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Abstract 

 

Protease-activated receptor-2 (PAR2) is a G-protein coupled receptor that is 

activated through proteolytic cleavage of the N-terminus leading to the coupling to a 

number of defined second messenger systems though G-protein engagement. Early 

signalling events such as the mobilisation of intracellular Ca
2+

 and downstream 

cascades including ERK MAP kinase mediate an array of cellular effects stimulated 

through PAR2. Many studies have demonstrated the involvement of PAR2 in a 

number of disease pathologies including arthritis, GI disorders and inflammatory 

pain. However, treatments for these and other conditions have been limited by the 

lack of potent and selective small-molecule antagonists. Recently, a number of new 

putative antagonists including GB88 and AZ8838 have been proposed to be effective 

in cells and in vivo. However, given the relative lack of information about these 

compounds this thesis examined the characteristics of these compounds in a number 

of PAR2 mediated cellular assays.   

 

In Chapter 3 it was found that 2f-LIGRLO-NH2 and trypsin activated NFB-

transcriptional activity in a PAR2 overexpressing cell line with potencies as expected 

from other studies. Somewhat surprisingly, GB88 and a number of derivatives 

generated in-house, behaved as partial agonists compared to synthetic peptide 2f-

LIGRLO-NH2 in stimulating reporter activity with reduced efficacy but moderate 

potency. They were largely ineffective as antagonists. In HEK293 where PAR2 

expression was moderate, GB88 derivatives also stimulated the phosphorylation of 

ERK again with reduced efficacy and lower what compared with synthetic peptide. 

Moreover, intracellular calcium mobilisation mediated by PAR2 coupling to Gq/11 as 

determined by treatment with YM254890 was also activated by GB88 and related 

compounds with similar characteristics.  In neither assay did GB88 act as a 

antagonist compound.  

 

Studies in chapter four examined the effect of the novel PAR2 antagonist, AZ8838 

both as a racaemic mixture and as a pure compound.  It was found to inhibit PAR2 
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induced NFB-transcriptional activity in NFB-Reporter cells in a concentration 

dependent manner confirming its identification as an allosteric modulator. AZ8838 

also decreased ERK and p38 MAP kinase stimulated by either 2f-LIGRLO-NH2 or 

trypsin in NFB-Reporter cells as well as inhibiting phosphorylation of ERK in 

HEK293 cells. In addition, AZ8838 had the ability to reduce PAR2-mediated 

calcium mobilisation in a time dependent fashion with maximum inhibition observed 

following preincubation for 30 minutes or more. These effects were consistent for the 

S-AZ8838 isomer whilst R-AZ8838 is not. 

 

Taking together these studies suggest that GB88 may have different pharamcological 

prpoerties in different systems but that AZ8838 has the potential to be a truly 

breakthrough compound.  If the ADMET properties of AZ8838 are good this 

compound could be used in clincal studies for the treatment of inflammatroy 

disorders.  
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1.1 G-protein coupled receptors 

A major group of receptors within the mammalian system are the G-protein coupled 

receptors (GPCRs). These are primarily cell surface receptors found on the plasma 

membrane and comprise of seven transmembrane domains (Audet and Bouvier, 

2012). GPCRs mediate many biological events through activation of downstream 

signalling pathways in cells and are the focus of intense study since the majority of 

medicines interact with this class of receptor. Transducing signals are transmitted 

from external stimuli across the plasma membrane to the cytoplasmic region, which 

then allows the initiation of cellular signalling events (Lagerstrom and Schioth, 2008, 

Kruse et al., 2013). There are two basic paradigms involved in the activation of 

GPCRs by extracellular ligands; firstly, by reversible binding of a soluble agonist 

with extracellular and transmembrane domains of the receptor, secondly, by 

irreversible activation when proteases cleave the receptor within the extracellular-N-

terminal forming a new N-terminal ligand, which binds to the receptor. This latter 

model is confined to very few GPCRs. Upon receptor activation, intracellular second 

messenger signalling is initiated by binding of the receptor to heterotrimeric G 

proteins or β-arrestins linking these receptors to a vast array of downstream pathways 

(Congreve et al., 2011, Kruse et al., 2013).  

 

There are have approximately 800 receptors of GPCRs encoded within the human 

genome (Lagerstrom and Schioth, 2008). The rhodopsin GPCRs are divided into sub-

classes which comprises six receptors; rhodopsin, β1 and β2 adrenergic, adenosine 

A2A, CXCR4, and dopamine D3 receptors (Congreve et al., 2011). There are four 

major subfamilies of human GPCRs that are classified based on the sequence 

conservation including rhodopsin-like family (Class A), secretin and adhesion family 

(Class B) (Archbold et al., 2011), glutamate family (Class C) (Kniazeff et al., 2011), 

and frizzled family (taste receptor)(Class F) (Fredriksson et al., 2003, Krishnan and 

Schioth, 2015), as illustrated in figure 1.1.  
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Figure 1. 1 Flowchart depicted the families of GPCR and the sub-families of 

rhodopsin GPCR. 
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The largest and most advanced GPCR subfamily in the mammalian genome is the 

Class A (Rhodopsin), rhodopsin is the first structure investigated by X-ray 

crystallography in 2000 (Palczewski et al., 2000). Class A is also subdivided to 19 

groups (A1-A19) (Joost and Methner, 2002) and whilst the crystal structures of a 

number of these receptors have recently been resolved, this is only in the inactive 

state (Stenkamp et al., 2002). Class A GPCRs are stimulated by small molecules 

such as purine, amines, fatty acids, prostaglandins and glycoproteins (Hopkins and 

Groom, 2002). The structure of Class A receptors consists of an extracellular NH2-

terminal domain, seven transmembrane helices (TM1-TM7) with three intracellular 

hydrophilic loops (ICL1-ICL3) and three extracellular loops (ECL1-ECL3). The 

binding between ECL2 and TM3 is through a disulphide bridge; also, the C-terminal 

in the cytoplasm is parallel to the cell membrane containing an α-helix (Rosenbaum 

et al., 2007). The structure of Class A GPCR monomers was first demonstrated by 

Whorton and colleagues who identified monomeric β2-adrenergic receptors activated 

by coupling to G proteins (Whorton et al., 2007).  

 

Class A GPCRs have very short NH2-terminus domains, making them unable to bind 

with other molecules. There are many members of Class A GPCRs, including; β2-

adrenergic receptor, the sphingosine-1-phosphate (S1P) receptor, serotonin receptor 

(5-HT) and aminergic receptors. Another divergent subclass for class A GPCRs 

exist, which includes; vasopression receptors (V1A, V1B, V2), oxytocin receptor (OT), 

prokineticin receptors (PKR1 and PKR2), melanocortin receptors (MC1-5) and 

protease-activated receptors (Akers et al.) (Gruber et al., 2010, Catania et al., 2004, 

Coughlin, 2000). 

 

The second subfamily of GPCRs is the Secretin and Adhesion family (Class B) 

comprised of a seven-transmembrane structure linked to a very long NH2-terminal 

(Yona et al., 2008). It consists of 15 receptors with a NH2-terminal structure and 

these receptors are stimulated by large peptide hormone ligands such as glucagon-

like peptides (GLP1), calcitonin and glucagon (Congreve et al., 2011). The main 

aspect of the Secretin family is the presence of orphan receptors (receptors for which 
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a ligand has not been determined) and for this reason drug discovery for this subclass 

has stalled.  

 

Another member of GPCRs family is Class C or known as the glutamate family. This 

family consists of amino acids glutamate receptor γ-aminobutyric acid (GABA) 

receptor, calcium sensing receptor and taste receptors (Pin et al., 2003).  

 

The ligands for GPCRs are catalogued depending on chemical structure; aminergic, 

lipidergic or synthetic small molecules and are classified based on whether they are 

peptides or organic compounds. Another classification of GPCR ligands depends on 

the mode of action; agonist or antagonist (Przydzial et al., 2013). Agonists usually 

bind to a specific region on GPCRs leading to receptor activation. In comparison, 

antagonists bind to the receptor blocking the activation site used by agonists. More 

specifically, GPCRs have an orthosteric ligand binding pocket which is located in the 

extracellular half of the helix bundle and comprises of helices III, VI and VII 

residues. The site of orthosteric binding in class A GPCRs is within the middle of the 

7TM helical bundle, between the middle plane of the membrane and the extracellular 

loops (Dror et al., 2011). The orthosteric binding site facilitates binding of the 

endogenous ligand.  

 

In some instances ligands bind to GPCRs at a site distinct from the orthosteric site, in 

this case the ligand is known as an allosteric modulator, as it binds to the allosteric 

site (Keov et al., 2011).  There are two types of allosteric modulators; positive 

allosteric modulators (PAMs) and negative allosteric modulators (NAMs). The 

interaction of the allosteric modulator with the orthosteric site is not direct, it occurs 

via the function of the allosteric ligand; NAM or PAM. A ligand is referred to as a 

bitopic ligand when the agonists or antagonists can bind to both the allosteric and 

orthosteric site of the receptor (Christopoulos et al., 2014).  

 

The activating GPCRs bind to small G proteins or arrestins resulting to intracellular 

signalling pathways. For example, when the receptor binds to G proteins primarily 

via a range of G-protein alpha subunits (Gα), second messengers are liberated usually 
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through enzymatic activation of a substrate. Well-recognised second messengers 

include; cAMP, Ca
2+

, IP3, and diacylglycerol (Schaffhauser et al.). When the 

receptor binds to the Gβ sub-unit, downstream signalling events such as ion channel 

regulation, phospholipase activation, and receptor kinases are also activated 

(Rasmussen et al., 2011). Additionally, GPCRs interact with a family of proteins 

called beta-arrestins which facilitates internalisation and desensitisation and in some 

instances mediates MAP kinase signalling (Kang et al., 2015). This will be discussed 

in more detail with reference to PAR2 later in the chapter. 

 

At a structural level signals are activated via G-proteins when GTP binds to G-

proteins at TM3, TM5, TM6, while the signalling via arrestin works within the 

spatially distinct TM1, TM2 and TM7 loops (Liu et al., 2012). The third TM loop is 

considered the most critical helix in the GPCR structure as it confers ligand binding 

and receptor activation (Venkatakrishnan et al., 2013).  

 

Group A GPCRs differ from Class B and C as they have the ability to engage with 

ligands in both the orthosteric and allosteric sites, known as dualsteric ligands 

(Congreve et al., 2011). The formation of the orthosteric ligand binding pocket is via 

residue helices III, VI and VII and is placed in the extracellular half of the bundle. 

The helix V for β-adrenoceptors is a residue helices which gives specific ligand 

contacts then leads to essential determinant for ligand efficacy (Warne and Tate, 

2013). 

 

1.2 GPCRs as a drug target 

GPCRs have long been a major and attractive pharmaceutical target for drug design 

and therapeutic intervention, the reason being that GPCRs have effects on many 

physiological and pathological outcomes including the allergic response, control of 

blood pressure, kidney function, central nervous function, inflammatory disorders 

and cancer (Luo et al., 2009). Whilst major advances have been based on developing 

agonists and antagonists which compete for binding to the orthosteric site, the field 

has now become more advanced. Currently the drug discovery field for GPCRs is 



7 
 

focused on modulating the activity of GPCRs via two methods; either using small 

molecule positive allosteric modulators (PAMs) which increase the activity of the 

orthosteric agonist for the receptor or by negative allosteric modulators (NAMs) 

which decrease the potency of the orthosteric ligand for the receptor (Bridges and 

Lindsley, 2008).  In fact reappraisal of current drugs have identified that one third of 

those on the market actually target the receptor in this way and could be further 

optimised (Rask-Andersen et al., 2011). The development of new selective allosteric 

modulators discovered by modern pharmacology techniques have the potential to 

expand the field further in addition to developing traditional agonists or antagonists 

(Valant et al., 2012). Further, more allosteric modulators have the ability to direct 

downstream signalling via binding with specific G-proteins or β-arrestin activated 

pathways and this may be an additional benefit (Reiter et al., 2012). 

 

Development of new drugs targeting GPCRs is a lengthy and expensive process and 

requires a multitude of steps. A key advantage is for a drug to have a high “drug 

target value” based on a heterogeneous distribution of the receptor which allows 

selective targeting (Jacoby et al., 2006). There are also many elements, which 

contribute to drug effectiveness and safety; these elements include absorption, 

distribution, metabolism, excretion, and toxicity (ADMET). The compounds must be 

designed within the upper limits of Lipinski’s rules that are associated with 

molecular weight and lipophilicity. During drug development, it should decrease the 

risk of ADMET properties that assist for its clinical application (Lipinski et al., 

2001). The clinical failure occurs via the cross-reactivity and toxicity which 

increases with both molecular weight and increasing lipophilicity compounds 

(Leeson and Springthorpe, 2007, Empfield and Leeson, 2010).  

