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Abstract 

Free fatty acids not only function as dietary nutrients but act as signalling 

molecules by activating the free fatty acid family of G protein-coupled 

receptors. Following deorphanisation in 2005, FFA4 was found to be abundantly 

expressed in the colon where it was suggested to play a role in GLP-1 incretin 

secretion. This has been the basis for the development of synthetic FFA4 

agonists as treatment for type 2 diabetes mellitus. Although more recently, the 

role of FFA4 in the lung, a tissue which also show high levels of FFA4 expression, 

has been investigated. Within the lung, FFA4 has been shown to exert anti-

inflammatory effects in lung resident macrophages, as well as mediating airway 

smooth muscle relaxation. Therefore, FFA4 represents an attractive drug target 

for both metabolic diseases and inflammatory lung diseases. However, there is a 

substantial lack of FFA4 agonists reaching clinical trials due to a limited number 

of available agonists, issues with selectivity of drugs and poor pharmacokinetic 

and pharmacodynamic properties, which highlights the need for greater interest 

in the development and scientific research of these receptor agonists. This 

thesis aimed to extend on previous work performed in our lab, exploring the 

roles of FFA4 receptor agonists in airway smooth muscle relaxation and the 

previously undefined role that phosphorylation may play in airway smooth 

muscle relaxation. Additionally, the involvement of FFA4 in GLP-1 incretin 

secretion is a somewhat controversial topic, with reports suggesting that FFA4 is 

a primary mechanism in GLP-1 secretion and opposing reports suggesting that 

FFA4 has no involvement in the role of GLP-1 secretion from the colon. This 

thesis also aimed to answer the question of whether GLP-1 release is mediated 

by FFA4 activity.  

To characterise signalling mechanisms for the mouse FFA4 receptor, functional 

assays were performed on cell lines which stably express the mouse ortholog of 

FFA4. Here it was confirmed that FFA4 primarily couples to Gαq/11 G proteins, 

with no evidence of Gαs or Gαi coupling in cell lines. Additionally, bias factor 

calculations were performed which indicated that carboxylic agonist, Agonist 2, 

displayed bias towards IP1 signalling pathways. Similarly, signalling mechanisms 

of phosphorylation deficient (PD) mouse FFA4 were also characterised using the 

same functional assays. Here, agonist activation of the PD-mFFA4 receptor 
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induced enhanced IP1 and pERK1/2 signalling but resulted in a loss β-arrestin2 

coupling and receptor internalisation. Functional bias calculations revealed that 

several agonists acting on the PD-mFFA4 receptor display bias towards IP1 

signalling, revealing a complex nature of signalling downstream of Gq:receptor 

coupling. 

Functional experiments to assess the physiological roles of FFA4 in the lung and 

colon revealed some interesting results. Quantification of mouse lung airway 

diameter following FFA4 agonist addition to pre-contracted airways indicated a 

robust relaxation of airway smooth muscle. Furthermore, in a novel finding, 

there was an indication that airway relaxation was mediated in part by receptor 

phosphorylation. Additionally, to understand the contribution of FFA4 in GLP-1 

release from the colon, experiments assessing GLP-1 release from primary 

colonic crypts following FFA4 agonist treatment were performed. Following 50 

μM agonist treatment, GLP-1 secretion was significantly increased, exposing 

another physiological role of the FFA4 receptor. 

These findings validate FFA4 as a novel drug target in the treatment of 

respiratory diseases such as asthma and chronic obstructive pulmonary disease 

and also in the treatment of metabolic diseases such as diabetes. Current drug 

therapies for these diseases can result in harmful side effects and may be 

ineffective on certain populations of patients, highlighting a clinical need for 

novel and safer therapeutics. Thus, research on novel FFA4 drugs is crucial to 

bring new drugs to clinic.  
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Chapter 1 Introduction 

1.1 G protein-coupled receptors  

G protein-coupled receptors (GPCRs) are a superfamily of membrane-bound 

receptors that mediate intracellular signalling in response to various stimuli 

including light, hormones, odorants, neurotransmitters and growth factors 

(Zhang and Xie, 2012). GPCRs are involved in a diverse range of physiological 

processes and function through a common G protein dependant signalling 

mechanism (Nejat et al., 2022).  

The GPCR superfamily have ancient origins, with evidence suggesting that the 

gene families encoding for GPCRs were present around 1.2 billion years ago and 

were present within the last common eukaryotic ancestor (Gurevich and 

Gurevich, 2008; De Mendoza, Sebé-Pedrós and Ruiz-Trillo, 2014). Evolution of 

GPCRs from their common ancestor has resulted in the presence of over 800 

receptors in the human genome, and thus GPCRs represent the largest family of 

cell membrane receptors (Venter et al., 2001; Fredriksson et al., 2003). GPCRs 

are present in eukaryotes including animals, plants, fungi and protozoa and 

share a common structure, consisting of 7 transmembrane (TM) α-helices, that 

has been conserved despite evolutionary divergence. The 7 TM α-helices are 

comprised of 25-35 hydrophobic residues, which allow helices to embed within 

the hydrophobic membrane. These α-helices are linked together by three 

intracellular loops (ICL) and three extracellular loops (ECL) (Rosenbaum, 

Rasmussen and Kobilka, 2009; Zhang, Zhao and Wu, 2015; Basith et al., 2018). 

ICLs and ECLs contain more hydrophilic residues to facilitate interaction with the 

cytoplasm and extracellular fluid (Schiöth and Fredriksson, 2005; Zhang, Zhao 

and Wu, 2015; Sojka et al., 2017). In addition, each receptor also possesses an 

N-terminal domain and a C-terminal tail, with the exception of the 

Gonadotropin-Releasing Hormone (GnRH) receptor which lacks a C-terminal tail 

(Flanagan and Manilall, 2017). While the transmembrane helices are conserved 

structurally, other structural regions vary as they participate in ligand-binding 

specificity and binding of downstream signalling partners (Katritch, Cherezov 

and Stevens, 2012; Basith et al., 2018). 
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1.2 GPCR subfamily classification 

Whilst there are a plethora of methods which are recognised to classify GPCRs 

based on evolutionary and sequence conservation, the two most accepted 

methods are described here. In the first, there are six classes of GPCR, class A-F, 

categorised based on functional properties and sequence (Attwood and Findlay, 

1994). Class A is the most common group and these receptors are sometimes 

referred to as rhodopsin-like GPCRs. Class B characterises secretin and adhesion 

receptors, class C, the metabotropic glutamate family, gamma-aminobutyric 

acid (GABA) receptors, calcium-sensing receptors and taste receptors. In 

rodents, class C receptors also include taste type 1 and Vasopressin (V2) 

pheromone receptors which are not present in humans (Alexander et al., 2019). 

Class D receptors encompass fungal mating pheromone receptors, class E, cyclic 

adenosine monophosphate (cAMP) receptors and class F contains frizzled 

receptors and smoothened receptors (Attwood and Findlay, 1994).   

Throughout time, another method of classification for GPCRs termed the GRAFS 

system has been developed. This system divides receptors into five different 

groups based on a phylogenetic tree following phylogenetic sequencing of the 

human genome, namely, Glutamate (G), Rhodopsin (R), Adhesion (A), 

Frizzled/Taste2 (F), and Secretin (S). These five classes have little to no 

sequence homology between them (Fredriksson et al., 2003). More recently, this 

system was able to distinguish differences between secretin and adhesion 

GPCRs, which in the earlier classification system were defined as both class B. 

The GRAFS systems is the most commonly used system nowadays and will be 

used throughout this thesis. 

Of the approximately 800 GPCRs present in mammalian systems, at least 140 

receptors are orphan receptors (Levoye et al., 2006). Orphan receptors are a 

group of GPCRs where activating ligands are unknown and so these receptors are 

not classified. Orphan receptors are deorphanized when endogenous ligands are 

discovered, often through cell signalling assays, exploring expression 

relationships between the receptor and ligand or comparing function and 

sequence to already deorphanized receptors (Tang et al., 2012). It is important 
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to characterise orphan GPCRs as they may provide drug targets and therapeutic 

benefits.  

1.3 GPCR subfamily structural characteristics  

Structural studies have identified that the most vital points of difference 

between receptor subfamilies include distinct ligand binding compartments and 

N-terminal domains. The sequences of ECLs (especially ECL2) differ between 

families since ECL2 is known to be responsible for ligand recognition and 

binding. The seven transmembrane domains also adopt different conformations 

in different receptors to facilitate different ligand binding modes (Zhang, Zhao 

and Wu, 2015; Basith et al., 2018).  

Glutamate receptors have large extended N-termini comprised of around 600 

residues. Here, the ligand binds to a binding site in the Venus fly trap domain 

(VFD), using two large N-terminal lobes located in the extracellular domain 

(Kunishima et al., 2000; Wu et al., 2014). Rhodopsin-like GPCRs are grouped 

together by the identification of a DRY motif between TM3 and ICL2, and an 

NSxxNPxxY motif in TM7  (Fredriksson et al., 2003; Rovati, Capra and Neubig, 

2007; Nomiyama and Yoshie, 2015). Secretin receptors used to be classified as 

class B receptors along with adhesion receptors, however, more recently the 

identification of structural and residual differences in adhesion receptors has led 

to these receptors being reclassified into their own adhesion group. Adhesion 

receptors have long N-termini, a large portion of which consists of Ser/Thr 

glycosylation sites to facilitate the binding of extracellular matrix proteins 

(Fredriksson et al., 2003; Vizurraga et al., 2020). Adhesion GPCRs also have a 

conserved GPCR autoproteolysis-inducing (GAIN) domain within the N-terminus 

which works to cleave the N-terminus, resulting in the adhesion domain 

becoming non-covalently bound to the receptor (Araç et al., 2012; Prömel, 

Langenhan and Araç, 2013; Vizurraga et al., 2020).  Ligands bind to these 

adhesion domains and stimulate intracellular responses. Frizzled/Taste2 

receptors are the most recently discovered class of receptor.  As with other 

classes of GPCR, frizzled receptors have long N-termini, however, they contain a 

cysteine rich domain (CRD) which facilitates Wnt ligand binding (Dann et al., 

2001; Nichols et al., 2013; Agostino, Pohl and Dharmarajan, 2017). Conversely 

taste2 receptors differ as they don’t have long N or C-termini, and instead 
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ligands bind to ECLs (Pronin et al., 2004; Nordström et al., 2009; Upadhyaya et 

al., 2015).  Lastly, secretin receptors are a class of receptors currently including 

15 genes, which contain long N-termini stabilised by disulphide bonds (Harmar, 

2001; Karageorgos et al., 2018). Ligands for secretin receptors include large 

peptides that bind through hormone peptide-binding domains within the long N-

termini (Figure 1-1) (Nordström et al., 2009).  

 

Figure 1-1: Classification of GPCR families based on structural features 
G protein-coupled receptors share 7 transmembrane α-helices, however, extracellular regions 
differ between classes. Glutamate receptors possess Venus fly trap domains (VFD) on their N-
termini to facilitate ligand binding, whereas ligand binding in rhodopsin-like receptors occurs in the 
transmembrane domains and so these receptors possess smaller N-termini. Adhesion receptors 
contain GPCR autoproteolysis-inducing (GAIN) domains which act to cleave N-termini allowing the 
non-covalent association of adhesion domains to which ligands bind. Frizzled receptors contain 
cysteine rich domains (CRD) within the N-terminus to facilitate ligand binding, whereas ligands bind 
to secretin receptors via hormone peptide binding domains within long N-termini. Ligands are 
shown in yellow. 

1.4 GPCR canonical signalling 

Binding of a ligand to an extracellular binding site initiates intracellular signal 

transduction by activation of associated guanine nucleotide-binding proteins (G 

proteins). G proteins are heterotrimeric proteins that consist Gα, Gβ and Gγ 

subunits (Lambright et al., 1996). Within the human genome, there are 16 Gα, 5 

Gβ and 12 Gγ proteins, and therefore diverse signalling can take place through 
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the formation of different G protein complexes (Gautam et al., 1998; Hermans, 

2003; Oldham and Hamm, 2008). While Gα subunits can signal as independent 

subunits, Gβ and Gγ subunits signal as a heterodimer (Gβγ) (Neer and Clapham, 

1988). Furthermore, Gα subunits are classified into four functional families 

based on their signalling mechanisms and degree of sequence conservation: Gαs 

(Gαs(S), Gαs(XL) and Gαs(olf)), Gαi/o (Gαo, Gαi (1-3), Gαt, Gαz and Gαgust), 

Gαq/11 (Gαq, Gα11, Gα14 and Gα15/16), and Gα12/13 (Gα12 and Gα13) (Neer, 

1995; Wettschureck and Offermanns, 2005; Syrovatkina et al., 2016).  

Upon the binding of a ligand to a receptor binding site, conformational changes 

are triggered within the receptor which facilitates the binding of the Gα subunit 

to the receptor intracellular domains (Hoffmann et al., 2008; Latorraca, 

Venkatakrishnan and Dror, 2017). This promotes the exchange of guanosine 

diphosphate (GDP) for guanosine triphosphate (GTP) on the Gα subunit (Neer and 

Clapham, 1988; Oldham and Hamm, 2008; Weis and Kobilka, 2018). 

Subsequently, active GTP-bound G proteins dissociate into GTP-α and βγ 

subunits and transduce signals (Syrovatkina et al., 2016). The Gα12/13 subunits 

have been shown to activate Rho GTPases, whereas Gαs stimulates adenylate 

cyclase (AC) which stimulates the production of cAMP from ATP which activates 

downstream protein kinases (Gilman, 1987; Fromm et al., 1997; Gohla, 

Harhammer and Schultz, 1998; Wettschureck and Offermanns, 2005; Siehler, 

2009; Kamato et al., 2015; Guo et al., 2022). Conversely, Gαi inhibits AC and 

associated cAMP production (Gilman, 1987; Luttrell, 2008; Kamato et al., 2015). 

Lastly, Gαq activates phospholipase-C (PLC) leading to a release of intracellular 

Ca2+ and additionally feeds into the MAPK signalling pathway (Berridge, 1993; 

Exton, 1996; Wettschureck and Offermanns, 2005; Eishingdrelo, 2013; Kamato et 

al., 2015). Additionally, Gβγ heterodimers can also act as scaffold proteins and 

signal by activating downstream effectors (Figure 1-2) (Dupré et al., 2009).  

GPCRs were once thought to only couple to one G protein pathway selectively 

upon agonist stimulation. However, GPCR biology is more complex than once 

thought, with receptors able to couple to multiple G protein subtypes (Wootten 

et al., 2018). 
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Figure 1-2: Signalling pathways following G protein coupling                                                                              
G protein-coupled receptors couple to heterotrimeric G proteins. Following agonist stimulation, the 
exchange of guanosine diphosphate (GDP) for guanosine triphosphate (GTP) is facilitated on the 
Gα subunit, allowing Gα and Gβγ subunits to dissociate and activate downstream effectors. Gα 
subunits are categorised into four families: Gαs, Gαi/o, Gαq and Gα12/13. The Gα12/13 family 
activates Rho GTPases whereas Gαs and Gαi families regulate adenylate cyclase activity. The 
Gαq subunit stimulates phospholipase-C signalling leading to an increase of intracellular Ca2+ 
through IP3, which is then rapidly degraded to IP2, then IP1 before degrading to inositol in the 
inositol phosphate pathway. The PLC pathway also feeds into the MAPK signalling pathway. 
Additionally, Gβγ subunits can also activate effectors including ERK1/2, adenylyl cyclase and Rho 
GTPases. 
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1.5 GPCR β-arrestin signalling 

1.5.1 GPCR phosphorylation 

Kinases such as GPCR kinases (GRKs) phosphorylate serine/threonine residues in 

the C-terminal tail and/or intracellular loops of the GPCR in question in an 

agonist dependent process called homologous phosphorylation (Benovic et al., 

1989; Kelly, Bailey and Henderson, 2008; Tobin, 2008; Burns et al., 2014).  There 

are seven different GRK isoforms: GRK1-7. GRK1 and GRK7 are GRKs for visual 

GPCRs, located in vertebrate rod and cone photoreceptors respectively, with 

both also found in pinealocytes (Somers and Klein, 1984; Zhao et al., 1999; 

Weiss et al., 2001). Interestingly, GRK7 is absent in rodents with only the 

presence of GRK1 reported (Weiss et al., 2001). There are also 5 non-visual GRKs 

which are categorised into two different groups: GRK2/3 and GRK4/5/6. GRK2 

and GRK3 contain a pleckstrin homology (PH) domain which binds to dissociated 

Gβγ and phosphatidylinositol 4,5-bisphosphate (PIP2) to facilitate the movement 

of GRK2/3 to the plasma membrane from the cytosol (Tesmer et al., 2005). The 

last group, GRK4/5/6 differs from GRK2/3 in a variety of ways. Whilst GRK2/3 

are agonist dependent, GRK4/5/6 can phosphorylate residues independently 

from agonists (Li et al., 2015). Additionally, GRK4/5/6 interact with the plasma 

membrane through interactions with charged regions within the membrane or 

additionally through palmitoylation and do not contain a PH domain (Gurevich et 

al., 2012). Expression of GRK’s varies within tissues, with GRK1 and 7 expressed 

in rod and cone cells, whereas GRK2/3/5/6 are expressed universally within 

mammalian tissues. However, GRK4 expression differs and is instead expressed 

within brain cerebellum, kidney and testis (Chaudhry and Bordoni., 2021). 

However, GRKs are not the primary mechanism of homologous phosphorylation in 

all receptors. This is the case in M1 and M3 muscarinic receptors which are 

phosphorylated by casein kinase 1α and casein kinase 2 respectively (Torrecilla 

et al., 2007).  

There is evidence that GRKs and other such kinases which phosphorylate 

receptors can phosphorylate different receptors in different locations, defining 

the so called phosphorylation barcode (Tobin, 2008). Different barcode patterns 

promote the binding of distinct downstream signalling partners.  The identity of 

a phosphorylation barcode has been described in many receptors, including 
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β2AR, where agonist isoproterenol stimulates phosphorylation at GRK2- and 

GRK6-specific sites whereas the agonist carvedilol stimulates phosphorylation at 

GRK6 specific sites. Experiments performed using these agonists demonstrated 

that siRNA knockdown of GRK2 promoted a reduction of β-arrestin2 recruitment, 

whereas this was not observed upon GRK6 knockdown (Nobles et al., 2011). 

Evidence of a phosphorylation barcode has also been described for FFA4, the 

receptor of interest in this thesis, and this is described in Chapter 4.  

1.5.2 Classes of arrestins 

Following G protein activation, G proteins can become uncoupled from GPCRs by 

steric hindrance caused by arrestins binding to the receptor. This process is 

termed desensitisation and is an important process since prolonged signalling 

can be toxic to the cell (Rajagopal and Shenoy, 2018). The arrestin family 

comprises of four different types: arrestin 1-4 (Bond et al., 2019). This includes 

two visual arrestins, arrestin 1 (visual arrestin) and 4 (cone arrestin) which are 

found within the eye (Wilden, Hall and Kuhn, 1986; Craft, Whitmore and 

Wiechmann, 1994) and two arrestins which are non-visual, arrestins 2 and 3 

which are known as β-arrestin1 (Lohse et al., 1990) and β-arrestin2 (Attramadal 

et al., 1992) respectively. Additionally, two different types of arrestin-GPCR 

complex are described, class A and class B, depending on the affinity for the 

arrestin to the receptor. Class A receptors are known to form a transient 

interaction with arrestin whereas class B receptors are known to have a stronger 

affinity (Oakley et al., 2000; Kahsai, Pani and Lefkowitz, 2018). This 

classification should not be confused with other GPCR family classifications and 

only differentiates receptors based on interactions with arrestins. 

1.5.3 Receptor desensitisation and internalisation 

β-arrestin is recruited to a GPCR in a two-step process, where the arrestin 

recognises the sites of receptor phosphorylation but also transmembrane 

domains of the active GPCR conformation following agonist stimulation. This 

facilitates the conformational change of the arrestin, allowing binding to the 

GPCR with high affinity (Tobin, 2008; Lohse and Hoffmann, 2014). While β-

arrestin interaction with GPCRs is heavily dependent on interactions with the 

phosphorylated residues on intracellular residues within the GPCR, 
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phosphorylation independent coupling mechanisms have also been described. For 

example, the first 10 residues of ICL2 are involved in β-arrestin binding in 5-

HT2C and β2AR (Marion et al., 2006). In addition, it has been suggested that IL3 

is involved in phosphorylation independent β-arrestin binding in many receptors 

including vasopressin (V1) and lutropin receptors (Mukherjee et al., 2002; 

Gurevich and Gurevich, 2006; Wu et al., 2006). Binding of β-arrestin to 

phosphorylated intracellular residues of the receptor results in steric hindrance 

of G protein binding to the receptor, thereby inhibiting activation and signalling 

of G proteins, resulting in receptor desensitisation. However, while homologous 

phosphorylation of GPCRs following ligand binding results in β-arrestin 

recruitment and homologous desensitisation, receptor phosphorylation can also 

occur independently from ligand activation via second messenger kinases and 

tyrosine kinases in a process called heterologous phosphorylation, which directly 

uncouples the receptors from their G proteins in heterologous desensitisation 

events (Burns et al., 2014). 

β-arrestins are not only involved in desensitization but also in the endocytosis, 

trafficking and signalling events of GPCRs (Thomsen et al, 2016). Binding of β-

arrestin can cause internalisation of the GPCR into clathrin coated pits by 

interacting with the endocytotic machinery that includes proteins such as 

clathrin and AP-2. The GPCR-β-arrestin complex recruits AP-2 and clathrin to the 

membrane to internalise the receptor into clathrin coated pits (Figure 1-3) 

(Goodman et al., 1996; Laporte et al., 1999; Bond et al., 2019). Two different 

methods of internalisation can occur dependent on the type of receptor-β-

arrestin interaction. β-arrestins which weakly interact with receptors can 

dissociate as the clathrin coated pit pinches off and detaches from the plasma 

membrane via the action of dynamin. Alternatively, where interactions are 

stronger, β-arrestin can remain attached to the GPCR and β-arrestins which are 

internalised into endosomes act as adaptor proteins and scaffolding proteins by 

interacting with many different signalling molecules (Laporte et al., 1999; 

Thomsen et al., 2016). After β-arrestin dissociation, the GPCR is 

dephosphorylated and degraded or recycled to the plasma membrane for further 

signalling (Thomsen et al., 2016). 
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Figure 1-3: β-arrestin mediated receptor desensitisation, internalisation and signalling 
(A) Following agonist binding and G protein signalling, kinases such as G protein-coupled receptor 
kinases (GRKs) phosphorylate intracellular residues of the activated GPCR. (B) β-arrestin is 
recruited to the receptor and this sterically hinders G protein binding and activation. Additionally, 
adaptor proteins including AP-2 and clathrin are recruited to the arrestin to initiate receptor 
internalisation into clathrin coated pits. β-arrestin also acts as a scaffold protein in G protein 
independent signalling.  

1.5.4 β-arrestin-GPCR complexes  

In 2014, Shukla and colleagues purified and determined the crystal structure of 

the β2 adrenergic receptor-β-arrestin1 (β2AR-βarr1) complex using single 

particle negative stain electron microscopy. Here, two differing conformations 

of receptor-arrestin complex were visualised: the core conformation and the tail 

conformation. Binding and interactions of these complexes were described using 

hydrogen-deuterium exchange mass spectrometry (HDXMS) and by the 

application of chemical cross-linking (Shukla et al., 2014). The tail conformation 

arises when arrestins bind to the phosphorylated C-terminal tail of the GPCR and 

the core conformation arises when the arrestin binds to the C-terminal tail as 

well as the hydrophobic core region. In the core conformation, G protein binding 

to the GPCR is sterically hindered (Shukla et al., 2014; Szczepek et al., 2014; 

Kang et al., 2015; Thomsen et al., 2016). It is now known that different 

conformations give an insight into β-arrestin function, more specifically how 

they regulate different processes. The tail conformation is said to be involved in 

internalisation of the receptor and the core conformation in desensitisation. 
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However, the exact function of the receptor-arrestin complex is dependent on 

the strength of receptor interaction (Goodman et al., 1996; Laporte et al., 1999; 

Thomsen et al., 2016). It is now known that class A receptors, such as β2-

adrenergic receptor (β2AR), that have weaker interactions with β-arrestin 

mediate desensitisation via the core conformation and class B receptors, such as 

vasopressin type 2 receptor, that have stronger interaction with GPCRs mediate 

internalisation and signalling via the tail conformation (Cahill et al., 2017). 

In addition, the tail conformation suggests that it is possible for both arrestins 

and G proteins to bind as ICL1,2 and 3 are exposed, thereby, facilitating binding 

of G proteins also. There is a possibility that G protein internalisation and 

signalling could thus occur, and this has been demonstrated in β2-adrenergic 

vasopressin 2 (β2V2) chimera and V2 receptors. These receptors were shown to 

interact with Gαs G proteins in the core conformation while interacting with β-

arrestin in the tail conformation, subsequently allowing receptor internalisation 

at the same time as G protein signalling (Thomsen et al., 2016). 

1.6 GPCR ligands 

The pharmacological characteristics of a ligand describe how it will act upon a 

receptor. Measurable qualities of drugs include affinity, efficacy and drug 

potencies. Affinity is described as the strength of ligand binding to the receptor 

site whereas efficacy is a biological measure, describing the maximal response of 

the receptor to produce the desired biological effect following ligand binding 

(Strange, 2008). Affinity can be estimated by measuring ligand binding using 

fluorescent or radiolabelled ligands, however, labelled ligands may not have 

been developed for the desired receptor and so potencies are often measured 

instead (Rosenkilde and Schwartz, 2000; Milligan, et al., 2017). The potency of a 

ligand is described as the concentration of a drug required to produce 50% of 

that drug's maximal effect (EC50) (Weatherall, 1966; Salahudeen and Nishtala, 

2017). Potencies and efficacies or maximal responses are often measured by a 

variety of different functional assays, however, values can differ between assays 

due to a number of factors including levels of signal amplification in assays and 

differences in receptor expression in cell lines used (Leroy et al., 2007). 
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Depending on the binding properties of ligands they can be classified into three 

groups: orthosteric, allosteric and bitopic ligands. Orthosteric ligands bind to the 

same binding sites as the endogenous, natural ligand and can be categorised as 

full, partial, or inverse agonists or neutral antagonists based on pharmacological 

properties (Figure 1-4A) (Roche, Gil and Giraldo, 2013). Agonists are ligands 

which have affinity and efficacy for the receptor whereas antagonists have 

affinity and bind to the receptor but do not have efficacy to activate the 

receptor (Salahudeen and Nishtala, 2017). Allosteric ligands differ in that they 

bind to allosteric sites which are distinct from endogenous ligand binding sites. 

This makes the pharmacology of allosteric ligands more complex. In receptors 

which have multiple binding sites, allosteric modulators can display 

cooperativity with orthosteric ligands. This cooperativity can be the form of 

increasing or decreasing the affinity of an orthosteric ligand upon binding of the 

allosteric modulator to a second binding site (Bridges and Lindsley, 2008). 

Therefore, allosteric ligands can be also categorised based on their properties 

into neutral allosteric antagonists, and positive and negative allosteric 

modulators (PAMs and NAMs) depending on whether the agonist increases or 

decrease the ligand activity at the orthosteric binding site (Figure 1-4B,C) 

(Roche, Gil and Giraldo, 2013; Christopoulos, 2014). While orthosteric binding 

sites for many GPCR families are conserved leading to challenges in selectivity 

for one family member over another, allosteric modulators can target regions 

which are not conserved and may prove to be advantageous over orthosteric 

ligands (Gao and Jacobson, 2013).  Lastly bitopic ligands have the ability to 

engage with both endogenous and allosteric binding sites. This enhances ligand 

specificity and may improve pharmacological properties including affinity for the 

receptor by binding to two binding sites and additionally selectivity by the 

possession of the allosteric site (Valant et al., 2012). While different orthosteric 

ligands can display different efficacies for functional responses, called ligand 

bias, both bitopic and allosteric ligands show promise in coordinating ligand bias 

due to the possibility of distinct receptor conformations being formed when 

ligands bind to separate binding sites (Lane, Sexton and Christopoulos, 2013; 

Fronik, Gaiser and Sejer Pedersen, 2017).  
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Figure 1-4: Pharmacology of GPCR ligands  
Orthosteric agonists can produce different concentration response curves dependent on agonist 
efficacy. Full agonists produce maximal responses at the receptor, whereas partial agonists 
produce submaximal responses. Neutral antagonists produce no receptor response, however, 
inverse agonists induce a decrease in response compared to basal activity, assuming the receptor 
shows measurable constitutive activity (A).  Positive and negative allosteric modulators (PAMs and 
NAMs respectively) affect potencies and maximal receptor responses. (B) Incubation with PAMs 
increases potency and/or maximal response of the orthosteric agonist, whereas (C) incubation of 
NAMs reduces potency and/or maximal response of orthosteric agonist.  

1.6.1 Biased agonism  

In recent years it has become clear that the idea that one G protein binding 

exclusively to a GPCR is oversimplified. GPCRs can couple to multiple different G 

proteins and arrestins and signal through different pathways. For example, the 

β2AR’s were thought to exclusively couple to Gαs G proteins, however, it was 

later shown that the receptor actually differentially couples to Gαi and Gαq G 

proteins (Tate et al., 1991; Bylund et al., 1994; Wenzel-Seifert and Siefert, 

2000). With the knowledge that agonists can couple to more than one pathway, 

the idea of biased agonism was hypothesised. Biased agonism refers to the 

preferential activation of one signalling pathway over another pathway (Jarpe et 
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al., 1998; Hodavance et al., 2016). This can refer to the preferential activation 

of one G protein-coupled pathway over another or β-arrestin coupled pathways 

over G protein pathways or vice versa (Hodavance et al., 2016). In order to elicit 

biased signalling, biased ligands are thought to induce receptors to adopt 

distinct conformations, locking the receptor in a preferential coupling pattern 

(Kenakin and Morgan, 1989; Kenakin and Miller, 2010; Yang, Hou and Tao, 2021). 

A phosphorylation barcode theory has been proposed that could explain 

properties of some biased agonists. This theory suggests that different ligands 

binding to a receptor can result in different phosphorylation patterns, and 

therefore, this could influence interactions with β-arrestins and binding of 

differing signalling partners (Tobin, 2008; Butcher et al., 2011).  

Biased signalling could result in physiological benefits. For example, novel drugs 

could be designed to activate specific therapeutically beneficial pathways while 

inhibiting pathways that lead to deleterious or adverse responses, resulting in 

the generation of more targeted and safer therapeutic drugs (Hodavance et al., 

2016). These effects have already been identified for some receptors. For 

example in muscarinic M1 receptors, phosphorylation/β-arrestin pathways were 

demonstrated to minimise adverse responses (Bradley et al., 2020) while 

providing neuroprotective effects (Scarpa et al., 2021). Therefore, harnessing 

these effects by using phosphorylation/β-arrestin biased M1 agonists may 

provide novel disease-modifying and safer therapies in neurodegenerative 

diseases such as Alzheimer’s Disease (Scarpa et al., 2021). 

1.7 GPCRs in drug discovery 

GPCRs account for over 30% of targets of all prescription drugs, making them the 

largest class of receptors validated as targets in the drug discovery industry 

(Santos et al., 2016). There are several factors which contribute to their success 

as drug targets, including their presence as the largest group of membrane 

located receptors in the human body regulating a vast array of biological 

processes (Rask-Andersen, Masuram and Schiöth, 2014). Transmembrane proteins 

also make good drug targets as drugs do not need to traverse the plasma 

membrane to reach their targets (Hauser et al., 2017; Sriram and Insel, 2018). 

