critical role in β-arrestin-2 recruitment. 
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