 

Another key advantage is having a high resolution 3D structure of the protein in the 

active state and bound to an appropriate ligand usually derived from X-ray 

crystallography (Lee et al., 2015). This allows close interrogation of both orthosteric 

and allosteric binding pockets. This advance has enabled further development in drug 

design for example, the 3-D structures of two types of serotonin receptor (5-HT1B 

and 5-HT2B) were evaluated in terms of drug design with the effective creation of an 
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antimigraine drug (ergotamine) which binds effectively to both 5-HT1B and 5-HT2B 

receptors (Wacker et al., 2013).   

 

Another issue, which is relevant in drug discovery, is the emergence of bias 

agonists/antagonists (Liu et al., 2012). These act by directing signalling down one 

pathway whilst blocking another, important physiological functions directed by the 

receptor can be maintained while only certain signalling aspects responsible for the 

undesirable effects in disease can be blocked. This type of approach also reduces the 

side effects often seen with blanket inhibition of receptor function (Tautermann, 

2014). However to date, no bias ligands are used clinically to treat disease. 

 

According to a study by Congreve et al; 63 drugs were discovered and marketed 

from the period (2000-2009), however most of these drugs target family A GPCRs 

(Congreve et al., 2011). Up to 2013, published pharmaceutical compounds consisted 

of; 20 class A, 2 class B, one class C and one frizzled class drug (Stevens et al., 

2013).  It seems to be more of a challenge to develop drugs for Class B and Class C 

GPCRs, as low druggability is a feature of both classes (Tautermann, 2014, Lee et 

al., 2015).  

 

Lafferty-Whyte et al has identified more than 100 human genes encoding GPCRs for 

clinical development and approximately 400 small molecules as current therapeutic 

drugs (Lafferty-Whyte et al., 2017). About 50% of solved Class A GPCRs have been 

exploited in drug development and pharmacology. Some of these include the 

muscarinic receptor antagonists, 3-quinuclidinyl-benzilate (QNB) and tiotropium, 

and carazolol that act as a partial inverse agonist for β2AR. Resolution of the 

dopamine D3 has underpinned the development of eticlopride and for PAR1, 

vorapaxar (Katritch et al., 2013, Tautermann, 2014). 

 

Plavix is one of the anti-thrombotic GPCR related drugs that is activated as a prodrug 

in the liver (Beitelshees and McLeod, 2006). Other GPCR-related drugs are 

Maraviric (NAM) for the class A chemokine receptor CCR5, this drug is used in HIV 

therapy as an inhibitor for entry of the virus. Another drug; plerixafor acts to 
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decrease the activity of the chemokine receptor CXCR4, it is used in lymphoma and 

multiple myeloma patients to mobilize autologous stem cells for transplantation. In 

addition, cinacalcet is a PAM (class C GPCR) acting on the calcium-sensing receptor 

and is used to treat hyper-parathyreodism. Recent GPCR modulators that have been 

discovered include; Naloxegol which is an opioid receptor (OR) antagonist and 

functions by restraining intestinal absorption by blocking the adverse effects of 

systemic opiates (Zhang et al., 2014). In addition; many GPCR directed drugs have 

been reported as sleep condition remedies; for example, Suvorexant acts as an 

antagonist for the orexin receptor and is used to treat insomnia (Cox et al., 2010). 

Another drug approved for treatment of insomnia is BMS-214778 (tasimelteon) 

which acts on the melatonin receptor (Vachharajani et al., 2003). Clearly, 

examination of GPCRs still has the potential to generate new targets and molecules 

including members of the protease-activated receptor (PAR) family.  
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1.3 Protease-activated receptors  

 

Protease-activated receptors (Akers et al.) are Class A GPCRs and were first 

discovered in the early 1990s (Vu et al., 1991). PARs have the classic seven 

transmembrane domain and couple to heterotrimeric G-protein G(α) subunits; Gαq/11, 

Gαs, Gαi , Gα12/13, leading to intracellular signalling (Rohatgi et al., 2004, Sokolova 

and Reiser, 2007, Steinhoff et al., 2005, Wang and Reiser, 2003). PARs have a 

distinctive mechanism of activation; they are enzymatically activated by a variety of 

serine proteases via cleavage of the receptor at a specific site within the extracellular 

N-terminus resulting in exposure of a new tethered ligand (TL), as shown in figure 

1.2. The new tethered ligand interacts with the second extracellular loop (ECL2) 

(Coughlin, 2000).  A conformational change of the receptor initiates downstream 

intracellular signalling and functional responses (Adams et al., 2011, Macfarlane et 

al., 2001). 

 

Four members of the PAR family have been described; PAR1, PAR2, PAR3 and 

PAR4 (Hollenberg and Compton, 2002). Different types of proteases activate PARs, 

for example, PAR1, PAR3, and PAR4 are activated by the coagulation protease 

thrombin (Grand et al., 1996, Cirino et al., 2000, Naldini et al., 2002, Oganesyan et 

al., 2002), while PAR2 is cleaved by mast cell tryptase (Molino et al., 1997a) and 

trypsin (Nystedt et al., 1994), amongst others. PAR4 can also be activated by trypsin 

(Xu et al., 1998, Hollenberg, 1999), although with a lower affinity compared to 

PAR2. PARs have important roles in cellular mechanisms, for example in clotting 

and inflammation. The expression of PARs is widespread and includes; endothelial 

cells, fibroblasts, exocrine glands, epithelial cells, mast cells, smooth muscle cells, 

keratinocytes, platelets, and others (Macfarlane et al., 2001).  
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Figure 1. 2 Protein structure of PARs 1, 2, 3 and 4 

                                                                       Adapted from (Macfarlane et al., 2001). 

 

The figure identifies the amino acid sequences within the N-terminal for all PARs 

and identifies the activating peptide and the C-terminus which identifies 

heterogeneity and potential differences in coupling to intracellular signalling 

pathways.  
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1.4 Protease activated receptor-1 (PAR1) 

The first protease activated receptor (PAR1) was conceptualised by studying the 

coagulation process; thrombin was found to have cellular effects which could not be 

explained by its action within the coagulation cascade (Davey and Luscher, 1967). 

However, the identification of PAR1 as the cognate receptor for thrombin was only 

made possible through the work of Shuan Coughlin and co-workers who cloned and 

characterised the receptor (Vu et al., 1991). Thrombin is not just produced in 

coagulation, for example it has been isolated from brain tissue in parkinsonism-

dementia and Alzheimer’s diseases giving rise to the potential of PAR1 to have 

widespread effects out with the circulatory system (Arai et al., 2006). The PAR1 

gene contains two exons and is localised on chromosome 5q13 (Schmidt et al., 

1997). Exon 2 encodes the receptor, which comprises of 425 amino acids and the 

seven transmembrane (TM) structure. The receptor is comprised of a 41 amino acid 

extracellular amino-terminal, three extracellular loops (ECL regions 1, 2, 3), three 

intracellular loop (ICL regions 1, 2, 3), and an intracellular carboxyl terminal domain 

that has a small additional eighth helix of 50 residues. Significantly, PAR1 contains a 

hirudin-like binding domain within the N-terminus to facilitate high affinity 

thrombin binding (Macfarlane et al., 2001). There is a disulphide linkage connecting 

ECL2 with TM3, this bond is conserved in all types of GPCRs and has an important 

role structurally in the stability of the receptor (Hamm, 2001). 

 

1.4.1 PAR1 activation  

As indicated above PAR1 is activated by thrombin via cleavage of the exodomain N-

terminus at the site (LDPR
41

↓S
42

FLLRN) (Ishii et al., 1995). This new tethered 

ligand sequence encompasses an active peptide, SFLLRN, which can be used to 

directly stimulate the receptor (Vu et al., 1991). A number of modifications of this 

peptide have been made including the addition of an N-terminal amino group to 

generate the more potent agonists, SFLLRNPN, SFLLRNP-NH2, and SFLLRN-NH2 

(Scarborough et al., 1992). Over the last 20 years high affinity PAR1 drugs have 

been developed with clinical utility. These will be examined in more detail in Section 

1.9.1. 
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1.4.2 PAR1 signalling 

PAR-mediated signal transduction is considered to be similar to that of other GPCRs.  

PAR1-mediated signal transduction is through intracellular coupling to specific 

heterotrimic G proteins subunits. (Defea, 2008). When PAR1 is activated, it couples 

to one of the G-proteins Gα12/13, Gαi or Gαq, resulting in different major downstream 

signalling pathways that mediate an array of physiological outcomes (Soh et al., 

2010). PAR1 couples to Gαq/11 to activate phospholipase C (PLC) that catalyses the 

formation of diacylglycerol (Schaffhauser et al.) and inositol 1,4,5-triphosphate (IP3) 

from inositol 4,5-biphosphate. IP3 mediates calcium mobilization released from the 

endoplasmic reticulum into the cytosol, whilst DAG binds and activates protein 

kinase C (PKC) (Hung et al., 1992). This signalling pathway mediates cellular 

responses in a number of instances such as aggregation in platelets (Benka et al., 

1995) and transcriptional activity in endothelial cells (Offermanns et al., 1997). A 

second signalling pathway mediated by PAR1 is a decrease in adenylyl cyclase 

activity via coupling of PAR1 to Gαi, (Kanthou et al., 1996, Hung et al., 1992).  

 

PAR1 has also been reported to couple to Gα12/13 (Offermanns et al., 1994) leading to 

Rho-activated kinase activity (Fukuhara et al., 1999), Rho-dependent cytoskeletal 

responses such as migration in endothelial cells (Vouret-Craviari et al., 1998) and 

platelet shape change (Klages et al., 1999). PAR1 can also couple to Gβγ subunits to 

stimulate phosphoinositide-3-kinase (PI-3) (Stoyanov et al., 1995), and K
+ 

channels 

(Clapham and Neer, 1997). 

 

In addition, PAR1 regulates cell growth, proliferation, and differentiation (van 

Biesen et al., 1996, Blenis, 1993) via activation of the MAP kinase pathway. This 

signalling occurs predominantly via coupling to different G-proteins or can be via a 

G-protein independent mechanism depending on the context. For example, PAR1 

binds to Gq/11 initiating PKC activation, which then activates and phosphorylates 

Raf-kinases, which stimulates MAP kinase via a Ras-dependent pathway 

(L'Allemain et al., 1991, Molloy et al., 1996, Shock et al., 1997). In human platelets, 

activated PAR1 couples to G13 leading to Rho activation and platelet aggregation 

(Huang et al., 2007). 
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The activation of MAP kinase through PAR1 in astrocytes occurs in two ways; firstly 

by pertussis toxin-sensitive Gβγ, PI-3 kinase mediated activation of Raf and secondly 

by pertussis toxin-insensitive PKC-directed and Raf phosphorylation (Wang et al., 

2002). Several other signalling pathways can link to PAR1, for example, the 

activation of NFB by PAR1 occurs through Gαq dependent signalling or through 

Gβγ signalling involving PI3-kinase, depending on the cell type.  

 

The role of PAR1 in activating the MAP kinase pathway can also be attributed to its 

interaction with the epidermal growth factor receptor (EGFR) resulting in 

transactivation. The PAR1 receptor is able to dimerize with EGFR leading to 

tyrosine auto-phosphorylation in the intracellular domain and activation of ERK 

(Darmoul et al., 2004). In addition, PAR1 agonists are able to activate the Shc-Grb2-

SOS complex leading to ERK/MAP kinase activation. Thus, PAR1 can couple to 

growth-factor receptor tyrosine kinase signalling to regulate cell differentiation and 

growth (Chen et al., 1996). 

 

1.4.3 Expression and distribution of PAR1 

PAR1 is widely distributed across many cells and tissues including but not limited to; 

endothelial cells, platelets, T-cells, fibroblasts, monocytes, epithelial cells, smooth 

muscle cells, neurons, glial cells and cancer cells (Arena et al., 1996, Colotta et al., 

1994, Grandaliano et al., 1994, Jenkins et al., 1993, Nierodzik et al., 1996, Vu et al., 

1991, Weinstein et al., 1995). PAR1 is also expressed in fibroblasts, smooth muscle 

cells, and endothelium of human arteries and is linked to atheroma, atherosclerosis 

and inflammatory processes prevalent in cardiovascular disease. (Nelken et al., 1992) 

In addition, abundant PAR1 levels have been detected in rheumatoid and 

osteoarthritis (OA) patients within the synovial membrane (Morris et al., 1996, Shin 

et al., 1995). High levels of PAR1 expression have also been observed in neurons of 

the cortex via immuno-histochemical analysis of the rat brain and in situ 

hybridization (Nierodzik et al., 1996) suggesting a role in the CNS in addition to a 

function with the central vasculature. In addition, the PAR1 has been expressed in 

human brain; human astrocytes and glioblastoma cells. PAR1 activation is mediated 
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the increasing of intracellular Ca
+2

 and hydrolysis of PI leading to glial tumour 

(Junge et al., 2004) 

 

1.4.4 The physiological and pathophysiological roles of PAR1 

Within a given tissue system, PAR1 activation can lead to both physiological 

outcomes and pathophysiological effects dependent on the context. PAR1 is well 

recognised to mediate platelet aggregation and is a strong vasoconstrictor but has 

also been shown to mediate acute pro-inflammatory events such as vasodilatation, 

vascular permeability, and increased cell adhesion, all of which contribute to the 

normal repair process following damage (Gudmundsdottir et al., 2008, Alberelli and 

De Candia, 2014). Activation of PAR1 in a rat models also leads to an immediate 

increase in vascular permeability to albumin with resultant paw oedema through 

formation of IP3 and Ca
2+

 mobilisation (Cirino et al., 1996). In addition, PAR1 

activation has an important role during vascular injury in mediating the recruitment 

of monocytes by inducing the expression of chemo-attractants in human peripheral 

blood mononuclear cells (PBMC). This includes monocyte chemotactic protein-1 

(MCP-1) a specific chemotactic agent expressed in endothelial cells which promotes 

monocyte recruitment during acute injury to tissues (Colotta et al., 1994). These 

types of cellular event combined within a specific tissue organ system in a given 

context to mediate a number of outcomes categorised below. 