Therefore, it is no surprise that GPCRs continue to be the focus of many drug 

discovery programmes.  
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Many successful disease therapies have been developed that target GPCRs,  

including the treatment of obesity and diabetes, cardiovascular disease and 

neurological diseases (Hauser et al., 2017). There are many naturally occurring 

agonists approved for treatment. One example includes epinephrine, the 

endogenous ligand for β2AR, which is used to relieve symptoms from allergic 

reactions such as anaphylaxis (Ring, Klimek and Worm, 2018). We can directly 

modulate receptor activity with synthetic ligands also. Salmeterol is a synthetic 

agonist which acts also upon the β2AR and is used as a treatment in asthma to 

relax constricted airways (Holdcroft, 1994; Wendell, Fan and Zhang, 2020). In 

addition, numerous drugs can modulate receptor signalling indirectly by 

activating proteins that are upstream or downstream of GPCRs. An example of 

this type of drug is serotonin reuptake inhibitors which block uptake of 

monoamine neurotransmitters and are commonly used as antidepressants as they 

increase serotonin levels within the brain (Sriram and Insel, 2018; Mantas et al., 

2022).  

Despite GPCRs accounting for a wide proportion of drug targets, only around 12% 

of GPCRs have approved drugs targeting them (Sriram and Insel, 2018). 

Therefore, more research is required in order to develop appropriate drugs for 

these GPCRs to increase the number of available drug therapies. Amongst these 

receptors which have not yet been exploited for their therapeutic potential are 

the free fatty acid receptor family.  

 

1.8 Free fatty acid receptors 

1.8.1 Free fatty acids 

Fatty acids are key sources of energy in the body as they are vital dietary 

sources as well as cellular structural elements. Fatty acids are usually found in 

their esterified form, but if unesterified they are named free fatty acids. The 

body is capable of synthesising all fatty acids which are not essential. Essential 

fatty acids however, must be obtained from the diet (Engelking, 2015). Fatty 

acids can be biosynthesised from carbohydrates through glycolysis in which 

acetyl coA is produced. Acetyl coA is then converted to fatty acids through fatty 

acid synthetases (Galli and Risé, 2006; Engelking, 2015; Kimura et al., 2020). 
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These fatty acids can then be stored as triglycerides in adipocytes (Guilherme et 

al., 2008; Kimura et al., 2020). Release of free fatty acids occurs during lipolysis 

in adipose tissues, a process resulting in the hydrolysis of triglycerides to free 

fatty acids and glycerol which can be used as an energy source for tissues and 

organs of the body (Galli and Risé, 2006). These free fatty acids can then 

circulate around the body bound by plasma albumin (Kimura et al., 2020).  

Free fatty acids can be monounsaturated, polyunsaturated or saturated 

depending on the number of carbon to carbon double bonds in the carbon chain. 

An example of a monounsaturated free fatty acid is oleic acid, while examples 

of polyunsaturated free fatty acids include linoleic acid and docosohexanoic 

acid. Examples of saturated fatty acids include stearic acid and palmitic acid 

(Galli and Risé, 2006). Free fatty acids are classified into three groups: short 

chain fatty acids (C1-C6), medium chain fatty acids (C7-C12) and long chain fatty 

acids with >C12 (Hara et al., 2014) .  

Free fatty acids are key regulators in metabolism and are released from 

triglycerides upon hydrolysis during periods of fasting. It is also well known that 

free fatty acids are involved in the structural support of cellular membranes, 

with fatty acids being integral components in phospholipids, sphingolipids, 

lipoproteins and glycolipids (Sieber and Jehle, 2014). In addition to their 

functions of dietary nutrients and cellular components, free fatty acids have 

proven ability to act as signalling molecules by activating the free fatty acid 

family of G protein-coupled receptors. As free fatty acid receptors are expressed 

on immune cells, links are being made between these receptors and treatments 

for inflammatory metabolic and respiratory diseases (Alvarez-Curto and Milligan, 

2016; Coope, Torsoni and Velloso, 2016; Prihandoko et al., 2020).  

1.8.2 Free fatty acid receptor families 

Free fatty acid receptors are a family of GPCRs which are activated by free fatty 

acids. There are four known receptors within this family: free fatty acid 

receptor 1 (FFA1/GPR40), free fatty acid receptor 2 (FFA2/GPR41), free fatty 

acid receptor 3 (FFA3/GPR43) and free fatty acid receptor 4 (FFA4/GPR120). 

These receptors are part of the rhodopsin-like family of GPCRs (Ichimura et al., 

2014). 
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FFA1, 2 and 3 were identified by Sawzdargo et al., (1997) when classifying 

subtypes of the human galanin receptor, where genes corresponding to these 

receptors were identified on the chromosome 19q13.1. Ligand screening 

experiments led to the deorphanisation of FFA1 in 2003, concurrent with the 

discovery that FFA1 was activated upon binding of long chain free fatty acids 

(Briscoe et al., 2003). Similarly, FFA2 and 3 were deorphanised in 2003 when 

short chain fatty acids were found to activate these receptors (Brown et al., 

2003; Le Poul et al., 2003; Nilsson et al., 2003). FFA4, however, was identified 

later in 2003 by Fredriksson et al., in genomic sequencing experiments and was 

subsequently deorphanised in 2005 by Hirasawa et al., upon finding that long 

chain unsaturated free fatty acids activated the receptor. Following the 

deorphanisation of the free fatty acid receptors, their names were 

systematically changed from the GPR receptor classification to FFA1-4 receptors 

that we use today (Stoddart, Smith and Milligan, 2008; Davenport et al., 2013). 

1.8.3 FFA1 

FFA1 is expressed in many tissues including the central nervous system, human 

brain, liver and skeletal muscle. However, FFA1 is most highly expressed in β-

cells of the islets of Langerhans in the pancreas (Briscoe et al., 2003; Itoh et al., 

2003; Kotarsky et al., 2003; Zamarbide et al., 2014). FFA1 couples to Gαq/11, 

Gαs, Gαi/o and β-arrestin2 pathways but signals primarily through Gαq/11 G 

proteins via which it stimulates insulin secretion (Itoh et al., 2003; Kotarsky et 

al., 2003; Fujiwara, Maekawa and Yada, 2005; Shapiro et al., 2005; Shimpukade 

et al., 2012; Hauge et al., 2015; Mancini et al., 2015). Therefore, it is not 

surprising that FFA1 is an attractive drug target for diabetes, and as a result 

many FFA1 compounds have been developed as potential therapeutics for type 2 

diabetes mellitus (T2DM). One such drug is TAK875 (Takeda) which did enter 

clinical trials but was withdrawn at Phase III due to potential liver toxicity 

(Kaku, Araki and Yoshinaka, 2013; Defossa and Wagner, 2014; Otieno et al., 

2018; Shavadia et al., 2019).   

1.8.4 FFA2/FFA3 

FFA2 and FFA3 are both activated by short chain free fatty acids with chain 

lengths between C1 and C6. Despite this, FFA2 and FFA3 are preferentially 
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activated by chain lengths of different sizes, meaning that some agonists 

preferentially activate one receptor over another or have different potencies at 

different receptors.  FFA2 is more responsive to carbon chains C2 ≈ C3 > C4 > C5 

≈ C1, whereas FFA4 is more responsive to C3 ≈ C4 ≈ C5 > C2 > C1 (Hudson, Smith 

and Milligan, 2011). 

FFA2 is highly expressed in adipose tissue, immune cells including neutrophils, 

enteroendocrine cells within the gut and β cells of pancreatic islets (Brown et 

al., 2003; Le Poul et al., 2003; Karaki et al., 2008; Kebede et al., 2009; Tolhurst 

et al., 2012). Additionally, FFA2 along with FFA3, is expressed within myenteric 

neurones of the gut to increase transit (Barki et al., 2022). Therefore, FFA2 

modulation could be of use as a therapeutic target in diseases which have 

alterations in the immune system, particularly neutrophils, such as inflammatory 

bowel disease and also in metabolic diseases such as diabetes. Similarly, FFA3 is 

also expressed in the gut, pancreatic β cells and adipose tissues, with expression 

also detected within the spleen and neurons (Brown et al., 2003; Le Poul et al., 

2003; Tazoe et al., 2009; Barki et al., 2022). Thereby, FFA3 has also been 

described as a potential drug target in the treatment of obesity and metabolic 

diseases.  

Despite similarities in tissue expression and activating ligands, FFA2 receptors 

couple to Gαq/11 and Gαi/o G proteins and β-arrestin2, whereas FFA3 appears 

to signal exclusively via Gαi/o pathway (Le Poul et al., 2003; Nilsson et al., 

2003; Hudson et al., 2012). 

1.9 Free Fatty Acid Receptor 4 

1.9.1 Expression 

FFA4, which is the receptor of primary interest in this thesis, is expressed in: 

enteroendocrine cells of the colon, the pancreas, adipose tissues, brain, thymus, 

skeletal muscle, lung and spleen (Hirasawa et al., 2005; Miyauchi et al., 2009). 

Additionally, high expression has been detected in CD11c macrophages and 

primary peritoneal macrophages (Oh et al., 2010). Patterns of expression in 

tissues can differ between species and so care must be taken when translating 

results into humans (Cornall et al., 2014). 
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Many of the previous studies on physiological functions of FFA4 were centred on 

responses associated with food intake in tissues including the colon and 

pancreas. The regulation of FFA4 in glucose homeostasis in these tissues 

highlighted the receptor as a key target for the treatment of T2DM (Hirasawa et 

al., 2005). However, interestingly non-metabolic functions of FFA4 are 

emerging, with FFA4 expression also described in the lung, a tissue which has no 

association with food intake (Prihandoko et al., 2020). The roles of FFA4 within 

the lung are described later in Part 1.11.  

1.9.2 Signalling 

Despite the broad variation in tissue expression, functions of FFA4 within these 

different tissues is facilitated by the activation of the same three intracellular 

signalling pathways (Figure 1-5). Activation of the FFA4 receptor primarily 

results in the coupling to Gαq/11 pathways resulting in the elevation of Ca2+ and 

inositol phosphate levels and the phosphorylation of ERK1/2 (Hirasawa et al., 

2005; Briscoe et al., 2006; Alvarez-Curto et al., 2016). While there has been no 

evidence of Gαi coupling in cell line studies, FFA4-mediated Gαi signalling in the 

pancreas and stomach has been detected. Upon increased levels of glucose in 

the pancreas, somatostatin secretion is reduced and release of ghrelin from the 

stomach is promoted under Gαi coupled pathways (Engelstoft et al., 2013; Stone 

et al., 2014). 

Additionally, FFA4 couples to β-arrestin2 leading to internalisation of an FFA4-β-

arrestin complex. β-arrestin has also been described to stimulate the MAPK 

signalling pathway, although the involvement of β-arrestin2 in this pathway for 

the FFA4 receptor has been disputed (Alvarez-Curto et al., 2016). In 

macrophages, anti-inflammatory effects are elicited by FFA4-β-arrestin 

complexes. FFA4 associated β-arrestins interact with the transforming growth 

factor beta (TGF-β)-activated kinase 1 binding protein 1 (TAB1), hindering 

interactions between TAB1 and TGF-β-activated kinase 1 (TAK1), ultimately 

inhibiting NF-κB and JNK cascades and the resulting inflammatory responses 

(Figure 1-5) (Oh et al., 2010).  

Furthermore, Gαq/11 inhibits nuclear factor kappa-light-chain-enhancer of 

activated B cells (NF-KB) signalling via extracellular signal-regulated kinases 1/2 
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(ERK1/2)-dependent prostaglandin E2 (PGE2) synthesis. The inhibition of NF-KB 

signalling also inhibits associated inflammatory effects (Liu et al., 2014).  

  

Figure 1-5: Signalling pathways of FFA4 
Free fatty acid receptor 4 (FFA4) signals via Gαq/11 and Gαi G protein signalling, in addition to 
coupling to β-arrestin2. Ligands (yellow) bind to FFA4 and this stimulates G protein binding to the 
GPCR. G proteins are activated by exchange of GDP for GTP, causing α and βγ subunits to 
dissociate and signal. Gαq/11 stimulates phospholipase-C (PLC) which cleaves phosphoinositol 
4,5-bisphosphate (PIP2) to produce diacylglycerol (DAG) and inositol triphosphate (IP3). IP3 
stimulates calcium release from the sarcoplasmic reticulum in muscle or endoplasmic reticulum in 
other tissues. DAG activates protein kinase C (PKC) which feeds into mitogen-activated protein 
kinase (MAPK) signalling. Gαi signals to inhibit adenylyl cyclase (AC) which is stimulated by Gαs 
signalling. The βγ subunit in Gαi signalling pathway also initiates MAPK signalling, and while many 
receptors also stimulate MAPK signalling through β-arrestin pathways, this has been disputed in 
FFA4. FFA4 also exhibits anti-inflammatory properties in macrophages. The β-arrestin2 signalling 
pathway inhibits inflammation by inhibiting interactions between TGF-beta activated kinase binding 
protein 1 (TAB1) and TGF-beta activated kinase 1 (TAK1), the latter of which is activated by Toll 
Like Receptor 4 (TLR4) and tumour necrosis factor α receptor (TNFR), stimulated by 
lipopolysaccharides (LPS) and TNFα respectively. TAK1 induces phosphorylation of IKKβ and 
NFκB, leading to inflammation. Blocking actions of TAK1 leads to anti-inflammatory effects.  

1.9.3 FFA4 isoforms and orthologs 

There are two different isoforms of FFA4 in human, the long isoform and the 

short isoform. The short isoform is comprised of 361 amino acids, however, a 

splice variant also exists in which there are an extra 16 amino acids present 

within ICL3 and this isoform is named the long isoform (Figure 1-6) (Moore et al., 

2009). There are differences in expression patterns of these isoforms with both 

long and short isoforms being present in the human colon, with no evidence to 

suggest that the long isoform exists within any other species but humans at this 

time (Moore et al., 2009; Galindo et al., 2012; Song et al., 2015; Moniri, 2016).  
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Differences in signalling between the two isoforms have also been described. 

The FFA4 short isoform is the most commonly described form and signals as 

detailed in Part 1.9.2, primarily through Gαq/11 signalling but signalling has also 

been described for Gαi G proteins and through β-arrestin2 coupling. The long 

isoform differs and does not appear to couple to G protein dependent pathways, 

instead coupling exclusively to β-arrestin2 (Watson, Brown and Holliday, 2012). 

However, the functions of this natively expressed, β-arrestin2 biased isoform of 

the receptor are unknown. 

 

Figure 1-6: Primary amino acid sequence of FFA4 short isoform 
Amino acid residues from the FFA4 short form isoform are displayed as a snake plot. The location 
of a 16 amino acid insertion in the third extracellular loop, which forms the FFA4 long isoform, is 
marked. 

As many GPCRs are present in different species, differences in species orthologs 

must also be considered. Species orthologs have the ability to bind and respond 

to similar endogenous ligands, although it is possible for the pharmacology of 

ligands to vary (Milligan, 2009; Hudson, Murdoch and Milligan, 2013). 

Pharmacology of FFA4 agonists at both human and mouse orthologs is similar, 

however, selectivity over FFA1 is reduced in mouse orthologs and so this must be 
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considered if using agonists that respond to both FFA4 and FFA1 (Hudson et al., 

2013; Hudson, Murdoch and Milligan, 2013).    

1.9.4 FFA4 agonists and antagonists 

FFA4 receptors are endogenously activated by long chain free fatty acids. 

However, with the idea that modulating the activity of FFA4 may be 

therapeutically beneficial, a range of synthetic agonists have been developed. 

Many of these are agonists were developed with the view of a therapy for T2DM. 

Given that FFA1 and FFA4 share similarity in activating ligands, it comes as no 

surprise that many early agonists were recognised by FFA1 also. Synthetic 

agonist GW9508 was found to be selective for both FFA4 and FFA1 receptors, 

activating both receptors to produce a Ca2+ response resulting in glucose-

sensitive insulin secretion. However, GW9508 was 100-fold less selective for 

FFA4 than FFA1 (Briscoe et al., 2006). In an attempt to characterise agonists 

which were selective to FFA4 only, Suzuki et al., (2008) synthesised and 

screened both novel and previously developed ligands. A peroxisome 

proliferator-activated receptor γ (PPARγ) active molecule was selected and 

modified, named 4-{4-[2-(phenyl-pyridin-2-yl-amino)-ethoxy]-phenyl}-butyric 

acid or more commonly known as NCG21. This compound showed a 10-fold 

selectivity for FFA4 over FFA1. PPARs are activated by fatty acids and it has 

been shown that PPARγ is involved in metabolic processes such as the synthesis 

of fatty acids. PPARγ has also been shown to activate FFA4, so it is unsurprising 

that chemically modifying these agonists results in potent activation of FFA4 

(Varga, Czimmerer and Nagy, 2011; Grygiel-Górniak, 2014). However, with the 

knowledge that this compound was still an activator of FFA1 it was clear that 

novel FFA4 compounds which were more selective and potent were needed 

(Suzuki et al., 2008). 

Shimpukade et al., (2012) screened a variety of compounds in β-arrestin2 

bioluminescence resonance energy transfer (BRET) assays which were previously 

developed for the FFA1 receptor. Compounds which displayed activity at FFA4 

and selectivity over FFA1 were then optimised and using this method it was 

discovered that the ortho-biphenyl ligand 4-{[4-fluoro-4′-methyl(1,1′-biphenyl)-2-

yl]methoxy}-benzenepropanoic acid, TUG-891, was more selective and potent 

for FFA4 than previous ligands. This agonist has now been extensively researched 
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and is perhaps the most well characterised FFA4 agonist. TUG-891 has been 

shown to be a potent molecule at human and mouse FFA4, although it does also 

result in activation of FFA1 in a species-specific manner as described in Part 

1.9.3 (Hudson et al., 2013). Compound A, another carboxylic compound was 

developed by Merck in 2014. Subsequent testing by Oh et al., (2014) revealed 

that in intracellular Ca2+ assays, Compound A showed little activity at FFA1. 

Additionally, Metabolex also developed a number of FFA4 agonists including 

Metabolex-36 which shows over 100-fold selectivity over FFA1 and Compound B 

(Agonist 2) which shows over 1000-fold selectivity over FFA1 (Engelstoft et al., 

2013). 

These synthetic agonists described contain carboxylic groups, mimicking those of 

endogenous agonists. Mutational analysis of the orthosteric binding site of FFA4 

identified that Arg99 was an important residue in the binding of carboxylic 

residues of free fatty acids and synthetic ligands (Shimpukade et al., 2012). 

However, a series of non-carboxylic compounds have been also developed 

including GSK137647A and TUG-1197.  GSK137647A is a sulfonamide FFA4 

agonist, showing 50-fold greater selectivity for FFA4 than FFA1, however issues 

with agonist solubility may limit use in in vivo settings (Sparks et al., 2014). 

TUG-1197 is a nonacidic benzosultam ligand and is described to show little 

activity at FFA1 (Azevedo et al., 2016).  

There have only been a handful of antagonists described for FFA4 including, 4-

methyl-N-9H-xanthen-9-yl-benzenesulfonamide or AH7614 as it is commercially 

known and chemically similar 4-methyl-N-(9H-thioxanthen-9-

yl)benzenesulfonamide or TUG-1506 (Sparks et al., 2014; Watterson et al., 

2017). Both of these antagonists are non-competitive allosteric antagonists, 

which block FFA4 activity. Additionally, these antagonists are selective for FFA4 

and do not block FFA1 agonist responses. FFA4 agonist and antagonist chemical 

structures are displayed in Table 1-1. 
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Table 1-1: Structures and chemical names of FFA4 compounds 
Images of chemical structures from Chem spider.  

Pharmacological research on the FFA4 receptor has been hindered by a lack of 

suitable agonists (Milligan et al., 2017). Despite strenuous efforts, few FFA4 

agonists are available and many of those that are have poor potency. 
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Additionally, only orthosteric agonists have been produced and we have not yet 

been able to exploit the potential therapeutic benefits which positive allosteric 

modulators offer. Perhaps for these reasons, there are very few FFA4 agonists 

which have made it to clinical trial. However, KDT501, an agonist chemically 

derived from natural hops has been characterised in phase II clinical trials where 

this drug increased adiponectin levels which promotes metabolic homeostasis 

(Konda et al., 2014; Finlin et al., 2017). Clearly there is potential therapeutic 

benefit in the modulation of FFA4 in metabolic diseases, and therefore there is a 

great need to develop and characterise more FFA4 agonists, not only for use as a 

drug target in metabolic diseases but also to explore newly emerging settings 

such as respiratory disease. 

1.10 FFA4 in the colon 

1.10.1 Background 

In 2005, along with the discovery that FFA4 was a receptor that responded to 

long chain free fatty acids, Hirasawa et al., (2005) showed localisation of FFA4 

within the colon.  High levels of expression have been shown within 

enteroendocrine cells (EECs) which are sparsely scattered throughout the 

gastrointestinal tract (Liddle, 2018). Within the colon, there are 4 layers: 

mucosa, submucosa, muscular layer and serosa (Rao and Wang, 2010; Kieffer and 

Epstein, 2022). Epithelial layers, which contain EECs, are present within mucosal 

layers which are important for the absorption of nutrients and contain villi to 

increase surface area to maximise absorption (Kiela and Ghishan, 2016). EECs 

form only 1% of the cells within the gut epithelium but are very important in the 

release of gastrointestinal hormones which regulate a variety of functions (R. 

Latorre et al., 2016). Hormones secreted include glucagon-like peptide 1 (GLP-

1), peptide YY (PYY), gastric inhibitory peptide (GIP), 

cholecystokinin (CCK), somatostatin and ghrelin. However, EECs are comprised 

of different cell types, each of which preferentially secrete a subtype of 

hormones or peptide. Within the stomach, the D subset of cells secrete 

somatostatin and A cells secrete ghrelin. K cells of the small intestines contain 

gastric GIP (Parker et al., 2009; Lu et al., 2012; Engelstoft et al., 2013; Egerod 

et al., 2015), intestinal I cells secrete CCK and L cells secrete PYY and GLP-1 

(Reimann et al., 2008).  

https://www.sciencedirect.com/topics/medicine-and-dentistry/peptide-yy
https://www.sciencedirect.com/topics/medicine-and-dentistry/cholecystokinin
https://www.sciencedirect.com/topics/medicine-and-dentistry/ghrelin
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EECs secrete peptide hormones following stimuli, with most peptide hormones 

released in response to food intake. Absorption of nutrients into the blood 

stream can result in peptide hormone release in a variety of different ways. 

Nutrients can interact with the surface of the EEC and most EECs sense nutrients 

through possession of microvilli which expand to the gut lumen (Liddle, 2018). 

However, some nutrients, including glucose require to be transported across the 

surface of the EEC in order to promote the release of gut hormones (McCauley, 

2020). Additionally, hormones can be secreted upon stimulation of free fatty 

acid receptors, following binding of free fatty acids (Latorre et al., 2016). The 

relative contributions of FFA4 on the secretions of these hormones is described 

in more detail in Chapter 6. 

1.10.2 Overview of metabolic disease 

Diabetes mellitus is prevalent worldwide with 537 million adults facing the 

disease in 2021, with around 90% of these cases expected to be T2DM cases. By 

2030, this number is expected to rise to 643 million patients worldwide 

(International Diabetes Federation, 2021). T2DM is characterised by insulin 

insensitivity and dysfunction of β cells of the pancreas (Saisho, 2015). Insulin 

insensitivity is described by improper function of insulin receptors, where in a 

healthy individual the release of insulin promotes glucose storage as glycogen in 

muscle and liver and as triglycerides in adipose tissue (Jensen et al., 2011; 

Lankatillake, Huynh and Dias, 2019; Sanches et al., 2021). However, insulin 

insensitivity results in a lack of glucose storage in liver, muscle and adipose 

tissues resulting in an excess of glucose in the bloodstream. As there is a lack of 

glucose within tissues, the liver believes the body is starved of glucose and 

converts glycogen to glucose for release into the bloodstream. This leads to 

elevation of glucose in the bloodstream leading to hyperglycaemia and 

glycosuria (Hatting et al., 2018). To compensate for the high levels of glucose 

within the blood, the β-cells of the pancreas secrete more insulin. However, 

eventually β cells become dysfunctional and insulin secretion cannot cope with 

the demand for glucose production (Prentki and Nolan, 2006). Ultimately, the 

body is unable to maintain glucose homeostasis and cannot transport glucose 

around the body to liver, muscle and adipose tissues (Stanford and Goodyear, 

2014). Pre-disposition factors for insulin resistance and T2DM include obesity, 

smoking and lack of physical activity. Additionally, diabetes is more frequent in 
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those over the age of 40 years old, however, incidences are increasing in 

younger age groups. Genetic factors can also contribute, with higher incidences 

seen in high-risk ethnic groups including Native American, African American and 

Asian groups (Chen, Magliano and Zimmet, 2012).  

Additionally, T2DM is directly correlated with obesity. Obesity is characterised 

by an excess of fat storage as a result of a prolonged excess food intake. Obesity 

leads to an increase in excess free fatty acids which may lead to disruption of β-

cell function and the development of diabetes (Shimabukuro et al., 1998; 

Redinger, 2007). Obesity is also a chronic inflammatory disease triggering 

changes in many inflammatory markers including monocytes, lymphocytes, and 

neutrophils. Additionally, adipocytes release pro-inflammatory cytokines during 

obesity which contributes to the low grade inflammation (Deepesh and Anis, 

2021). Macrophages also increase in number and change phenotype from M2 

anti-inflammatory to M1 pro-inflammatory phenotypes (Zatterale et al., 2020).   

1.10.3 Current therapeutic opportunities in metabolic disease 
by targeting FFA4 

Current treatments for T2DM work to enhance insulin secretion or improve 

sensitivity to insulin. The most widely used treatment is Metformin, which 

activates adenosine monophosphate protein kinase (AMPK) and promotes glucose 

uptake (Zhou et al., 2001; Majumdar and Inzucchi, 2013; Marín-Peñalver et al., 

2016). Additional drugs may also be prescribed if Metformin does not lower 

blood glucose levels, some of which include GLP-1 receptor agonists which 

stimulate GLP-1 release, sulfonylureas which stimulate insulin secretion from β 

cells of the pancreas by regulating ATP-sensitive potassium channels and 

dipeptidyl peptidase-4 (DPP-4) inhibitors which inhibit the action of DPP-4, an 

enzyme which inhibits release of GLP-1 and GIP incretins (Majumdar and 

Inzucchi, 2013; Marín-Peñalver et al., 2016). In addition to drug therapies, 

improved diet and exercise are also advised (Marín-Peñalver et al., 2016). 

Prescribed drugs can however cause side effects including hypoglycemia and 

weight gain (Watterson et al., 2014). Additionally, in 2017, T2DM was 

responsible for over 1 million deaths worldwide and so while there are current 

therapies, there is an obvious need for more effective therapies without adverse 

side effects (Khan et al., 2020).  
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Free fatty acid receptors have gathered considerable interest in recent years as 

possible drug targets for metabolic diseases, due to their co-localisation in 

tissues responding to food intake such as the colon and the pancreas. Previously, 

FFA1 synthetic agonist treatment has been shown to improve glycaemic control 

and insulin secretion following treatment in vivo (Itoh et al., 2003; Ghislain and 

Poitout, 2017). However, as earlier described in Part 1.8.3, FFA1 agonist TAK-

875 failed clinical trials due to liver toxicity concerns, again highlighting the 

imperative need for the development of safer therapies (Kaku, Araki and 

Yoshinaka, 2013; Defossa and Wagner, 2014; Otieno et al., 2018; Shavadia et al., 

2019). Given that FFA4 is also linked to regulation of glucose homeostasis, there 

is compelling evidence that FFA4 may provide a novel drug target for T2DM 

diabetes (Suckow et al., 2014). 

With the suggestion that FFA4 is co-expressed in EECs that regulate the release 

of metabolic hormones upon intake of food, links have been made between FFA4 

and metabolic diseases such as diabetes and obesity (Alvarez-Curto and Milligan, 

2016; Milligan et al., 2017). FFA4 may promote the release of the incretin GLP-1 

which stimulates insulin release, and furthermore FFA4 regulates inhibition of 

somatostatin release, the action of which promotes glucagon and insulin release 

(Hirasawa et al., 2005; Croze et al., 2021). Additionally, FFA4 has clinical 

implications in obesity, given that a variant of FFA4 containing a p.R270H 

mutation which inhibits FFA4 activity has been linked to an increased risk of 

obesity in European populations. This suggested that FFA4 is involved in 

regulation of body weight (Ichimura et al., 2012). Further evidence supporting 

this indicated a role for FFA4 in satiety through the promotion of PYY secretion,  

a hormone which has been shown to reduce food intake in both mouse and 

human subjects (Moodaley et al., 2017). Additionally, anti-inflammatory effects 

of FFA4 through β-arrestin pathways signalling may be beneficial in reduction of 

low grade inflammation experienced in obesity (Oh et al., 2010). Therefore, 

FFA4 represents an attractive novel drug target for metabolic disease, however 

as described previously in Part 1.9.4, few FFA4 synthetic agonists have reached 

clinical trial in these areas. Therefore, development and characterisation of 

FFA4 agonists is vital in exploiting the therapeutic potential of FFA4 agonists in 

metabolic diseases. 
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1.11 FFA4 in the lung 

1.11.1 Background 

In addition to demonstrating FFA4 expression within colon tissues, Hirasawa et 

al., (2005) also demonstrated that FFA4 was highly expressed in both human and 

mouse lung tissue. However, the physiological role of FFA4 within the lung was 

not investigated until Prihandoko et al., (2020) unravelled the roles of FFA4 in 

airway smooth muscle (ASM) relaxation. Additionally in 2017, Lee et al., 

discovered that ω-3 polyunsaturated fatty acids, natural ligands for FFA4, 

stimulated airway recovery in epithelial club cells. These two studies indicate 

that FFA4 may be a good drug target for respiratory disease. 

The lung is composed of two halves, the right half containing three lobes and the 

left half containing two lobes, however, the lungs are part of a large and 

complex respiratory system (Chaudhry and Bordoni., 2021). The respiratory 

system is separated into conducting and the respiratory sections. The conducting 

section facilitates movement of air in and out of the lungs and is composed of 

nasal cavities, nasopharynx, larynx, trachea, bronchi and bronchioles. The 

respiratory section, often called lung parenchyma maintains gas exchange and is 

composed of bronchioles, alveolar ducts and sacs, and alveoli  (Figure 1-7) (Khan 

and Lynch., 2022).  
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Figure 1-7: Lung anatomy 
Within the respiratory system there are two portions, the conducting and the respiratory portions. 
The conducting section facilitates movement of air in and out of the lungs and the respiratory 
portion facilitates the exchange of gas inwards and outwards of the lung. The conducting proportion 
comprises of nasal cavities, nasopharynx, larynx, trachea, bronchi and bronchioles. The respiratory 
portion is comprised of bronchioles, alveolar ducts and sacs, and alveoli. Image created using 
Biorender. 

There are four layers within the respiratory system: respiratory mucosa, 

submucosa, cartilage and muscular layer and adventitia. Epithelial layers are 

present within mucosal layers, functioning to prevent pathogen invasion (Larsen, 

Cowley and Fuchs, 2020). Epithelia of the respiratory parenchyma contain goblet 

cells which secrete mucus to act as a barrier for pathogens, while ciliated cells 

move mucus upwards to force pathogens out of the body. Deeper into the 

respiratory system, epithelial cells change from ciliated epithelium to non-

ciliated epithelial cells called clara cells (Kia’i and Bajaj, 2022). FFA4 has been 

shown to reside in the lung epithelium, specifically within clara cells 

(Prihandoko et al., 2020). FFA4 is also present in immune cell populations 

including lung resident macrophages where FFA4 plays anti-inflammatory roles 

(Oh et al., 2010; Prihandoko et al., 2020).  Additionally, FFA4 has been detected 

in lung ASM (Prihandoko et al., 2020).  

1.11.2 Respiratory disease 

Asthma and chronic obstructive pulmonary disease (COPD) are both respiratory 

diseases that involve lung inflammation and constriction of the airways. Asthma 

is one of the most common and prevalent diseases worldwide, with 262 million 

asthma sufferers reported globally in 2019 (Abbafati et al., 2020). There is a 
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broad spectrum of different pathologies in asthma, which can be categorised 

based on differing disease stimuli, symptom onset and pathophysiology. These 

include allergic asthma, non-allergic asthma, seasonal and exercise induced 

asthmas, and adult and child onset asthma (Romanet-Manent et al., 2002; Choi 

et al., 2012; Trivedi and Denton, 2019). The most common form of asthma is 

allergic asthma, which is caused by environmental allergies including pollen and 

house dust mites. Common to all forms of asthma are symptoms including 

tightness of chest, shortage of breath, airway hyperresponsiveness and coughing 

(Barnes, Rodger and Thomson., 2009). These symptoms are induced by 

obstruction of airways and chronic inflammation (Barnes, 2008).  