 

Cardiovascular (Chen et al.) system- PAR1 is well expressed within the CV system 

including smooth muscle cells, fibroblasts and endothelial cells. Activation of PAR1 

on smooth muscle cells leads to activation of calcium and muscle contractility 

(Antonaccio et al., 1993). In contrast, the activation of PAR1 via agonist peptides has 

been shown to cause hypotension in vivo (Damiano et al., 1999). In vascular injury, 

PAR1 activation leads to regrowth of endothelial tissue, also, PAR1 mediates vessel 

growth and increased density of carotid cells (Cheung et al., 1999). Cardiac 

inflammation is also a feature of PAR1 activation increasing production of the local 

monocyte chemoattractant proteins MCP-1, MCP-3, and MCP-5 and increasing 

macrophage infiltration (Chen et al., 2008). However, contradictory outcomes have 
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also been recorded; activated protein C (APC)-mediated cardiac protection is 

abolished in PAR1 deficient mice in a model of myocardial ischemia-reperfusion 

injury (Loubele et al., 2009). Local activation of PAR1 also results in nitric oxide 

(NO) release and subsequent endothelium-dependent relaxation of the arterial rings 

in the human and rat internal mammary artery suggesting a local protective role 

(Ballerio et al., 2007). Furthermore, PAR1 activation in monocytes stimulates plague 

stability through atherogenesis by decreasing macrophage accumulation through the 

inhibition of transendothelial migration in mice (Seehaus et al., 2009). 

 

A number of studies also suggest a negative role for PAR1 in sepsis via the APC 

pathway. Under normal conditions, signalling of APC mediated through PAR1 has a 

protective effect on the vascular barrier in human endothelium. APC can in turn, 

significantly change the vascular barrier function in response to PAR1 activation and 

helps to maintain vascular barrier integrity in sepsis (Schuepbach et al., 2009). 

Interestingly in mice, systemic inhibition of PAR1 by hirudin leads to enhanced 

blood perfusion and lower mortality rates (Pawlinski and Mackman, 2004). This 

study supports another report, which indicates that vascular damage, (predominantly 

sepsis) is mediated by PAR1 in mice. The damage is inhibited using PAR1 inhibitors 

to treat sepsis and involves cross-talk with PAR2 (Kaneider et al., 2007). 

Furthermore, vascular leakage induced by inflammation can be prevented by PAR1 

activation and by the endothelial cell PC receptor (EPCR) through the APC pathway, 

whereas vascular hyper-permeability mediated by PAR1 is increased via the 

blockade of APC (Niessen et al., 2009) suggesting a direct interaction between these 

receptors. 

 

 

Respiratory System- PAR1 is widely expressed in cells and tissues of the lung and 

airways and is required for normal respiratory functions and response to infection 

and injury. Studies have shown stimulation of vagal lung C-fibres mediated by PAR1 

in the mouse trachea. This is a due to a direct effect on nerve cell activity (Kwong et 

al., 2010). In the lung, PAR1 mediated IL-13 signalling causes neutrophil 

chemotaxis and degranulation, events relevant in asthma. An experiment using a 



17 
 

PAR1 KO model has shown the receptor to be protective against N-formyl-L-

methionyl-L-leucyl-L-phenylalanine (fMLP) induced emphysema and goblet cell 

metaplasia (Atzori et al., 2009). An important role for PAR1 has been shown in 

response to injury to the airway epithelium. In primary rat distal lung epithelial cells, 

activation of PAR1 results in the reduction of chloride channel-dependent, trans-

epithelial resistance while epithelial permeability is increased (Moraes et al., 2009). 

This suggests that within the lungs PAR1 plays a protective role.  

 

Central Nervous system (CNS)- Within the central nervous system, PAR1 is widely 

expressed and an important correlation between expression levels and its effect on 

the brain has been observed. High expression of PAR1 mRNA is found in the cortex, 

and dorsal root ganglia of the rat, therefore, the function of nervous system is 

influenced through the activation of PAR1 in brain locations (Niclou et al., 1994). 

The morphology of astrocytes changes following PAR1 activation to a more 

epithelial and flatter shape (Beecher et al., 1994), thrombin mediates this effect by 

the release of vasoconstriction endothelin-1 (Ehrenreich et al., 1993) and an increase 

in the secretion of nerve growth factor (Neveu et al., 1993). In addition, there is a 

correlation between Alzheimer’s disease and PAR1; it seems thrombin mediates a 

reduction in the neurotoxicity of β-amyloid protein which is a component in the 

development of Alzheimer’s disease (Pike et al., 1996). In addition, the expression of 

PAR1 in rat astrocytes leads to GRO/CINC-1 release, the rat orthologue of the 

human cytokine IL-8 suggesting a role in brain inflmmation (Wang et al., 2007b). 

 

PAR1 stimulation also enhances neuroprotective disorders in various conditions. In 

mouse cortical neurons, PAR1 has been shown to reduce N-methyl-D-aspartate 

(NMDA) mediated apoptosis (Guo et al., 2004). There is also an important role for 

PAR1 expression in gliosis, which is correlated with the pathogenesis of Parkinson’s 

disease. Dopamine expression is reduced via PAR1 activation leading to damage of 

the neuronal nigrostriatal pathway (Lee et al., 2010). The same study demonstrated 

that the neuronal protein α-synuclein contributes to Parkinson’s disease and this was 

revealed using inhibitors of PAR1. They show that α-synuclein upregulated matrix 

metalloproteinases (MMPs) mediated via PAR1, and IL1-β, TNF-α, and NO as well 
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as other species of reactive oxygen (Lee et al., 2010). PAR1 has been also implicated 

in CNS inflammation mediated by the serine protease mesotrypsin (Grishina et al., 

2005). Mesotrypsin has been observed to induce Ca
2+

 mobilisation mediated through 

PAR1 in primary rat astrocytes and rat retinal ganglion cells (RGC-5), suggesting a 

crucial role for mesotrypsin in the protection of brain cells (Wang et al., 2006b). 

Another study has indicated an increased sensitivity to pain in PAR1 knock-out mice 

through chemical stimuli (Martin et al., 2009).  

 

Intestinal system- A role for PAR1 in the gastrointestinal system has also been 

established. Studies have shown that activation of PAR1 affects intestinal epithelium 

functions, such as colonic permeability, which is disrupted via narrow junctions 

(Cenac et al., 2004). The activation of PAR1 by agonist peptides mediates chloride 

secretion in non-transformed human SCBN epithelial cells; while in mouse colon 

tissue, chloride secretion is reduced (Buresi et al., 2005). The chloride secretion 

mediated by PAR1 happens through stimulation of submucosal secretomotor neurons 

in mice cecum (Ikehara et al., 2010). Intestinal inflammation and enhanced colitis is 

affected by PAR1 activation also (Nguyen et al., 2003, Vergnolle et al., 2004). PAR1 

presents the endogenous modulatory function; colitis induced by oxazolone is 

mediated by the pro-inflammatory cytokines IL-4, IL-10, TNFα, and lymphocyte T 

helper cytokine-2 (TH2). Activation of PAR1 inhibits oxazolone-mediated colitis as 

well as inflammatory cytokine release indicating the anti-inflammatory response 

associated with TH2-mediated colitis in mice (Cenac et al., 2005). 

 

Cancer- Important roles for PAR1 have been uncovered in relation to cancer with 

effects on angiogenesis, metastasis, and tumor formation. For example; high levels of 

PAR1 expression is found in tumor cells, breast carcinoma biopsy specimens, and 

invasive cells (Wojtukiewicz et al., 1995, Even-Ram et al., 1998). PAR1 is found in 

breast tumor cells. A relationship has been discovered between PAR1 over-

expression in normal cells and metastases. The assessment of human epithelial 

growth factor receptor (HER1) mediated by PAR1 occurs by many techniques 

including immunohistochemistry, immunoblotting and flow cytometry (Hernandez et 

al., 2009), also PAR1 is expressed in pulmonary metastasis (Nierodzik et al., 1998). 



19 
 

Other studies have reported that activation of PAR1 drives matrix metalloproteinase 

(MMP)-1 mediated invasion and tumorigenesis of breast cancer cells (Boire et al., 

2005) and breast cancer cell migration (Nguyen et al., 2006). Survival, tumor 

growth, and invasion are all mediated by PAR1 activation through the mitogenic 

activity of thrombin. Reducing PAR1 expression in metastatic melanoma A375SM 

cells leads to reduced xenograft tumor vascularisation, formation, cell growth and 

invasion in vitro (Salah et al., 2007). 

 

 

1.5 PAR 3 & 4 

Similar to PAR1, PARs 3 and 4 localise to the plasma membrane and they have the 

typical seven-transmembrane structure of GPCRs. This consists of an N-terminus, 

seven transmembrane domains, ECL1-3, ICL1-3, a C-terminus, and both have the 

disulphide linkage between ECL2 and TM3 to give the stability of the receptor 

structure (Hamm, 2001). 

 

The PAR3 gene contains two exons and it localises to chromosome 5q13 (Schmidt et 

al., 1997).  PAR3, like PAR1, has a hirudin-like binding domain within the NH2-

terminus which promotes high affinity thrombin binding (Macfarlane et al., 2001). 

Similar to PAR1, PAR3 requires low concentrations of thrombin for cleavage and 

activation of the receptor (Coughlin, 1998). Thrombin cleaves and activates PAR3 at 

the LPIK
38

↓T
39

FRG site to expose the new N-terminus (TFRGAP) (Ishihara et al., 

1997, Vu et al., 1991). PAR3 has a very short C-terminus, which restricts the ability 

of the receptor to couple to G proteins and β-arrestins to regulate the range of 

intracellular signalling pathways noted for other PARs (Nakanishi-Matsui et al., 

2000). 

 

Protease activated receptor-4 (PAR4) was first cloned in 1998 by Xu and colleagues 

(Xu et al., 1998) although previous studies had implicated a second thrombin 

activated PAR in PAR1 knockout mice. The PAR4 gene contains two exons and it 

localises to a different chromosome (19p12) compared to the other PARs (Kahn et 
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al., 1998). PAR4 contains a dual proline motif P
45

APR instead of a hirudin-like 

binding domain and therefore requires higher concentrations of thrombin to cleave 

and activate the receptor compared to PAR1 or PAR3 (Xu et al., 1998). PAR4 can 

also be activated weakly via trypsin. PAR4 has also been shown to couple to a 

number of well-known signalling cascades but does not display the range noted for 

PAR1 (Coughlin, 2000). 

 

 

1.5.1 The physiological and pathophysiological role of PAR3 and 

PAR4 

Unlike PAR1 and PAR2, the short C-terminus for PAR3 leads to restriction 

signalling for the receptor and incapable to couple to G proteins or arrestines, 

therefore, there were limited studies for the roles of PAR3 in diseases. 

 

The strong association between the expression of PAR4 and thrombo-inflammation 

have been illustrated through many stimuli such as thrombin, angiotensin II, and 

sphingosine-1-phosphate (S1P) and this expression could be operated when needed. 

In addition, PAR4 has a role in vascular disease, atherosclerosis, and cardiac post-

infraction remodelling (Fender et al., 2017). Examination of PAR4 antagonist YD-4 

provides protective effect in transfected cells for flux of Ca
+2

 and the releasing of IP3 

mediated the platelet aggregation (Edelstein et al., 2014). Proliferation, migration, 

and inflammatory responses mediated by PAR3 and PAR4 in human vascular SMC. 

The down-regulation of PAR3 by vasodilatory prostaglandins (PGI2/PGE2) is 

occurring in SMC (Schror et al., 2010). A recent study has discussed an important 

role of PAR4 in mouse cardiac fibroblasts that is regulated by extracellular glucose 

in vitro and contributes to cardiac remodelling in mice (Kleeschulte et al., 2018). In 

addition, the myocardial ischaemia reperfusion injury mediated by PAR4 is inhibited 

by the antagonist tc-YPGKF in mice models (Strande et al., 2008). 

 

PAR4 has an effect on visceral pain and nociception and modulated the colonic 

hypersensitivity and nociception, and is confirmed by PAR4 knockout mice studies 
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that explained the sensitivity to pain increases with mustard oil (Bradesi, 2009). Moa 

and co-workers have explained the role of PAR4 deficiency to protect animals from 

cerebral reperfusion. In mouse models after middle cerebral artery occlusion 

(MCAO), the cerebral oedema, leukocyte, neuronal death and cerebral infraction 

have determined. The significant enhanced in neurologic and reduction of infract 

volume were found in PAR4 deficient mice compared to wild-type mice. The 

adhesion of both leukocytes and platelets are inhibited in PAR4 deficient and can 

decrease the cerebral oedema (Mao et al., 2010). The anti-apoptosis signalling is 

mediated by PAR3 in mice cortical neurons. The apoptosis downstream activated by 

N-methyl-D-aspartate (NMDA) is blocked by activate APC. Therefore, the reduction 

of apoptosis is through the decreasing of the signalling of PAR3 via PAR3 antibody 

or PAR3 deletion to reduce APC activation (Guo et al., 2004).  

 

The expression of PAR3, (but not PAR4), has been demonstrated in lung fibrosis in 

patients as well as in mice through induced mesenchymal transition. The expression 

of PAR3 mediates epithelial-EMT in primary mouse alveolar type II cells (AT II). 

The morphological aspects, expression changes of epithelial markers and functional 

changes, were evident to EMT (Wygrecka et al., 2013). 

 

As other PARs, PAR3 and PAR4 have roles in inflammatory and swelling. The 

inflammation factors such as the internalisation of calcium, ERK phosphorylation 

and releasing of IL-8 are mediated by PAR3 in HEK293-PAR3 cells, human lung 

epithelial and astrocytoma (Ostrowska and Reiser, 2008). The crucial role of PAR4 

has been explained in the inflammation regulation. The neutrophil migration 

mediated inflammation induced by carrageenan or neutrophil chemoattractant 

CXCL8 is inhibited by PAR4 antagonist YPGKF-NH2 in mice (Gomides et al., 

2014). The expression of PAR4 contributes to inflammation and vessel injury, is 

activated by S1P in human monocytes. The activation of ERK, p38 MAPK, Akt, and 

COX-2 are the signalling responses for this expression leading to promote the up-

regulation and cell migration. The inhibitor of PI3K (LY) inhibits the activation of 

COX-2 mediated by PAR4. S1P improves the chemo-attracted for PAR4 and can be 

inhibited with siRNA PAR4 studies (Mahajan-Thakur et al., 2014). The increasing of 



22 
 

IL-6 in mice serum has proved that the expression of PAR4 mediated arthritis. The 

paw oedema is decreased by PAR4 knockout mice studies (Busso et al., 2008).   

 

The expression of PARs is widely in the CNS. Studies using knockdown PAR3 cells 

have established the invasion in human pancreatic adenocarcinoma (PANC-1). The 

expression of invasion is determined through the cell division control protein 42 

homolog (CDC42) which means that CDC42 expression is reduced by PAR3 

activation by agonists (Segal et al., 2014). PAR4 mediates ERK MAP kinase the 

tumour cell migration in hepatocellular carcinoma cells (HCC) that is inhibited by 

the antagonist trans-cinnamoyl-YPGKF-NH2 (Kaufmann et al., 2007). The 

expression of PAR3 has been also found in primary cultures of human renal cells 

carcinoma (RCC). The expression has been evaluated by RT-PCR and confocal 

fluorescence techniques. PAR4 has not been expressed in RCC cells (Kaufmann et 

al., 2002). In addition, PAR4 has a role in tumour suppressor in oesophageal 

squamous cell carcinoma Cells (ESCC). The expression of PAR4 induces apoptosis 

and decreases the cell proliferation through the activation of p38 and ERK MAPK 

(Wang et al., 2018). The activation of PAR4 relates to the phosphorylation of ERK 

in colorectal cancer cells is capable of promoting the proliferation in colon tumour, 

while the proliferation decreases with PAR4 deficient in HT29 cells (Zhang et al., 

2018). The expression of PAR4, however, mediates the tumour proliferation in 

MCF-7 and MDA-MB-231 breast cancer cells. This expression is determined by the 

decreasing of ERK and the block of PKC which contributes to angiogenesis and 

breast cancer progression (Jiang et al., 2017). 
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1.6 Protease-activated receptor-2 (PAR2) 

The second member of the PAR family is protease activated receptor-2 (PAR2). 

PAR2 localises on the plasma membrane and can be found in intracellular pools 

within the cytoplasm. The receptor is expressed in a wide variety of cells, 

particularly of epithelial and endothelial origin as well as immune cells. The PAR2 

gene comprises of two exons (similar to PAR1) and is localised on chromosome 

5q13 (Schmidt et al., 1997). Mouse PAR2 was originally identified by Nystedt et al 

(Nystedt et al., 1994) followed by human PAR2 by probing a genomic DNA Library 

using a hybrisation probe derived from the 3’ prime region of mouse PAR2 (Nystedt 

et al., 1995a). The molecular weight of PAR2 is approximately 50 kDa dependent 

upon post-translational modification, it is composed of 397 amino acids and 

comprises seven putative transmembrane (TM) helices. The extracellular amide 

terminal domain has 25 residue peptides and an 11 amino acid pro-domain, three 

extracellular loops (ECL 1-3), three intracellular loops (ICL 1-3) and the intracellular 

carboxyl terminus domain that is a small eight helix of 50 residues. The connection 

between TM4 and TM5 is ECL2, which is bound with TM3 via a disulphide bond. 

The disulphide bond with a cysteine residue in GPCRs facilitates the stability of the 

receptor structure (Hamm, 2001).  

 

A number of studies have demonstrated that PAR2 couples to multiple G-proteins; 

Gαi, Gαq/11, or Gα12/13, or alternatively G protein-independent signalling via β-arrestin 

1/2 (DeFea et al., 2000, Seatter et al., 2004, Nichols et al., 2012) leading to 

subsequent downstream signalling and physiological responses (Ramachandran et 

al., 2012a). These concepts are examined in more detail later in this chapter. 

 

1.6.1 Endogenous PAR2 activators 

PAR2 is activated at the N-terminus specifically within the SKGR
36

↓S
37

LIGR 

sequence. The exposed tethered ligand, SLIGRL in rodent or SLIGKV in human, is 

then free to interact and activate the receptor extracellular loop 2 (Bohm et al., 1996, 

Adams et al., 2011, Nystedt et al., 1995b). Unlike the other PARs, PAR2 is cleaved 

at its N-terminus by an extensive number of extracellular serine proteases such as; 



24 
 

trypsin, tryptase (Molino et al., 1997a), the TF-FVIIa complex (Camerer et al., 

2000), kallikreins and human leukocyte elastase (Barry et al., 2006, Ramachandran 

et al., 2012b) (for a full list see table 1.1). However, despite these discoveries it is 

unclear which serine protease is the endogenous activator in different tissues 

systems. Trypsin is assumed to be produced endogenously to activate epithelial cells 

(keratinocytes, enterocytes), T cells, myocytes, endothelial cells and several cancer 

cell (al-Ani et al., 1995, Bohm et al., 1996, Corvera et al., 1997, Howells et al., 

1997, Hwa et al., 1996, Kong et al., 1997, Mari et al., 1996, Mirza et al., 1996, 

Saifeddine et al., 1996, Santulli et al., 1995).   

 

Trypsin I and II are serine proteases found mainly in the gastrointestinal system 

which have the potential to activate PAR2 in this location (Cottrell et al., 2004, 

Rinderknecht et al., 1984). PAR2 “specific” proteases can also be found in the brain 

such as trypsin IV (Sawada et al., 2000), and neurotrypsin (Gschwend et al., 1997), 

which also actives PAR2 in the breast and ovary (Anisowicz et al., 1996). 

 

P22 is another endogenous agonist for PAR2; it is a trypsin-like serine protease of 22 

kDa, and is able to activate PAR2 in human glioblastoma cells (A172 cells) leading 

to transient intracellular calcium mobilisation (Sawada et al., 2000). PAR2 is also 

activated by the protease neurosin, which cleaves the peptide bond within the N-

terminal of the receptor at the Arg
36

↓Ser
37

 site (Oikonomopoulou et al., 2006). 

Furthermore, there are also enzymes derived from bacterial protease classes that are 

able to activate PAR2 for example; bacterial cysteine gingipains (Uehara et al., 

2005), house dust mite cysteine protease Der P1, Der P3 and Der P9 (Adam et al., 

2006, Asokananthan et al., 2002), and chitinase derived from Streptomyces griseus 

(Hong et al., 2008). Certain proteases can also cleave the receptor and disarm PAR2 

signalling pathways (Ramachandran et al., 2011). More proteases have been 

discovered which inactivate or disarm PAR2 and are listed in table 1-1. 
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PAR2 activated proteases PAR2 dis-activated proteases 

 Trypsin 

 Tissue factor:  

 Factor Xa 

 Factor VIIa 

 Mast cell tryptase 

 Pen C 13 

 matriptase/MT-SP1 

 Der P1, Der P2, Der P3 

 Trypsin IV (Mesotrypsin) 

 Bacterial gingipains  

 Kallikrein 2, 4, 5, 6, 16 

 Granzyme A 

 Matriptase 

 KLK5, KLK6 and KLK14 

 TMPRSS2 

 Acrosin 

 Chitinase 

 Pen C 13 

 Neurosin 

 human airway trypsin-like 

protease (HAT) 

 Protease 3 

 Plasmin 

 Cathepsin G 

 Elastase 

 Calpain 

 

 

                                                                     Adapted from (Adams et al., 2011). 

Table 1. 1 Proteases which activate or inactivate PAR2 
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1.7 PAR2 agonists 

1.7.1   Synthetic agonist peptides 

As with PAR1, cleavage of the N-terminal of PAR2 generates a peptide sequence, 

which can be synthesised synthetically. SLIGKV (human) and SLIGRL (mouse/rat) 

act to mimic the tethered ligand sequence of the receptor and can therefore bind 

directly without the need for receptor cleavage (Bohm et al., 1996, Nystedt et al., 

1995a, Nystedt et al., 1994, Nystedt et al., 1995b, Macfarlane et al., 2001). SLIGKV 

and SLIGRL can be modified by adding an amino group to give SLIGKV-NH2 and 

SLIGRL-NH2. The purpose for modification is to allow the new peptides to be more 

potent from the original sequence and less prone to degradation (Hollenberg et al., 

1996, Kawabata et al., 2000).  

 

The creation of PAR2 agonist peptides with greater potency than the synthetic PAR2 

agonists SLIGKV and SLIGRL, was achieved by the modification and substitution 

of the N-terminal serine with a 2-furoyl group to produce 2-furoyl-Leu-Ile-Gly-Lys-

Val (2f-LIGKV-OH) (ASKH95) and this has greater potency than SLIGRL-NH2 in 

vitro and in vivo (Ferrell et al., 2003). Using the mouse sequence with modification 

gives 2-furoyl-LIGRL-NH2 with further improved potency (Kawabata et al., 2004). 

Further modification by the addition of an ornithine group as evidenced by Kawabata 

et al, 2004 who created 2-furoyl-LIGRLO-NH2 resulted in 300 times greater potent 

than SLIGRL-NH2  (McGuire et al., 2004). In addition, the three peptides derived 

from the mouse TL domain (SLIGRL-NH2); S-p-fFIARL-NH2, SLIARK-NH2, and 

SL-Cha-ARL-NH2 were found to be far more potent in the activation of PAR2 than 

the original peptide (Maryanoff et al., 2001).  

 

Recently Barry et al., 2007, have discovered more than 50 peptide agonists with 

increased potency for PAR2 through modification of the agonist SLIGRL-NH2. 

Some of these modifications include new peptides, which consist of seven or eight 

residues instead of six leading to an increase in potency of approximately 8-fold. 

Another modification is replacing the sixth residue (leucine) with an aromatic amino 

acid, which results in a gain in potency compared to the aliphatic group. The 
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interaction suggested between PAR2 and the aromatic ring is via a π-π bond  (Barry 

et al., 2007). The partial agonist 3-mercapto-propionyl-Phe-Cha-Cha-Arg-Lys-Pro-

Asn-Asp-Lys amide (G186-65) activates PAR2 in HEKs but also interacts with 

PAR1 in some cell types (Kawabata et al., 1999).  