COPD is also a debilitating respiratory disease of the small airways, resulting in 

high rates of morbidity, and is currently the fourth most common cause of death 

worldwide (Barnes, 2016). In 2016, around 251 million people had been 

diagnosed with COPD worldwide but this number is expected to be far greater as 

many patients have been misdiagnosed or remain undiagnosed (Vos et al., 2016). 

COPD often affects people over the age of 35 and is caused by exposure to 

pollutants such as cigarette smoke, inducing symptoms such as a chronic cough, 

breathlessness, production of atypical sputum, fibrosis of the lung and 

irreversible emphysema. A progressive reduction in lung function follows which 

leads to physical decline and may ultimately lead to death (Bhatia and Fromer, 

2011). 

1.11.3 Lung inflammation in asthma and COPD 

In both asthma and COPD, disease pathophysiology is heavily influenced by 

inflammation. However, inflammation in both diseases differs. In allergic 

asthma, inflammation is driven by a T helper 2 (Th2) response that induce 

pathophysiological responses as a result of these immune responses, including 

contraction of smooth muscle, mucus hypersecretion, bronchial 

hyperresponsiveness and airway remodelling (Figure 1-8) (Bosnjak et al., 2011; 

Lambrecht, Hammad and Fahy, 2019).  
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Figure 1-8: Inflammation in allergic asthma 
In primary sensitising events, which usually occur during childhood, irritation with allergenic stimuli 
causes antigen presenting cells (APCs) to interact with CD4+ T cells (Bosnjak et al., 2011; León 
and Ballesteros-Tato, 2021). This promotes the differentiation of these cells into Th2 helper cells. 
Following a second exposure to an allergen, these Th2 helper cells become activated and travel to 
airways where Th2-associated cytokines, such as IL-4, IL-13, and IL-5 are released (Seumois et 
al., 2014) . IL-4 promotes further differentiation of naïve T cells to Th2 cells, IL-13 is a pro-
inflammatory cytokine which stimulates IgE production from B cells and IL-5 promotes release of 
eosinophils which further promote inflammation by the release of pro-inflammatory mediators (May 
and Fung, 2015; Hassani and Koenderman, 2018; Russkamp et al., 2019). Mast cells are also 
activated resulting in release of inflammatory mediators.  The resulting immune responses 
contribute to the allergic physiological symptoms associated with asthma. 

In COPD, the inflammatory response is complex and differs vastly from asthma. 

Following response to stimuli including inhaled cigarette smoke, lung epithelium 

releases inflammatory mediators and reactive oxygen species (ROS). This 

activates macrophages causing them to release a variety of chemokines and 

https://www.sciencedirect.com/topics/immunology-and-microbiology/naive-t-cell
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cytokines in turn recruiting monocytes, neutrophils and lymphocytes. Membrane 

wall degrading serine proteases and reactive oxygen species are also secreted 

from macrophages. Additionally, eosinophils are involved in the immune 

response also, promoting emphysema (Barnes, 2016). Collectively, these immune 

cells and mediators contribute to physiological symptoms associated with COPD 

(Figure 1-9). 

 

Figure 1-9: Inflammation in COPD 
In response to stimuli such as cigarette smoke and pollution, epithelial cells release TNF-α, IL-1β, 
IL-6, granulocyte-macrophage colony-stimulating factor (GM-CSF) and IL-8. Macrophages are 
activated by release of these inflammatory mediators and reactive oxygen species (ROS) (Barnes, 
2016). Activated macrophages secrete CCL2 to recruit monocytes which differentiate into 
macrophages (Traves et al., 2002; Barnes, 2016). Additionally, macrophages stimulate chronic 
inflammation by secreting chemokines and cytokines which attract neutrophils, monocytes and 
Th17. Chemotactic factors such as IL-8 guide the neutrophils into the respiratory tract where they 
promote mucus hypersecretion and secrete serine proteases, resulting in the destruction of 
alveolar walls, leading to irreversible emphysema. Macrophages can also directly secrete these 
alveoli destructing enzymes, and additionally secretion of reactive oxygen species which 
contributes to resistance to corticosteroids, drugs commonly taken to reduce inflammation in COPD 
(Barnes, 2016). Lymphocytes and eosinophils can also be secreted during disease pathogenesis. 
Lymphocytes, including Th1 and Tc1 T cells, are increased upon disease onset by activation of 
CXCR3 by chemokines secreted by macrophages and lung epithelium. Release of IFN-γ from 
lymphocytes promotes further release of chemokines, perforin and granzyme B which contribute to 
airway emphysema. Eosinophils which are most commonly found in asthma patients can also be 
increased in COPD patients, although mechanisms for eosinophil accumulation are not certain.  

 

Inflammation in respiratory diseases is a primary cause for the narrowing of the 

airway which results in symptoms such as shortness of breath, tightness of chest 

and coughing (Lambrecht, Hammad and Fahy, 2019). It is possible that the 
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inhibition of the TAB1/TAK1 interaction in the β-arrestin signalling pathway of 

FFA4 may be able to alleviate some of the inflammatory processes and 

associated symptoms of asthma and COPD, although this is a poorly researched 

topic. 

1.11.4 Smooth muscle contraction and relaxation in lung 
airways 

Smooth muscle which is present throughout the body has the ability to contract 

and relax. As previously described, most of the discomfort in respiratory diseases 

comes from the restriction of airways which can lead to hyperresponsiveness. 

Airway smooth muscle (ASM) contraction and relaxation are complex processes 

regulated by a variety of different intracellular signalling pathways. Receptors 

involved in ASM contraction include M3 muscarinic receptors and tachykinin. 

These receptors signal through Gq protein pathways resulting in inositol 

triphosphate (IP3) production and release of Ca2+ from the sarcoplasmic 

reticulum (Gosens et al., 2006; Mizuta et al., 2008; Bradley et al., 2016).  This 

mechanism is mediated by the activation of inositol triphosphate receptors 

(IP3R) and ryanodine receptors (RyR), and results in activation of calmodulin and 

myosin light chain kinase (MLCK) (Somlyo and Somlyo, 2003; Kim et al., 2016). 

The resulting phosphorylation of MLC results in interaction with myosin and actin 

to facilitate cross-bridge cycling in contractile events (Somlyo and Somlyo, 2003; 

Kim et al., 2016; Hafen and Burns, 2022). Contraction can also occur 

independently of calcium through a RhoA GTPase pathway where Rho-kinase 

phosphorylates MLC (Somlyo and Somlyo, 2003). In addition, calcium release 

produces oscillations within ASM cells, which can be directly related to the size 

of airway contraction (Perez and Sanderson, 2005).  

Smooth muscle relaxation occurs following inhibition of contraction by removal 

of stimulus or use of vasodilator. The process usually occurs by the 

dephosphorylation of MLC by MLC phosphatases and by depletion of intracellular 

calcium (Webb, 2003). There are a variety of molecular mechanisms which 

regulate ASM relaxation. Relaxation of ASM is as a result of increased cAMP 

which results in the inhibition of the previously mentioned MLCK and 

dephosphorylation of MLC (Billington et al., 2013). Additionally, mechanisms 

have been described for the role of nitric oxide in ASM relaxation. Nitric oxide 
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produced in endothelial cells activates guanylate cyclase in smooth muscle cells. 

This results in cyclic guanosine 3’,5’ monophosphate (cGMP) production which 

activates effector proteins such as cGMP-dependent protein kinase or protein 

kinase G (PKG), phosphodiesterase’s (PDE) and ion channels which stimulate 

smooth muscle relaxation (Carvajal et al., 2000; Perez-Zoghbi, Bai and 

Sanderson, 2010). 

Recently, FFA4 expression has been identified in ASM and activation of FFA4 has 

been shown to result in ASM relaxation (Prihandoko et al., 2020). Efforts by 

Prihandoko et al., (2020) revealed that upon FFA4 agonist stimulation, 

Prostaglandin E2 (PGE2) is released which may result in smooth muscle 

relaxation. Subsequently, it was identified that following FFA4 agonist 

stimulation, COX-2 transcription was increased. COX-2 leads to production of 

PGE2, which binds to EP4 receptors resulting in increased cAMP production 

through a Gs coupled pathway. The resulting cAMP acts to inhibit MLCK, 

resulting in smooth muscle relaxation (Ruan, Zhou and Chan, 2011; Billington et 

al., 2013; Prihandoko et al., 2020). However, the relative contributions that this 

may have on FFA4 mediated smooth muscle relaxation and the definitive 

mechanism by which this occurs is unknown. The role of FFA4 activation in ASM 

relaxation will be discussed in detail in Chapter 5. 

1.11.5 Treatments for respiratory diseases 

Treatments for asthma and COPD mainly comprise of orally inhaled drugs. 

Although these pathologies seem similar in terms of symptoms, their 

pathogeneses are very different, and therefore proper diagnosis is required for 

prescription of effective treatments. Inflammation that results in COPD involves 

infiltration with macrophages, neutrophils and T lymphocytes, however, in 

allergic asthma, inflammation is caused by an allergic reaction due activation of 

mast cells and T lymphocytes which results in recruitment of eosinophils. The 

blockage of the airways is almost completely reversible in asthma, however, in 

COPD it is irreversible (Bhatia and Fromer, 2011). In some cases, patients may 

have hallmarks of both asthma and COPD and this is called asthma-COPD 

overlap. The latter disease usually involves COPD patients who have increased 

eosinophils and respond well to bronchodilators and corticosteroid therapies, 

hallmarks that are shared with asthma patients (Barnes, 2019).  
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Due to molecular differences in these diseases, a treatment for asthma may not 

necessarily be an effective treatment for COPD. Thus a specific diagnosis is 

crucial for the prescription of the most appropriate medications (Bhatia and 

Fromer, 2011). Currently there are no therapies available which cure or slow the 

progression of asthma and COPD; however, therapies are available which 

manage disease symptoms. The most commonly prescribed drugs are long-acting 

β2-agonists (LABA), long acting muscarinic agonists (LAMA) and corticosteroids 

(Page and Cazzola, 2014). LABAs and LAMAs are bronchodilators which act as 

airway relaxants and are a largely effective treatment in the relief of breathing 

difficulty (Barnes, 2010). Corticosteroids can be used in combination with 

bronchodilators to reduce inflammation (Barnes, 2012) but steroid therapy is not 

without risk as some patients suffer from deleterious side effects including 

osteoporosis and cataracts (Dahl, 2006). Asthma patients are prescribed inhaled 

corticosteroids but if symptoms persist, LABAs can be prescribed. Patients with 

severe symptoms may be prescribed other drugs including LAMAs and oral 

corticosteroids. COPD patients are usually prescribed LABAs and LAMAs to relieve 

symptoms. However, if disease symptoms persists corticosteroids and additional 

drugs including phosphodiesterase 4 inhibitors may be prescribed (Bhatia and 

Fromer, 2011; Barnes, 2018). Patients suffering from asthma-COPD overlap 

require LABAs, LAMAs and inhaled corticosteroids in combination (Barnes, 2018). 

Some patients may develop resistance to corticosteroids resulting in a chronic 

form of the disease (Barnes, 1998). Additionally, these therapies are unable to 

act on the irreversible emphysema which is seen in COPD. Due to increasing 

numbers of patients suffering from these diseases, it is clear that pre-existing 

drug therapies do not effectively manage symptoms and novel drug therapies 

need to be considered to better manage respiratory diseases. FFA4 agonists 

represent a novel therapy due to their anti-inflammatory and broncho-dilating 

properties. 
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1.12 Thesis aims 

Despite pre-existing therapies for metabolic diseases such as diabetes and 

respiratory diseases including asthma and COPD, these diseases are still very 

prevalent worldwide and affect the lives of millions of people. Drug therapies 

can result in harmful side effects and may be ineffective on certain populations 

of patients, highlighting a clinical need for novel and safer therapeutics. FFA4 

provides a novel therapeutic target for T2DM based on its involvement in 

regulation of glucose homeostasis. Additionally, anti-inflammatory effects 

exerted by FFA4-mediated β-arrestin-dependent signalling pathways may be able 

to alleviate low grade inflammation in obesity. These anti-inflammatory effects 

may also be beneficial in the relief of inflammation contributing to asthma and 

COPD symptoms. FFA4 has also been proven to relax ASM which may be useful in 

treatment of bronchoconstriction in these respiratory diseases.  

Previously developed drugs have been unsuitable for clinical treatment due to 

poor selectivity, potency and insolubility. There has also been a lack of 

consistency across the pharmacological data collected for FFA4 ligands due to 

inconsistencies of the assay systems used. Therefore, the general aims of this 

thesis are to:  

• Test FFA4 compounds in pharmacological assays to detect changes in 

inositol monophosphate (IP1), cAMP, pERK1/2 levels and β-arrestin2 

coupling in Chinese Hamster Ovary (CHO) or human embryonic kidney 

(HEK) cells to characterise ligand properties and directly compare to one 

another. 

• Characterise the effects of FFA4 agonists on ASM relaxation in C57BL/6 

mice containing an FFA4-HA tag or an FFA4 KO mutation. 

• Characterise the effects of FFA4 compounds on GLP-1 secretion from 

primary colonic crypts within the colon in C57BL/6 mice containing an 

FFA4-HA tag or an FFA4-KO mutation. 

Additionally, the definitive roles of phosphorylation of FFA4 and the 

physiological outcomes of FFA4-mediated phosphorylation-dependent pathways 
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are unknown. Therefore, experiments will also be conducted in CHO and HEK 

cell lines and C57BL/6 mice expressing a phosphorylation-deficient (PD) mutant 

form of the FFA4 receptor, whereby intracellular phosphorylation sites were 

removed resulting in an inability to couple to phosphorylation-dependent 

signalling pathways. These experiments will help to determine the relative 

contributions of phosphorylation-dependent signalling pathways on the 

physiological functions of FFA4.  

It is hoped that further characterisation of FFA4 compounds may result in the 

development of safer and novel drug therapies for the treatments of metabolic 

and respiratory diseases.   
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Chapter 2  Materials and methods 

2.1 Materials 

2.1.1 Reagents 

2X Laemlli buffer (Invitrogen, P/N:  LC2676) 

5X Reaction buffer (Invitrogen, P/N 28025013) 

Carbachol (Sigma-Aldrich, P/N: PHR1511)  

Coelenterazine-h (Nanolight Technology, P/N: 301) 

Collagenase XI (Merck, P/N: C7657) 

DNase amplification grade, 10X DNase I reaction buffer and DNase I stop 

solution (Sigma-Aldrich, P/N: AMPD1-1KT)  

Deoxynucleoside triphosphate (dNTP) (New England Biolabs, P/N N0447S) 

Dithiothreitol (DTT) (Invitrogen, P/N: D1532) 

Dulbecco’s phosphate buffered saline (PBS) (Thermo Fisher Scientific, P/N: 

14190094)  

Ethylenediamine tetraacetic acid (EDTA) (Invitrogen, P/N: 15575-038I) 

Fatty acid free bovine serum albumin (BSA) (Merck, P/N: 10775835001) 

Foetal bovine serum (FBS) (Thermo Fisher Scientific, P/N: 10500064)  

Forskolin (Sigma-Aldrich, P/N: F3917) 

Fura 8-AM (Stratech Scientific Limited, P/N: 21056-AAT)

https://www.sigmaaldrich.com/GB/en/product/roche/10775835001
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Goat serum (Sigma-Aldrich, P/N: G9023)  

Hank's balanced salt solution (HBSS) (Thermo Fisher Scientific, P/N: 14025-050)  

High glucose DMEM (Thermo Fisher Scientific, P/N: D6546) 

Hygromycin B solution (Santa Cruz Biotechnologies, P/N: sc-29067) 

IBMX (3-isobutyl-1-methylxanthine) (Invitrogen, P/N:  PHZ1124) 

Igepal CA360 (Thermo fisher Scientific, P/N: J61055.AE) 

Immobilon western chemiluminescent horseradish peroxidase (HRP) substrate 

(Millipore, P/N: WBKLS0100) 

L-Glutamine (Gibco, P/N: 25030081) 

Lipofectamine 2000 (Thermo Fisher Scientific, P/N: 11668019) 

Matrigel (Corning, P/N: 356234) 

MMVL reverse transcriptase enzyme (Invitrogen, P/N 28025013)  

Nutrient mixture F-12 ham with L-glutamine and sodium bicarbonate (Sigma, 

P/N: N6658)  

Opti-MEM (Thermo Fisher Scientific, P/N: 31985062) 

Penicillin-Streptomycin (Pen-Strep) (10,000U/mL) (Thermo Fisher Scientific, 

P/N: 15140122)  

Pierce™ coomassie plus (Bradford) assay reagent bradford reagent (Thermo 

Fisher Scientific, P/N: 23238) 

Precision plus protein all blue prestained protein standards (Bio-Rad, P/N: 

1610373) 
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Random hexamers (Invitrogen, P/N: N8080127)  

Sodium propionate (C3) (Sigma-Aldrich, P/N: P1880) 

Fast sybr green (Thermo Fisher Scientific, P/N: 4385612) 

Triton X-100 (Sigma, P/N: T9284) 

Tween-20 (Sigma, P/N: P7949) 

UltraPure™ low melting point agarose (Invitrogen, P/N: 16520050) 

Vectashield mounting media (2bscientific, P/N H-1200-10) 

2.1.2 Solutions 

1X Tris-buffered saline-Tween (TBST) (pH7.4) – 20 mM Tris-HCl, 137 mM NaCl, 

0.1% Tween20 (v/v) 

138 buffer - 10 mM HEPES, 138 mM NaCl, 4.5 mM KCl, 4.2 mM NaHCO3, 1.2 mM 

NaH2PO4, 2.6 mM CaCl2, 1.2 mM MgCl2 

Blocking buffer immunohistochemistry – TBS with 0.1% (v/v), 10% goat serum 

(v/v) and 1% BSA (w/v) 

Colonic crypt lysis buffer - 50 mM Tris-HCl, 150 mM NaCl, 0.5% sodium 

deoxycholate (w/v), 1% Igepal CA-630 (v/v) 

HEPES buffer (pH7.4) - 10 mM HEPES, 135 mM NaCl, 10 mM glucose, 5 mM KCl, 2 

mM CaCl2, and 1 mM MgCl2  

Radioimmunoprecipitation assay buffer (RIPA) buffer – 25 mM Tris-HCl, 150 mM 

NaCl, 5 mM EDTA, 1% Triton X-100 (v/v), 1% sodium deoxycholate (w/v), 0.1% 

SDS (v/v), 1 tablet protease inhibitor (Sigma-Aldrich, P/N: 11836170001) 

Transfer buffer - 25 mM Tris-base, 192 mM glycine, and 20% methanol (v/v) 
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Tris-Glycine SDS running buffer– 5 mM Tris-Cl, 250 mM glycine, 0.1% SDS (v/v) 

Wash buffer immunohistochemistry- TBS with 0.1% (v/v) 

2.1.3 FFA4 pharmacological reagents  

 

Table 2-1: Product number and suppliers of FFA4 compounds 
 

Structures and chemical formulas of FFA4 compounds are displayed in Table 1.1 

of Chapter 1 Part 1.9.4. 

2.1.4 Kits  

CisBio cAMP (P/N: 62AM4PEC) 

CisBio IP1 (P/N: 62IPAPEC) 

CisBio phospho-ERK (Thr202/Tyr204) kit (P/N: 64AERPEH) 

GLP-1 enzyme-linked immunosorbent assay (ELISA) kit from Millipore (P/N: 

EGLP-35K) 
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PYY ELISA kit from Phoenix Europe (P/N: EK-059-03) 

Qiagen RNeasy plus mini kit (P/N: 74134) 

2.2 Methods 

2.2.1 Cell culture  

2.2.1.1 Stable transfection of cell lines 

All cell culture procedures were performed using aseptic techniques in class 2 

biological safety cabinets. All cell lines were maintained in 37°C incubators, 

supplied with 5% CO2. 

Murine FFA4 (mFFA4) receptors were stably transfected into Chinese hamster 

ovary (CHO) cells using the Flp-In system. This contains a Flp Recombination 

Target (FRT) site that facilitates stable integration of a DNA plasmid in the 

pcDNA5/FRT/TO vector, which occurs upon co-transfection of the Flp 

recombinase-encoding pOG44 vector. Cells were co-transfected with FFA4 

receptor, with enhanced yellow fluorescent protein (eYFP) C-terminal tag and an 

N-terminal FLAG epitope tag, in the pcDNA5 FRT/TO expression vector and 

pOG44 Flp-In recombinase vector at a ratio of 1:9 (Hudson et al., 2013; 

Prihandoko et al., 2016). Construct and vector were incubated for 15 min in 500 

μL of Opti-MEM with 10 μL of Lipofectamine 2000 at room temperature. Non-

transfected cells in a 10 cm dish were serum starved for at least 5 hours, before 

addition of transfection mixture containing construct and vector. Cells were 

incubated overnight at 37°C, 5% CO2. Subsequently the medium was changed to 

complete growth medium containing hygromycin B. Selection for transfected 

cells was by addition of hygromycin B since the pcDNA5/FRT/TO plasmid imparts 

hygromycin resistance.  Medium was changed every 2 days until wells were 

confluent. Cells were then washed with 2 mL PBS/1 mM EDTA and detached from 

10 cm dishes by incubation with 0.5 mL PBS/1 mM EDTA for 5 min. Detached 

cells were diluted with appropriate medium and transferred to new T25 flasks 

containing fresh complete medium. 
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2.2.1.2 Maintenance of cell lines 

Three CHO cell lines were used, one which had not been transfected, one which 

stably expressed FFA4 receptor and one which stably expressed a PD form of the 

FFA4 receptor. The two stable cell lines were cultured in F12 ham medium 

supplemented with 10% FBS (v/v), 100 units/mL penicillin, 100 μg/mL 

streptomycin and 400 μg/mL hygromycin B (v/v). The non-transfected cell line 

was cultured in F12 ham medium supplemented with 10% FBS (v/v), 100 

units/mL penicillin and 100 μg/mL streptomycin only.  

Human embryonic kidney (HEK) cells were also utilised, both non-transfected 

and additionally FFA1 T-rex Flp-In cells, containing mouse FFA1 with a C-

terminal eYFP tag (generated by Brian Hudson, University of Glasgow) (Hudson 

et al., 2013). T-rex Flp-In cell lines were cultured in Dulbecco's modified eagle 

medium (DMEM) supplemented with 10% FBS (v/v), 100 units/mL penicillin, 100 

μg/mL streptomycin and 400 μg/mL hygromycin B (v/v). As T-rex Flp-In cell lines 

confer doxycycline-inducible expression of the receptor of interest, experiments 

performed using these cells were conducted after 24 hours of treatment with 

100 ng/ml doxycycline to induce FFA1 receptor expression. Non-transfected cells 

were cultured in DMEM supplemented with 10% FBS (v/v), 100 units/mL penicillin 

and 100 μg/mL streptomycin. 

Cell lines grown to confluence were passaged every 3-4 days by aspirating cell 

culture medium and washing cells in sterile 1X PBS supplemented with 1 mM 

EDTA. Following this, cells were incubated with PBS/1 mM EDTA for 5 min at 

37oC, 5% CO2 to detach the cells from the culture vessel. Detached cells were 

diluted with appropriate medium and transferred to a sterile flask containing 

fresh cell culture medium. 

2.2.1.3 Cryopreservation of cells 

Cells were grown to 80% confluency before aspiration of cell culture medium.  

Cells were washed in 5 mL sterile PBS/1 mM EDTA before incubation with 2 mL 

PBS/1 mM EDTA for 5 min at 37°C at 5% CO2 to detach cells from the culture 

vessel. Detached cells were diluted with appropriate medium and transferred to 

a sterile falcon tube for centrifugation at 1000 x g for 5 min. Medium was 
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aspirated and cells resuspended in 1 mL freezing medium (10% DMSO-FBS). Cells 

were transferred to a cryotube and frozen at -80°C before storage in liquid 

nitrogen.  

2.2.1.4 Receptor internalisation 

eYFP tagged cells (CHO/HEK) were seeded at 3 x 105 cells/well and grown 

overnight on 30 mm round coverslips in a 6 well plate before serum starvation 

for 5 h. Cells were subsequently treated for 30 min with 10 µM compound before 

fixation with 4% paraformaldehyde (PFA) (v/v) for 30 min at 4°C. Coverslips 

were washed 4 times for 10 min each with 1 mL PBS. Coverslips were mounted 

on glass slides using Vectashield mounting media containing DAPI. Cells were 

imaged were imaged on an LSM 880 confocal laser scanning microscope (Zeiss) 

using a x20 objective. 

2.2.2 Immunoblotting 

2.2.2.1 Agonist stimulation in cells  

CHO cells which were either non-transfected, stably expressing mFFA4 or stably 

expressing PD-mFFA4 were plated into a 6 well plate and left to grow for 3-4 

days before serum starving for at least 5 h in 1 mL serum free medium. Cells 

were treated with either 0.01% DMSO vehicle (v/v), 10% FBS (v/v), 1 μM or 10 μM 

of FFA4 compound in 0.01% DMSO (v/v) for 5 min at 37°C. Medium was removed 

and cells were lysed for western blot preparation. 

2.2.2.2 Western blot sample preparation 

Cells in 6 well plates were lysed in 250 μL/well of RIPA buffer for 30 min on ice.  

Lysates were centrifuged at 21,000 x g, 4°C for 10 min to remove cell debris. 

The supernatants were retained and used for subsequent experiments. 

2.2.2.3 Protein quantification 

Protein in cell lysates was quantified using a bradford assay. Firstly, 990 μL of 

dH2O, 10 μL of lysate/RIPA control and 1 mL of bradford reagent were added to 

3 mL cuvettes. Absorbance at a wavelength of 595 nm was measured in a 

spectrophotometer (Eppendorf BioPhotometer) and concentrations interpolated 
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from a standard curve created by measuring the absorbance of standards with 

known concentration.  

2.2.2.4 SDS-PAGE 

Lysates were added to an equal volume of 2X laemmli buffer and heated at 65°C 

for 5 min to denature proteins. Protein samples were then resolved using sodium 

dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE). To a 10% SDS-

PAGE gel, 10 μg of protein per lane was loaded and gels were run for 40-50 min 

at 200 V in 1X Tris-Glycine running buffer. 

2.2.2.5 Western blot 

SDS-PAGE gels were transferred onto nitrocellulose membrane in a semi-dry 

transfer Transblot machine (BioRad) at 25 V for 1 h. Membranes were then 

blocked with 5% non-fat milk powder (w/v) made up in TBST pH7.4 for 1-3 h at 

room temperature. Membranes were incubated overnight at 4°C in primary 

antibody (Table 2-2), made up in 5% non-fat milk powder (w/v) diluted in TBST. 

Antibody Dilution Species Catalog 
Number 

Company 

pERK1/2 1:1000 Rabbit 9101S Cell 
Signalling 

Technology 

tERK1/2 1:1000 Rabbit 9102S Cell 
Signalling 

Technology 

p-mFFA4 1:2000 Rabbit In-house (Prihandoko 
et al., 2016) 

GAPDH 1:5000 Rabbit 2118L Cell 
Signalling 

Technology 

GFP 1:1000 Mouse 1218 Abcam 

Table 2-2: Primary antibodies for western blot 
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Membranes were washed 3x in TBST for 15 min each before addition of relevant 

secondary antibody (Table 2-3). LI-COR secondary antibody incubation was 

performed in the dark. 

Antibody Dilution Host Species Catalog 

Number 

Company 

IRDye 800CW 

Anti-Rabbit 

IgG (H+L) 

1:5000 Donkey 926-32213 LI-COR 

Biotechnology 

Anti-rabbit 

(HRP) 

1:2000 Goat 65-6120 Thermo-

Fisher 

Scientific 

IRDye 800CW 

Anti-Mouse 

IgG (H + L) 

1:5000 Donkey 926- 32212 LI-COR 

Biotechnology 

Table 2-3: Secondary antibodies for western blot 

 

Membranes were washed 3x in TBST for 15 min before development. This stage 

was carried out in the dark for membranes probed with LI-COR antibodies. 

Membranes were either developed by Immobilon western chemiluminescent HRP 

substrate and FFA4 bands detected on X-ray films using Xomat machinery or 

using the LI-COR development system with LI-COR secondary antibodies for all 

other proteins. 

2.2.3 Pharmacological assays 

2.2.3.1 pERK1/2 assay 

pERK1/2 assays were performed as instructed in the CisBio phospho-ERK 

(Thr202/Tyr204) kit. All cells were plated out at 35,000 cells/well in 96 well 

plates and grown overnight. Cells were washed 2x with 100 μL F12 ham serum 

free medium and serum starved for 5 h with 90 µL of serum free medium, 80 µL 

for antagonist experiments. 
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Following serum starvation, 10 µL of serially diluted FFA4 agonists in serum free 

medium were added to cells so that the final concentration of agonist ranged 

from 0.1 nM to 3.16 µM. Cells were preincubated with antagonist for 30 min for 

experiments containing these, incubated with agonist for 5 min for dose 

response experiments, and agonist treatment for the time course was over 60 

min. Medium was removed and cells were lysed in 50 μL of lysis buffer (prepared 

according to the manufacturer’s instructions) for 30 min by shaking plates at 600 

rpm at room temperature. 

2.2.3.2 IP1 assay 

IP1 assays were performed as instructed in the CisBio kit. All cells were plated 

out at 35,000 cells/well and grown overnight. After a 30 min incubation in 

stimulation buffer, 10 µL of serially diluted FFA4 agonists in serum free medium 

were added to cells for 1 h, so that the final concentration of compound ranged 

from 0.1 nM to 3.16 µM. Following agonist incubation, medium was removed and 

50 μL of lysis buffer was added to each well. To lyse cells, the plate was shaken 

at 600 rpm at room temperature for 30 min. 

2.2.3.3 cAMP assay 

cAMP assays were performed as instructed in the CisBio kit to examine Gαs and 

Gαi coupled signaling. All cells were plated out at 35,000 cells/well and grown 

overnight. Stimulation buffer was made up with the addition of 0.5 mM IBMX, a 

non-selective phosphodiesterase inhibitor.  

Gαs signalling: After a 15 min incubation in 90 µL stimulation buffer, 10 µL of 

serially diluted FFA4 agonists or forskolin in serum free medium were added to 

cells for 1 h 45 min, so that the final concentration of compound ranged from 

0.1 nM to 3.16 µM. Following agonist incubation, medium was removed and 50 μL 

of lysis buffer was added to each well. To lyse cells, the plate was shaken at 600 

rpm at room temperature for 30 min before freezing at -20°C. 

Gαi signalling: After a 15 min incubation in 90 µL stimulation buffer, 10 µL of 

serially diluted FFA4 agonists in serum free medium and EC80 forskolin 

concentration (calculated on GraphPad Prism using values from Gαs 

experiments) were co-incubated on cells for 1 h 45 min.  Following agonist 



Chapter 2  49 
 

 

incubation, medium was removed and 50 μL of lysis buffer was added to each 

well. To lyse cells, the plate was shaken at 600 rpm at room temperature for 30 

min before freezing at -20°C. 

2.2.3.4 Pharmacological assay quantification 

Following all assays in section 2.2.3, 16 µL of cell lysate and 4 µL of a 1:1 

mixture of cryptate and d2 antibodies were added to each well of a 384 well 

optiplate (PerkinElmer). The cryptate antibody is a specific antibody which is 

labelled with Eu3+-cryptate and acts as a donor with emission at 620 nm. The 

second specific antibody is labelled with d2 and acts as the acceptor antibody 

with emission at 665 nm. One antibody binds to the phosphorylated motif on the 

protein and the second binds the protein independently of its phosphorylation 

state. In pERK1/2 Assays, when both antibodies come into contact with 

phosphorylated ERK1/2, the Eu3+ cryptate and d2 are in close proximity and 

initiate a fluorescence resonance energy transfer (FRET) signal which is 

proportional to the phosphorylation of ERK1/2. cAMP and IP1 assays differ 

slightly in that they are competition binding assays and production of cAMP/IP1 

outcompetes labelled cAMP/IP1 causing a decrease in signal.  

Optiplates were shaken for the time stated on respective kits. Plates were read 

on CLARIOstar (BMG biotech) at wavelengths 665 nm and 620 nm. Readings for 

pERK1/2 assays were calculated as a % maximal response normalised to TUG-891 

or the respective positive control as stated in each figure. Data was plotted as a 

concentration response curve on GraphPad Prism. Readings for IP1 and cAMP 

assays were plotted on GraphPad Prism as a concentration response curve and 

then subsequently values were inverted and then normalised to the % maximal 

response of TUG-891 or respective positive control as indicated in each figure. 

2.2.3.5 Bioluminescence resonance energy transfer (BRET) β-Arrestin2 
recruitment assay 

HEK293 cells were seeded at 2 million cells per 10 cm petri-dish and incubated 

37°C at 5% CO2. One day later, transfection of cells with 1:4 ratio of FLAG-FFA4-

eYFP and β-arrestin-2 fused with Renilla-luciferase (β-arrestin-2- RLuc) in 500 µL 

of Opti-MEM using Lipofectamine 2000 transfection reagent was performed 

(Butcher et al., 2014; Hudson et al., 2014). Cells were plated into white bottom 
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96 well plates and left to grow overnight.  Cells were washed 2x in 200 µL 1X 

HBSS before 30 min incubation in 80 μL HBSS. Following HBSS incubation, 10 µL 

of 50 µM Renilla-luciferase substrate coelentrazine-h was added to each well for 

a 10 min incubation period. Half log serial dilutions of FFA4 agonists and 

forskolin were set up ranging from 0.1 nM to 3.16 µM and 10 μL of compound was 

added to wells for 5 min. Plates were read on a CLARIOstar plate reader at a 

wavelength of 475-30/520-30 nm. Readings were calculated as a % maximal 

response normalised to TUG-891 or respective positive control as indicated in 

each figure. Data was plotted as a concentration response curve on GraphPad 

Prism. 

2.2.1 Bias Calculations 

Data obtained from functional signalling assays were fit to a four parameter 

model to determine maximal and minimal responses and EC50 concentrations. 

To acquire a measure of bias, concentration response curves were fitted to a 

modified operational model of agonism, based on the Black and Leff operational 

model of agonism (Black et al., 1985). This modified model described by Kenakin 

et al., (2012) is defined as follows: 

𝑌 = 𝑏𝑎𝑠𝑎𝑙 +
(𝐸𝑚𝑎𝑥 − 𝑏𝑎𝑠𝑎𝑙)(

𝜏
𝐾𝐴

)𝑛[𝐴]𝑛

[𝐴]𝑛(
𝜏

𝐾𝐴
)𝑛 + (1 + (

𝐴
𝐾𝐴

)𝑛)
 

where basal is the level of response in absence of agonist, Emax is the maximal 

response of the system, KA the equilibrium dissociation constant of the agonist, 

[A] the agonist concentration, τ is an index of the signalling efficacy of the 

agonist and n is the slope of the transducer function that links occupancy to 

response. Analysis assumed that Emax and n were shared between all agonists, 

however the transduction coefficient  𝑙𝑜𝑔(
𝜏

𝐾𝐴
), was estimated as a unique 

measure of activity for each agonist and thus used as an estimate of pathway 

bias. 
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However, to cancel out system bias, 𝑙𝑜𝑔(
𝜏

𝐾𝐴
) values for test compounds were 

normalised to 𝑙𝑜𝑔(
𝜏

𝐾𝐴
) for the reference ligand TUG-891: 

∆𝑙𝑜𝑔 (
𝜏

𝐾𝐴
) =  𝑙𝑜𝑔 (

𝜏

𝐾𝐴
) 𝑜𝑓 𝑡𝑒𝑠𝑡 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑 −  𝑙𝑜𝑔 (

𝜏

𝐾𝐴
)  𝑜𝑓 𝑇𝑈𝐺 − 891 

Subsequently, to determine a measure of bias, ∆𝑙𝑜𝑔 (
𝜏

𝐾𝐴
) were expressed as 

ratios for one pathway over another: 

∆∆𝑙𝑜𝑔 (
𝜏

𝐾𝐴
) =  ∆𝑙𝑜𝑔 (

𝜏

𝐾𝐴
) 𝑜𝑓 𝑝𝑎𝑡ℎ𝑤𝑎𝑦 1 −  𝑙𝑜𝑔 (

𝜏

𝐾𝐴
)  𝑜𝑓 𝑝𝑎𝑡ℎ𝑤𝑎𝑦 2 

2.2.2 Experimental animals 

Four types of mice were used: Wild type (WT) C57BL/6 (WT-FFA4), C57BL/6 

mice where FFA4 possessed a hemagglutinin (HA) tag (WT-FFA4-HA), C57BL/6 

mice where FFA4 has phosphorylation deficient (PD) mutations (PD-FFA4-HA) and 

C57BL/6 mice where FFA4 contains a β-galactosidase knockout (FFA4-KO). 

Animals are described in more detail in Chapter 5. All animals were housed in a 

regulatory unit under 12 hour light/dark cycles, at room temperature and were 

fed normal chow. Both male and female adult mice were used for experimental 

procedures. Mice were genotyped by Transnetyx.  

Since experiments were performed ex vivo using tissue or to obtain primary cells 

and no experiments were performed in vivo, only a Home Office breeding license 

(PP0894775) was required for experiment and not a Home Office personal 

license. Authorised personnel carried out humane killing of all animals and the 

3R’s (Replacement, Reduction and Refinement) were considered at all times to 

adhere with ethical standards. To ensure that the use of animals was kept to a 

minimum, preliminary experiments were performed on n=3/4 animals and power 

calculations were performed on experiments which did not reach significance to 

determine whether further experiments should be performed in future to reach 

significance. Additionally, if multiple tissues could be removed from one mouse, 

this was done to ensure that number of animals was kept to a minimal. 
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2.2.3 Quantitative real time polymerase chain reaction (qRT-PCR) 

2.2.3.1 RNA extraction from tissue  

RNA was extracted from tissue using Qiagen RNeasy plus mini kit as per 

manufacturer’s instructions. Briefly, colon and lung tissues from mice were 

homogenised in RLT Buffer. Homogenates were then centrifuged at 8,000 x g for 

30 sec in a gDNA eliminator spin column. Flow-through was collected and mixed 

with 70% ethanol, then applied to an RNeasy mini spin column and centrifugated 

at 8000 x g for 15 sec at room temperature. Thereafter, flow-through was 

discarded and the column was washed with wash buffers before RNA was eluted 

in 20 µL nuclease-free water. RNA concentration determined using a Nanodrop-

1000 spectrophotometer by measuring absorbance at 260 nm. 

DNAse digest was performed to ensure RNA samples extracted from tissue in RNA 

isolation were free of DNA contaminants. The reaction was set up with the 

following components: 1 μg of RNA in 8 μL nuclease free water and 2 μL of a 1:1 

mixture of DNase amplification grade and 10X DNase I reaction buffer. This 

mixture was incubated at room temperature for 15 min before 1 μL of DNase I 

stop solution was added to halt the reaction. 

2.2.3.2 Reverse transcriptase PCR  

RNA from DNase digest was incubated in a thermocycler for 10 min at 65°C. A 

PCR master mix composed of 4 µL of 5X reaction buffer, 2 μL of 100 mM DTT, 1 

μL of 50 ng/μL random hexamers, 1 μL of 10 mM dNTP and 1 μL of nuclease free 

water was prepared per 1 reaction. This PCR master mix and 200 U of MMVL 

reverse transcriptase enzyme was added to DNase digested RNA. PCR tubes were 

incubated for 10 min at 25°C, 37°C for 1 h and 70oC for 15 min. cDNA was 

diluted to a final volume of 100 μL with nuclease free water.  

2.2.3.3  q-PCR  

A q-PCR master mix composed of 10 μL fast sybr green, 5 μM forward primer and 

5 μM reverse primer, was prepared and made up to 16.8 μL with nuclease free 

H2O. Details of the qPCR primers are listed in (Table 2-4). 
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16.8 μL of master mix was added to each well of a 96 well PCR plate (Biorad) 

followed by 3.2 μL of cDNA to each well. Plates were sealed with a 

polypropylene plate seal and run in a BioRad CFX96 PCR instrument using the 

cycling parameters in Table 2-5. Step 2 was repeated for 44 cycles.  

 

 

 

 

Primer Sequence Company 

mFFA4 Forward Primer GGCACTGCTGGCTTTCATA Eurofins 

mFFA4 Reverse Primer GATTTCTCCTATGCGGTTGG 

mFFA1 Forward Primer TTTCTGCCCTTGGTCATCAC 
 

Eurofins 

mFFA1 Reverse Primer TTTCTGCCCTTGGTCATCAC 
 

HA Forward primer GTGGTGGCCTTCACGTTTGC 
 

Eurofins 

HA Reverse primer AGCGTAATCTGGAACATCGTAAGGGTA 

mGAPDH Forward Primer CGGATTTGGCCGTATTGGG 
 

Eurofins 

mGAPDH Reverse Primer CTCGCTCCTGGAAGATGG 
 

Table 2-4: qPCR primers 



Chapter 2  54 
 

 

 

 

 

 

 

 

 

 

 

 

Comparative cycle threshold (Ct) values were obtained using QuantStudioTM 

design and analysis software (Thermo Fisher Scientific). ΔCt values were 

calculated by subtracting the Ct value of the target gene from the Ct value of a 

GAPDH housekeeping gene. ΔΔCt values were calculated by subtracting the ΔCt 

value of the target gene from the ΔCt value of a reference condition (eg. WT 

tissue). 2-ΔΔCT were calculated and plotted on GraphPad Prism to indicate fold 

change of a gene to the reference. In experiments using FFA1 primers, data was 

normalised to WT tissue where FFA4 expression had been quantified using FFA4 

primers to determine relative expression of FFA1 in comparison to FFA4. 

2.2.4 Ex vivo precision cut lung slices 

C57BL/6 mice (WT-FFA4-HA, PD-FFA4-HA or FFA4-KO) aged between 8 and 12 

weeks were humanely killed and dissected to expose trachea. To inflate the 

lung, 2% agarose (w/v) was inserted into the lung using a 1 mL syringe via a 22g 

cannula (Vasovix Braun) inserted into the trachea. Once agarose had set, lungs 

were removed and sliced into 200 µm horizontal sections in a Vibrating blade 

Stage Temperature 

(oC) 

Time (sec) 

1 – Preheating 95 20  

2- Denaturing 95 1  

Annealing and Extension 60 20  

Melt Curve – Heating 95 15  

Annealing 60 60  

Heating 95 15  

Table 2-5: qPCR reaction scheme  

 



Chapter 2  55 
 

 

microtome (Leica VT1000 S). Slices were removed and placed into ice cold 1X 

HBSS before culturing in warmed DMEM. After overnight incubation of lung 

slices, precision cut lung slice experiments were performed on a Zeiss EVOS FL 

Auto 2 microscope. To contract airways, lung slices were stimulated with 100 µM 

of carbachol for 20 min. To determine agonist effect on contracted airways, lung 

slices were then stimulated with 50 µM of FFA4 agonist for a further 20 min. 

Images were taken at an objective of 20x LWD and analysed using Zen lite 

software (Zeiss). Airway luminal area size was measured at stated time points 

and expressed as airway luminal area as a % of baseline area to measure relative 

contraction and relaxation. 

2.2.5 Immunohistochemistry 

Lungs dissected from mice were fixed in 4% PFA overnight. Samples were 

processed in paraffin wax and sliced at 5 μm thickness. Antigen retrieval was 

performed using sodium citrate buffer pH 6 and boiling for 1 min 40 s at 125°C. 

Slides were then incubated in blocking buffer for 2 h at room temperature. 

Primary antibody (Table 2-6) made up in blocking buffer was incubated overnight 

at 4°C.  

Antibody Dilution Species Catalog 

Number 

Company 

HA 1:250 Rat 11867423001 Sigma-Aldrich 

CC10 1:350 Mouse 365992 Santa Cruz 

Biotechnology 

Alpha-actin 1:350 Mouse A5228 Sigma-Aldrich 

Table 2-6: Primary antibodies used in lung immunohistochemistry 

 

Samples were washed 3x for 15 min in wash buffer before 2 h incubation with 

relevant secondary antibody (Table 2-7) at room temperature. 
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Samples were again washed 3x for 15 min in wash buffer before mounting with 

coverslips using Vectashield mounting media containing DAPI before imaging on 

LSM 880 confocal laser scanning microscope (Zeiss). 

2.2.6 Colonic crypt isolation 

Following the dissection of colon from mice, the colon was pinned onto sylgard 

and longitudinally cut on ice cold PBS solution. Muscle layers were removed from 

the colon and remaining epithelial layers were cut into pieces. Colon epithelial 

pieces were washed three times in PBS before digestion in 0.3 

mg/mL collagenase XI for 10 min at 37°C. Collagenase was removed and then 

centrifuged at 1500 x g for 3 min to pellet isolated colonic crypts. The digestion 

process was repeated 3 times on remaining undigested epithelium until the 

epithelium was completely digested.  Colonic crypts were resuspended in high 

glucose DMEM supplemented with 10% FBS, 1% glutamine and 1% 

penicillin/streptomycin and plated out onto matrigel coated wells before 

overnight incubation at 37°C.  

Antibody Dilution Catalog 

Number 

Company 

Goat Anti-rat IgG (H+L), 

(Alexa Fluor® 647 

Conjugate) 

 

1:400 4418 Cell 

Signalling 

Technology 

Goat Anti-mouse IgG 

(H+L), (Alexa 

Fluor® 488 Conjugate) 

 

1:400 4408 Cell 

Signalling 

Technology 

Table 2-7: Secondary antibodies used in lung immunohistochemistry 



Chapter 2  57 
 

 

2.2.7 Colonic crypt secretion assay 

Following overnight incubation of isolated colonic crypts, wells were washed 

three times each with 138 buffer. Compounds: 10 µM sodium propionate (C3), 10 

µM TUG-891, 10 µM GSK137647A and 0.1% DMSO were made up in 138 buffer 

supplemented with 0.1% fatty acid free BSA was incubated on crypts for 2 h 

before secretion buffer was removed and cells lysed in lysis buffer. Secretion 

buffer supernatants and cell lysates were centrifuged 13,000 x g at 4°C for 15 

min to remove cell debris.  

Samples were assayed according to manufacturer’s instruction from GLP-1 ELISA 

Kit or PYY ELISA Kit. Briefly, in the GLP-1 assay standards and samples were 

incubated overnight at 4°C on an ELISA plate coated with anti-GLP-1 antibody. 

Secretion supernatants were assayed undiluted and lysates were diluted 1 in 20. 

The following day, plates were washed before incubation with detection 

conjugate for 2 h. After washing, substrate was added and the plates incubated 

in the dark for 20 min before stop solution was added. Fluorescence was read on 

a CLARIOstar reader at 355 nm/460 nm. 

In the PYY ELISA, standards, primary antibody, biotinylated peptide and samples 

were added to the immunoplate and incubated for 2 h. Secretion supernatants 

were assayed undiluted and lysates were diluted 1 in 20. Following washing 

stages SA-HRP was added to wells and the plate incubated for 1 h. TMB substrate 

was added to each well and incubated for 1 h in the dark before the reaction 

was terminated by addition of 2N HCl. Absorbance measurements were read at 

450 nm on the Omega Polarstar plate reader (BMG Biotech). 

Concentrations of PYY and GLP-1 in each well of 96 well ELISA plates were 

calculated by interpolating data from standard curves, created using standards 

of known GLP-1 or PYY concentrations provided in ELISA kits. Concentrations 

were then multiplied by volumes in wells and dilution factors to calculate true 

concentrations in cell lysates and supernatants.  To determine % secretion of 

GLP-1 and PYY from cells, average concentration values in supernatant from 

three technical replicates were divided by the average total concentration of 

GLP-1 or PYY (concentration in cell lysis + cell supernatant) and multiplied by 

100. Data was then normalised to a DMSO control to calculate fold increase 
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values. Data was calculated for each individual mouse and was plotted on 

GraphPad prism.  

2.2.8 Calcium imaging 

Following isolation of colonic crypts, crypts were distributed into 6 well plates 

containing 13 mm 0 thickness coverslips (VWA, P/N: 631-0148) and incubated 

overnight. The following day, 3 µM Fura 8-AM was incubated on coverslips for 20 

min at 37°C in the dark. Coverslips containing clusters of colonic crypts were 

then placed in a recording chamber and mounted onto an invert fluorescent 

microscope (Nikon TE2000-E; Nikon Instruments, Melville, NY). Colonic crypts 

were randomly selected for imaging with oil-immersion super fluor objective 

lens (x40) and HEPES buffer was continuously perfused into the chamber at room 

temperature until Fura-8 ratio was stable. FFA4 compound TUG-891 was diluted 

in HEPES buffer and added into the chamber. Once the Fura-8 ratio had returned 

to basal, 5 µM of Ca2+ ionophore ionomycin was applied to colonic crypts as a 

positive control.  

Crypts were excited at 355 nm and 415 nm and sequential fluorescent image 

pairs were recorded at 525 nm and imaged using MetaFluor imaging software 

(Molecular Devices). Free intracellular Ca2+ signal was expressed at a ratio of 

355:415 nm and change of ratio was calculated by subtracting baseline values 

from peak TUG-891 responses in each individual cell. Since not all cells 

responded to TUG-891 treatment, a result which would be expected when FFA4 

is not expressed in every cell type within colonic crypts, data is expressed as % 

of number of cells responding in each mouse.  

2.2.9 Statistical analysis 

To attain statistical measures, at least three biological replicates were measured 

in each experiment. Statistical analyses were performed using GraphPad Prism 

software on values of biological replicates. For statistical analysis performed on 

differences between groups, data were assumed to be normally distributed and 

comparisons were made using parametric tests. For groups of two, either 

unpaired t-tests or paired t-tests were performed. Unpaired t-tests were carried 

out when analysis was performed on two independent groups, whereas paired t-
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tests were performed when two measurements were performed on the same 

animal. In experiments where three or more groups were being analysed (i.e 

three or more drugs) one-way analysis of variance (ANOVA) was performed. 

Dunnett’s multiple-comparisons post hoc corrections were used following one-

way ANOVA when comparing the mean of every group to one reference mean. 

For data comparing three or more groups where different measurements were 

taken of the same attribute, a repeated measures one-way ANOVA was 

performed. Here, Geisser-Greenhouse post-hoc corrections were performed. 

2.2.10 Power Calculations 

Power calculations were performed on preliminary data in Chapter 5 and 6 to 

determine minimum number of experimental animals required for meaningful 

effect sizes to be detected in future experiments. Statistical analysis was 

performed on experiments as indicated in part 2.2.9. Using Mini-Tab software, 

standard deviation of control conditions following analysis of data in GraphPad 

Prism was input into sample size calculators corresponding to correct statistical 

analyses. Targeted power was set to 80%, a standardised accepted power value 

in scientific literature (Charan and Kantharia, 2013). The level of significance to 

detect a meaningful effect size was set to p<0.05. Meaningful effect sizes in 

PCLS experiments in Chapter 5 were set to a difference of 40% between 

contracted and relaxed airways, based on previous experiments performed by 

Prihandoko et al., (2020). Meaningful effect sizes in colonic crypt secretion 

experiments for PYY and GLP-1 in Chapter 6 were set to a mean difference 0.75 

fold change or 75% increase between PYY/GLP-1 secreted in vehicle and drug 

treated crypts, a value estimated based on previous experiments performed by 

Psichas et al., (2015) and Bolognini et al., (2019). Analysis revealed that sample 

sizes to reach desired power in PCLS experiments in Chapter 5 would be 4 

experimental animals and in Chapter 6 colonic crypt experiments to assay 

release of GLP-1 would require 9 experimental animals, whereas assays for PYY 

secretion would require a total of 51 animals. It should be noted that sample 

size calculators calculate minimum numbers of animals to be significant and this 

can result in calculation of an inappropriately high number of animals which may 

result in false positive values of data that would be considered non-significant 

otherwise. Further experiments should be conducted adhering to the principles 

of the 3Rs and therefore data may be deemed non-significant if upon repeat 
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power calculation values remain inappropriately high. Many researchers use at 

least 6-10 animals as a maximum number per experiment, and thus we have 

considered that approximately 10 animals may be the maximal number of 

biological repeats in future experiments (Charan and Kantharia, 2013; 

Bonapersona et al., 2020). 
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Chapter 3 Pharmacological evaluation of FFA4 
agonists 

3.1 Introduction 

Although the FFA4 receptor is considered to primarily couple to Gαq/11 

heterotrimeric G proteins, where receptor activation results in elevated levels of 

inositol phosphates and subsequent increases in intracellular Ca2+ levels, there is 

also evidence that this receptor can couple to Gαi G proteins (Hirasawa et al., 

2005; Briscoe et al., 2006; Engelstoft et al., 2013; Stone et al., 2014; Alvarez-

Curto et al., 2016). These studies, however, have been conducted in a range of 

recombinant and endogenous systems that make comparisons of the efficacy and 

potency of various FFA4 ligands challenging. As such, it is unclear if different 

orthosteric FFA4 agonists might show ligand bias.  

Here I address the efficacy and potency of five orthosteric FFA4 agonists, TUG-

891, TUG-1197, Compound A, GSK137647A and Agonist 2 (otherwise known as 

Compound B), in pERK1/2, inositol phosphate, β-arrestin and receptor 

internalisation assays to determine the potential bias of FFA4 in Gq and β-

arrestin2 pathways and downstream of Gq protein:receptor coupling. In this way 

I assess the potential of generating biased ligands to this receptor which may 

have clinical implications given that FFA4 has been shown to elicit anti-

inflammatory properties in macrophages though β-arrestin signalling and there 

are suggestions of incretin release following Gq coupled signalling (Hirasawa et 

al., 2005; Oh et al., 2010). Therefore, biased ligands may have potential as drug 

therapies in areas such as inflammatory and metabolic diseases. 
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3.2 Aims 

The aims of this chapter were to: 

• Optimise a cell culture system to analyse mFFA4 function  

• Assess mFFA4 receptor activation upon stimulation with FFA4 agonists 

• Assess mFFA4 coupling to G protein and β-arrestin2 signalling pathways 

following FFA4 agonist stimulation 

• Investigate selectivity of FFA4 agonists  

3.3 Results 

3.3.1 Expression of mFFA4 in stably transfected and non-
transfected CHO cells 

CHO cells, stably expressing mFFA4 construct were generated using the Flp-In 

expression system, where a plasmid encoding for the short isoform of mouse 

FFA4 was utilised. An eYFP tag was fused to the C-terminus of the receptor 

sequence, facilitating the detection of receptor. In the stably expressed mFFA4 

Flp-In CHO cell line, receptor expression was confirmed using confocal 

microscopy by the presence of eYFP which denotes mFFA4-eYFP (Figure 3-1A). 

The receptor appeared to be more localised to the cell membrane, which is 

justifiable considering FFA4 is a transmembrane GPCR. Expression of eYFP 

tagged receptor was not evident in non-transfected cell lines providing 

confirmation of mFFA4 expression in the stably transfected cell line. To further 

confirm the presence of mFFA4 in the stably transfected cell line, protein 

samples were resolved on an SDS-PAGE gel and western blots performed (Figure 

3-1B). The eYFP antibody used detected a band at around 75kDa in mFFA4 CHO 

cells which again confirmed presence of mFFA4. The size of this band was 

considerably higher than the stated molecular weight of FFA4 of 45kDa 

(Prihandoko et al., 2016), however, when we take into consideration the 

molecular weight of the eYFP tag (27kDa) then this molecular weight was 

convincingly that of mFFA4-eYFP.  
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Figure 3-1: Expression of mFFA4 in stably transfected CHO cells 
(A) Representative images of immunocytochemical staining to show expression of mFFA4-eYFP 
(green) colocalised with cell nuclei (DAPI, blue). Scale bar represents 10 µm, n=3. (B) Western blot 
analysis using anti-eYFP and GAPDH antibody to confirm presence of eYFP tagged receptor. 
Nt=non-transfected. Images are representative of three individual experiments (n=3), samples were 
assayed in duplicate.  

 

3.3.2 Canonical signalling of mFFA4 agonists 

GPCRs are known to promote the phosphorylation of ERK1/2 through G protein 

dependent and independent pathways (Shenoy et al., 2006). Since FFA4 

stimulates phosphorylation of ERK1/2, largely via Gq signalling pathways, 

measuring the activity of this pathway was used as an output of general receptor 
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activation and additionally facilitated assessment of mFFA4 pERK1/2 signalling 

capacity (Hirasawa et al., 2005; Briscoe et al., 2006; Alvarez-Curto et al., 2016). 

Firstly, to assess whether a range of FFA4 agonists were able to activate the 

receptor, protein samples prepared from mFFA4 stably transfected and non-

transfected CHO cells which had been stimulated with agonist for optimal 

incubation time, 5 minutes (Hudson et al., 2013), were assayed in western blots 

to assess for phosphorylation of ERK1/2 (Figure 3-2). Phosphorylation of ERK1/2  

and thus receptor activation was detected at both maximal (10 µM) and sub 

maximal (1 µM) concentrations (Hudson et al., 2013) of all compounds, except 

Modulator 1 and Modulator 2 (Figure 3-2A), in comparison to non-transfected 

controls and positive FBS controls (Figure 3-2B). Therefore, these FFA4 agonists 

demonstrated ability to activate the mFFA4 receptor and induce mFFA4 

mediated phosphorylation of ERK1/2. Since Modulator 1 and Modulator 2 showed 

poor activity in comparison to other compounds, these two compounds were 

excluded from further study.  
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Figure 3-2: Activation of mFFA4 using FFA4 agonists 
Western blot analysis using pERK1/2 antibody or tERK1/2 antibody following 1 μM or 10 μM 
treatment with various FFA4 agonists. (A) Lysate (10 µg) from Flp-In CHO cells stably expressing 
mFFA4 (B) Lysate (10 µg) from non-transfected cells. Images are representative of three individual 
experiments (n=3).  

With the knowledge that a pool of agonists induced the activation of the mFFA4 

receptor, these agonists were tested in a quantitative pERK1/2 HTRF assay 

which detects phosphorylation of ERK1/2. The optimal incubation time of 

agonists needed to elicit a maximal response was quantified in a pERK1/2 time 

course (Figure 3-3A). The maximal response for all agonists occurred at 5 min, 

and then decreased gradually until basal levels were reached at 60 min. 

Interestingly, for one agonist, Agonist 2, this was not the case. Agonist 2 

appeared to reach a basal level more slowly suggesting possible differences in 

signalling mechanisms for this agonist. 

A concentration response curve for the phosphorylation of ERK1/2, allowed 

potency (pEC50) and efficacy (% Emax) of FFA4 agonists to be quantified. 



Chapter 3  66 
 

 

Following treatment of cells with agonist for 5 min, all agonists assayed initiated 

the phosphorylation of ERK1/2 (Figure 3-3B) consistent with the western blot 

data. Synthetic agonist TUG-891 was used as a reference ligand, a ligand which 

is largely considered to be the gold standard synthetic ligand for FFA4. Natural 

free fatty acids are generally not used as a reference since there is a range of 

long chain fatty acids which activate the receptor and uncertainty surrounds 

which ligand is the true endogenous ligand for FFA4. Additionally, TUG-891 

shows no stimulus bias in comparison to endogenous ligands and so is an ideal 

reference ligand (Butcher et al., 2014). Potencies of all agonists were similar to 

or significantly lower than that of TUG-891, whereas the efficacy of all agonists 

investigated was found to be significantly increased from TUG-891 (Table 3-1). In 

particular, the potency of GSK137647A appeared to be particularly low 

compared to that of TUG-891. However, while this value is actually higher than 

stated in literature, potency values for all compounds differed from literature 

values. Basal levels of ERK1/2 phosphorylation were detected in non-transfected 

CHO cells, providing further confirmation that agonist induced phosphorylation 

of ERK1/2 was indeed an FFA4 agonist mediated effect (Figure 3-3C). 
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Figure 3-3: FFA4 mediated phosphorylation of ERK1/2  
Agonist-induced phosphorylation of ERK1/2 was measured in (A,B) Flp-In CHO cells stably 
expressing mFFA4 or (C) non-transfected CHO cells following treatment with various FFA4 
agonists. (A) Cells were stimulated with constant concentration (10 µM) of FFA4 agonists in 60 min 
time-course. (B,C) Cells were treated at range of concentrations for 5 min to produce a 
concentration response curve. TUG-891 was used as the reference ligand. Results are mean ± 
S.E.M of three independent experiments (n=3).  
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Ligand pEC50 Reported 
pEC50 

% Emax compared 
to TUG-891 

Mean ± 
S.E.M 

P Value 
 

Mean ± 
S.E.M 

P Value 

TUG-891 8.2 (±0.1) 
 

7.77 (±0.09) 

(Hudson et 

al., 2013) 

  94.5 (±1.5) 
 

Agonist 2 8.3 (±0.1) 0.9 (ns) ND 127.9 
(±1.8) 

<0.0001 
(****) 

TUG-1197 7.0 (±0.1) <0.0001 
(****) 

ND 133.1 
(±2.7) 

<0.0001 
(****) 

Compound A 7.0 (±0.1) <0.0001 
(****) 

7.62 
(±0.11)  

(Oh et al., 
2014) 

134.5 
(±3.2) 

<0.0001 
(****) 

GSK137647A 6.7 (±0.1) <0.0001 
(****) 

6.20 
(±0.17) 

(Sparks et 
al., 2014) 

109.1 
(±4.3) 

0.02 (*) 

Table 3-1: Phosphorylation of ERK1/2 in mFFA4 CHO cells following FFA4 agonist treatment 
Results are mean ± S.E.M of three independent experiments (n=3). Statistical analysis performed 
was one-way ANOVA (Dunnett’s multiple comparisons), ns = non-significant, *=P<0.05, 
****=P<0.0001. ND = not determined. 

It is understood that FFA4 couples strongly to Gαq/11 G proteins, a good 

measure for which is detection of inositol phosphate (IP1) accumulation, a 

product of the inositide signalling pathway which is activated upon Gq/11 

signalling (Alvarez-Curto et al., 2016). To understand if activated receptor 

signals through Gq/11 coupled pathways and additionally if phosphorylation of 

ERK1/2 is largely Gq coupled as reported by Alvarez-Curto et al., (2016), Gq 

inhibitor FR900359 was pre-incubated on mFFA4 CHO cells for a period of 30 min 

before agonist stimulation (Figure 3-4A). Following antagonist incubation at 1 

µM, a statistically significant decrease in TUG-891 efficacy (P=0.0004) was 

observed, implying an mFFA4 coupling to Gq/11 signalling and additionally 

suggesting that mFFA4-mediated pERK1/2 pathways are largely Gq coupled 

(Figure 3-4A, Table 3-2). The same decrease of maximal response was not 

evident at 100 nM FR900359 suggesting 1 μM of this compound to be the optimal 

concentration for Gq inhibition, consistent with concentrations used by other 
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groups in cellular based assays (Schrage et al., 2015; Marsango et al., 2022). 

However, a response to TUG-891 was still evident in this experiment, which 

could suggest an additional signalling mechanism in the pERK1/2 pathway, 

although this is further elucidated in Chapter 4. 