 

1.7.2 Non-peptides agonists   

Despite the discovery of several peptide agonists for PAR2, many of these 

compounds are still not suitable for use in vivo because of poor bioavailability and 

lack of potency. Therefore, focus has turned to the generation of non-peptide PAR2 

agonists. Seitzberg’s studies have reported that the non-peptide agonist AC-55541 is 

a full agonist and AC-98170 a partial agonist. The methyl group bound to hydrazone 

in the agonist AC-55541 gives an increase in the potency compared to hydrogen or 

another larger alkyl group such as an ethyl group. AC-55541 is weakly soluble in 

organic solvents as well as aqueous phosphate buffers with a good metabolic stability 

in human and rat microsomes suggesting the potential to be used in vivo (Seitzberg et 

al., 2008). AC-55541 and AC-264613 are more potent agonists, with increased 

activity compared to the synthetic peptide SLIGRL and due to their selectivity for 

PAR2 are preferred. AC-55541 and AC-264613 agonists both contain a bromo-

benzyl group. Higher agonist potency is due to substitution in the meta position, 

substitution in the para or ortho position shows a reduction in activity (Seitzberg et 

al., 2008, Gardell et al., 2008).   

 

All of the three agonists outlined lack drug-like properties and this needs to be 

developed, one technique is the formulation of non-peptidic PAR2 agonists. This 

approach is based on substitution at the C or N-terminal serine within the 

hexapeptide structure (Barry et al., 2010, Barry et al., 2007). This has proved 

successful, the agonist GB110 activates PAR2 mediating the release of intracellular 

Ca
2+

 in various cell types. GB110 also has the same potency compared to most 

synthetic peptide agonists and has shown to be selective for PAR2 over PAR1 (Barry 

et al., 2006). 
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1.7.3   PAR2- cellular expression, activation, and functions 

Following the identification of PAR2, studies examining PAR2 expression and 

responses to activation in different cell types and tissues, gave an indication of the 

role of the receptor in normal physiology and pathological conditions. PAR2 is 

distributed throughout the body including but not limited to pancreas, kidney, liver, 

airway, gastrointestinal tract, ovary, joint and prostate. PAR2 is strongly expressed in 

immune cells including; T cells, macrophages, mast cells, neutrophils, eosinophils 

and dendritic cells (Shpacovitch et al., 2008) as well as cells of epithelial origin and 

endothelial cells, suggesting a role in immunity and inflammation. Indeed, PAR2 

also has an important role in a range of pathological conditions, for example in 

diseases such as; asthma, colitis, arthritis, skin disorders, inflammatory pain, 

Alzheimer’s, and cardiovascular disease (Ossovskaya and Bunnett, 2004, Adams et 

al., 2011). The role of PAR2 in systems physiology and disease states and the 

development of therapies directed against PAR2 are outlined in more detail in the 

following sections.  

 

 

1.8   PAR2 signalling 

Upon activation PAR2 undergoes a conformational change and couples to second 

messenger systems to initiate downstream intracellular signalling pathways which 

drive a variety of physiological outcomes. As with PAR1, specific heterotrimic G-

proteins, such as Gαs, Gαq, Gαi and Gα12/13 couple to PAR2 upon activation and 

mediate different downstream signalling pathways (Adams et al., 2011, Hirota et al., 

2012). PAR2 can also signal independently of G-proteins by coupling to β-arrestins 1 

or 2, this pathway is known as the G-protein independent pathway and whilst usually 

associated with receptor desensitisation (see section 1.7.2)  is relevant in MAP kinase 

signalling (DeFea et al., 2000, Ge et al., 2003, Soh et al., 2010). The coupling of G-

protein or arrestins to PAR2 depends on the cell type and the stimulus used perhaps 

reflecting differences in expression patterns of signalling intermediates.   
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1.8.1 PAR2 canonical G-protein signalling 

PAR2 is predominantly linked to the Gαq/11/PLC pathway resulting in the generation 

of the second messengers diacylglycerol (Schaffhauser et al.) and inositol 1,4,5-

triphosphate (IP3). This leads to protein kinase C (PKC) activation and Ca
2+

 

mobilisation from the endoplasmic reticulum, as illustrated in figure 1.3. This is 

evidenced usually through the production of intracellular Ca
2+

, demonstrated in a 

range of cell lines including intestinal epithelial and kidney cells (Bohm et al., 1996, 

Molino et al., 1997b). PAR2 mobilises intracellular calcium in hippocampal 

neurones and astrocytes which was blocked by a PLC inhibitor (Bushell et al., 2006). 

PAR2 has been shown to be linked to IP3 formation in COS-7-PAR2 cells, which in 

turn leads to calcium mobilisation (McCoy et al., 2010). Furthermore, mobilisation 

of intracellular Ca
2+

 mediated by PAR2 was shown to be inhibited by the Gαq/11 

inhibitor GP2A (Ramachandran et al., 2009). Finally, the Gαq/11 inhibitor YM254890 

has been shown to inhibit PAR2 mediated inhibition of cytokine stimulated JNK 

activation (McIntosh et al., 2010). 

 

PAR2 also has the potential to interact with other G-proteins depending on the 

context. SLIGRL-NH2 activates PAR2 to increase cAMP, and PKA levels suggesting 

a link to Gαs (Amadesi et al., 2006). In addition, coupling to Gαi leads to inhibition 

of adenylyl cyclase (Myatt and Hill, 2005) and reduction in cAMP production 

(Adams et al., 2011, Hirota et al., 2012) suggesting a divergence in coupling 

mechanisms. In another study, PAR2 couples to Gα12/13, which is associated with 

Rho-dependent phagocytosis (Scott et al., 2003) an effect abrogated by a Gα12/13 

inhibitor (McCoy et al., 2010). However, this mode of coupling is not a widespread 

phenomenon and is more recognised for PAR1 signalling.   

 

There are also a number of key signalling pathways downstream of PAR2 activation. 

A well-recognised cascade involves the mitogen-activated protein kinases (MAPKs) 

in particular, ERK. Activation of this cascade via PAR2 has been demonstrated in 

various cell types including endothelial cells and dermal fibroblasts (Belham et al., 

1996, Dery et al., 1998, Wang et al., 2006a). SLIGRL-NH2 mediated stimulation of 

PAR2 activates ERK in HT29 and epithelial cells resulting in the production of IL-8 
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(Wang et al., 2010). A further study has also demonstrated that PAR2-induced ERK 

signalling mediates the proliferation of human prostate stromal cells (HPSCs), which 

is dependent upon PKC but insensitive to pertussis toxin (PTX) suggesting preferred 

coupling to Gαq/11 in this model
 
(Myatt and Hill, 2005). 

 

Similar to PAR1, PAR2 can also, via a G-protein dependent mechanism, trans-

activate the EGFR in intestinal epithelial cells to drive ERK activation and increase 

epithelial permeability (Tripathi et al., 2009). PAR2 has also been shown to couple 

to β-arrestins to mediate ERK signalling in a manner independent of G-proteins. An 

original breakthrough study demonstrated that whilst the PAR2-arrestin complex was 

internalised as part of receptor desensitisation this also mediated ERK activation 

downstream of Ras within the cytosol and promoted nuclear translocation (DeFea et 

al., 2000). The expression of PAR2 mediated the activation of ERK via coupling to 

β-arrestins has been approved by Ge et al, 2004. For example transfection of breast 

cancer cells (MDA MB-231) with a fragment of arrestin-1 (ARR
319

-
418

GFP), acting 

as a dominant negative mutant, or siRNA to knockdown arrestin expression, results 

in a marked inhibition of PAR2 induced ERK activation and migration (Ge et al., 

2003, Ge et al., 2004). In addition, β-arrestin dependent ERK activation leads to 

cofilin-mediated chemotaxis following PAR2 stimulation, this response was 

abolished in cells from arrestin KO mice (Zoudilova et al., 2007, Zoudilova et al., 

2010). The PAR2-arrestin complex also induces Raf to stimulate ERK1/2 at the sites 

of membrane ruffling and filopodia formation (Stalheim et al., 2005). This permits 

permeability of epithelial cells through the redistribution of narrow junction proteins 

(Nagumo et al., 2008). 

 

A number of further studies have demonstrated that both G-protein dependent and 

independent pathways can contribute to ERK activation and this is temporally linked, 

the implication being that early activation is G-protein dependent whilst later 

activation is β-arrestin dependent. Lau and co-workers have demonstrated the 

biphasic activation of ERK in apical cells, rapid activation at 5 minutes, diminishing 

at 30 minutes, and returning to a second peak at 60 minutes. In contrast, the 

activation of ERK is prolonged for up to 60 minutes in basolateral cells and is 
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prevented by PLC inhibition, calcium chelation and dominant negative arrestin 

depending on the time of stimulation (Lau et al., 2011). This phenomenon has been 

shown in Kirsten murine sarcoma virus–transformed rat kidney epithelial cells 

(KNRK) and transfected with PAR2 (KNRK-PAR2), the later activation of ERK at 

90 minutes occurs through an internalised PAR2-β-arrestin-raf-1-activated ERK 

complex, whereas the rapid activation of ERK between 0-5 minutes is Gαq dependant 

and still apparent in arrestin-deficient cells (DeFea et al., 2000, Defea, 2008, Ge et 

al., 2003, Stalheim et al., 2005). Prolonged ERK activation via β-arrestin mediates 

the sustained increase in intestinal paracellular permeability (Jacob et al., 2005).  

 

PAR2 has also been shown to activate other signalling cascades. PAR2 activation of 

the IKK/NFB has been demonstrated in PAR2 transfected cells (Kanke et al., 

2001). This effect has been shown to be mediated by Gαq/11 and PKC dependent 

pathways (Goon Goh et al., 2008). PAR2 also activates the NFB pathway in 

coronary smooth muscle cells, primary nasal epithelial cells and 

human umbilical vein endothelial cells (Kanke et al., 2001, Bretschneider et al., 

1999). In the latter two cell types, this is linked to increased production of the 

chemokines, CXCL1 and CXCL8 (Rudack et al., 2007, Niu et al., 2008). Trypsin 

and SLIGRL-NH2 also activate the NFB pathway through PAR2 leading to the 

secretion and expression of both IL-8 and the chemokine CXCL1 in human nasal 

mucosal cells and intestinal epithelial cells (Wang et al., 2010, Rudack et al., 2007). 

 

PAR2 coupling to NFB is cell type specific suggesting a unique mode of 

interaction. Indeed, PAR2 has been shown to couple to Toll-Like Receptor 4 (TLR4) 

in human embryonic kidney (HEK293) cells and this leads to the production of IL-8 

via NFB-signalling (Rallabhandi et al., 2008). Similar to the study above, PAR2 

mediated NFB signalling can be mediated by cross talk with TLR3 and TLR2 in 

mouse macrophages (Nhu et al., 2010). Whether this is a consistent physiologically 

relevant interaction is open to question as no other studies have confirmed this 

phenomenon.   
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                                                        Adapted from (Rothmeier and Ruf, 2012). 

 

Figure 1. 3 PAR2 downstream signalling 

G-protein-dependent signalling occurs when PAR2 couples to G-proteins: Gαi 

induces Ras-Raf-ERK1/2 signalling through SRC-SHC-GRB-2 complex, Gαq/11 

induces PLC leading to Ca
2+

/PKC signalling, and Gα12/13 induces Rho kinase. 

ERK1/2 MAPK also activates through PAR2 couples to Gαq/11 and induces PLC 

leading to Ca
2+

/PKC/Raf/ERK1/2 signalling. β-arrestin-dependent signalling occurs 

when PAR2 couples to β-arrestin and negatively regulates G-protein signalling 

leading to mediate the internalisation of PAR2 into early endosomes resulting to 

activate Raf and ERK1/2.  
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1.8.2 PAR2 desensitisation 

 

PAR2 mediated signalling must be regulated and in effect, switched off as 

uncontrolled receptor activation could lead to detrimental effects. As with other 

GPCRs, PAR2 is therefore effectively desensitized and/or down-regulated (Cottrell 

et al., 2003), as depicted in figure 1.4 . Binding of PAR2 to -arrestin is initiated by 

the phosphorylation of the cytoplasmic domain of PAR2, (DeFea et al., 2000, Ricks 

and Trejo, 2009). G-protein coupled receptor kinase (GRK) rapidly phosphorylates 

PAR2 in the C-terminal and third TM domain as well as uncoupling the receptor 

from G proteins. The phosphorylated receptor binds to the functional cofactor β-

arrestin and this disrupts the interaction between G-proteins and PAR2. PAR2 is then 

internalised into clarthin coated pits and stored in the early endosomes, this is 

followed by PAR2 redistribution to the lysosomes where it is degraded (Dery et al., 

1999). The GTPase Rab5a mediates the translocation of the PAR2-β-arrestin 

complex to early endosomes, a β-arrestin scaffolded endosomal multi-protein 

signalling complex forms, followed by PAR2 degradation (Roosterman et al., 2003).  

 

Studies have illustrated that cytoplasmic stores of newly synthesised PAR2 exist in 

the golgi apparatus. Activation of PAR2 revealed redistribution of GTPase rab11a 

that co-localises with PAR2. Rab11a redistributes to vesicles containing PAR2, 

followed by PAR2 migration to the cell surface (Roosterman et al., 2003). The same 

studies demonstrated that the receptor was endocytosed into early endosomes that 

contain the small GTPase rab5a. Rab5a then remains in the early endosomes whilst 

PAR2 localises to lysosomes (Roosterman et al., 2003).  
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                                           Adapted from (Ossovskaya and Bunnett, 2004). 