Upon treatment of FFA4 agonists in a concentration response curve, IP1 

accumulation was detected for all agonists in mFFA4 CHO cells demonstrating Gq 

coupling abilities (Figure 3-4B) in comparison to non-transfected CHO cells 

(Figure 3-4C). While no agonist produced a significantly higher % Emax than TUG-

891, agonist potency values varied (Table 3-3). Compound A had a similar 

potency and efficacy to that of TUG-891, however Agonist 2 evoked a response 

which was significantly more potent (P=0.02). Neither GSK137647A nor TUG-1197 

reached a peak response in concentration response curves, likely due to lower 

pEC50 values, demonstrating that these compounds were not potent activators 

of Gq/11 coupled signalling.  
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Figure 3-4: FFA4 signalling via Gq coupled pathways 
(A) Reduction in TUG-891 induced pERK1/2 response following 30 min pre-treatment of FR900359 
Gq inhibitor at either 1 μM or 100 nM concentration. (B,C) Agonist-induced IP1 accumulation was 
measured in (B) Flp-In CHO cells stably expressing mFFA4 or (C) non-transfected CHO cells 
following treatment with FFA4 agonists. Cells were stimulated with FFA4 agonist at a range of 
concentrations for 1 h to produce a concentration-response curve. TUG-891 was used as the 
reference ligand in all experiments. Results are mean ± S.E.M of three independent experiments 
(n=3).  
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Ligand pEC50 % Emax compared to 
TUG-891 

 
Mean ± 
S.E.M 

P Value Mean ± 
S.E.M 

P Value 

TUG-891 7.1 (±0.1) 
 

100.0 (±10.3) 
 

Agonist 2 7.9 (±0.2) 0.02 (*) 117.6 (±7.7) 0.4 (ns) 

TUG-1197 - 
 

‐ 
 

Compound A 6.9 (±0.1) 0.8 (ns) 107.0 (±3.3) 0.9 (ns) 

GSK137647A - 
 

‐ 
 

Table 3-3: Potency and efficacy values of FFA4 agonists in Gq signalling 
Results are mean ± S.E.M of three independent experiments (n=3). Statistical analysis performed 
was one-way ANOVA (Dunnett’s multiple comparisons), ns= non-significant, *=P<0.05.  

 

 

Ligand pEC50 % Emax compared to  
TUG-891 

Mean ± S.E.M P Value Mean ± 
S.E.M 

P Value 

TUG-891 7.7 (± 0.1) 
 

94.4 (±3.7) 
 

TUG-891 
+ 100 nM 
FR900395 

7.4 (±0.2) 0.4 (ns) 85.4 (±7.9) 0.4 (ns) 

TUG-891 
+ 1 µM 

FR900395 

7.3 (±0.2) 0.3 (ns) 33.9 (±3.1) 0.0004 (***) 

Table 3-2: Potencies and efficacies of FFA4 agonists in pERK1/2 assay following FR900395 
Gq inhibitor treatment 
Results are mean ± S.E.M of three independent experiments (n=3). Statistical analysis performed 
was one-way ANOVA (Dunnett’s multiple comparisons), ns = non-significant, ***=P<0.001. 

 



Chapter 3  72 
 

 

Gαs signalling assays were performed to establish whether synthetic FFA4 

agonists were able to stimulate Gαs coupled signalling responses, as this has not 

been previously reported in literature (Figure 3-5). One method used to assess 

Gαs coupled signalling is a cAMP-based assay as Gαs signalling results in cAMP 

accumulation. In this assay, treatment of cells with all FFA4 agonists produced a 

decreased cAMP accumulation compared to the positive control of forskolin 

which directly activates AC to produce cAMP (Figure 3-5A). Results from non-

transfected cells were similar to that of transfected cells, indicating that mFFA4 

is indeed not signalling via Gαs coupled pathways when activated by synthetic 

FFA4 agonists (Figure 3-5B).  

 

Figure 3-5: FFA4 signalling via Gs coupled pathways 
Agonist-induced cAMP accumulation was measured in (A) Flp-In CHO cells stably expressing 
mFFA4 or (B) non-transfected CHO cells following treatment with FFA4 agonists. Cells were 
stimulated with FFA4 agonist at a range of concentrations for 1 h 45 min to produce a 
concentration-response curve.  Forskolin was used as a reference ligand in all experiments. 
Results are mean ± S.E.M of three independent experiments (n=3). 
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Similarly, using a cAMP-based assay, Gαi coupled signalling was assayed. Whilst 

in Gαs coupled signalling pathways, activation of the FFA4 receptor activates AC 

to produce cAMP, Gαi coupled signalling acts to inhibit AC activity (Taussig, 

Iñiguez-Lluhi and Gilman, 1993; Syrovatkina et al., 2016).  No reduction of cAMP 

was observed upon co-incubation of forskolin to activate to AC to produce cAMP 

accumulation (Figure 3-6A), and FFA4 agonist which if signalled via Gαi signalling 

pathways would inhibit AC function (Figure 3-6B). This suggests that addition of 

these FFA4 agonists did not cause signalling events via Gαi pathways in this 

simple cellular system.  

 

Figure 3-6: FFA4 signalling via Gi coupled pathways 
(A) cAMP accumulation following EC80 concentration of forskolin was measured in comparison to 
a DMSO vehicle. (B) Agonist-induced cAMP reduction was measured in Flp-In CHO cells stably 
transfected with mFFA4. Cells were stimulated with FFA4 agonist at a range of concentrations for 1 
h 45 min and EC80 concentration of forskolin simultaneously to produce a concentration-response 
curve.  Forskolin was used as a reference ligand in all experiments. Results are mean ± S.E.M of 
three independent experiments (n=3). Statistical analysis performed was an unpaired t-test, 
****=P<0.0001.  

To assess whether WT-mFFA4 cells recruit β-arrestin2 following FFA4 agonist 

stimulation, BRET assays were performed (Figure 3-7A). All compounds 

stimulated β-arrestin2 recruitment, demonstrating β-arrestin2 coupling abilities. 

However, while potencies of compounds were similar to that of TUG-891, 

efficacies of response varied (Table 3-4). The efficacies of response upon 

GSK137647A and TUG‐1197 stimulation were significantly lower (P=0.03 and 0.01 

respectively) than TUG‐891, indicating that these agonists may not promote 
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efficacious coupling of mFFA4 to β‐arrestin2. The efficacy of Agonist 2, however, 

was statistically increased (P=0.009) in comparison to TUG‐891, while the 

efficacy of Compound A remained similar to that of TUG‐891.   

As β‐arrestin coupling leads to receptor internalisation in addition to receptor 

desensitisation, immunocytochemistry was performed after 30 min agonist 

stimulation to examine whether agonists induced receptor internalisation. 

Following agonist stimulation, receptor internalisation was observed for all 

compounds, indicated by the formation of vesicles which move towards the 

nuclei from the plasma membrane (Figure 3-7B). It should be noted that Agonist 

2 looks to promote receptor internalisation particularly well at 30 min as 

minimal receptor appears to be located at the cell membrane, a result 

consistent with the promotion of efficacious coupling to β‐arrestin2. 
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Figure 3-7: FFA4 agonist stimulated β-arrestin2 recruitment and receptor internalisation  
(A) Agonist-induced β-arrestin2 recruitment was measured using a BRET based assay in Flp-In 
CHO cells expressing mFFA4 following treatment with FFA4 agonists. Cells were stimulated with 
FFA4 agonist at a range of concentrations for 5 min to produce a concentration response curve. 
Data is displayed as a ratio of 535/475 nm between eYFP and R-luciferase interactions. Results 
are mean ± S.E.M of three independent experiments (n=3). (B)  Immunocytochemistry following 30 
min stimulation of 10 μM FFA4 agonist on Flp-In CHO cells expressing PD-mFFA4. Merged images 
show co-localisation of mFFA4 (green, eYFP) with cell nuclei (blue, DAPI). Scale bar represents 10 
µm. Images are representative of three independent experiments. 
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Ligand pEC50 % Emax compared to 
TUG-891 

 
Mean ± 
S.E.M 

P Value Mean ± 
S.E.M 

P Value 

TUG-891 8.0 (±0.4) 
 

93.2 (±6.9) 
 

Agonist 2 8.4 (±0.2) 0.9 (ns) 127.9 (±5.2) 0.009 (**) 

TUG-1197 7.6 (±0.5) 0.9 (ns) 58.9 (±5.7) 0.01 (**) 

Compound A 7.8 (±0.3) 1.0 (ns) 101.2 (±6.6) 0.8 (ns) 

GSK137647A 6.9 (±0.6) 0.3 (ns) 64.4 (±6.6) 0.03 (*) 

Table 3-4: Potencies and efficacies of FFA4 agonists in β-arrestin2 recruitment assay 
Results are mean ± S.E.M of three independent experiments (n=3). Statistical analysis performed 
was one-way ANOVA (Dunnett’s multiple comparisons), ns=non-significant, *=P<0.05, **=P<0.01.  

 

3.3.3 Signalling bias of FFA4 agonists 

Bias in signalling pathways downstream of Gαq:receptor coupling was calculated 

by fitting the concentration–response curves of IP1 accumulation and 

phosphorylation of ERK1/2 to a model based on the Black and Leff operational 

model of agonism (Black et al., 1985) to calculate transduction coefficients (τ), 

previously described by Kenakin et al., (2012). These transduction coefficients 

were compared with the reference ligand TUG-891, therefore, bias factors for 

ligands between IP1 accumulation and phosphorylation of ERK1/2 were 

calculated (Table 3-5). As TUG-1197 and GSK137647A did not reach a maximal 

response in IP1 accumulation assays, comparisons could not be made for these 

agonists since the operational model relies on an estimate of functional affinity 

and efficacy. Agonist 2 displayed bias to IP1 accumulation over phosphorylation 

of ERK1/2 compared to reference ligand TUG-891, a result which was 

statistically significant (P=0.01) following unpaired t-test. However, Compound A 

showed no statistically significant bias compared to TUG-891.  
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IP1 Accumulation ERK1/2 

Phosphorylation 
Log Bias 
Factor 
IP

1
 – 

ERK1/2 

Bias Factor 
IP

1
 – ERK1/2 

P 
Value 
IP

1
 – 

ERK1/
2 

 
Log

10
(τ/

K
A
) 

ΔLog
10

(τ/

K
A
) 

Log
10

(τ/

K
A
) 

ΔLog
10

(τ/

K
A
) 

ΔΔLog
10

(τ

/K
A
) 

10^(ΔΔLog
10

(τ/K
A
) 

 

TUG-891 6.39 
(±0.07) 

0.00 
(±0.10) 

7.77 
(±0.05) 

0.00 
(±0.07) 

0.00 ± 
0.12 

  

Agonist 2 7.61 
(±0.07) 

1.20 
(±0.10) 

8.27 
(±0.05) 

0.51 
(±0.07) 

0.72 ± 
0.12 

5.25 0.01 
(*) 

Compoun
d A 

6.23 
(±0.07) 

-0.16 
(±0.10) 

7.14 
(±0.05) 

-0.62 
(±0.07) 

0.45 ± 
0.12 

2.81 0.05 
(ns) 

Table 3-5: Bias factor calculations for IP1 accumulation and phosphorylation of ERK1/2 in 
WT-mFFA4 cell lines using TUG-891 as reference ligand 
Results are mean ± S.E.M of three independent experiments (n=3). Statistical analysis performed 
was an unpaired t-test, ns=non-significant, *=P<0.05. 

  
 

Bias factor calculations were also performed to assess bias in relation to Gq-

protein and arrestin pathways. Transduction coefficients (τ) for IP1 responses (a 

Gq coupled response) and β-arrestin2 recruitment were calculated from 

concentration responses curves of TUG-891 (reference), Compound A and Agonist 

2 (Table 3-6). These data indicated that there was no bias of these ligands in 

comparison to the reference compound TUG-891. Hence, the only indication of 

signalling bias was seen between IP1 and pERK1/2 and only for Agonist 2.  
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IP1 accumulation β-arrestin2 

recruitment 
Log bias 
factor 

IP
1
 –βarr2 

Bias 
factor 
IP

1
 –

βarr2 

P value 
IP

1
 –

βarr2 

 
Log

10
(τ/

K
A
) 

ΔLog
10

(τ/

K
A
) 

Log
10

(τ/

K
A
) 

ΔLog
10

(τ/

K
A
) 

ΔΔLog
10

(τ/

K
A
) 

10^(ΔΔLog
1

0
(τ/K

A
) 

 

TUG-891 6.39 ± 
0.07 

0.00 ± 
0.10 

6.55 ± 
0.37 

0.00 ± 
0.54 

0.00 ± 
0.56 

  

Agonist 2 7.61 ± 
0.07 

1.20 ± 
0.10 

7.97 ± 
0.40 

1.42 ± 
0.55 

-0.20 ± 
0.56 

-1.58 0.74 
(ns) 

Compoun
d A 

6.23 ± 
0.07 

-0.16 ± 
0.10 

6.91 ± 
0.34 

0.36 ± 
0.51 

-0.52 ± 
0.52 

-3.31 0.53 
(ns) 

Table 3-6: Bias factor calculations for IP1 accumulation and β-arrestin2 coupling in WT-
mFFA4 cell lines using TUG-891 as reference ligand 
Results are mean ± S.E.M of three independent experiments (n=3). Statistical analysis performed 
was an unpaired t-test, ns=non-significant.  

3.3.4 Selectivity of FFA4 agonists 

Despite FFA4 and FFA1 sharing low sequence homology, both receptors bind to 

long chain free fatty acids as well as synthetic ligands. It was therefore of 

interest to determine if the FFA4 agonists used here might also activate FFA1. 

To assess this an mFFA1-eYFP fusion protein was expressed in a recombinant 

HEK-293-cell system in a doxycycline-inducible manner (Hudson et al., 2013). 

Using the eYFP tag at the C-terminus, the presence of the mFFA1 receptor was 

confirmed using immunocytochemistry where the receptor can be seen localised 

to the cell membrane (Figure 3-8A). Following confirmation of mFFA1 receptor 

within this cell line, agonists were tested in a pERK1/2 assay in a concentration 

dependent manner (Figure 3-8B). Efficacy of FFA4 agonists TUG-1197, Agonist 2, 

Compound A and GSK17647A were significantly reduced compared to the positive 

control TAK-875, an FFA1 selective agonist, suggesting that these compounds are 

selective for mFFA4 (Table 3-7). However, it is interesting to note that Agonist 2 

and GSK137647A may also promote activation of FFA1 at higher concentrations 

of drug, although as values were significantly decreased from the TAK-875 

reference ligand this does indicate greater selectivity for mFFA4. Additionally, 

TUG-891 did show activity at mFFA1 consistent with TUG-891 being a dual 

FFA4/FFA1 agonist.  
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Figure 3-8: Selectivity of FFA4 agonists  
(A) Representative images of immunocytochemical staining to show expression of mFFA4-eYFP 
(green) colocalised with cell nuclei (DAPI, blue). Expression of the constructs was induced by 
incubating with doxycycline (Dox) overnight at 37°C. Scale bar represents 10 µm, n=3. (B) Agonist-
induced phosphorylation of ERK1/2 was measured in Flp-In T-rex HEK293 cells stably expressing 
mFFA1 following treatment with FFA4 agonists. Cells were treated at range of concentrations for 5 
min to produce a concentration response curve. FFA1 agonist TAK-875 is used as a reference 
ligand. Results are mean ± S.E.M of three independent experiments (n=3). 
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Ligand % Emax compared 
 to TAK-875 

P value 

TAK875 100.9 (±5.2) 
 

TUG-891 81.7 (±6.7) 0.1  
(ns) 

Agonist 2 49.8 (±5.1) 0.0002 (***) 

TUG-1197 35.9 (±8.5) <0.0001 (****) 

Compound A 25.0 (±3.8) <0.0001 (****) 

GSK137647A 40.3 (±1.4) <0.0001 (****) 

Table 3-7: % Emax of pERK1/2 response compared to TAK-875 in mFFA1 HEK293 cells 
Results are mean ± S.E.M of three independent experiments (n=3). Statistical analysis performed 
was one-way ANOVA (Dunnett’s multiple comparisons), ns=non-significant, ***=P<0.001, 
****=P<0.0001. 

3.4 Discussion 

In this chapter, I set out to characterise the canonical signalling properties of a 

range of synthetic FFA4 agonists using the cellular model, Flp-In mFFA4 CHO 

cells. Following the demonstration of robust expression of mFFA4 in cell lines, 

agonists were assessed in pERK1/2 assays to determine if stimulation of agonists 

resulted in mFFA4 activation. Ligand time course experiments reported maximal 

responses at 5 min for all compounds, agreeing with data by Hudson et al., 

(2013).  Often, pERK1/2 responses relating to G protein signalling are fast 

occurring, whereas slower and more sustained signals relate to β-arrestin 

mediated pathways (Ahn et al., 2004; Shenoy et al., 2006; Herenbrink et al., 

2016). Interestingly my results showed that Agonist 2 returned to basal levels 

slower than other compounds which might indicate a β-arrestin component. 

However, β-arrestin2 is not described to contribute to pERK1/2 signalling in FFA4 

(Alvarez-Curto et al., 2016; Prihandoko et al., 2016). Additionally, Agonist 2 

showed no signalling bias towards arrestin pathways suggesting that the time 

course profile should not differ considerably from that of the TUG-891 reference 

ligand. Therefore, this suggests that Agonist 2 may not be signalling via β-

arrestin2 in assays measuring phosphorylation of ERK1/2 and instead may 

promote a slower homologous desensitizing effect than other agonists assayed, 

an event which can occur over seconds to hours (Kelly, Bailey and Henderson, 

2008; Rajagopal and Shenoy, 2018).  
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A range of pharmacological assays were used to assess the coupling properties of 

mFFA4 following synthetic agonist stimulation. As these were quantitative 

assays, agonist potencies and efficacies could be characterised. In pERK1/2 

assays to determine receptor activation and pERK1/2 signalling capacity, 

potency values found in my experiments differ from reported values, although 

these can vary depending on the assay used to determine results (Leroy et al., 

2007). Differences in potency are largely down to differences in receptor 

expression and thereby receptor reserve. Additionally, how the pathways are 

measured, for example, chosen time points, can also impact upon agonist 

potencies. Despite a lack of more potent compounds than the TUG-891 reference 

ligand, efficacy values for all compounds were higher than the TUG-891 

reference ligand which suggests that these compounds may be therapeutically 

effective when moving forth into in vivo experiments.  

Gαq coupling is described as the primary G protein coupled signalling pathway 

for FFA4 (Hirasawa et al., 2005; Briscoe et al., 2006; Alvarez-Curto et al., 2016; 

Milligan et al., 2017) which was recognised also in this thesis by IP1 

accumulation in response to FFA4 agonists. While FFA4 agonists TUG-891, 

Agonist 2 and Compound A were able to produce potent and efficacious 

responses leading to IP1 accumulation, TUG-1197 and GSK137647A did not. This 

might suggest that agonists which do not possess a carboxylic group such as TUG-

1197 and GSK137647A do not produce potent responses in IP1 accumulation, 

perhaps explained by their differences in structure. Additionally, the potency of 

TUG-1197 was around 50x greater in pERK1/2 assays than IP1 and similarly, 

potency values in ERK1/2 phosphorylation were 3x higher than IP1 accumulation 

for GSK137647A. In general comparisons of pEC50 values between pERK1/2 

signalling assays and IP1 accumulation assays revealed that the pEC50 was 

around 10-fold greater in pERK1/2 assays than IP1. As ERK1/2 phosphorylation 

occurs downstream from IP1 accumulation, signal amplification could occur – the 

number of activated products at each stage of a signalling pathway may 

increase, thus accounting for the differences in pharmacological values (Seger 

and Krebs, 1995). 

Additionally, there are no reports of FFA4 coupling to Gαs signalling pathways in 

cell lines, however, G protein coupling can change upon ligand bias (Hauser et 
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al., 2022). To clarify that the FFA4 agonists assayed did not provoke Gαs 

coupling, cAMP assays were performed. Though FFA4 agonists did not stimulate 

cAMP accumulation, it is reported that FFA4 couples to Gαi pathways (Engelstoft 

et al., 2013; Stone et al., 2014).  While FFA4 is known to signal via Gαi coupled 

pathways to reduce levels of somatostatin secretion within the pancreas in 

periods of elevated glucose levels (Stone et al., 2014) and promotes release of 

ghrelin from the stomach (Engelstoft et al., 2013), it is possible that this is a 

tissue specific effect as these results were not replicated in a simple cellular 

model. It has been shown using bioluminescence resonance energy transfer 

(BRET) assays, that GPCRs that couple primarily to Gαq G proteins may also 

couple promiscuously to Gαi G proteins (Okashah et al., 2019). While Okashah et 

al., used a sensitive BRET assay to detect secondary coupling, weak coupling 

patterns may not be detectable in some functional assays (including those used 

in this chapter) and may account for the reason that Gαi coupling was not 

detected in cell lines in this work. However, weak secondary couplings such as 

this can still produce physiological outcomes. The Gαs coupled β2AR also couples 

to Gαi G proteins resulting in reduced cardiac contractility (Xiao, Ji and Lakatta, 

1995; Madamanchi, 2007; Okashah et al., 2019).  

While FFA4 is reported to couple primarily to Gαq G proteins, FFA4 additionally 

couples to β-arrestin2. β-arrestin2 coupling to WT-mFFA4 receptors was also 

investigated with data confirming all agonists promoted mFFA4:β-arrestin2 

coupling. Interestingly, while agonist potencies did not differ from TUG-891, 

both TUG-1197 and GSK137647A displayed much lower efficacy suggesting the 

promotion of a weak coupling to β-arrestin2. This data is consistent with lower 

potencies and inability to reach maximal responses in IP1 and pERK1/2 assays. 

Additionally, internalisation events were observed following stimulation with all 

compounds by the movement of eYFP tagged receptor into endosomes which 

move inwards towards the nuclei. This finding is consistent with findings 

previously reported by Watson, Brown and Holliday, (2012) and Hudson et al., 

(2013). 

Within this chapter, calculations of bias factors downstream of G 

protein:receptor coupling for FFA4 agonists were performed to assess bias of 

agonists towards IP1 accumulation and ERK1/2 phosphorylation. Bias factor 
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values suggested that Agonist 2 showed bias towards IP1 accumulation compared 

to the TUG-891 reference ligand which has been previously described to show no 

stimulus bias (Butcher et al., 2014).  As described fully in Chapter 4 Part 1.4, 

Gαq, Gαi and β-arrestin2 pathways can result in ERK1/2 phosphorylation 

(Eishingdrelo, 2013). Despite this, Alvarez-Curto et al., (2016) and Prihandoko et 

al., (2016) described that β-arrestin signalling does not contribute to MAPK 

signalling and phosphorylation of ERK1/2 in FFA4. However, if IP1 and pERK1/2 

are both downstream of receptor:Gq/11 coupling then there should be no 

receptor bias between these pathways. Despite this, in my results there is 

evidence of bias which does suggest that there is a difference in receptor 

activation mechanisms between these pathways. Evidently, pERK1/2 signalling is 

more complex than we suspect, although this is elucidated further in Chapter 4. 

However, Agonist 2 bias towards IP1 would result in increases in signalling to the 

downstream Gq coupled signalling associated with this pathway. The product of 

the Gq signalling pathway in which IP1 is a component is elevations in 

intracellular calcium which can lead to a whole host of physiological responses 

such as differentiation, proliferation, contraction, exocytosis and liver cell 

metabolism (Berridge, 1993). This might be of importance in the preferential 

activation of physiological responses mediated by FFA4 activated increases in 

intracellular calcium, such as GLP-1 secretion from enteroendocrine cells which 

is thought to be promoted by this pathway (examined in Chapter 6) (Hirasawa et 

al., 2005; Tanaka, Katsuma and Adachi, 2008). Therefore, biased ligands such as 

Agonist 2 which favour Ca2+ elevating pathways could have clinical relevance in 

areas such as metabolic disease but of course this remains to be investigated. 

Additionally, no agonist displayed bias for G protein or β-arrestin coupled 

pathways. As little bias was observed between either IP1 and pERK1/2 or IP1 and 

β-arrestin pathways, perhaps this alludes to a lack of structural diversity in 

existing agonists.  

A lack of structural diversity in the design of FFA4 ligands can also lead to 

challenges in agonist selectivity. There is inherent difficulty when studying the 

FFA4 receptor as despite having low sequence conservation to FFA1, both 

receptors respond to long chain free fatty acids. This creates a complexity when 

developing synthetic agonists, as agonists that bind to FFA4 may also be able to 

bind to FFA1 (Hara et al., 2009). TUG-891 showed activity at FFA1 demonstrating 
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that this agonist is a dual FFA4/FFA1 agonist, a result that is reported in the 

mouse ortholog (Hudson, Murdoch and Milligan, 2013). All agonists assayed 

appeared to be more selective toward mFFA4 in comparison to TUG-891. TUG-

1197 and Compound A have been previously reported as highly specific FFA4 

agonists in agreement with this data (Oh et al., 2014; Azevedo et al., 2016). 

Similarly, GSK137647A has been previously reported to be responsive at FFA1 but 

50 times more potent at FFA4 receptor (Sparks et al., 2014), in agreement with 

results in this chapter. This is important to consider when working in systems 

such as animal models which may express both FFA4 and FFA1.  

In conclusion, this chapter has demonstrated that FFA4 agonists are able to 

activate the mFFA4 receptor and initiate Gαq/11 coupled signalling and β-

arrestin2 recruitment. Using a range of pharmacological assays, bias calculations 

were performed to understand if these agonists can preferentially signal through 

one pathway over another. Agonist 2 displayed bias towards IP1 pathways 

whereas Compound A showed no bias. The identification of signal bias 

downstream of Gq/receptor coupling suggests a complex relationship between 

pERK1/2 and IP1 signalling mechanisms. Furthermore, in selectivity studies, 

TUG-891 was a dual FFA4/FFA1 agonist, whereas TUG-1197, Compound A, 

GSK13647A and Agonist 2 were more selective for mFFA4. This profiling of 

synthetic agonists is important as it may help us to resolve physiological effects 

in ex vivo and in vivo models.
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Chapter 4 Pharmacology of phosphorylation 
deficient mFFA4 

4.1 Introduction  

Upon binding of an agonist to a GPCR, the equilibrium between inactive (R) state 

and the activated (R*) state is driven to the (R*) state. Stabilising the receptor in 

an active conformation results in the interaction of the receptor with G proteins, 

kinases such as GRKs which phosphorylate intracellular residues on the activated 

receptor, and adaptor proteins, the most characterised of which are the arrestin 

family (described in Chapter 1 Part 1.5) (Luttrell and Gesty-Palmer, 2010; 

Gurevich and Gurevich, 2019). In the case of FFA4, β-arrestin2 primarily 

interacts with the receptor following homologous phosphorylation by GRK6, 

which phosphorylates C-terminal and intracellular serine/threonine residues 

(Burns et al., 2014; Butcher et al., 2014). Mass-spectrometry analysis has 

identified five residues on the C-terminus of FFA4 thought to be the primary 

residues that are phosphorylated upon receptor activation: Thr347, Thr349, 

Ser350, Ser357 and Ser361 (Prihandoko et al., 2016). 

As receptors are multiply phosphorylated at a range of different intracellular 

sites by kinases including GRKs, a barcode theory has been hypothesised since 

the complex nature of receptor phosphorylation has indicated that different 

kinases to the same receptor may result in different phosphorylation patterns. 

Variances in receptor phosphorylation have the potential to initiate distinct 

downstream signalling pathways which can result in different functions of the 

same receptor in different tissues (Tobin, 2008; Butcher et al., 2011). This 

theory has been supported by phosphorylation studies on mFFA4 where mutation 

of phospho-acceptor sites within two C-terminal clusters, cluster 1 (Thr347, 

Thr349, and Ser350) and cluster 2 (Ser357 and Ser361), resulted in the 

generation of a PD receptor indicating that the vast majority of phosphorylation 

of this receptor occurred within these C-tail clusters. Mutations at cluster 1 

resulted in downregulation of Akt activation whereas mutation of cluster 2 

reduced β-arrestin2 recruitment but did not affect Akt activation (Prihandoko et 

al., 2016). This differential effect of phosphorylation at clusters 1 and 2 also had 

an effect on receptor internalisation, with cluster 1 mutations having no effect 

on receptor internalisation whereas mutations at cluster 2 reduced 
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internalisation. This is likely due to the fact that cluster 2 is involved in the 

recruitment of β-arrestin, whereas cluster 1 is not. The identification of 

different functions as a result of phosphorylation at different sites supports the 

barcode theory, suggesting that differential phosphorylation of these sites could 

lead to activation of different signalling pathways.   

This chapter focuses on whether a range of FFA4 agonists were able to induce 

mFFA4-β-arrestin2 interaction and canonical G protein signalling in cell lines 

expressing a PD-mFFA4 variant. It was additionally investigated whether these 

compounds show signs of preferential signalling for one pathway over another in 

PD-mFFA4 in comparison to WT-mFFA4. These studies are important as although 

the functions of phosphorylation and β-arrestin recruitment are often linked, 

there is evidence to suggest that agonist induced receptor phosphorylation and 

β-arrestin recruitment to FFA4 may have distinct functions. This was highlighted 

in studies by Alvarez-Curto et al., (2016), where it was discovered that PD-

mFFA4 cell lines resulted in an enhanced pERK1/2 signalling which was not 

evident in arrestin null cell lines. Despite defining the location of 

phosphorylation sites, little is known about physiological effects of 

phosphorylation in FFA4 and recognition of the way in which FFA4 agonists 

behave at PD-mFFA4 receptors creates a strong foundation for understanding 

effects in primary cells and in vivo.  

4.2 Aims 

The aims of this chapter were to:  

• Investigate receptor phosphorylation in WT-mFFA4 and PD-mFFA4 

receptors 

• Assess coupling to β-arrestin2 and receptor internalisation in PD-mFFA4 

cells 

• Assess pERK1/2 and IP1 Gq coupled signalling in PD-mFFA4 cells using 

FFA4 agonists 
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4.3 Results 

4.3.1 Expression of phosphorylation deficient mFFA4 

Mass spectrometry studies from Prihandoko et al., (2016) determined that the 

mFFA4 receptor is phosphorylated at five key residues in the C-terminus. To 

study the roles of phosphorylation in FFA4, a PD-mFFA4 cell line was developed 

where all possible phosphorylation sites on the C-terminal tail were mutated. 

First, mFFA4-eYFP construct was transfected into CHO cells using Flp-In vector 

technology. Mutations of serine/threonine residues in the C-terminus to alanine 

residues were then performed using QuikChange II method (Stratagene, 

Berkshire, UK). The resulting cell line contained the sequence ADAA-AAA in the 

C-terminus (Prihandoko et al., 2016) (Figure 4-1). 

 

Figure 4-1: C-terminal tail of WT and PD mFFA4 
Prihandoko et al., (2016) identified phosphorylation sites on the WT-mFFA4 C-terminus in mass 
spectrometry experiments (shown in red text) (A). Phosphorylation deficient versions of the mFFA4 
receptor were generated by mutation of the phospho-sites to alanine (shown in red text) (B).  

Firstly, to determine if the in-house phosphorylation specific FFA4 antiserum 

targeting residues at pThr347/pSer350 would detect phosphorylation, western blots 

were performed in Flp-In mFFA4 CHO cells (Figure 4-2A). Bands present at 75kDa 

following 5 min treatment with all compounds indicated that residues 

Thr347/Ser350 were phosphorylated. In contrast, no phosphorylation was detected 

in non-transfected cells (Figure 4-2B) confirming the presence of phosphorylated 

mFFA4 in mFFA4 CHO cells.  
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Figure 4-2: Confirmation of pFFA4 in mFFA4 CHO cells  
Western blot analysis using in house pFFA4 antiserum to confirm presence of phosphorylated 
FFA4 following treatment with various FFA4 agonists. (A) mFFA4 Flp-In CHO cell lysate (10 µg). 
(B) non-transfected CHO cell lysate (10 µg). Ubiquitously expressed GAPDH was used a loading 
control. WT = WT mFFA4 Flp-In CHO cells, NT = non-transfected CHO cells. Images are 
representative of three independent experiments (n=3).  

Following confirmation of receptor phosphorylation in WT-mFFA4 cells and 

functionality of the in-house pFFA4 antiserum, western blots were performed to 

assess loss of phosphorylation in PD-mFFA4 cell lines (Figure 4-3). Following 

treatment with all FFA4 agonists, the PD-mFFA4 receptor was not 

phosphorylated compared to WT-mFFA4 controls, suggesting that mutation of 
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phospho-acceptor sites resulted in loss of phosphorylation (Figure 4-3A). To 

validate that the receptor was present within PD-mFFA4 cell lines and that loss 

of phosphorylation was due to mutation of these phospo-specific sites and not 

due to loss of receptor expression, western blots were performed with eYPF 

antibody (Figure 4-3B). Expression of PD-mFFA4-eYFP was detected as indicated 

with a band at around 75kDa, again representing the molecular weight of FFA4 

(45 kDa) in addition to the molecular weight of eYFP (27 kDa).  

 

Figure 4-3: Confirmation of loss of phosphorylation in phosphorylation deficient (PD) 
mFFA4 CHO cells 
(A) Western blot analysis using in house pFFA4 antibody to confirm loss of phosphorylation 
following treatment with various FFA4 agonists in PD -mFFA4 CHO cell lysate (10 µg). (B) 
Presence of receptor was determined by western blot for eYFP in PD-mFFA4 Flp-In CHO cell 
lysate (10 µg) following treatment with various FFA4 agonists.  Ubiquitously expressed GAPDH 
was used a loading control. NT= non-transfected CHO cells, WT= wild-type mFFA4 Flp-In CHO 
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cells, PD= phosphorylation deficient mFFA4 Flp-In CHO cells. Images are representative of three 
independent experiments (n=3).  

4.3.2 β-arrestin signalling in PD-mFFA4 cells 

To assess whether the phosphorylation deficient form of mFFA4 was able to 

induce β-arrestin recruitment, BRET assays were performed in this cell line. A 

loss of PD-mFFA4 recruitment of β-arrestin2 to the cell membrane was detected 

following stimulation with all agonists compared to agonist profiles in WT-mFFA4 

cells (Figure 4-4A). Agonist efficacies were significantly reduced for TUG-891, 

Agonist 2 and Compound A in PD‐mFFA4 cells compared to WT‐mFFA4 cells 

(P=0.003, 0.0004 and 0.001) (Table 4-1). Interestingly, efficacies of TUG‐1197 

and GSK137647A in PD‐mFFA4 cells were not significantly different from values 

of these agonist treatments in WT‐mFFA4 cells, suggesting that these agonists 

promote poor β-arrestin2 coupling through C-terminal residues. Reduction of β-

arrestin2 coupling would infer loss of β-arrestin2 mediated functions in the cell 

system, including receptor desensitisation.  

In addition to a reduction of β‐arrestin2 recruitment following agonist 

stimulation, it was also evident that PD-mFFA4 lost the capability of receptor 

internalisation as receptor stayed localised at the plasma membrane and did not 

internalise and move towards the nuclei (Figure 4-4B).  
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Figure 4-4: FFA4 agonist stimulated β-arrestin2 recruitment and receptor internalisation in 
PD- mFFA4 CHO cells 
(A) Agonist-induced β-arrestin2 recruitment was measured using a BRET based assay in Flp-In 
CHO cells expressing PD-mFFA4 or WT-mFFA4 following treatment with FFA4 agonists. Cells 
were stimulated with FFA4 agonist at various concentrations for 5 min to produce a concentration 
response curve. Data is displayed as a ratio of 535/475 nm emission between eYFP and R-
luciferase interactions. Results are mean ± S.E.M of three independent experiments (n=3). (B) 
Immunocytochemistry following 30 min stimulation of 10 μM FFA4 agonist on Flp-In CHO cells 
expressing PD-mFFA4. Merged images show co-localisation of mFFA4 (green, eYFP) with cell 
nuclei (blue, DAPI). Scale bar represents 10 µm. Images are representative of three independent 
experiments (n=3).  
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Ligand % Emax 

WT PD P 

TUG-891 93.4 
(±4.2) 

33.2 
(±6.1) 

0.003  
(**) 

Agonist 2 127.9 
(±5.2) 

37.8 
(±6.3) 

0.0004 
(***) 

TUG-1197 58.9 
(±5.7) 

47.8 
(±10.8) 

0.4 
(ns) 

Compound A 101.2 
(±6.6) 

37.8 
(±4.3) 

0.001 
(**) 

GSK137647A 64.4 
(±6.6) 

49.6 
(±11.7) 

0.3 
(ns) 

 

Table 4-1: Efficacy of FFA4 agonists in β-arrestin2 recruitment assay in WT-mFFA4 and PD-
mFFA4 cell lines 
Results are mean ± S.E.M of three independent experiments (n=3). Statistical analysis performed 
was an unpaired t-test, ns=non-significant, **=P<0.01, ***=P<0.001. 

4.3.3 Canonical signalling in PD-mFFA4 cells 

To characterise PD-mFFA4 G protein signalling pathways, pharmacological assays 

were performed on CHO cells expressing PD-mFFA4. A time course pERK1/2 

activation assay was performed on this cell line with an optimum response 

occurring at 5 min for all compounds (Figure 4-5A) consistent with WT-mFFA4 

cells (Chapter 3 part 1.3.2). Interestingly, Agonist 2 returned to basal at the 

same rate as other compounds in PD-mFFA4 cells in contrast to WT-mFFA4 cells 

where decline was slower. Overall, decline to basal appeared to occur more 

slowly in the PD-mFFA4 model in all compounds, however, in comparison to the 

TUG-891 reference ligand, profiles are similar to TUG-891 with a peak response 

observed at 5 min followed by a sustained response. This is perhaps attributed to 

a lack of receptor mediated desensitisation in these cells, resulting in an 

increase in the number of activated receptors in cells at any one time. 

Additionally, fold over basal values were plotted for TUG-891 treated WT-mFFA4 

cells (Chapter 3 Part 3.3.2) compared to PD-mFFA4 TUG-891, where it was 

evident that phosphorylation of ERK1/2 was enhanced upon removal of 

phosphorylation sites (Figure 4-5B). 
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Figure 4-5: PD-mFFA4 pERK1/2 time course studies 
Agonist-induced phosphorylation of ERK1/2 was measured using a FRET based assay in Flp-In 
CHO cells expressing the PD-mFFA4 following treatment with FFA4 agonists. Cells were 
stimulated with constant concentration (10 µM) of FFA4 agonists in 60 min time-course 
experiments in PD-mFFA4 Flp-In CHO cells (A) or PD-mFFA4 and WT-mFFA4 Flp-In CHO cells 
(B). Results are mean ± S.E.M of three independent experiments (n=3).  

Concentration response curves to examine phosphorylation of ERK1/2 were also 

performed on PD-mFFA4 cell lines, where removal of phosphorylation sites did 

not prevent the receptor from stimulating signalling pathways resulting in the 

phosphorylation of ERK1/2 (Figure 4-6A). Data indicated that the potencies and 

efficacies of FFA4 agonists were not increased in comparison the TUG-891 

reference ligand (Table 4-2). However, comparison of agonist potencies and 

efficacies in pERK1/2 assays in PD-mFFA4 and WT-mFFA4 cell lines revealed that 

agonist potencies and efficacies were significantly increased in PD-mFFA4 cells 

in comparison to WT-mFFA4 cells for TUG-891, TUG-1197, Compound A and 

GSK137647A (Figure 4-6B, Table 4-3). This again may indicate that this PD-

mFFA4 cell system could have a greater signalling capacity due to the loss of 

receptor desensitisation, facilitating increased efficacies of agonists. However, 

in the case of Agonist 2, stimulation of PD-mFFA4 did not have increased potency 

or efficacy compared to WT-mFFA4, indicating that Agonist 2 acts similarly in 

WT-mFFA4 and PD-mFFA4 receptors. This suggests that Agonist 2 may have a 

reached a maximal response in WT-mFFA4 cells by occupying a lower number of 
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active receptors than other agonists, thus explaining why efficacy doesn’t differ 

in PD-mFFA4 cells.  

 

Figure 4-6: FFA4 signalling via pERK1/2 in a PD-mFFA4 cell line 
Agonist-induced phosphorylation of ERK1/2 was measured using a FRET based assay in Flp-In 
CHO cells expressing the PD-mFFA4 following treatment with FFA4 agonists and (A) compared to 
TUG-891 reference ligand or (B) Flp-In CHO cells expressing the WT-mFFA4 treated with 
respective agonist. Cells were stimulated with FFA4 agonist at a range of concentrations for 5 min 
to produce a concentration-response curve. Results are mean ± S.E.M of three independent 
experiments (n=3).  
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pERK1/2 

 

Ligand pEC50 % Emax compared to 
TUG-891 

Mean ± 
S.E.M 

P Value Mean ± 
S.E.M 

P Value 

TUG-891 8.7 (±0.1) 
 

100.0  
(±1.5) 

 

Agonist 2 8.4 (±0.0) 0.04 (*) 102.8 
(±1.1) 

0.7 (ns) 

TUG-1197 8.4 (±0.1) 0.04 (*) 102.1 
(±2.4) 

0.9 (ns) 

Compound A 7.8 (±0.0) <0.0001 
(****) 

106.3 
(±1.7) 

0.1 (ns) 

GSK137647A 7.4 (±0.1) <0.0001 
(****) 

104.9 
(±2.7) 

0.3 (ns) 

Table 4-2: Potencies and efficacies of FFA4 agonists in pERK1/2 assays in PD-mFFA4 cells 
Results are mean ± S.E.M of three independent experiments (n=3). One-way ANOVA (Dunnett’s 
multiple comparisons), ns=non-significant, *=P<0.05, ****=P<0.0001. 
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 pERK1/2 

Ligand pEC50 % Emax normalised to WT  

WT PD P WT PD P 

TUG-891 8.2 
(±0.2) 

9.1 
(±0.1) 

0.002 
(**) 

 100.0 
(±1.8) 

132.7  
(±2.2) 

<0.0001 
(****) 

Agonist 2 8.3 
(±0.0) 

8.4 
(±0.0) 

0.4 (ns) 100.0 
(±3.9) 

108.0 
(±1.5) 

0.2 (ns) 

TUG-1197 6.5 
(±0.1) 

8.3 
(±0.1) 

<0.0001 
(****) 

100.0 
(±4.1) 

145.8 
(±3.2) 

0.0001 
(***) 

Compound A 6.8 
(±0.1) 

7.8 
(±0.0) 

<0.0001 
(****) 

100.0 
(±3.8) 

163.2 
(±2.3) 

<0.0001 
(****) 

GSK137647A 6.9 
(±0.1) 

7.4 
(±0.1) 

0.004 
(**) 

100.0 
(±6.7) 

128.4 
(±2.9) 

0.003 
(**) 

Table 4-3: Potencies and efficacies of FFA4 agonists in pERK1/2 assays in PD-mFFA4 and 
WT-mFFA4 cell lines 
Results are mean ± S.E.M of three independent experiments (n=3). Statistical analysis performed 
was an unpaired t-test, ns=non-significant, **=P<0.01, ***=P<0.001, ****=P<0.0001. 

Accumulation of IP1 was assessed as a measure of Gq coupled signalling, where 

it was evident that removal of phosphorylation sites also did not prevent the 

receptor from stimulating signalling pathways resulting in IP1 accumulation 

(Figure 4-7A). While efficacies of response were not improved in comparison to 

TUG-891, potencies were variable. The potency of Agonist 2 was significantly 

increased in comparison to TUG-891 (P=0.005), although the potency of 

Compound A was significantly lower than that of TUG-891 (P=0.003) (Table 4-4). 

Neither GSK137647A or TUG-1197 reached a maximal response and so potency 

values could not be reliably calculated here. When comparing agonist potency 

and efficacy values in WT-mFFA4 and PD-mFFA4 cell lines, potencies and 

efficacies for TUG-891, Agonist 2 and Compound A were significantly increased 

in PD-mFFA4 cells in comparison to WT-mFFA4 cells (Figure 4-7B, Table 4-5). As 

IP1 accumulation did not reach a peak response in WT-mFFA4 cells or PD-mFFA4 

cells for GSK137647A and TUG-1197, it was not possible to compare values, 

although data did show increases in both potency and efficacy. This data implies 

that in addition to an enhancement of pERK1/2 upon removal of mFFA4 C-

terminus phosphorylation sites, IP1 accumulation was also enhanced. This again 
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suggests a greater signalling capacity in PD-mFFA4 cells which might be due to a 

loss of receptor desensitisation.  

 

Figure 4-7: FFA4 agonist induced IP1 accumulation in a PD-mFFA4 cell line 
Agonist-induced IP1 accumulation was measured using a FRET based assay in Flp-In CHO cells 
expressing the PD-mFFA4 following treatment with FFA4 agonists and (A) compared to TUG-891 
reference ligand in PD-mFFA4 cells or (B) Flp-In CHO cells expressing the WT-mFFA4 treated with 
respective agonist. Cells were stimulated with FFA4 agonist at a range of concentrations for 5 min 
to produce a concentration-response curve. Results are mean ± S.E.M of three independent 
experiments (n=3).  
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IP1 accumulation 

 

Ligand pEC50 % Emax compared to 
TUG-891 

Mean ± 
S.E.M 

P Value Mean ± 
S.E.M 

P Value 

TUG-891 7.9 (±0.2) 
 

100.0  
(±7.0) 

 

Agonist 2 8.8 (±0.2) 0.005 (**) 110.8 
(±5.0) 

0.5 (ns) 

TUG-1197 - - - - 

Compound A 6.9 (±0.1) 0.003 (**) 97.4 
(±2.4) 

1.0 (ns) 

GSK137647A - - - - 

Table 4-4: Potencies and efficacies of FFA4 agonists in IP1 accumulation assays in PD-
mFFA4 cells 
Results are mean ± S.E.M of three independent experiments (n=3). One-way ANOVA (Dunnett’s 
multiple comparisons), ns=non-significant, **=P<0.01. 
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 IP1 accumulation 

Ligand pEC50 % Emax normalised to WT 

WT PD P WT PD P 

TUG-891 7.1 
(±0.1) 

7.9 
(±0.2) 

0.02 
(*) 

 100.0 
(±5.3) 

175.4  
(±11.2) 

0.0005 
(***) 

Agonist 2 7.9 
(±0.2) 

8.8 
(±0.2) 

0.03 
(*) 

100.0 
(±5.7) 

250.4 
(±9.7) 

<0.0001 
(****) 

TUG-1197 ‐ ‐ ‐ ‐ ‐ ‐ 

Compound A 6.9 
(±0.1) 

7.4 
(±0.1) 

0.004 
(**) 

108.4 
(±3.3) 

193.4 
(±4.5) 

<0.0001 
(****) 

GSK137647A ‐ ‐ ‐ ‐ ‐ ‐ 

 

Table 4-5: Potencies and efficacies of FFA4 agonists in IP1 assays in PD-mFFA4 and WT-
mFFA4 cells 
Results are mean ± S.E.M of three independent experiments (n=3). Statistical analysis performed 
was an unpaired t-test, *=P<0.05, **=P<0.01, ***=P<0.001, ****=P<0.0001.  

4.3.4 Biased signalling in PD-mFFA4 cells 

Comparisons of bias in signalling pathways downstream of Gαq:receptor coupling 

in a PD-mFFA4 cell model were calculated by fitting the concentration–response 

curves of IP1 accumulation and phosphorylation of ERK1/2 to a model based on 

the Black and Leff operational model of agonism (Black et al., 1985) to calculate 

transduction coefficients (τ), as previously described by Kenakin et al., (2012). 

These transduction coefficients were compared with the reference ligand TUG-

891, from which bias factors for ligands between IP1 accumulation and 

phosphorylation of pERK1/2 were calculated (Table 4-6). As TUG-1197 and 

GSK137647A did not reach a maximal response in IP1 accumulation assays, 

comparisons could not be made for these agonists since the operational model 

relies on an estimate of functional affinity and efficacy. Bias factor calculations 

suggested that Agonist 2 shows significant bias towards IP1 pathways (P<0.0001), 

consistent with results in WT-mFFA4 cells displayed in Chapter 3 Part 3.3.3. In 

addition to Agonist 2, Compound A also displayed significant bias in IP1 

accumulation pathways in comparison to the TUG-891 reference ligand (P=0.01).  
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Table 4-6: Bias factor calculations in PD-mFFA4 cell line compared to TUG-891 
Results are mean ± S.E.M of three independent experiments (n=3). Statistical analysis performed 
was unpaired t-test, ns=non-significant, *=P<0.05, ****=P<0.0001.  

4.4 Discussion 

Studies on PD mouse models have already proven to be a success in determining 

physiological roles of phosphorylation in GPCRs, with studies on M1-PD mice 

demonstrating that phosphorylation/β-arrestin pathways provide 

neuroprotective effects in mouse models with neurodegenerative disease 

(Scarpa et al., 2021) and additionally, M3-PD studies have indicated that M3 

muscarinic receptors promote bronchoconstriction via phosphorylation/β-

arrestin-dependent signalling pathways (Bradley et al., 2016). Therefore, in this 

chapter I wanted to probe the effects of various agonists in a PD cell model to 

identify mechanisms of agonist mediated receptor activation and signalling 

cascades in the absence of phosphorylation. As the physiological roles of 

receptor phosphorylation of FFA4 are largely unknown, characterisation of PD-

mFFA4-eYFP cells is important since it may help to elucidate unknown signalling 

effects in PD animal models. 

Changes in coupling patterns between WT-mFFA4 and PD-mFFA4 cells were 

investigated in a range of pharmacological assays. β-arrestin2 coupling to PD-

mFFA4 receptors was examined, revealing that while synthetic FFA4 agonists 

induced WT-mFFA4 coupling to β-arrestin2 and stimulated receptor 

internalisation, the same effect was not observed in PD-mFFA4 cells where 

coupling was significantly reduced. This would indicate that mutation of these 

residues on the mFFA4 C-terminus is responsible for phosphorylation and 

recruitment of β-arrestin2. This is consistent with data by Prihandoko et al., 

(2016) who demonstrated that mutation of all phosphorylation sites on the C-

terminal tail resulted in markedly reduced coupling to β-arrestin2 upon TUG-891 
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stimulation, more specifically residues Ser357 and Ser361 forming cluster 2. 

However, in β-arrestin2 recruitment assays BRET signal was still detected at 

higher concentrations, particularly visible for GSK137647A, TUG-1197 and 

Compound A, indicating that there was not a complete loss of β-arrestin2 

recruitment. As GRKs such as GRK6 and other kinases often phosphorylate the 

receptor at intracellular sites including intracellular loops, it is possible β-

arrestin2 is interacting with mFFA4 at these sites (Gurevich and Gurevich, 2019). 

Furthermore, it has been previously described that some receptors such as 5-

HT2C, β2AR and vasopressin V1 receptors, can interact with arrestins in a 

phosphorylation independent manner through interactions with intracellular 

loops as previously described in Chapter 1 part 1.5.3 (Gurevich and Gurevich, 

2006; Marion et al., 2006; Wu et al., 2006). Additionally, some receptors retain 

interaction with arrestins following mutation of phosphorylation sites through 

negatively charged residues which mimic the properties of phosphate groups. 

One such example includes the D6 chemokine receptor which retains ability to 

bind to arrestin through acidic residues in its C-terminus. The presence of three 

negatively charged resides Glu341, Asp348, and Asp355 located in close 

proximity to phosphorylation clusters on the C-terminus of mFFA4 identify an 

alternative means of coupling (Butcher et al., 2014). While a reduction in 

arrestin coupling was observed, β-arrestin2 coupling may occur to some degree 

on account of the combination of interaction with ICLs and with negatively 

charged phospho-mimetics. In addition to highlighting other potential β-arrestin2 

coupling mechanisms which are independent from the phosphorylated C-

terminus, this assay also indicated that structurally divergent agonists elicited 

different coupling effects. Mutation of C-terminal residues did not result in 

significantly reduced coupling to β-arrestin2 following TUG-1197 and 

GSK137647A stimulation, with similar coupling observed to the WT-mFFA4 

receptor. This reinforced that these compounds may not induce strong coupling 

to β-arrestin2 through these C-terminal residues. Since both of these compounds 

are non-carboxylic compounds, it is interesting to consider that the lack of a 

carboxylic group may contribute to poor arrestin coupling through the C-terminal 

tail. 

Changes in coupling patterns between WT-mFFA4 and PD-mFFA4 cells in G 

protein coupled signalling pathways were also investigated and interestingly, my 
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studies revealed that neither phosphorylation of ERK1/2 nor IP1 accumulation 

appeared to be phosphorylation dependent pathways as signalling still occurred 

following removal of C-terminal phosphorylation sites. In many GPCRs, β-arrestin 

signalling plays a role in phosphorylation of ERK1/2 and associated signalling 

(Luttrell et al., 2001; Shenoy et al., 2006), however, signalling is more complex 

in FFA4 where studies in phosphorylation deficient cell lines have shown robust 

pERK1/2 signalling. This suggested that β-arrestin signalling was not involved in 

pERK1/2 signalling in FFA4 and rather that it is G protein mediated (Alvarez-

Curto et al., 2016; Prihandoko et al., 2016).  Consistent with these studies, the 

phosphorylation of ERK1/2 was enhanced in PD-mFFA4 cells compared to WT-

mFFA4 cells and similarly, IP1 assays in PD-mFFA4 cells showed significant 

increases in efficacy compared to WT-mFFA4 cells. These results are consistent 

with the idea that phosphorylation and recruitment of arrestins leads to receptor 

desensitisation and hence removal of phosphorylation sites results in greater 

signalling capacity because at any one time a greater number of active receptors 

can signal, since none are inactivated by arrestin-mediated desensitisation. 

Enhanced signalling capacity following loss of receptor desensitisation has been 

demonstrated previously in μ-opioid receptors, where an enhanced analgesic 

response was observed in β-arrestin2 KO mice (Raehal, Walker and Bohn, 2005; 

Thompson et al., 2015; Bologna et al., 2017). However, this effect was not 

observed in M1 muscarinic-PD model and so could vary between receptor (Scarpa 

et al., 2021). However, since receptor expression in WT-mFFA4 and PD-mFFA4 

was not measured quantitively and compared, it should also be considered that 

these effects could be due to increased receptor expression in PD-mFFA4 cells, 

although this would require to be quantitatively tested for example using qRT-

PCR. In addition, it should be noted that experiments to compare WT and PD-

mFFA4 were not carried out concurrently in these experiments, which may lead 

to inconsistencies in reproducibility. For example, experimental differences, 

such as differences in cell counting or cell viability and health as a result of 

experiments being performed on different days could lead to inconsistencies and 

thus should be considered when analysing these results.   

Calculations of bias factors downstream of G protein:receptor coupling in IP1 

and pERK1/2 pathways highlighted interesting differences in bias factors 

between WT-mFFA4 and PD-mFFA4 cells. Consistent with results in the WT-
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mFFA4 receptor, Agonist 2 displayed bias towards IP1 accumulation in PD-

mFFA4, however, Compound A additionally displayed signalling bias in PD-mFFA4 

cells. Since Compound A was neutral in the WT-mFFA4 receptor, it was 

unexpected that this compound would display bias in the PD-mFFA4 receptor as 

both IP1 accumulation and phosphorylation of ERK1/2 are described to signal via 

the Gq coupled pathway and these pathways showed greater signalling capacity 

in the PD-mFFFA4 cell line. Therefore, it is interesting to consider why these 

ligands preferentially signal through IP1 pathways in the G protein biased form 

of the receptor. Ligand bias towards IP1 accumulation in PD-mFFA4 suggests that 

perhaps pERK1/2 signalling may have a phosphorylation dependent component 

which is absent in the PD-mFFA4 receptor. While pERK1/2 pathways have been 

shown to be largely Gq regulated, a study by Alvarez-Curto et al., (2016) 

identified that Gαq/Gα11-null HEK293 expressing PD-mFFA4 elicited a pERK1/2 

response which was not reduced upon treatment of Gi inhibitor pertussis toxin, 

this suggested a Gq/Gi/phosphorylation independent pERK1/2 signalling 

mechanism. The results presented in this chapter contradict this study by 

Alvarez-Curto et al., (2016) by suggesting pERK1/2 signalling may have a 

phosphorylation dependent component which could potentially be masked by 

loss of receptor desensitisation which resulted in greater signalling capacity 

and/or the increased expression of PD-mFFA4 in these cell lines. However, it 

does agree that there is a complex relationship between receptor 

phosphorylation, β-arrestin2 and G protein coupling in pERK1/2 pathways in 

FFA4 and that clearly, there are additional components to the pERK1/2 signalling 

pathway other than Gq coupled signalling which have yet to been defined.  

In conclusion, while previous work in our lab has described that loss of 

phosphorylation via C-terminus mutation reduces coupling to β-arrestin2 and 

subsequently reduces internalisation (Prihandoko et al., 2016), here I have 

shown that upon stimulation of additional FFA4 agonists Compound A, 

GSK137647A, TUG-1197 and Agonist 2, similar loss of β-arrestin2 and 

internalisation was observed in contrast to WT-mFFA4 receptors.  Canonical G 

protein signalling was also investigated, where it was determined that both 

phosphorylation of ERK1/2 and IP1 signalling were enhanced upon loss of 

receptor C-terminus phosphorylation.  Additionally, calculations of ligand bias 

indicated that while only Agonist 2 displayed ligand bias towards IP1 in WT-
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mFFA4, Compound A additionally displayed bias in the PD-mFFA4 receptor for 

IP1 over pERK1/2 pathways. This could give an indication that pERK1/2 signalling 

is more complex than previously thought and may have a phosphorylation 

dependent component, despite previous reports suggesting that this is not the 

case. 
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Chapter 5 Ex vivo evaluation of FFA4 function in 
the mouse lung 

5.1 Introduction 

Initially, FFA4 based research was focused on the role of FFA4 within the gut and 

incretin secretion (described in Chapter 6), however, more recently FFA4 

expression within the lung has been investigated, highlighting the possibility of 

FFA4 as a druggable target for respiratory diseases  (Tanaka et al., 2008; 

Miyauchi et al., 2009; Mizuta et al., 2015; Prihandoko et al., 2020). FFA4 is 

present in lung resident macrophages which stimulate anti-inflammatory 

signalling pathways, where disruption of TAB1-TAK1 interactions results in 

inhibition of pro-inflammatory cytokine production (Oh et al., 2010). Previously 

we studied FFA4 expression in the lung and we observed that the receptor is not 

only located in immune cells but is also expressed in lung epithelium and airway 

smooth muscle layers (Prihandoko et al., 2020).  

In our previous studies, FFA4 was shown to be functional within mouse and 

human airways, and when stimulated with FFA4 agonist, increases in 

intracellular calcium were detected (Prihandoko et al., 2020). As other Gαq 

coupled receptors, such as the M3 muscarinic and tachykinin receptors, regulate 

airway smooth muscle (ASM) contraction following this increase in intracellular 

calcium (Fryer and Jacoby, 1998; Mizuta et al., 2008; Bradley et al., 2016), our 

initial hypothesis was that FFA4 may mediate ASM contraction. Changes in 

airway diameter were monitored in precision cut lung slice experiments 

following FFA4 agonist addition (Prihandoko et al., 2020) and interestingly we 

discovered that FFA4 agonists do not mediate smooth muscle contraction but 

mediate ASM relaxation instead. It was suggested that agonist activated FFA4 

might stimulate release of PGE2 which binds to the prostaglandin E2 receptor 

(EP2), leading to cAMP production, PKA activation and ASM relaxation through a 

Gαs coupled pathway (Morgan et al., 2014). However, it could not be 

determined that PGE2 release was as a result of direct activation of FFA4 in ASM 

and not other lung resident mFFA4. Therefore, while PGE2 release might play a 

role in mFFA4 mediated ASM relaxation, mechanisms remain largely undefined. 

As FFA4 is primarily coupled to Gαq G proteins or β-arrestin2, where Gαq 

coupled pathways lead to increases in intracellular calcium often associated 
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with ASM contraction, it was hypothesised that ASM relaxation could be 

regulated by either phosphorylation or β-arrestin dependent pathways.   

Mouse models are a vital tool for studying physiological processes, therefore, to 

study ASM relaxation in this chapter, mouse models were utilised. A HA-tagged 

FFA4 C57BL/6 mouse was generated by Genoway by inserting a HA tag sequence 

upstream of the STOP codon, located in exon 3 of the FFA4 gene. However, this 

does not disrupt the function of the receptor as it is still expressed under the 

control of the endogenous FFA4 promoter. This has been validated in studies 

using cell lines expressing FFA4-HA (Hudson et al., 2013; Prihandoko et al., 

2016). Similarly, a mouse line with a phosphorylation deficient mutant version of 

the FFA4 receptor was also generated by Genoway following phosphorylation 

studies by our group, described in detail in Chapter 4 (Butcher et al., 2011; 

Prihandoko et al., 2016). Here, six-point mutations in the C-terminal tail 

resulting in a phosphorylation deficient mutant (ADAA-AAA, mutations fully 

described in Chapter 4) and a HA tag were inserted upstream of the STOP codon, 

located in exon 3 of the FFA4. Lastly, an FFA4-KO mouse was generated by 

Invitrogen. Here, the gene which encodes for the FFA4 receptor was replaced 

with the gene coding for β-galactosidase enzyme resulting in a constitutive 

knock-out animal (Figure 5-1).  
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Figure 5-1: Genetically modified FFA4 mouse lines 
Genetic modifications of FFA4 mouse lines are shown. The coding region of the WT mouse FFA4 
consists of three exons that comprise of the coding regions. In WT-FFA4-HA and PD-FFA4-HA 
mice, a HA tag is inserted before the stop codon in exon 3. Additionally, PD-FFA4-HA mice have a 
series of mutations from Threonine/Serine to Alanine in the C-terminal tail, resulting in the inability 
for these sites to become phosphorylated. In FFA4-KO mice the gene coding for FFA4 is replaced 
with β-galactosidase enzyme. Ex= exon, I= non-coding intron regions. 
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This chapter aims to employ the use of genetically modified mice to investigate 

mFFA4 mediated ASM relaxation using a range of FFA4 agonists. Additionally, 

potential mechanisms for this ASM relaxation will be investigated, specifically, 

the potential role of phosphorylation of mFFA4 in ASM relaxation will be 

considered by use of PD-FFA4-HA animals. The combination of FFA4 presence 

within the lung and its ability to inhibit production of pro-inflammatory 

cytokines and promote ASM relaxation highlights FFA4 as a novel drug target for 

inflammatory respiratory diseases such as asthma and COPD.  

5.2 Aims 

The aims of this chapter were to:  

• Confirm presence of mFFA4 within mouse lung tissues and compare to 

expression levels of PD-FFA4-HA lung tissues 

• Investigate mFFA4 agonist induced ASM relaxation in PCLS 

• Investigate whether phosphorylation of mFFA4 plays a role in FFA4 agonist 

induced ASM relaxation in PCLS experiments 

5.3 Results 

5.3.1 Expression of FFA4 within mouse lung tissue 

mFFA4 expression has been reported within lung epithelium in previous studies 

within our lab (Prihandoko et al., 2020) and this finding was first confirmed by 

performing q-PCR on cDNA samples prepared from mouse lung tissues. Studies 

were performed using HA-tagged animals as the HA tag is a particularly powerful 

tool in detecting the receptor in this context because the tag allows detection of 

proteins without the need for a protein specific antibody/serum and many 

commercially available anti-GPCR antisera, including for FFA4 have been poorly 

characterised. mFFA4-HA expression was confirmed in WT-FFA4-HA and PD-FFA4-

HA mouse lung but not in WT-FFA4 C57BL/6 mice as expected (Figure 5-2A). 

Interestingly, PD-mFFA4-HA expression was significantly higher than that of WT-

mFFA4-HA. However, PD-mFFA4 expression was not significantly increased from 

WT-mFFA4 levels when examining global mFFA4 expression (Figure 5-2B). Here, 
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mFFA4 was found to be expressed in the mouse lungs of WT-FFA4, WT-FFA4-HA 

and PD-FFA4-HA C57BL/6 mice but not present in FFA4-KO mice. Additionally, 

mFFA1 levels of transcript were analysed as there is a possibility that dual 

FFA4/FFA1 agonists could activate mFFA1, however, it is evident that mFFA1 is 

expressed at low levels within these mouse lines, with the exception of FFA4-KO 

animals (Figure 5-2C).  