 

Figure 1. 4 The mechanism of PAR2 desensitisation and down-regulation.  

Desensitisation of PAR2 occurs in many steps: 1-PAR2 cleavage and activation; 

PAR2 couples to G-proteins. 2- GRK phosphorylates PAR2 in the C-terminus and 

the third TM domain; phosphorylated PAR2 binds to β-arrestin leading to PAR2 

uncoupling from G-proteins. 3- Desensitisation; by clathrin coated pits; PAR2 is 

stored in the early endosomes, PAR2 is endocytosed and downregulated into early 

endosomes; trafficking by small GTPase rab5a. 4- The internalised PAR2 is targeted 

for lysosomal degradation. 5- Newly synthesised PAR2 trans-locates to the cell 

membrane by redistribution of GTPase rab11a which co-localises with PAR2. 6-

PAR2 is then mobilised to the cell surface (re-sensitisation). 
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1.9 The physiological and pathological roles of PAR2  

1.9.1 PAR2 and inflammation 

It is well accepted that PAR2 has a crucial role in the cardinal responses of 

inflammation such as pain, redness, and swelling through a diverse series of cellular 

effects. It is generally accepted however that under normal conditions PAR2 is 

protective for example, several studies show trypsin and peptide mediated relaxation 

in vascular preparations via the release of NO from endothelial cells (Cirino et al., 

1996, al-Ani et al., 1995). This effect can also be a contributor to enhanced blood 

flow during inflammation. In acute inflammation mast cell tryptase has been shown 

to activate PAR2 by regulating mast cell infiltration and degranulation within 

vascular tissues and the GI tract (Corvera et al., 1997, Molino et al., 1997a).  

Furthermore, the level of PAR2 mRNA expression in endothelial cells is enhanced 

by TNFα for up to 4 days (Hamilton et al., 2001a, Nystedt et al., 1996) and this is 

linked to increased functional responses (Ritchie et al., 2007), suggesting a link to 

more chronic inflammation through dynamic receptor upregulation. Arachidonic acid 

formation and release of prostaglandin E2 (PGE2), are also induced by PAR2 

activation via coupling to cyclooxygenases 1, 2 and phospholipase A2 (Syeda et al., 

2006, Kong et al., 1997), again relevant in the context of both acute and chronic 

inflammation. PAR2 also induces the pro-inflammatory cytokines and leukocyte 

adhesion molecules such as ICAM-1 (Buddenkotte et al., 2005). Another study has 

shown that ERK MAPK and PI-3 kinase/AKT signalling pathways mediated through 

activation of PAR2 in gut epithelial cells causes IL-8 release (Tanaka et al., 2008). 

Interestingly, IL-8 is stimulated in response to microbial challenge within the gut and 

this involves PAR2. PAR2 mediates macrophage activation in the acute 

inflammatory phase, which in turn modulates the smooth muscle, epithelium, and 

nerves cells throughout the intestine. 

 

A significant area of study has been in the area of joint inflammation, arthritis, and 

pain. These studies have been aided by the development of KO mice models. 

Diminished inflammation has been evidenced in the joints and airways of PAR2 
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deficient mice compared to WT counterparts (Ferrell et al., 2003, Schmidlin et al., 

2002). Knecht and colleagues have illustrated that thermal hyperalgesia and pain are 

increased when PAR2 is stimulated with trypsin (Knecht et al., 2007). In addition, 

nociception arising from hyperalgesia, cancer, and chemical agents are all decreased 

in PAR2 knock-out mice (Lam and Schmidt, 2010, Alier et al., 2008). Interestingly, 

one group has have shown that PAR2-mediated inflammation in a murine oedema 

model can be reduced by the addition of insulin. This was highlighted by a marked 

reduction in leukocyte trafficking in mouse intestinal venules and reduced calcium 

mobilisation mediated by PAR2 in endothelial and cultured dorsal root ganglion 

neurons cells (Hyun et al., 2010). 

 

Several other studies have demonstrated that chronic inflammatory diseases such as 

arthritis are influenced by activation of PAR2. For example, intra-articular injection 

of carrageenan (causes inflammation)  into mice induces joint oedema and swelling 

via PAR2, when PAR2 is inhibited by using either antibodies that block PAR2 

activation or the antagonist ENMD-1068 (Kelso et al., 2006) this arthritic response 

was markedly reduced. Increased expression of PAR2 has also been observed in 

synovial biopsies from rheumatoid arthritis patients (Busso et al., 2007). In addition, 

deletion of PAR2 in mice resulted in diminished osteoarthritis (OA) indices, for 

example; cartilage degradation and raised subchondral bone formation. The 

osteoarthritis induced by the sectioning of the medial meniscotibial ligament 

(MMTL) was markedly reduced in PAR2 KO mice. The same study has shown that 

the progress of osteoarthritis could be inhibited by using the blocking antibody 

SAM11 (Ferrell et al., 2010).   

 

PAR mediated bone damage has also been found to be a feature of OA. Osteophytes 

were more highly expressed in WT PAR2 mice compared to KO PAR2 mice. 

Osteosclerosis also presented in WT PAR2 within 14 days following destabilisation 

of the joint medial meniscus (DMM), while no osteosclerosis was observed in KO 

PAR2 even after day 28 (Huesa et al., 2016). Taken together, these studies suggest 

the potential of PAR2 inhibition as a promising therapeutic route for the treatment of 

joint inflammation and pain (McCulloch et al., 2018). 

https://www.medicalnewstoday.com/articles/248423.php
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1.9.2 PAR2 and Respiratory responses 

 

Unsurprisingly, PAR2 has an important role in allergic inflammation and the 

immune response in epithelium and myocytes of the airway. Activation of PAR2 

increases levels of IgE in response to the airway allergen ovalbumin (OVA), leading 

to infiltration of leukocytes into BALF and increased methacholine-mediated airway 

hyper-reactivity. This response is not observed in PAR2 deficient mice (Schmidlin et 

al., 2002). Further use of the PAR2 knockout mouse model, has shown a reduction in 

both eosinophil infiltration and activation of the chemoattractant eotaxin, resulting in 

reduced airway inflammation (Takizawa et al., 2005). 

 

There is also an important role for PAR2 in response to respiratory bacterial 

infections. In response to Pseudomonas aeruginosa inflammation, PAR2 KO mice 

showed enhanced inflammation, which is demonstrated by increased bronchoalveolar 

lavage fluid, neutrophil, and TNFα levels. In contrast, levels of IFN-γ are decreased 

and bacterial phagocytosis efficiency in macrophages and neutrophils is diminished 

in KO PAR2. Based on these observations PAR2 blockade could enhance acute lung 

injury, chronic obstructive pulmonary disease, adult respiratory distress syndrome 

and cystic fibrosis (Moraes et al., 2008). This suggests a protective role for PAR2 in 

this situation contrasting with pro-inflammatory roles outlined above.  

 

1.9.3 PAR2 and gastrointestinal system (colitis, stoma, intestinal) 

 

Given that the pancreas is a major source of trypsin and PAR2 is expressed in many 

intestinal cell types, it is not surprising to find a relationship between increased 

protease activity and inflammatory disease within the gastrointestinal tract (GI). 

Indeed, expression of PAR2 is found in various cell types of the GI tract such as 

enterocytes, smooth muscle cells, and intestinal glands and a direct correlation has 

been established between the distribution of PAR2 in the intestine and disease 

(Zannoni et al., 2014). However, PAR2 expression is found in other digestive tract 
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organs such as the pancreas and is activated by secreted trypsin from acinar cells of 

the pancreas and a role in normal physiology is also apparent (Demaude et al., 2009). 

 

Activation of PAR2 via tryptase occurs in gastrointestinal smooth muscle and results 

in contraction aiding peristalsis (Kandulski et al., 2011). Trypsin secretion from the 

pancreas also aids food digestion and is regulated via PAR2 signalling. Acinar and 

duct cells are types of exocrine cells which also express PAR2 (Demaude et al., 

2009), calcium mobilisation and amylase released from isolated pancreatic acini can 

be induced by trypsin or agonist peptides (Sharma et al., 2005b). Trypsin also 

activates apical PAR2 to induce cell signalling in enterocytes (Lau et al., 2011). 

Actin remodelling and redistribution of tight junction proteins in these cells is 

mediated by the activation of PAR2 via β-arrestin-dependent activation of ERK 

(Jacob et al., 2005). PAR2, possibly via activation through EGFR, triggers chloride 

secretion in SCBN cells, mediated through ERK activation and the formation of 

prostaglandin E2 acting on EP2 and EP4 receptors (van der Merwe et al., 2008).  

 

The main function of epithelial cells in the colon, which express PAR2, is in 

controlling the colonic barrier as an immune protective barrier, which hinders the 

translocation of bacteria to submucosal tissues, as well as controlling the trans-

epithelial migration of infected cells to the lumen of the gastrointestinal tract (Kong 

et al., 1997). Colonic inflammation has been shown to be mediated by PAR2 

activation and is characterised by tissue damage, granulocyte infiltration, increased 

wall-thickness, and bacterial translocation into peritoneal organs (Hyun et al., 2008, 

Cenac et al., 2002). This is linked to high constitutive PAR2 expression in the 

intestine and high quantities of tryptase and trypsin in the intestinal fluids of patients 

with inflammatory bowel diseases (Cenac et al., 2007).    

 

PAR2 is also expressed in duct and acinar cells of the pancreas and can be activated 

via secreted trypsin when pancreatic dysfunction occurs. Electrolyte secretion 

(Nguyen et al., 1999) and amylase release are mediated by PAR2 activation which is 

dependent on intracellular calcium release in pancreatic duct epithelial cells 

(Kawabata et al., 2000). Interestingly in PAR2 KO mice, inflammatory effects within 
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the pancreas are exacerbated, there is protection from inflammation in wild-type 

PAR2 mice when the receptor is pre-treated with activating peptides (Singh et al., 

2007, Sharma et al., 2005a). This suggests that high levels of PAR2 in the intestine 

may not be always linked to disease and PAR2 under some instances may be 

protective.  

 

1.9.4 PAR2 and the cardiovascular system 

 

Many studies have demonstrated the importance of PAR2 in the cardiovascular 

system, original work showed a widespread distribution within vascular tissues 

(Nystedt et al., 1994). Hamilton and colleagues initially demonstrated PAR2 

regulation of vascular tone using synthetic peptides, endothelium-dependent 

relaxation occurs via PAR2 activation in rat aorta (Hamilton et al., 2001a). Other 

studies have shown a similar PAR2 endothelium-dependent relaxation in human 

umbilical vein (Saifeddine et al., 1998) and rat pulmonary artery (Hamilton et al., 

2001b). In these and later studies for example in rat mesenteric arteries, the effect is 

blocked by pre-treatment with an Nitric Oxide (NO) inhibitor (Maruyama et al., 

2015). More recently, these effects have been shown to be prevented by pre-

treatment with the putative PAR2 antagonists ENMD1068 and GB83 (Roviezzo et 

al., 2014). 

 

The role of PAR2 has been demonstrated in ischemia/reperfusion injury-induced 

inflammation, myocardial infraction, and heart remodelling, investigated using PAR2 

KO mouse models (Antoniak et al., 2010). Regulation of blood pressure by PAR2 

has been examined in hypertension by measuring the salt-sensitivity parameters, 

hypertension is mediated by PAR2 through the formation of angiotensin II (McGuire 

et al., 2008).  PAR2 expression is enhanced by the pro-inflammatory cytokine TNF-

α which increases responsiveness in mammary and coronary arteries (Ballerio et al., 

2007). However, it is unclear if this mediates vascular inflammation or is protective 

against it. Indeed, many studies have reported that cardio-protection can be mediated 

through PAR2. For example, in a mouse model of ischemia-reperfusion injury, there 
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was a significant decrease in infarct size in WT PAR2 but not in KO PAR2 mice 

(Lim et al., 2009). The studies outlined above demonstrate that increased expression 

of PAR2 has an influence on acute cardiovascular actions. 

 

PAR2 has also important cardiovascular action in particular at the endothelial cell 

level; this cell type plays a critical role in the coagulation cascade (D'Andrea et al., 

1998). Tissue factor (TF) initiates the extrinsic coagulation cascade, which is 

considered as an integral membrane protein that links with factor VIIa and converts 

factor X to factor Xa. The complex TF-VIIa is a serine protease complex that has the 

ability to cleave PAR2 (Camerer et al., 2000). The cleavage of PAR2 on endothelial 

cells by the TF-VIIa complex is facilitated via integrin activation (Dorfleutner et al., 

2004). Thus, PAR may have an important role in the regulation of coagulation during 

systemic inflammation. Activation of PAR2 via TF-VIIa also leads to hypoxia-

induced angiogenesis through the deletion of cytoplasmic TF domain (Uusitalo-

Jarvinen et al., 2007) enhancing capillary regrowth following tissue damage. 