 

Figure 5-2: Expression of FFA4 and FFA1 in mouse lung 
Lung tissue was isolated from WT-FFA4 C57BL/6 mice, WT-FFA4-HA C57BL/6 mice, FFA4-KO 
C57BL/6 mice and PD-FFA4-HA C57BL/6 mice, RNA isolated and cDNA prepared. q-PCR analysis 
on cDNA was performed using (A) FFA4-HA primers (B) FFA4 primers (C) FFA1 primers. 
Expression using FFA1 primer pairs are normalised to FFA4 expression using FFA4 primer pairs. 
Results are mean ± S.E.M of three independent experiments (n=3).  Statistical analysis performed 
is ordinary one-way ANOVA (Dunnett's multiple comparisons), *=P<0.05, **=P<0.01. 

mFFA4-HA expression was next examined using immunohistochemistry. Sections 

of mouse lung tissue were stained with an anti-HA rat antibody followed by 

Alexa-fluor 647 far red antibody to detect mFFA4-HA. Alexa-fluor 647 produces 

less overlap in emission spectrums when used in combination with other 

secondary antibodies and may reduce background staining. Therefore, this 

antibody was seen as an optimal choice for experiment. Expression of mFFA4-HA 

was confirmed in WT-FFA4-HA and not in FFA4-KO mouse tissues (Figure 5-3). 

Additionally in a novel finding, expression of HA was detected in PD-FFA4-HA 

mouse tissues, suggesting that the PD mutations of mFFA4 did not disrupt 

receptor expression. Furthermore, mFFA4 in these lung samples colocalised with 

epithelial clara cell marker CC10, suggesting mFFA4 presence in these cells, with 
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secondary controls displaying minimal background staining confirming these 

results.  

 

Figure 5-3: Co-localisation of mFFA4 with lung epithelium 
Lung tissue sections from WT-FFA4-HA C57BL/6 mice, FFA4-KO C57BL/6 mice or PD-FFA4-HA 
C57BL/6 mice were processed for immunohistochemistry and stained using rat HA primary 
antibody and CC10 primary antibody, which is a marker for lung epithelium, before imaging on a 
confocal microscope at 40x objective. Images are representative of n=3, scale bar represents 20 
µm.  

 

In addition to mFFA4 presence in epithelial clara cells, co-localisation of mFFA4 

with smooth muscle actin was also detected in WT-FFA4-HA lung sections, 

indicating that mFFA4 was also present within smooth muscle layers of the lung 

airways (Figure 5-4). Furthermore, this finding was replicated in PD-FFA4-HA 

lung samples, again suggesting that these PD mutations in the C-terminus did not 

affect receptor expression. 
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Figure 5-4: Co-localisation of FFA4 with lung airway smooth muscle 
Lung tissue sections from WT-FFA4-HA C57BL/6 mice, FFA4-KO C57BL/6 or PD-FFA4-HA 
C57BL/6 mice were processed for immunohistochemistry and stained using rat HA primary 
antibody and α-Actin smooth muscle primary antibody which is a marker for airway smooth muscle 
before imaging on a confocal microscope at 40x objective. Images are representative of n=3, scale 
bar represents 20 µm. 

With the finding that PD-mFFA4 was expressed in lung epithelium and airway 

smooth muscle, similarly to WT-mFFA4, PD-mFFA4 expression patterns were 

further investigated. To understand whether there was any differential mFFA4 

expression pattern between WT-FFA4-HA and PD-FFA4-HA animals, images were 

taken at a higher magnification (63x objective) (Figure 5-5). However, from 

these images it did not appear that there were differences in distribution of 

mFFA4 inside each cell. 
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Figure 5-5: Distribution of mFFA4 within WT-FFA4-HA and PD-FFA4-HA airways 
Lung tissue sections from WT-FFA4-HA C57BL/6 mice or PD-FFA4-HA C57BL/6 mice were 
processed for immunohistochemistry and stained using rat HA primary antibody before imaging on 
a confocal microscope at either 40x or 63x objective to assess distribution of mFFA4. Images are 
representative of n=3. Scale bar represents 20 µm at 40x objective and 10 µm at 63x objective. 

5.3.2 Ex vivo analysis of synthetic FFA4 agonist mediated airway 
smooth muscle relaxation  

With the knowledge that WT-mFFA4 and PD-mFFA4 were present in mouse lung 

epithelium and ASM layers, ex vivo experiments to determine whether FFA4 

agonists stimulate bronchodilation were performed. Ex vivo PCLS experiments 

were performed by monitoring the area of airway lumen over a time course 

following FFA4 agonist addition. Carbachol was used as a pre-contraction agent 

as carbachol is a muscarinic agonist, which induces Ca2+ dependent contraction 

upon binding and activation of muscarinic receptors (Protas, Shen and Pappano, 

1998; Bradley et al., 2016). First, concentration response curves were performed 

to determine appropriate concentrations of carbachol and FFA4 agonist for 

experiment. Airways were maximally contracted at 100 µM carbachol (Figure 

5-6A,B) and maximally relaxed at 50 µM TUG-891 (Figure 5-6C,D). Therefore, 

these concentrations were used in subsequent ex vivo experiments. Additionally, 
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previous experiments within our group (Prihandoko et al., 2020) found maximal 

airway contraction and relaxation at a 20 min incubation time point and so this 

time period was used in experimentation. 

 

Figure 5-6: Precision cut lung slice concentration curves 
Concentration response curves of (A) carbachol and (C) TUG-891 on precision cut lung slices from 
WT-FFA4-HA mouse lung. In a time-course experiment, increasing concentrations of compound 
were added every 20 min for 140 min and airway luminal area was quantified at each time point. 
Results are mean ± S.E.M of three independent experiments (n=3). Representative images of (B) 
carbachol and (D) TUG-891 are shown (n=3).  

 
Precision-cut lung slice experiments were performed by addition of carbachol to 

fully pre-contract airways. Following full ASM contraction after 20 min, FFA4 

agonist was added to the lung section to determine whether the FFA4 agonist 

would stimulate airway relaxation. Changes in airway luminal area were 

calculated to quantify contraction and relaxation. Upon agonist treatment 

following carbachol contraction, WT-FFA4-HA lung airways were significantly 

relaxed following treatment of TUG-891, Agonist 2 and Compound A. 

GSK137647A showed a trend of relaxation which may be significant upon repeat. 
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Conversely, TUG-1197 did not produce a significant relaxation (Figure 5-7, Table 

5-1).  

Conducting similar experiments in FFA4-KO PCLS revealed that Compound A still 

showed a significant relaxation response (P= 0.04) indicating that this agent has 

off-target activity. In addition, Agonist 2 showed a trend of relaxation. In 

contrast, the relaxation response to TUG-891 and trend of relaxation for 

GSK137647A was not evident in the FFA4-KO PCLS preparations indicating that it 

was likely these agents were acting through mFFA4, although repetition of this 

experiment would be further needed to define these preliminary results (Figure 

5-8,Table 5-2).  
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Figure 5-7: WT-FFA4-HA ex vivo precision cut lung slice experiments 
Lungs were dissected from WT-FFA4-HA C57BL/6 mice and sliced into 200 µm slices before 
culturing overnight. Slices were imaged on EVOS microscope in a 40 min time course. Lung slices 
were treated with 100 µM carbachol and after 20 min lung slices were treated with 50 µM 
compound or 0.1% DMSO. Experiments were terminated at 40 min. (A) Images shown represent 
an n=3. (B) Quantification of airway luminal area in images shown in A. Results are mean ± S.E.M 
of three independent experiments (n=3). Statistical analysis performed is paired t-test,  *=P<0.05, 
**=P<0.01.  
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Ligand % Baseline 
Luminal 

Area 

% Airway 
Luminal 

Area After 
Cch 

Treatment  

% Airway 
Luminal 

Area After 
Compound 
Treatment 

% Difference P Value 

TUG-891 100 35.1 (±7.4) 74.8 (±8.9) 39.7 (± 13.2) 0.04 (*) 

Agonist 2 100 32.3 (±18.0) 77.3 (±10.2) 45.0 (± 11.3) 0.02 (*) 

TUG-1197 100 45.8 (±10.3) 50.1 (±12.5) 4.4 (± 6.4) 0.4 (ns) 

Compound A 100 41.1 (±6.3) 90.4 (±2.8) 49.3 (± 3.7) 0.002 (**) 

GSK137647A 100 31.8 (±14.2) 69.0 (±12.4) 37.2 (±26.2) 0.06 (ns) 

DMSO 100 33.5 (±9.0) 41.8 (±15.2) 8.3 (± 6.5) 0.2 (ns) 

 

Table 5-1: Airway relaxation following FFA4 agonist treatment on WT-FFA4-HA precision cut 
lung slices 
Results are mean ± S.E.M of three independent experiments (n=3). Statistical analysis performed 
is paired t-test, ns= non-significant, *=P<0.05, **=P<0.01. 
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Figure 5-8: FFA4-KO ex vivo precision cut lung slice experiments 
Lungs were dissected from FFA4-KO C57BL/6 mice and sliced into 200 µm slices before culturing 
overnight. Slices were imaged on EVOS microscope in a 40 min time course. Lung slices were 
treated with 100 µM carbachol at 1 min and at 20 min lung slices were treated with 50 µM 
compound or 0.1% DMSO. Experiments were terminated at 40 min. (A) Images shown represent 
an n=3. (B) Quantification of airway luminal area in images shown in A. Results are mean ± S.E.M 
of three independent experiments (n=3). Statistical analysis performed is paired t-test,  *=P<0.05. 
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Ligand % 
Baseline 
Luminal 

Area 

% Airway 
Luminal 

Area After 
Cch 

Treatment  

% Airway 
Luminal 

Area After 
Compound 
Treatment 

% 
Difference 

P Value 

TUG‐891 100 38.3 (± 
26.1) 

63.3 (± 
24.1) 

25.0 (± 
3.5) 

0.4 (ns) 

Agonist 2 100 52.0 (± 
18.8) 

95.0 (± 
8.4) 

43.0 (± 
24.6) 

0.08 (ns) 

Compound 
A 

100 61.1 (± 
6.2) 

91.8 (± 
16.5) 

30.7 (± 
10.8) 

0.03 (*) 

GSK137647A 100 37.3 
(±38.6) 

50.2 
(±30.8) 

12.9 
(±20.7) 

0.4 (ns) 

TUG‐1197 100 63.4 (± 
25.0) 

62.7 (± 
27.8) 

‐1.0 (± 
2.9) 

0.4 (ns) 

DMSO 100 41.4 (± 
15.9) 

36.0 (± 
10.3) 

‐5.3 (± 
11.6) 

0.5 (ns) 

 

Table 5-2: Airway relaxation following FFA4 agonist treatment on FFA4-KO precision cut 
lung slices 
Results are mean ± S.E.M of three independent experiments (n=3). Statistical analysis performed 
is paired t-test, ns=non-significant, *=P<0.05. 

Experiments were also performed on PCLS from PD-FFA4-HA mice to determine if 

phosphorylation of mFFA4 may play a role in ASM relaxation. While TUG-891 

previously stimulated a significant increase in airway relaxation, in PD-FFA4-HA 

PCLS this compound no longer promoted a significant relaxation, indicating that 

this agonist was driving relaxation in an mFFA4 phosphorylation dependent 

manner (Figure 5-9,Table 5-3). These results not only confirmed PD-mFFA4 to be 

functional in an ex vivo mouse model in agreement with data from 

pharmacological assays in cell lines in Chapter 4, but indicated phosphorylation 

of FFA4 also had a physiological function.  

Interestingly, Agonist 2 and Compound A, that potentially act via mechanisms 

independent of FFA4, mediated relaxation in PCLS prepared from PD-FFA4-HA 

mice as well as WT-FFA4-HA and FFA4-KO mice. These findings reiterated the 

suggestion that these compounds elicited off-target effects.   
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Figure 5-9: PD-FFA4-HA ex vivo precision cut lung slice experiments 
Lungs were dissected from PD-FFA4-HA C57BL/6 mice and sliced into 200 µm slices before 
culturing overnight. Slices were imaged on EVOS microscope in a 40 min time course. Lung slices 
were treated with 100 µM carbachol after 20 min lung slices were treated with 50 µM compound or 
0.1% DMSO. Experiments were terminated at 40 min. (A) Images shown represent an n=3. (B) 
Quantification of airway luminal area in images shown in A. Results are mean ± S.E.M of three 
independent experiments (n=3). Statistical analysis performed is paired t-test, *=P<0.05.  
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Ligand % 
Baseline 
Luminal 

Area 

% Airway 
Luminal 

Area After 
Cch 

Treatment  

% Airway 
Luminal 

Area After 
Compound 
Treatment 

% 
Difference 

P Value 

TUG‐891 100 55.2 
(±33.1) 

71.9 
(±29.5) 

16.6 (±4.7) 0.5 (ns) 

Agonist 2 100 65.2 
(±11.2) 

95.2 (±2.1) 29.9 (±6.2) 0.03 (*) 

Compound 
A 

100 53.7 
(±8.3) 

87.3 
(±10.3) 

30.4 
(±17.9) 

0.05 (*) 

TUG‐1197 100 58.7 
(±1.1) 

55.1 (±3.4) 3.6 (±3.9) 0.2 (ns) 

GSK137647A 100 69.6 
(±12.0) 

79.6 (±9.0) 10.0 (±3.0) 0.06 (ns) 

DMSO 100 58.6 
(±11.4) 

58.6 
(±14.1) 

0.02 
(±10.1) 

1.0 (ns) 

 

Table 5-3: Airway relaxation following FFA4 agonist treatment on PD-FFA4-HA precision cut 
lung slices 
Results are mean ± S.E.M of three independent experiments (n=3). Statistical analysis performed 
is paired t-test, ns=non-significant, *=P<0.05. 

5.4 Discussion 

While the role of FFA4 in tissues such as the colon, associated with metabolic 

diseases including diabetes have gathered interest since Hirasawa et al., 

published their initial paper in 2005, the expression of FFA4 in other tissues has 

led to the hypotheses that FFA4 may be a broader therapeutic target. Consistent 

with reports that FFA4 is expressed in the lung, expression of mFFA4 in the lung 

was detected in this chapter at both RNA transcript level and at the protein 

level (Tanaka et al., 2008; Miyauchi et al., 2009; Prihandoko et al., 2020). Low 

levels of mFFA1 expression in comparison to mFFA4 may indicate that there is a 

high probability that dual FFA4/FFA1 agonists such as TUG-891 activate mFFA4 

as opposed to mFFA1, however as this experiment measured relative expression 

levels between mFFA1 and mFFA4, we cannot conclude that there is no 

expression. Additionally, it was interesting to note that mFFA1 mRNA expression 

showed an indication of increased expression in FFA4-KO lung tissue in 

comparison to WT-FFA4 lung. While it is possible that mFFA1 may provide a 

compensatory mechanism in the absence of mFFA4, there is no literature 
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evidence for this and since data was spread and did not show significance, more 

experiments are required to be performed before confirmation of this 

observation. It should however be noted that these experiments are reliant on 

specificity of primers and while melt curves were performed to test specificity, 

it is possible that primers may have had some specificity for one another, which 

could be determined by performing standard curves. Amplification of different 

amounts of DNA to create a standard curve can test primer efficiency which is 

assumed to be comparable between genes in the ΔΔCt method to measure gene 

expression (Ma, Bell and Loker, 2021). 

At the protein level, mFFA4 was observed within lung epithelium and α-actin 

smooth muscle in agreement with previous work carried out by our lab 

(Prihandoko et al., 2020). Furthermore, PD-mFFA4 receptor expression was also 

detected in lung epithelium and α-actin smooth muscle, suggesting that the PD 

mutation does not affect receptor localisation. This is consistent with results in 

Chapter 4, where PD-mFFA4 was able to retain pERK1/2 and IP1 signalling in 

stably transfected cell lines, despite the loss of phosphorylation, β-arrestin2 

coupling and receptor internalisation. However, images magnified at a 63x 

objective could not determine whether receptor distribution was different 

between the WT-mFFA4 and PD-mFFA4 receptors, which might be expected 

following the loss of receptor internalisation. While the limit of magnification of 

the confocal microscope was reached, potentially the distribution of the 

receptors may be better observed by more sensitive techniques such as super-

resolution microscopy. Additionally, quantification of images by using software 

such as ImageJ to identify intensity values at potential sites of accumulation in 

images taken from WT-mFFA4 mouse lung sections compared to PD-mFFA4 

mouse lung sections may be able to deduce differences in protein localisation in 

future studies. 

With the knowledge that WT-mFFA4 and PD-mFFA4 were present within lung 

epithelium and ASM layers, ex vivo experiments were performed to determine 

contributions of FFA4 agonists on ASM relaxation. In ex vivo PCLS experiments in 

WT-FFA4-HA lung slices, TUG-1197 did not show a significant relaxation, 

although previous work from our lab show that while TUG-891 promotes optimal 

airway relaxation at 50 μM, effects with TUG-1197 on airway relaxation are 
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minimal at 61.11 µM and they are not completely evident until 161.11 µM 

(Prihandoko et al., 2020). Therefore, 50 µM of TUG-1197 may not be an optimal 

concentration in the promotion of airway relaxation. Furthermore, while TUG-

1197 showed responses in pharmacological assays in Chapter 3 and Chapter 4, 

the potencies and/or efficacies of TUG-1197 were low and in some assays did not 

reach a maximum response. Therefore, results may be difficult to reproduce, 

and given the inherent variability associated with PCLS experiments it was 

difficult to confirm the activity of TUG-1197. However, in contrast to TUG-1197, 

TUG-891, Agonist 2 and Compound A promoted ASM relaxation in WT-FFA4-HA 

PCLS. GSK137647A showed a trend of relaxation but due to data spread, this 

result was not significant. Analysis in FFA4-KO lung slices determined that TUG-

891 was shown to mediate its relaxation effects selectively through mFFA4. 

Additionally, GSK137647A showed no indication of relaxation, in contrast to WT-

FFA4-HA mice. However, Compound A still showed a significant response 

suggesting that this elicited off-target effects and may broadly activate other 

receptors involved in smooth muscle relaxation. Additionally, Agonist 2 showed a 

trend of relaxation which brings forth the question of whether this agonists also 

elicits off-target effects. PCLS experiments are inherently variable for a number 

of reasons, mainly differences in airway area between mice and differences in 

the extent of contraction between airways which can lead to spread in collected 

data. Power calculation analysis revealed that to achieve the desired power 

value in PCLS assays, 4 experimental animals would be necessary and therefore, 

this preliminary data requires to be repeated an additional time to confirm the 

significance of these results.  

A previous publication by Mizuta et al., (2015) suggested that FFA1 is involved in 

the regulation of ASM contraction, but did not see a purpose for FFA4 in ASM 

contraction. The data presented in this chapter is consistent with this 

observation suggesting that mFFA4 mediates ASM relaxation and not contraction. 

However, previous data in our lab conflicts the data presented by Mizuta et al., 

(2015) suggesting that dual FFA4/FFA1 agonists potentiate ASM relaxation 

significantly more in human tissues than FFA4 selective agonists, indicating that 

FFA1 may play a role in ASM relaxation and not contraction (Prihandoko et al., 

2020). Since in our previous study the effects of TUG-891 were compared to 

TUG-1197 which had a lower potency, additional testing of this wider range of 
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FFA4 agonists in human tissues may clarify these effects further. Additionally, 

the use of FFA1 specific antagonist GW1100 may be able to refine a role of FFA1 

in airway smooth muscle relaxation.  

Receptors involved in smooth muscle relaxation elicit effects in a variety of 

ways, including through a PGE2 mediated pathway in receptors such as protease-

activated receptor-2 (PAR-2) and EP2 receptors, or cAMP increases in Gαs 

coupled pathways in GPCRs including β2AR (Johnson, 1998; Fortner, Breyer and 

Paul, 2001; Chambers et al., 2003; Tanaka, Horinouchi and Koike, 2005). While 

PGE2 release might contribute to an FFA4 mediated relaxation effect, as 

previously described in Part 5.1, the full mechanisms still are not defined 

(Prihandoko et al., 2020). Additionally, FFA4 has not demonstrated Gαs coupling 

abilities, therefore, it is unlikely that FFA4 would promote relaxation in the 

same manner as the β2AR. As phosphorylation of GPCRs has previously been 

implicated in ASM control where Bradley et al., (2016) demonstrated that 

phosphorylation of the muscarinic M3 receptor regulates ASM contraction, it was 

hypothesised that phosphorylation of mFFA4 and/or β-arrestin coupling could 

play a role in ASM relaxation. Data showed promising results in PCLS experiments 

for PD-FFA4-HA animals and interestingly, results for PD-FFA4-HA PCLS were 

similar to FFA4-KO data. The reduction in airway smooth muscle relaxation 

following TUG-891 treatment demonstrated a novel finding that while this 

compound mediates smooth muscle relaxation in WT-FFA4-HA mice, ASM 

relaxation may also be also phosphorylation dependent. However, it should be 

considered that while experiments on WT-FFA4-HA and FFA4-KO mouse ex vivo 

tissue were performed in parallel, PD-FFA4-HA experiments preceded these 

which may lead to some experimental inconsistencies which should be 

considered in future experiments.  

In conclusion, FFA4 agonist TUG-891 promoted an mFFA4 mediated relaxation of 

airway smooth muscle, indicating potential benefits in the treatment of 

respiratory diseases such as asthma and COPD. Furthermore, analysis of PCLS 

from PD-FFA4-HA animals indicated a novel finding that phosphorylation of FFA4 

could be involved in FFA4 mediated ASM relaxation demonstrating that receptor 

phosphorylation or arrestin signalling might be a mechanism by which FFA4 

mediates ASM relaxation. However, repeated experiments are required to 
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confirm this preliminary data. Following confirmation by repetition, validation in 

vivo may be performed by measuring lung resistance as a measure of lung 

function in healthy mice and diseased mice, for example those which have been 

subject to ozone exposure such as experiments performed by Prihandoko et al., 

(2020). While these previous experiments in our lab proved that TUG-891 was 

able to selectively mediate a reduction of airway resistance, further 

characterising this in PD-mFFA4 mice may define a role for phosphorylation in 

vivo. Additionally, as described in Chapter 4, while receptor phosphorylation and 

β-arrestin signalling are often linked, there is evidence of distinct signalling from 

both pathways (Alvarez-Curto et al., 2016). Therefore, it is not possible to tell if 

ASM relaxation is dependent on phosphorylation or rather β-arrestin pathways, 

but this would be possible to examine with the use of β-arrestin-KO mice in the 

absence and presence of phosphorylation. Furthermore, as the PD-mFFA4 

receptor is G protein biased (Butcher et al., 2014), perhaps an arrestin biased 

agonist may be beneficial in the treatment of respiratory diseases. However, no 

agonists tested showed arrestin signalling bias (Chapter 3), and therefore, the 

development of novel arrestin biased ligands may provide respiratory relief 

through airway relaxation.   
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Chapter 6   Evaluation of FFA4 activation in 
primary colonic crypts 

6.1 Introduction 

In 2005, Hirasawa et al., indicated that FFA4 was expressed within the intestinal 

secretin tumour cell line (STC-1) in addition to human and mouse colon tissues. 

Epithelial layers are present in mucosal layers of the colon and within these 

epithelial layers are invaginations called colonic crypts (Fre, 2015). Colonic 

crypts are made up of a variety of different cell types including stem cells, 

enterocytes, goblet cells, enteroendocrine cells and transit amplifying or 

progenitor cells (Figure 6-1) (Humphries and Wright, 2008; Fre, 2015; Meneses et 

al., 2016). It is the enteroendocrine cells, which include L cells, within the 

colonic crypt structure that secrete peptide hormones such as GLP-1 and PYY 

(Spreckley and Murphy, 2015).  

 

Figure 6-1: Cell types within colonic crypts 
Colonic crypts are made up of a variety of cell types. The role of the colonic crypt is to renew the 
intestinal lining and so crypt‐based columnar cells (CBCC) and +4 stem cells are present. These 
stem cells give rise to undifferentiated transit amplifying cells which proliferate and form other cell 
types. These cell types include enterocytes which are the absorptive cells, enteroendocrine cells 
which secrete hormones and goblet cells which secrete mucus (Meneses et al., 2016). Image 
created using Biorender.
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Later, the specific cell populations within the intestines that contain FFA4 were 

characterised. Expression of FFA4 has been found in various locations within the 

intestines including the K cells of the small intestines that contain gastric 

inhibitory peptide (GIP) and the D and A cells in the stomach containing 

somatostatin and ghrelin respectively (Parker et al., 2009; Lu et al., 2012; 

Engelstoft et al., 2013; Egerod et al., 2015). Additionally, FFA4 is expressed in 

intestinal I cells containing CCK, however, within the colon the highest level of 

expression is seen within L cells of the descending colon from which PYY and 

GLP-1 are released (Reimann et al., 2008).  

GLP-1 is an incretin hormone released in response to food intake (Mojsov et al., 

1986; Reimann et al., 2008). Upon an increase in glucose concentration, glucose 

is converted into ATP through cellular respiration. ATP is a substrate for adenylyl 

cyclase production of cAMP and increase in cAMP levels results in inhibition of 

KATP channels, membrane depolarisation and opening of voltage-dependent 

calcium channels (VDCC’s), leading to an increase in Ca2+ concentration 

(Ashcroft and Rorsman, 1989; MacDonald et al., 2002; Seino, Fukushima and 

Yabe, 2010). GLP-1 enhances these effects by binding to GLP-1 receptors and 

activating Gαs coupled G protein pathways, resulting in adenylyl cyclase 

activation, cAMP production and activating protein kinase A (PKA)-dependent 

signalling and exchange protein directly activated by cAMP (EPAC) (Drucker et 

al., 1987; Seino, Fukushima and Yabe, 2010; Islam, 2015). GLP-1 stimulated 

activation of PKA and EPAC potentiates glucose-stimulated insulin secretion by 

various mechanisms including preventing repolarisation of cells by inhibition of 

both the K+
ATP and the Kv channels and release of intracellular calcium (Britsch 

et al., 1995; Light et al., 2002; Kang et al., 2005; Seino, Fukushima and Yabe, 

2010). The resulting calcium influx triggers insulin release from the β cells of the 

pancreatic islets (Figure 6-2).  
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Figure 6-2: GLP-1 mediated insulin secretion 
Following binding of GLP-1 (yellow) to GLP-1R (dark blue), adenylyl cyclase is activated by Gαs G 
proteins. Adenylyl cyclase stimulates the production of cAMP from ATP, which activates protein 
kinase A (PKA) and exchange protein directly activated by cAMP (EPAC) pathways. Both PKA and 
EPAC sensitise KATP channels resulting in channel closure and cell depolarisation. Cell 
depolarisation opens voltage-dependent calcium channels (VDCCs) and results in increase of 
intracellular calcium. PKA also prevents repolarisation of cells by inhibition of Kv channels. 
Additionally, EPAC stimulates opening of ryanodine receptors (RyR) leading to increase of 
intracellular calcium. Increase of intracellular calcium stimulates insulin release. 

There are varying reports on the roles of FFA4 in the release of GLP-1 from 

enteroendocrine cells within the colon. Initial papers by Hirasawa et al., (2005) 

noted that the endogenous ligand α-linolenic acid promoted the release of GLP-1 

in vitro from the STC-1 mouse intestinal enteroendocrine cell line and also in 

vivo by measuring levels of GLP-1 in mouse blood plasma following oral 

administration of α-linolenic acid. While these studies were performed using 

endogenous ligand α-linolenic acid which is non-specific and can activate FFA1, 

studies have also been performed using FFA4 specific agonists. Sundstrom et al., 

(2017) reported the release of GLP-1 in STC-1 cell lines and measured elevated 

levels in blood plasma following oral administration of the FFA4 specific agonists 

Metabolex-36 and AZ13581837. However in experiments performed by other 

groups, this finding was not replicated. Xiong et al., (2013) failed to find a role 

of FFA4 in GLP-1 secretion when examining blood plasma from WT and FFA4-KO 

mice following oral-gavage administration of corn oil.  Oh et al., (2014) also 

observed that the synthetic FFA4 selective agonist Compound A did not result in 
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an increase in the levels of GLP-1 in blood plasma during oral glucose challenge. 

Similarly, Paulsen et al., (2014) performed a study in rats where α-linolenic acid 

and octanoic acid were administered orally and GLP-1 levels in blood plasma 

measured. This study also could not confirm a role for FFA4 in GLP-1 secretion.  

Enteroendocrine cells are also known to secrete PYY. There are two isoforms of 

PYY, PYY1-36 and PYY3-36, the most common of which is PYY3-36 (Grandt et al., 

1994; Karra, Chandarana and Batterham, 2009). PYY is most well known for its 

role as a satiety hormone, with the lowest levels of PYY observed in a fasting 

state, and subsequently elevating after a meal (Adrian et al., 1985; Small et al., 

2002). Furthermore, PYY3-36 has demonstrated an ability to reduce feeding in 

both obese rodents and humans (Batterham et al., 2003).  PYY acts by slowing 

gastric emptying and intestinal transit time, mediating ileal and colon brakes 

(Savage et al., 1987; Lin et al., 1996; Chelikani, Haver and Reidelberger, 2004; 

Persaud and Bewick, 2014) and is released following glucose ingestion, exerting 

its effects by binding to the Y type receptor. In both human and mouse distal 

colon, PYY effects are facilitated by the Y1 receptor type of six Y receptor 

subtypes (Tough et al., 2011). With FFA4 also being present in L cells of the 

distal colon, it is highly possible that FFA4 could regulate these effects. One 

study by Moodaley et al., (2017) demonstrated that incubation of FFA4 agonist 

Metbolex-36 in ex vivo isolated mouse colon slowed gastric transit and similarly, 

the same agonist also slowed colonic transit in vivo following oral gavage 

through PYY mediated effects. 

Both GLP-1 and PYY have been highlighted as potential therapies for metabolic 

diseases. There are many approved GLP-1 receptor agonists currently available: 

xenatide, liraglutide, albiglutide, dulaglutide, lixisenatid and semaglutidein are 

available as injectable short acting drugs in Europe and the US, and more 

recently semaglutide has also been approved for oral ingestion as a long acting 

drug (Prasad-Reddy and Isaacs, 2015; Nauck et al., 2021). These agonists act to 

mimic previously outlined effects of GLP-1. PYY has also shown promise in 

therapies for obesity. Studies performed by Batterham et al., (2003) 

demonstrated that upon administration of PYY to both mice and humans, food 

intake was decreased. However, there is a lack of FFA4 agonists which have 

progressed to clinical trials in these areas to date. Therefore, through 
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investigation of FFA4 mediated GLP-1 and PYY secretion within the colon, we 

may validate FFA4 agonists with appropriate drug-like characteristics as viable 

therapies for metabolic diseases such as diabetes and obesity.  

Because of varying results around the role of FFA4 in GLP-1 release in the colon, 

this chapter aims to re-investigate potential effects and roles further using 

different experimental methods. Agonists TUG-891 and GSK137647A, previously 

characterised in Chapters 3 and 4, were investigated and while TUG-891 has 

been previously used to investigate GLP-1 secretion (Hudson et al., 2013), 

GSK137647A an FFA4 selective agonist has not been previously characterised in 

this context. Additionally, the effects of FFA4 agonists on PYY, also present 

within colonic L cells, will be investigated. In this chapter, isolated primary 

colonic crypts were utilised as previous studies on FFA1 (Hauge et al., 2015) and 

FFA2 (Psichas et al., 2015; Bolognini et al., 2019) receptors indicated GLP-1 

release following agonist stimulation.  

6.2 Aims 

The aims of this chapter were to:  

• Confirm presence of mFFA4 within mouse colon tissue 

• Investigate the functionality of the mFFA4 receptor within colonic crypts 

• Investigate GLP-1 release from primary colonic crypts following 

stimulation of FFA4 synthetic agonists  

• Investigate PYY release from primary colonic crypts following synthetic 

FFA4 agonist stimulation 
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6.3 Results 

6.3.1 Expression of mFFA4 in mouse colon tissue 

FFA4 is reportedly expressed within the distal colon, largely within 

enteroendocrine L cells which are known to regulate the release of many 

hormones involved in metabolism. Confirmation of mFFA4 in mouse colon tissue 

was needed as a pre-requisite for further study, therefore, knock-in transgenic 

mice containing HA-tagged mFFA4 (WT-FFA4-HA) on a C57BL/6 background and 

FFA4-KO mice previously described in Chapter 5, were examined in experiments.  