 

 

1.9.5 PAR2 and the Central Nervous System 

 

Several studies have reported that PAR2 is widely expressed in the central and 

peripheral nervous systems and an increasing body of evidence points to a role in 

CNS conditions (Bushell et al., 2016). Activation of PAR2 has been reported to 

protect hippocampal neurons from neurotoxicity that is mediated by the cell death 

agent kainate; this is due to an effect on astrocyte activation, the CXCR2 receptor 

and the metabotropic glutamate receptors (Greenwood and Bushell, 2010). PAR2 has 

also been shown to sensitise neurones to extracellular acidosis via activation of the 

acid-sensing ion channel 3 (ASIC3) (Wu et al., 2017). The differentiation and 

survival of CNS glial and neurons can also be mediated by PAR2 induced ERK 

activation and protein kinase B (AKT) (Nikolakopoulou et al., 2016, Vandell et al., 

2008). In neurons, PAR2 prevents β-amyloid toxicity, which is neurodegenerative in 

AD, whereas in some conditions PAR2 mediated expression of pro-inflammatory 
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cytokines and chemokines are increased in glial cells and linked to pathology 

through mediating neuronal cell death (Afkhami-Goli et al., 2007).  

 

1.9.6 PAR2 and cancer 

As outlined above PAR2 had been shown to be linked to a number of key signalling 

pathways including MAP kinases (Belham et al., 1996, Yu et al., 1997) and others  

linked to proliferation, giving rise to a potential role in cancer. This has been 

examined to some extent at the cellular level but definitive evidence is lacking from 

xenograft and other mice models of cancer as well as good clinical biomarker data. 

In colon cancer cells (SW620) PAR2 activation by TV/FVIIa stimulates cell 

proliferation and migration (Hu et al., 2013). PAR2 activation also promotes cell 

survival and leads to a decrease in cytokine-induced apoptosis in HT29 cells through 

the activation of MEK1/2 (Iablokov et al., 2014). In addition, PAR2 mediated 

activation of ERK induced by TGF-β1 results in cell migration in Panc1 cells 

(Ungefroren et al., 2017). Recently, stimulation of PAR2 results in an increase in the 

release of cytokine granulocyte colony-stimulating factor (G-CSF) in metastatic 4T1 

and MDA-MB-231 breast cancer cells, which in turn aids tumour formation. The 

secretion of G-CSF was diminished following KO PAR2 knockdown in 4T1 cells 

(Carvalho et al., 2018). In contrast, other groups have demonstrated the potential of 

anti-proliferative effects; activation of PAR2 has been shown to decrease 

proliferation in keratinocytes (Schepis et al., 2018), whilst in some tumor cell lines, 

synthetic PAR2 peptides acting via PAR2 inhibit colony formation (Bohm et al., 

1996). 

 

A role for PAR2 in cancer progression has been demonstrated more recently. For 

example, PAR2 has been shown to regulate cancer progression in cells from the 

colon and stomach through increased levels of FV11a leading to up-regulation of 

MMP-9 and down-regulation of caspase-3 (the apoptosis activator) (Wu et al., 2013). 

In the human gastric carcinoma cell line (MKN-1), the methylation ratio (MR), 

which is an indication of tumour progression, is decreased through PAR2 and linked 

to cases of stomach carcinogenesis. Interestingly in chronic inflammation MR is 
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increased suggesting an interesting dual role for PAR2 in both inflammation and 

cancers of the GI tract (Arisawa et al., 2007). In one of very few in vivo studies, 

Versteeg and colleagues have shown that in the absence of PAR2, metastasis is 

diminished and tumor progression delayed in a mouse mammary tumour virus- 

polyoma middle T (MMTV-PyMT) model. In addition, the proliferation of the 

aggressive human breast cancer cell line (MDA-MB-231s) is inhibited in a xenograft 

model when TF-FVIIa-PAR2 signalling is decreased (Versteeg et al., 2008). Finally, 

PAR2 via its effects upon inflammation may also play a role within the tumour 

microenvironment and whilst no studies have examined this in detail PAR2 synthetic 

peptides and TF-VIIa can stimulate cytokine release in MDA-MB-231 cells 

(Albrektsen et al., 2007).  

 

 

1.10 Targeting PARs for the development of new medicines 

 

Given the role of PARs in disease it is not surprising that there has been a 

considerable focus on the development of inhibitors and modulators of each receptor. 

However, this has been a very difficult problem to solve and progress has been slow. 

The major reason is that the interaction with the tethered ligand with ECL2 of the 

receptor is difficult to model and until recently, no crystal structures were available. 

This section focusses on the development of PAR1 antagonists as an exemplar, 

PAR4 and more recently PAR2. 
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1.10.1 The development of PAR1 antagonists 

 

The first described peptide antagonists for PAR1 were RWJ-56110, RWJ-58259 and 

SCH530348; all were reported to be potent compounds with good therapeutic 

properties (Maryanoff et al., 2003, Andrade-Gordon et al., 1999). The three crucial 

functional groups in each of these antagonists were found to be the N-terminus 

amino group, the guanidino group of R
5
 and the centre of the benzene ring of the 

second residue (see table 1-2). These groups were part of a three-point 

pharmacophore model, where 6-aminoindole is the rigid scaffold attached to the 

three groups. The antagonist RWJ-56110 was shown to have good potency and 

selectivity for PAR1 and was able to inhibit both thrombin and SFLLRN-NH2 

mediated platelet aggregation. The weakness in this compound however is that it 

caused hypotensive responses in guinea pigs, the possible reason was thought to be 

due to the substitution in position 2 of the 6-aminoindole. Replacement of the indole 

group with indazole resulted in RWJ-58259. This compound displayed high affinity 

for PAR1, and had the same potency and selectivity compared to RWJ-56110 in the 

inhibition of platelet aggregation, however RWJ-58259 was found to have no side 

effects in guinea pigs (Zhang et al., 2001). 

 

The PAR1 antagonist atopaxar (E5555) has been used in patients with coronary 

artery disease and acute coronary syndrome (Cirino and Severino, 2010, Serebruany 

et al., 2009). Reduced platelet aggregation and the platelet-monocyte aggregates are 

the main mechanism of its action (Serebruany et al., 2009). The Tricyclic 3-

phenylpyridine (SCH530348), later on known as vorapaxar; has also been described 

as a PAR1 antagonist in platelets (Chackalamannil et al., 2008). The compound has 

also been used in other atherosclerosis linked conditions (Morrow et al., 2009). In 

clinical studies, vorapaxar caused a decrease in major adverse coronary events 

(MACE) and excess bleeding in patients with non-ST-segment elevation acute 

coronary syndrome (Goto et al., 2010). Most recently, the anti-platelet drug PAR1 

antagonist vorapaxar has been used in acute coronary artery syndrome and in cases 

of atherothrombosis. It is also used for antiplatelet therapy especially in intracranial 

haemorrhage with stroke patients (Tricoci et al., 2012, Morrow et al., 2012). This 
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PAR1 antagonist was approved in the USA to prevent thrombosis in patients that 

have a history of peripheral artery disease or myocardial infraction (French et al., 

2015). However, unfortunately, Vorapaxar is now used for limited cohorts only due 

to severe bleeding side effects witnessed with its use. A full list of PAR1 non-peptide 

antagonists can be found in table (1-2). 

 

Another novel approach to inhibit PAR1 has been to utilise pepducins, these are N-

palmitoylated peptides, which block the coupling of the receptor to the relevant G-

protein. This includes P1pal-12 (pal-RCLSSSAVANRS-NH2) which has been shown 

to be selective for PAR1 over the other PARs (Covic et al., 2002a). P1pal-12 has 

been shown to prevent PAR1 mediated lung vascular damage, disseminated 

intravascular coagulation and sepsis lethality (Kaneider et al., 2007). Another PAR1 

pepducin P1pal-7 (pal-KKSRALF-NH2) has been demonstrated to prevent lung 

metastasis and induces cellular apoptosis in tumour xenografts, through inhibition of 

PAR1 induced MMP-1 and blockage of the Akt survival pathway (Yang et al., 

2009). A more recent study demonstrated that the pepducin PZ-128 is a potent 

antiplatelet agent through inhibiting PAR1 (Gurbel et al., 2016). Nevertheless, 

despite these promising results these compounds are unlikely to reach the clinic in 

the immediate future. 
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Structure  and symbol role Reference 

 

BMS-197525 

Inhibits platelet 

aggregation 

(Bernatowicz et 

al., 1996) 

RWJ-56110 

Inhibition platelet 

aggregation and 

smooth muscle 

Ca
2+

 mobilization 

(Andrade-

Gordon et al., 

1999) 

 

RWJ-58259 

Anti-platelet agent (Gandhi et al., 

2018) 

 

FR171113 

inhibited thrombin-

induced platelet 

aggregation  

(Kato et al., 

1999) 

 

SCH79797 

inhibits human 

platelet 

aggregation 

(Ahn et al., 

2000) 

 

inhibits thrombin 

receptor stimulated 

aggregation of 

platelets and 

secretion 

(Barrow et al., 

2001) 
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inhibits thrombin 

receptor stimulated 

aggregation of 

platelets and 

secretion 

(Barrow et al., 

2001) 

 

 inhibits platelet 

activation, blocks 

platelet 

aggregation  

(Nantermet et 

al., 2002) 

 

F16357 

High potency to 

antithrombotic in 

rat model  

(Perez et al., 

2009) 

 

F16618 

High potency to 

antithrombotic in 

rat model 

(Perez et al., 

2009) 

 

Inhibit Ca
2+ 

in 

CHO cells, 

antithrombotic 

response in rat 

(Planty et al., 

2010) 

               

SCH530348 (Vorapaxar) 

Inhibits PAR1 on 

platelets 

(Chackalamannil 

et al., 2008, 

French et al., 

2015) 

 

E5555 (Atopaxar) 

Inhibits PAR1, 

inhibits platelet 

function  

(Serebruany et 

al., 2009) 

Table 1. 2 PAR1 antagonists 
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1.10.2 PAR4 drugs developed to date 

There are only a few PAR4 antagonists described to date, as this has proven a more 

difficult drug target compared to PAR1. An early study utilised the peptide Trans-

cinnamoyl-YPGKF (tc-YGPKF) derived from the tethered ligand sequence of PAR4 

and found inhibition of platelet aggregation (Hollenberg and Saifeddine, 2001). 

Another PAR4 antagonist found to block thrombin-activated platelet aggregation in 

mice is YD-3 [1- benzyl-3 (ethoxycarbonylphenyl)-indazole] (Wu et al., 2002). The 

use of pepducins as a strategy to inhibit PAR4 has also been investigated. For 

example, the PAR4 pepducin P4pal10 (pal-SGRRYGHALR-NH2) inhibits human 

platelet aggregation induced through thrombin, prolongs bleeding time and prevents 

systemic platelet activation in mice (Covic et al., 2002b). Recently, BMS-986120 

was developed as a PAR4 antagonist and acts as an antiplatelet agent with the 

potential to treat cardiovascular diseases, the drug reduces the bleeding risk and 

atherothrombosis mediated by PAR4 in a cynomolgus monkey arterial thrombosis 

model (Wong et al., 2017).  

 

1.11   Challenges in PAR2 drug design PAR2 as a therapeutic target  

The challenge in developing PAR2 directed therapies is the same as with all new 

small molecule drugs. In addition, to ensuring good pharmacodynamics i.e a strong 

interaction with the target receptor with high potency and selectivity, any drug needs 

to meet certain criteria linked to toxicity, pharmacokinetics, bioavailability, and 

delivery. The percentage of new drugs which go forward and make it to the clinic 

currently is only 0.01% (Milardi and Pappalardo, 2015).  

 

For the PAR1 compounds developed thus far a number have shown off-target effects, 

lack of potency in particular disease settings or unexpected side effects. The 

antagonist BMS-197525 while inhibiting PAR1 also behaves as a partial agonist for 

PAR2 in HEK293 cells. This off-target behaviour is likely due to the high sequence 

similarity between PAR1 and PAR2 (Kawabata et al., 1999). Therefore, designing a 

new drug which is selective for one PAR over another is difficult. One of the main 

problems in PAR2 drug discovery is the potency; some initially discovered 
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compounds although selective have a very low potency. For example, ENMD-1068 

is a PAR2 antagonist but displays weak potency in vitro (Kelso et al., 2006). Some 

natural compounds have been shown to disarm the activation of PAR2 via inhibition 

of the NFB pathway such as triptolide but they show toxic properties with oral 

administration in rats (Shao et al., 2007). 

 

However, PAR2 is still viewed as a highly promising target for the treatment of a 

number of diseases with small molecules, both agonists and antagonists, antibodies 

and gene therapy all being considered as strategies for development (Kanke et al., 

2005). This is based upon expression and function in relevant cell types as outlined 

above; it links to certain functional outcomes such as inflammation, and its 

upregulation during inflammatory challenge (Ossovskaya and Bunnett, 2004, Adams 

et al., 2011).  