Firstly, mFFA4 expression was detected as mRNA using qRT-PCR (Figure 6-3). In 

experiments performed using mFFA4-HA primers, mFFA4-HA was detected in WT-

FFA4-HA tagged mice but not in WT-FFA4 or FFA4-KO mice (Figure 6-3A). When 

evaluating expression of mFFA4 globally and not targeting a HA tag, mFFA4 was 

detected in WT-FFA4 and WT-FFA4-HA mice, confirming expression in these 

animals, but was not detected in FFA4-KO animals (Figure 6-3B). Given that FFA4 

agonist TUG-891 activates both mFFA4 and mFFA1, it was important to compare 

the levels of expression of both receptors in the colon (Figure 6-3C). Expression 

levels of mFFA1 in mouse colon were significantly lower than the mFFA4 control, 

similar results were seen in lung tissue in Chapter 5. Although as previously 

described in Chapter 5, these experiments measure relative gene expression and 

so it cannot be assumed that there is no mFFA1 expression.    
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Figure 6-3: Expression of FFA4 and FFA1 in mouse colon 
Colon tissue was isolated from WT-FFA4 C57BL/6 mice, WT-FFA4-HA tagged C57BL/6 mice and 
FFA4-KO C57L/6 mice. q-PCR analysis on cDNA was performed using (A) FFA4-HA primers (B) 
FFA4 primers (C) FFA1 primers. Expression using FFA1 primer pairs are normalised to FFA4 
expression using FFA4 primer pairs. Results are mean ± S.E.M of three independent experiments 
(n=3). Statistical analysis performed was one-way ANOVA (Dunnett’s multiple comparisons), 
**=P<0.01, ***=P<0.001, ****=P<0.0001. 

mFFA4-HA protein expression was examined using immunohistochemistry, using 

both in-house FFA4 antisera and commercial HA antibodies, in methods validated 

in lung immunohistochemistry (Chapter 5 Part 5.3.1), however levels of 

expression were too low to detect mFFA4-HA. This was unsurprising since 

enteroendocrine comprise of less than 1% of the cells in the colon epithelium 

(Latorre et al., 2016). Therefore, further experiments were carried out under 

the knowledge that FFA4 was present at the mRNA level and the assumption that 

FFA4 was present in mouse colon as reported by Rubbino et al., (2022). 

6.3.2 Isolation of primary colonic crypts 

Based on the fact that mFFA4 was present in the colon at the mRNA level, 

experiments were performed to determine whether this mFFA4 had any 

functional responses within the colon. Primary colonic crypts were isolated from 

mouse colon tissue for use in Ca2+ imaging, GLP-1 and PYY secretion assays. 

Figure 6-4A depicts an image of an isolated colonic crypt using a brightfield 

microscope whereas images in Figure 6-4B show a DAPI stained colonic crypt 

imaged by confocal microscopy. The image in Figure 6-4C shows the morphology 
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of colonic crypts in intact colon sections. It is evident that colonic crypts are 

made up of a variety of different cell types as explained in Part 6.1.  

 

Figure 6-4: Isolated colonic crypts 
WT-FFA4-HA C57BL/6 mouse colon was digested using collagenase and isolated colonic crypts 
were plated into 24 well plates and then imaged (A) on a brightfield microscope at 20x objective or 
(B) on a confocal microscope using DAPI stain at a 40x objective, scale bar = 20 µm. (C) Whole 
colon sectioned to 40 μm thick was stained with DAPI before imaging at 40x objective on a 
confocal microscope, scale bar =20 µm. Images are representative of three independent 
experiments (n=3). 

6.3.3 Activation of mFFA4 within the colon 

Based on the fact that FFA4 is primarily a Gq coupled receptor, calcium imaging 

assays were used to determine whether mFFA4 was functional in colonic crypts 

and able to produce a physiological increase in intracellular calcium following 

TUG-891 synthetic agonist activation. In these calcium assays, ratio-metric 

calcium indicator dye, Fura-8 AM, was used as a measure of intracellular 

calcium. Fura-8 AM works on the principle that upon entrance to the cytosol, 
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esterases convert Fura-8 AM into Fura-8. Fura-8 binds to Ca2+, producing a 

fluorescent substance, shifting the emission wavelength of 525 nm to 355 and 

415 nm. Therefore, the emissions at these wavelengths are directly related to 

the levels of intracellular calcium.  

Following TUG-891 addition to isolated colonic crypts from WT-FFA4-HA and 

FFA4-KO mice, an increase in intracellular Ca2+ was observed (Figure 6-5A,C). 

Once intracellular calcium levels had returned to basal following TUG-891 

addition, cells were treated with ionomycin, a calcium ionophore which acts to 

increase intracellular calcium levels (Figure 6-5B,D). While an increase in 

intracellular calcium was observed following ionomycin treatment, the response 

was not as characteristically rapid and robust as reported (Mason et al., 1999). 

For this reason, the differences in Fura-8 ratio, before TUG-891 addition during 

the stable baseline and after TUG-891 treatment at the peak calcium response, 

were calculated instead of comparing values to a peak ionomycin response. As 

FFA4 is not expressed in every cell within the crypt, % of cells responding to 

TUG-891 were calculated using these ratios. The % of cells responding to TUG-

891 was significantly increased (P=0.005) in WT-FFA4-HA colonic crypts 

compared to FFA4-KO colonic crypts (Figure 6-5E). To ensure that addition of 

TUG-891 was mediating this response, a HEPES buffer negative control was 

performed (Figure 6-5F) which showed a slight change in ratio upon addition, 

returning to normal following addition. The changes in Fura-8 ratio and thereby 

increases in intracellular calcium upon addition of TUG-891 are visually shown in 

Figure 6-5G,H. Taken together, this data indicates that 50 μM TUG-891 activates 

mFFA4 in the colon, leading to a functional Ca2+ response. 
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Figure 6-5: Calcium imaging of colonic crypts following 50 µM TUG-891 treatment 
A stable baseline of 355/415 nm ratio of Fura-8 calcium indicator dye was established for at least 
60 sec in primary colonic crypts isolated from WT-FFA4-HA C57BL/6 mice (A,B) or FFA4-KO 
C57BL/6 mice (C,D). Crypts were then stimulated with 50 µM TUG-891 at time points indicated by 
red arrows and increases in ratio were measured in real-time (A, C). After the calcium response 
had returned to a stable baseline, 5 µM ionomycin was added to cells as a positive control (B,D). 
The 355/415 nm Fura-8 ratio was determined at basal levels before TUG-891 addition, and also at 
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peak responses following TUG-891 addition in WT-FFA4-HA and FFA4-KO colonic crypts. 
Differences in these two ratios were calculated to determine responsive cells. % of responding cells 
were calculated for each mouse and values compared between WT-FFA4-HA and FFA4-KO mice 
to assess release of calcium in response to TUG-891 (E). Addition of HEPES buffer at the time 
point indicated by the red arrow was used to negatively control for the Fura-8 ratio changes in A-D 
(F). Images representing crypts at stable baseline (G) and at peak calcium responses following 
TUG-891 addition (H) show visually the ratio-metric changes in Fura-8 wavelengths relating to 
calcium increases.  Images are representative of four independent experiments. Results are mean 
± S.E.M (N=4, n=54, 87, where N = number of mice and n = number of cells) Statistical analysis 
performed is unpaired t-test on average values for each independent mouse, **=P<0.01. 

While 50 μM TUG-891 activated mFFA4 in WT-FFA4-HA colonic crypts and 

promoted intracellular calcium release, this was also observed in FFA4-KO crypts 

although the response was significantly reduced. Additionally, TUG-891 produced 

a response greater than that of ionomycin, suggesting that at this concentration 

TUG-891 could have resulted in receptor desensitisation or resulted in depletion 

of intracellular calcium stores which had not fully restored before ionomycin 

addition. To try and reduce these effects, the same experiments were carried 

out using a lower concentration of TUG-891 (10 µM) (Figure 6-6). Here, an 

increase in intracellular calcium upon 10 µM TUG-891 treatment in WT-FFA4-HA 

colonic crypts was observed, and to a reduced effect in FFA4-KO crypts (Figure 

6-6A,C). Additionally, robust ionomycin responses were seen following 10 μM 

TUG-891 stimulation, unlike those seen at 50 µM (Figure 6-6B,D). Calculation of 

% cells responding to TUG-891, by measurement of ratio of increases between 

basal measurements before TUG-891 addition and at peak calcium responses 

following TUG-891 addition, indicated that 10 µM TUG-891 resulted in a 

significant increase (P=0.01) of intracellular calcium in WT-FFA4-HA crypts 

compared to FFA4-KO crypts (Figure 6-6E). Increases in Fura-8 ratio 

corresponding to increases in intracellular calcium upon addition of TUG-891 are 

shown visually in Figure 6-6F,G. These results indicated that 10 μM TUG-891 in 

addition to 50 μM TUG-891, activated mFFA4 in the colon leading to a functional 

Ca2+ response. 
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Figure 6-6: Calcium imaging of colonic crypts following 10 µM TUG-891 stimulation 
A stable baseline of 355/415 nm ratio of Fura-8 calcium indicator dye was established for at least 
60 sec in primary colonic crypts isolated from WT-FFA4-HA C57BL/6 mice (A,B) or FFA4-KO 
C57BL/6 mice (C,D). Crypts were then stimulated with 10 µM TUG-891 at time points indicated by 
red arrows and increases in ratio were measured in real-time (A, C). After the calcium response 
had returned to a stable baseline, 5 µM ionomycin was added to cells as a positive control (B,D). 
The 355/415 nm Fura-8 ratio was determined at basal levels before TUG-891 addition, and also at 
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peak responses following TUG-891 addition in WT-FFA4-HA and FFA4-KO colonic crypts. 
Differences in these two ratios were calculated to determine responsive cells. % of responding cells 
were calculated for each mouse and values compared between WT-FFA4-HA and FFA4-KO mice 
to assess release of calcium in response to TUG-891 (E).  Images representing crypts at stable 
baseline (F) and at peak calcium responses following TUG-891 addition (G) show visually the ratio-
metric changes in Fura-8 wavelengths relating to calcium increases.  Images are representative of 
four independent experiments. Results are mean ± S.E.M (N=4, n=38, 41, where N = number of 
mice and n = number of cells) Statistical analysis performed is unpaired t-test on average values 
for each independent mouse, *=P<0.05. 

 
 

6.3.4 FFA4 synthetic agonist stimulated GLP-1 release from 
primary colonic crypts 

To determine a physiological function of this active mFFA4 in colonic crypts, 

GLP-1 secretion assays were performed on colonic crypts (Figure 6-7). Agonists 

were assayed at 10 μM as intracellular calcium responses were detected at this 

concentration and additionally, maximal responses were elicited at this 

concentration in cellular assays in Chapters 3 and 4. The data displayed is 

broken down so that individual values for the concentration of GLP-1 in cell 

supernatant and cell lysate are shown. However, GLP-1 secretion from cells is 

dependent on the number of cells present prior to cell lysis, and therefore the 

concentration of GLP-1 in cell lysate may vary. Secretion of GLP-1 from cells 

(concentration of GLP-1 in supernatant) must consequently be normalised to the 

concentration of GLP-1 in cell lysates as experiments are inherently variable. I 

have hence expressed GLP-1 secretion as a % secretion compared to 

concentration of cell lysate and then normalised to the DMSO vehicle control. A 

C3 positive control was also included as C3 has been shown to activate FFA2, 

resulting in a robust secretion of GLP-1 (Psichas et al., 2015; Bolognini et al., 

2019). Compared to the C3 control, neither 10 µM dual FFA4/FFA1 agonist TUG-

891 nor specific FFA4 agonist GSK137647A caused a significant % GLP-1 secretion 

in colonic crypts from any mouse line assayed, indicating that at 10 μM 

concentrations these drugs did not promote GLP-1 release. Here, GSK137647A 

was used instead of the other well characterised FFA4 specific agonists, as TUG-

1197 showed poor physiological effects in Chapter 5, while other agonists 

displayed off-target effects.  
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Figure 6-7: GLP-1 release from colonic crypts following 10 μM agonist treatment 
Colonic crypts were isolated from colon tissues from (A) WT-FFA4-HA C57BL/6 mice and (B) 
FFA4-KO C57BL/6 mice before 2 h treatment with compound (10 µM C3, TUG-891 and 
GSK137647A, DMSO 0.1%). Cell lysates and supernatants were assayed on GLP-1 ELISA. 
Results are mean ± S.E.M of three independent experiments (n=3). Statistical analysis performed 
was repeated measures one-way ANOVA (Geisser-Greenhouse multiple comparisons), *=P<0.05.  

However, as both 50 μM and 10 μM TUG-891 led to functional calcium responses 

despite GLP-1 secretion not being observed at 10 μM TUG-891 colonic crypts, it 

was hypothesised this could have been due to a reduction in agonist potency 

owing to the inclusion of BSA in the secretion buffer of the GLP-1 assay, which 

acts as a natural carrier for free fatty acids (Spector, John and Fletcher, 1969; 

Vusse, 2009). Therefore, a higher concentration of TUG-891 was applied to 

isolated colonic crypts so that potency of agonist was increased.  It was evident 

that 50 µM TUG-891 caused a robust secretion of GLP-1 (Figure 6-8A) in contrast 

to results seen for 10 µM TUG-891 (Figure 6-7). Additionally, colonic crypts 

isolated from FFA4-KO mice showed no significant increase in GLP-1 secretion 

(P>0.05) suggesting that 50 μM TUG-891 treatment selectively activated mFFA4 

to mediate GLP-1 secretion (Figure 6-8B). GSK137647A was not assayed in this 

experiment as results from Chapter 3 indicated a lower potency than TUG-891 

and given the hypothesis of a reduced potency due to BSA inclusion, it was 
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thought that a compound with poor potency would not be appropriate in this 

setting.  

 

Figure 6-8: GLP-1 release from colonic crypts following 50 µM TUG-891 treatment 
Colonic crypts were isolated from colon tissues from (A) WT-FFA4-HA C57BL/6 mice or (B) FFA4-
KO C57BL/6 mice, before 2 h treatment with compound (10 µM C3, 50 µM TUG-891 and DMSO 
0.1%). Cell lysates and supernatants were assayed on GLP-1 ELISA. Results are mean ± S.E.M of 
three independent experiments (n=3). Statistical analysis performed was repeated measures one-
way ANOVA (Geisser-Greenhouse multiple comparisons), *=P<0.05, **=P<0.01. 

 

6.3.5 FFA4 synthetic agonist stimulated PYY release from primary 
colonic crypts 

PYY release was also assayed after synthetic agonist stimulation of primary 

colonic crypts (Figure 6-9). Consistent with GLP-1 data in Figure 6-7 and 8, C3 

was used as a positive control, as C3 activation of FFA2 results in a robust 
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secretion of PYY (Psichas et al., 2015). Data is again broken down into individual 

values for the concentration of PYY in cell supernatant and cell lysate, along 

with the % secretion normalised to the DMSO vehicle control. Consistent with 

results from GLP-1 assays, no significant increase in PYY secretion was detected 

for FFA4 agonists at 10 μM compared to the vehicle control in any mouse line 

used (Figure 6-9A, B). It is interesting to note that GSK137647A showed a trend 

of reduction of PYY secretion to levels below basal.  

 

Figure 6-9: PYY release from colonic crypts following 10 μM FFA4 agonist treatment 
Colonic crypts were isolated from (A) WT-FFA4-HA C57BL/6 mice and (B) FFA4-KO C57BL/6 
mice before 2 h treatment with compound (10 µM C3, TUG-891 and GSK137647A, DMSO 0.1%). 
Cell lysates and supernatants were assayed on PYY ELISA. Results are mean ± S.E.M of three 
independent experiments (n=3). Statistical analysis performed was repeated measures one-way 
ANOVA (Geisser-Greenhouse multiple comparisons), *=P<0.05, **=P<0.01. 

Additionally, PYY secretion from colonic crypts was measured following 50 µM 

TUG-891 treatment as both a functional calcium response and GLP-1 release was 

detected at this concentration (Figure 6-10). While there was a trend of PYY 

secretion in WT-FFA4-HA mouse colonic crypts following TUG-891 stimulation, 

this was not significant (P>0.05), likely because the results were highly variable 

(Figure 6-10A). Therefore, it was not possible to reliably show that 10 μM or 50 

μM TUG-891 promoted PYY secretion from colonic crypts. Repeated experiments 



Chapter 6  141 
 

 

are required to be performed to determine whether this result is statistically 

significant. Power calculations revealed that a total sample size of 51 would be 

required to correctly power experiments. However, to keep in line with the 

principles of the 3Rs, there is no justification for the use of inappropriately high 

numbers of animals that may result in false positive values, and therefore a 

fewer number of repeats would be more justifiable. 

 

Figure 6-10: PYY release from colonic crypts following 50 µM TUG-891 treatment 
Colonic crypts were isolated from (A) WT-FFA4-HA C57BL/6 mice, (B) FFA4-KO C57BL/6 mice 
before 2 h treatment with compound (10 µM C3, 50 µM TUG-891 and DMSO 0.1%). Cell lysates 
and supernatants were assayed on PYY ELISA. Results are mean ± S.E.M of three independent 
experiments (n=3). Statistical analysis performed was repeated measures one-way ANOVA 
(Geisser-Greenhouse multiple comparisons). 

6.4 Discussion 

While the colocalization of FFA4 and metabolic hormones such as GLP-1 and PYY 

led to a hypothesis that FFA4 is involved in the secretion of such hormones, 

conflicting evidence on the topic has led to some uncertainty in the role of FFA4 
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within the colon (Hirasawa et al., 2005; Xiong et al., 2013; Oh et al., 2014; 

Paulsen et al., 2014; Sundström et al., 2017). This chapter set out to define 

whether mFFA4 was functional in the colon and to investigate the action of 

mFFA4 agonist mediated GLP-1 and PYY secretion.  

Previously, the role of FFA4 within the colon was uncertain, however, here 

mFFA4 was shown to be functionally active in the colon in calcium imaging 

studies at 50 µM and 10 µM concentrations of TUG-891. However, the reduced 

responses to ionomycin observed following 50 μM TUG-891 were interesting and 

may suggest that stimulation with TUG-891 at high concentrations could have 

resulted in receptor desensitisation. Although, these experiments were 

sufficiently short lived and receptor desensitisation is unlikely within this time 

period, therefore, an alternative explanation is that this concentration of TUG-

891 could have resulted in depletion of intracellular calcium stores and the cells 

may take a longer period of time to recover from Ca2+ release from intracellular 

stores. Therefore, it is possible that the time allowed for cell recovery in 

experiments using 50 μM TUG-891 was simply not long enough.  

Though GLP-1 secretion was not detected by Xiong et al., (2013), Oh et al., 

(2014) and Paulsen et al., (2014), it is possible that GLP-1 could have been 

degraded in the experimental procedure before sample collection (Sharma et 

al., 2018). GLP-1 is rapidly broken down and inactivated by the enzyme 

dipeptidyl peptidase IV (DPP-4) which cleaves dipeptides from the N-terminus 

but is also degraded by neutral endopeptidase 24.11 (NEP24.11) (Mentlein, 

Gallwitz and Schmidt, 1993; Plamboeck et al., 2005; Cho, Wideman and Kieffer, 

2013). Therefore, as GLP-1 has a short half-life of 1.5 minutes, it can be difficult 

to determine when the agonist has reached the colon following agonist 

administration, and when GLP-1 has been released to determine which time-

point samples should be collected to accurately measure GLP-1 levels. To 

understand whether GLP-1 could have broken down before sample collection, 

alternative studies using colonic crypts were performed, as agonist stimulation 

on colonic crypts followed by a GLP-1 ELISA to measure output provides a 

greater level of control on GLP-1 release and degradation. Preliminary results 

from GLP-1 ELISA on cell lysate and supernatant from primary colonic crypts 

suggested dual FFA4/FFA1 agonist TUG-891 and FFA4 specific agonist 
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GSK137647A did not stimulate GLP-1 secretion at concentrations of 10 µM. These 

results were in agreement with data from Xiong et al., (2013), Oh et al., (2014) 

and Paulsen et al., (2014) suggesting mFFA4 did not mediate GLP-1 release. 

However, colonic crypts treated at 50 μM TUG-891 promoted FFA4 mediated 

GLP-1 secretion, demonstrating a novel finding that 50 µM but not 10 µM TUG-

891 results in GLP-1 secretion in primary colonic crypts. However, it is 

interesting that 10 μM TUG-891 led to a response in Ca2+ assays but GLP-1 

secretion was not observed at this concentration. It was thought the presence of 

fatty acid free BSA in the medium could have reduced the potency of FFA4 

agonists in GLP-1 assays. BSA is a natural carrier protein for fatty acids and thus 

FFA4 agonists may have bound to BSA (Spector, John and Fletcher, 1969; Vusse, 

2009). Previously, BSA has been shown to bind to added free fatty acids and 

reduce Ca2+ signalling for FFA1 and so it is possible that addition of this BSA in 

the secretion buffer to prevent non-specific binding, increase stability of 

reagents and prevent binding to experimental materials, might have actually 

reduced availability of agonist (Stoddart, Brown and Milligan, 2007; Peña and 

Domínguez, 2010). Therefore, we may see an effect at 50 μM TUG-891 but not at 

10 μM as a higher concentration would be required to occupy receptors and 

produce a response. To determine if this was the case, this should be assessed in 

a cell line assay similar to those described by Stoddart, Brown and Milligan 

(2007).  In calcium imaging assays, BSA was not present in the medium and so 

the potency may not be affected, thus accounting for the response at 10 μM in 

this assay. Additionally, as the two concentrations used were only 5-fold 

different and resulted in different outcomes, this suggests that these 

concentrations are at the bottom of the concentration-response curve in this 

assay. Therefore, more potent FFA4 agonists are required to address the roles of 

GLP-1 secretion in colonic crypts. However, agonists investigated in Chapters 3 

and 4 had similar or reduced potency in comparison to TUG-891, suggesting that 

these agonists may not be appropriate to fully understand these effects. While 

not commercially available, characterisation of agonists based on the structure 

of TUG-891 and chemically diverse agonists have been synthesised (Carullo et 

al., 2021). One series of chromane propionic acid-based agonist demonstrated 

good potency and selectivity for both mouse and human FFA4, and therefore, 

the availability of novel agonists such as these could prove to be beneficial in 
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furthering research on FFA4 in metabolic diseases (Adams et al., 2017; Carullo et 

al., 2021).   

Another hormone which is secreted from enteroendocrine cells of the colon is 

PYY (Reimann et al., 2008). Neither 10 µM nor 50 µM TUG-891 sustained a 

significant increase in PYY secretion. While Moodaley et al., (2017) 

demonstrated that incubation of FFA4 agonist Metbolex-36 slowed gastric transit 

in ex vivo isolated mouse colon and colonic transit in vivo following oral gavage, 

this study did not measure concentrations of PYY secreted and instead measured 

changes in short-circuit current to study colonic transit, proving it to be a PYY 

mediated effect by application of PYY Y1 and Y2 receptor inhibitors. Though the 

results displayed in this thesis are not in agreement with this study, these 

studies are not comparable and while it was hypothesised that FFA4 agonists 

could stimulate PYY release, there is not yet evidence for that in this thesis and 

further studies would be needed to confirm this.  

In this chapter, it was demonstrated that following synthetic FFA4 agonist 

treatment of primary colonic crypts, activation of mFFA4 in colonic crypts did 

result in an increase in intracellular calcium. This suggests that not only is 

mFFA4 active within the mouse colon but it may function through a Gq/11 

coupled pathway. GLP-1 release was also detected at 50 µM but not 10 µM TUG-

891 demonstrating that not only is mFFA4 active but may also function to 

stimulate the release of GLP-1. Further characterising the effects of other FFA4 

agonists within the colon may validate these FFA4 agonists as viable and novel 

therapies for metabolic diseases such as diabetes, however, studies are currently 

hindered by a lack of potent FFA4 agonists.
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Chapter 7 Final discussion 

GPCRs account for around 30% of drug targets, largely due to their ability to 

respond to a wide variety of different stimuli and involvement in many 

physiological processes in the body (Zhang and Xie, 2012; Nejat et al., 2022). 

However, there are still many GPCRs to be exploited for their therapeutic 

potential. Amongst these is the FFA4 receptor, which has been identified as a 

potential drug target for the treatment of metabolic diseases such as type 2 

diabetes mellitus since its deorphanisation and expression profile was revealed 

in 2005 (Hirasawa et al., 2005). FFA4 provides a novel therapeutic target for 

type 2 diabetes mellitus based on its involvement in regulation of glucose 

stimulated insulin release and glucagon secretion (Moran et al., 2014; Suckow et 

al., 2014; Sundström et al., 2017; McCloskey et al., 2020; Croze et al., 2021).  

However, FFA4 is widely expressed in tissues and functions of FFA4 in the lung, 

the organ which shows the highest level of FFA4 expression, has only recently 

been considered (Prihandoko et al., 2020). Researching the roles of FFA4 in 

different tissues may define novel roles of FFA4 and identify novel therapeutic 

opportunities of the receptor. 

However, to date there has been a significant lack of FFA4 compounds 

progressing from pre-clinical studies to in-human clinical trials for a variety of 

reasons, including issues with selectivity of FFA4 over FFA1 leading to challenges 

in assessing FFA4 receptor function, issues with compound solubility, 

pharmacokinetic and dynamic properties (Hudson et al., 2013; Sparks et al., 

2014; Milligan et al., 2017). There are also only a handful of commercially 

available agonists which consequently limits studies. One of the aims of this 

thesis was to test FFA4 compounds in pharmacological assays to characterise 

ligand properties and directly compare to one another. While different agonists 

have been tested by different groups in a variety of assays, there is a lack of 

consistency across the pharmacological data collected for FFA4 ligands resulting 

in different reported potencies and efficacies (Hudson et al., 2013; Oh et al., 

2014; Sparks et al., 2014). Although it has been previously characterised that 

FFA4 primarily couples to Gαq G proteins, testing a variety of agonists allowed 

the direct comparisons of agonist potencies and efficacies. This pharmacological
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data enabled the calculation of bias factors for IP1 and pERK1/2 /β-arrestin2 

pathways using a model based on the Black and Leff operational 

model of agonism. Biased agonism delivers considerable promise in regard to 

preferentially activating physiological responses (Michel and Charlton, 2018). 

However little calculable bias was detected, and no agonists biased towards 

arrestin signalling were identified, meaning it is currently not possible to exploit 

potential anti-inflammatory properties of the FFA4 receptor which may have a 

therapeutic basis in inflammatory based diseases. However, the identification 

that Agonist 2 displayed signalling bias was encouraging suggesting that it may 

be possible to exploit beneficial effects resulting from Ca2+ mediated Gq 

signalling, such as release of metabolic hormones including GLP-1 which may be 

regulated by this pathway. 

Following on from testing this range of FFA4 agonists in pharmacological assays, 

agonists were also used to probe the activity of FFA4 in a range of physiological 

tissues in a variety novel mouse models. These models included FFA4-HA tagged 

mice, FFA4-KO mice and FFA4 mice containing PD mutations leading to the 

uncoupling phosphorylation dependent signalling including β-arrestin pathways. 

Using these tools, the on-target activity of agonists in mouse tissues such as lung 

and colon were defined. Interestingly, receptor expression in these tissues did 

correlate to functional activity, revealing that agonists working on-target at 

FFA4 were promoting novel physiological effects. Using these mouse models, it 

was discovered bronchorelaxation effects were observed in airways from WT-

FFA4-HA PCLS following FFA4 agonist treatment. It was important to understand 

the coupling mechanisms by which this physiological response occurred as FFA4 

was observed to couple to Gαq and β-arrestin2 pathways in cell line assays. This 

was explored in the lung by using the PD mouse model, where preliminary data 

indicated that TUG-891 treatment was shown to promote airway relaxation 

through phosphorylation dependent signalling pathways.  

Although the contributions of FFA4 anti-inflammatory properties in the lung was 

not considered in this thesis, our group has previously characterised TUG-891 

and/or TUG-1197 compounds in disease models such as cigarette smoking, ozone 

and house dust mites (Prihandoko et al., 2020). These disease models 

demonstrated an increase in inflammatory markers, often seen in respiratory 
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diseases such as asthma and COPD, while TUG-891 and/or TUG-1197 acted to 

decrease immune responses. As FFA4-mediated anti-inflammatory signalling is 

described to function through β-arrestin coupled pathways (Oh et al., 2014), 

perhaps analysis of a PD-mutant disease model may be of importance in 

understanding the anti-inflammatory contributions that FFA4 may have in 

respiratory disease. Although, as previously described in Chapter 4 and 5, there 

is evidence of distinct functions of receptor phosphorylation and β-arrestin 

signalling (Alvarez-Curto et al., 2016), so PD mutants might not necessarily 

portray the action of β-arrestin signalling and so β-arrestin null FFA4 containing 

mice might help to differentiate the effects of receptor phosphorylation and β-

arrestin2 recruitment.  

Since FFA4 agonists examined in pharmacological assays did not display bias 

toward G protein or arrestin pathways, development of agonists which display β-

arrestin2 bias may be beneficial in preferentially promoting relaxation of 

airways. Arrestin biased ligands may therefore be beneficial in treatment of 

respiratory diseases such as asthma and COPD, which involve the 

bronchoconstriction of airways and infiltration of inflammatory molecules, as 

FFA4 possesses both bronchorelaxation and anti-inflammatory properties which 

may act through β-arrestin pathways. The data presented in this thesis indicate 

that FFA4 synthetic agonists represent novel therapeutic opportunities in this 

field. Clearly there is a great need for novel clinical therapies in this area, as 

despite development of different therapeutic interventions, increasing numbers 

of patients suffer from these respiratory diseases year on year (Vos et al., 2016; 

Abbafati et al., 2020). This highlights that while therapies might be effective on 

populations of patients, disease is not effectively controlled in many and disease 

progression and mortality remains an issue (Gross and Barnes, 2017).  

In addition to inducing physiological effects in the lung, TUG-891 also promoted 

GLP-1 secretion in mouse colonic crypts. Here mFFA4 was shown to be coupled 

to calcium mobilisation, suggesting that this may be the mechanism by which 

GLP-1 is secreted. Furthers studies using PD mouse model tools or Gq inhibitors, 

such as those characterised in pharmacological assays, might reveal the 

definitive mechanism by which GLP-1 release occurs.  
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GLP-1 is often found at low levels in T2DM patients, and increase in GLP-1 levels 

results in increases in insulin secretion, stimulating the reduction of blood 

glucose levels (Nadkarni, Chepurny and Holz, 2014; Müller et al., 2019).  Despite 

the improvements in diabetes therapeutics in recent years, the prevalence of 

T2DM is increasing (International Diabetes Federation, 2021). Additionally, 

carcinogens have been found in the most commonly prescribed drug therapy for 

T2DM, metformin and other therapies can provoke side effects including 

vomiting, diarrhoea, weight gain, pancreatitis and increased risk of heart failure 

(Miller et al., 2014; Bailey and Day, 2018; Carullo et al., 2021; Kanwal et al., 

2022). This highlights the need for the development of safer, more effective 

drug therapies in diabetes, where FFA4 agonists might provide a novel 

mechanism for the restoration of glucose homeostasis by promoting the 

secretion of GLP-1. 

The confirmation that mFFA4 has a role in GLP-1 secretion and regulation of 

glucose stimulated insulin release confirms FFA4 as a valid target for the 

treatment of metabolic diseases such as type 2 diabetes metillus and 

furthermore, the combination of proven anti-inflammatory effects and airway 

smooth muscle relaxation gives FFA4 agonists a potential setting as a drug target 

in respiratory diseases. However, there are still clear limitations to further 

studies. Agonists had poor potency in these studies, displaying off-target effects 

and demonstrated little signalling bias. However, the future of FFA4 based 

research is promising, with two physiological responses of FFA4 activation 

demonstrated here in the lung and colon. The use of the novel physiological PD 

mouse model might also identify roles of receptor phosphorylation in other 

tissues expressing FFA4 such as the colon, pancreas and adipose tissues, allowing 

the characterisation of distinct phosphorylation dependent and independent 

pathways such as those described in the M1 and M3 muscarinic receptors using 

similar mouse models (Bradley et al., 2016, 2020; Scarpa et al., 2021). 

Additionally, with the availability of more potent and biased agonists, we might 

be able to exploit beneficial effects such as airway relaxation and anti-

inflammatory effects. 
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