 

1.12   PAR2 drugs developed to date 

Similar to PAR1, the initial research on developing PAR2 antagonists was simple 

structure activity relationship studies (SAR) using the initial human and rodent 

tethered ligand sequences. One of the first studies utilising a PAR2 inhibitor was by 

Al-Ani, in 2002. They demonstrated that the peptides, FSLLRY-NH2 and LSIGRL-

NH2 prevented trypsin-mediated cleavage of PAR2 and inhibited activation by 

synthetic peptides (Al-Ani et al., 2002). Another study identified the small molecule 

ENMD-1068 (N1-3- methylbutyryl-N4-6-aminohexanoyl-piperazine) as the first 

non-peptidic antagonist for PAR2 with the ability to decrease acute inflammation in 

mice (Kelso et al., 2006). However, the apparent affinity for PAR2 was in the high 

micromolar range. Our laboratory discovered the peptide antagonist K-14585 (N-[1-

(2,6-dichlorophenyl)methyl]-3-(1-pyrrolidinylmethyl)-1H-indol-5-yl] 

aminocarbonyl]-glycinyl-L-lysinyl-L-phenylalanyl-N-benzhydrylamide). This 

compound inhibited the phosphorylation of p65 NFB and DNA binding in addition 

to decreasing the release of intracellular Ca
2+

 mediated by PAR2; however, ERK 

signalling was not affected by K-14585 suggesting the potential of a bias agonist 

action, which was identified more recently. Significantly, K-14585 only inhibits 
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PAR2 signalling activated by synthetic peptides (Goh et al., 2009), and was therefore 

not considered useful therapeutically.  

 

Another compound Nordihydroguaiaretic acid (NDGA) was also identified as a 

PAR2 antagonist through inhibition of calcium release and a decrease in IL-8 

production in HaCat keratinocytes. NDGA negatively affects anti-inflammatory 

cytokines and inhibits oxazolone-induced chronic dermatitis symptoms in a hairless 

mice model (Kim et al., 2012). Triptolide extracts from Tripterygium wilfordii Hook 

F used in Chinese medicine were also found to inhibit the activity of NFB induced 

by 2f-LIGRLO-NH2 in A549/NF-B-luc cells. Although triptolide was proposed for 

the treatment of lung inflammation (Hoyle et al., 2010), it displayed significant 

toxicity when taken orally in rats (Shao et al., 2007).  

 

1.12.1 PAR2 pepducins 

Due to the very slow development of PAR2 antagonist drugs, peducins were also 

developed. As outlined above pepducins are highly stable sequences of short 

lipidated peptides that are derived from different intracellular loop domains of 

GPCRs. The cell-penetratable pepducin is a N-palmitoylated peptide derived from 

the third intracellular helix within the C-terminal of the cognate PAR2. Pepducins 

were originally developed as blockers of receptor activation but both activators and 

inhibitors have been developed as structure/function relationships are better 

explored. Therefore, some pepducins show biphasic agonist and antagonist activity 

on GPCR signalling and can be considered as allosteric modulators (Covic et al., 

2002a).  

 

Selective PAR2 pepducin agonists or antagonists are designed from the key residues 

(M274, R284, and K287) in the ICL3-TM6 domain. The composition of the 

competitive inhibitor pepducin for PAR2 is often derived from ICL3 or the C-

terminal of PAR2 and designed in a manner similar to other GPCRs (O'Callaghan et 

al., 2012).  Some PAR2 ICL3 pepducins actually bind to a small eighth helix within 

the C-terminal to disrupt receptor/G-protein interactions (Sevigny et al., 2011). The 
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third intracellular loop (ICL3) pepducin antagonist has been shown to inhibit PAR2-

mediated inflammation in paw oedema via blockade of agonist-induced inositol 

phosphate hydrolysis, leukocyte chemotaxis and Ca
2+

 mobilisation, resulting in the 

attenuation of inflammation in mast cells (Sevigny et al., 2011). In addition, the 

pepducin P1pal-13 inhibits the barrier-protective effects mediated by PAR1 but via 

trans-activation of PAR2 signalling (Kaneider et al., 2007). 

 

Some PAR2 pepducins act as allosteric modulators and have a role in directing 

PAR2 functions. Modifying the pepducin P2pal-21 at residues R267 to K287 gives 

rise to a partial PAR2 activator but only following activation by an endogenous 

peptide (Sevigny et al., 2011). In addition, P2pal-21 shows biphasic activity over a 

limited concentration range acting as a partial agonist at low concentrations in PLC-

β-dependent IP3 production and an antagonist at higher concentrations (Covic et al., 

2002a). The full agonist pepducin, derived from P2pal-21 is P2pal-21F as outlined 

above, whilst another moiety P21pal-18Q shows partial PAR2 blocking activity, 

P2pal-18S behaves as a full antagonist of PAR2 as tested by calcium flux. 

Interestingly structure activity relationships are clearly being developed for 

pepducins in a manner similar to small molecules, for example, removal of the first 

residues from the N-terminal reduces agonist like activity to antagonist activity 

(Sevigny et al., 2011). Despite the potential of these types of molecule, there are a 

number of major challenges in defining potency, specificity, off-target effects, 

bioavailability, and delivery. However, current developments are promising.  

 

1.12.2 PAR2 antibodies 

Given the role of PAR2 in inflammation and immune conditions the development of 

specific humanised antibodies has the potential as a treatment. However, even the 

utilisation of commercially available antibodies has resulted in considerable 

difficulties in reliable detection and specificity making the potential to develop 

therapeutics antibodies a very difficult one (Adams et al., 2011). The PAR2 antibody 

most routinely utilised to observe the expression of PAR2 on cell surfaces is SAM11 

and whilst the specificity of this antibody is still questionable, it has been show to 
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block PAR2 mediated responses in vitro and inhibit collagen-induced arthritis in 

mice (Crilly et al., 2012). Moreover, SAM11 has been found to inhibit migration 

during cancer metastasis induced by 2f-LIGRLO-NH2 in human breast cancer cells 

(MDA-MB-231) (Yau et al., 2016b).  Most recently, a series of humanised 

antibodies have been developed paving the way for extensive in vivo studies and 

evaluation in humans. They have a good binding affinity for PAR2 and have been 

shown to inhibit intracellular Ca
2+

 release and prevent cytokine secretion mediated 

by PAR2, as well as inflammatory oedema in vivo (Giblin et al., 2011). However, it 

remains to be determined if anti-PAR2 antibodies have a potential clinical use but 

conditions such as rheumatoid arthritis (RA) would be a viable target.  

 

1.12.3 PAR2 Non-peptides antagonists 

A major breakthrough in the development of antagonists for PAR2 have been in the 

last 8 years which involves the development of non-peptide antagonists. These were 

derived from non-peptide PAR2 agonists such as GB110 using standard medicinal 

chemistry approaches and SAR. Modification of the C-terminus gave rise to the 

compounds GB83 and GB88 (Barry et al., 2010, Suen et al., 2012) and the potential 

of GB88 as a possible viable molecule has been strongly scrutinised.  

 

1.12.3.1 GB88  

A series of papers have identified and characterised a PAR2 antagonist, named 

GB88, which is a spiroindenepiperidine compound derived from the agonist GB110. 

Significantly, GB88 has been shown to inhibit PAR2 activation in not only response 

to synthetic peptides such as peptide 2f-LIGRLO-NH2 but also the endogenous 

protease trypsin, as well as synthetic and non-peptidic agonists such as GB110. In a 

number of cell lines GB88 has found to be a surmountable and competitive 

antagonist for PAR2 in response to 2f-LIGRLO-NH2, while behaving as an 

insurmountable antagonist with trypsin and GB110 as the activators (Suen et al., 

2012). Nevertheless, GB88 showed selectivity over other PARs, good stability in 
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serum and reasonable bioavailability following oral administration in rodents (Suen 

et al., 2012, Lohman et al., 2012b, Lohman et al., 2012a).  

 

More recent work has challenged the definition of GB88 as an antagonist. In one 

study, GB88 has been shown to inhibit intracellular Ca
2+

 release, PKC 

phosphorylation and pro-inflammatory cytokine release (such as IL-6, IL-8, and 

TNFα) mediated by PAR2 whilst at the same time stimulating ERK and cAMP 

suggesting the compound has bias antagonist properties (Suen et al., 2014). These 

properties may be beneficial or detrimental in regarding its possible use clinically.  

 

A very recent major breakthrough has been in the resolution of the crystal structure 

of PAR2 structure by Cheng et al in 2017, and this was achieved through 

stabilisation of PAR2 with two distinct antagonists and a blocking antibody, as listed 

in table 1.3. They demonstrated that the antagonist AZ8838 binds in a fully occluded 

pocket near the extracellular surface. Further investigation of AZ8838 using 

functional and binding studies showed the antagonist to display slow binding kinetics 

which is an appealing trait for a PAR2 antagonist competing against a tethered 

ligand. The other antagonist described, AZ3451, was shown to bind to a remote 

allosteric site outside of the helical bundle. A blocking antibody antigen-binding 

fragment was also explored in this study and shown to bind to the extracellular 

surface of PAR2, thereby preventing access of the tethered ligand to the peptide-

binding site on extracellular loop 2 (Cheng et al., 2017).  

 

With the discovery of the PAR2 crystal structure and these new antagonists, this 

paves the way for the development of further selective and potent antagonists of 

PAR2, which can be of therapeutic benefit. 
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Compound Chemical structure reference 

GB88 

 

 

(Suen et al., 2012) 

AZ8838 

 

 

(Cheng et al., 2017) 

AZ3451 

 

 

AZ7188 

 

K-12940 

 

 

(Kanke et al., 2009) 

K-14585 

 

 

  

Table 1. 3  PAR2 antagonists 
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1.13 Aims and Objectives 

The studies outlined in this chapter demonstrate the coupling of PAR2 to cellular 

outcomes, which are linked to a number of functional outcomes relevant to disease. 

The development of PAR2-KO mice models have confirmed roles in GI tract 

disorders, RA and OA. Inhibition of PAR2 could therefore be a promising approach 

to the treatment of these and other diseases. However, there have been challenges in 

developing appropriate small molecule antagonists for PAR2 due to its mode of 

activation. However, recently a number of putative antagonists have been developed 

including GB88 and more recently, AZ8838. These drugs have not been fully 

characterised in a number of systems and warrant further characterisation and 

analysis. Establishing the utility of these drugs as potential preclinical drugs requires 

considerable study. Therefore in this thesis, the following objectives will be 

addressed in two major results chapters. Firstly, identification and characterisation of 

derivatives of GB88 as new PAR2 antagonists. It was hypothesised that GB88 acts as 

a biased antagonist. Secondly, the assessment of the novel recently described 

AZ8838 compound as a lead molecule for study in cellular systems. It was 

hypothesised that AZ8838 behaves as an allosteric modulator. Each chapter has these 

objects: 

i)         To examine the effect of compounds on NFB-transcriptional activity 

mediated by PAR2 in NFB-Reporter cells. 

ii) Assess the effect of compounds on ERK activation mediated by PAR2 in 

HEK293 cells. 

iii) Examine the effect of PAR2 induced calcium mobilisation in HEK293 

cells. 
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Chapter Two 

Materials and Methods 
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2.1 Materials  

2.1.1 General Reagents 

All materials and reagents used were of the highest commercial grade available and 

purchased from Sigma-Aldrich Chemical Company Ltd. (Dorset, U.K.) unless 

otherwise stated. 

Pre-stained SDS-PAGE molecular weight markers: Bio-Rad Laboratories 

(Hertfordshire, UK) 

Methanol: VWR International Ltd. (Leicestershire, UK) 

FLUO-4 AM: Fisher Scientific Ltd (Leicestershire, UK) 

Nitrocellulose Blotting Membrane (Protram): Fisher Scientific Ltd 

(Leicestershire, UK) 

TNF-α: Insight Biotechnology Ltd (Wembley, UK) 

4',6-diamidino-2-phenylindole (DAPI): Fisher Scientific Ltd (Leicestershire, UK) 

3MM blotting paper: VWR International Ltd. (Leicestershire, UK) 

Mowiol: Merck-Calbiochem (Nottingham, UK)  

Luciferase Assay Substrate: (Promega, USA) 

Fetal Bovine Serum (FBS): Fisher Scientific Ltd (Leicestershire, UK) 

Hank’s Balanced Salt Solution (HBSS) 1X (w/o Ca
2+

 and Mg
2+

): Fisher Scientific 

Ltd (Leicestershire, UK) 

 

PAR2 agonists: 

2f-LIGRLO-NH2: Peptide protein research (PPR Ltd.), (Fareham, UK). It is 

selected as a synthetic PAR2 agonist. 
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Trypsin: Sigma-Aldrich Chemical Company Ltd. (Dorset, U.K.). It is selected  as 

a protease activator for PAR2. 

 

2.1.2 Reagents for cell culture  

Corning B.V. (Buckinghamshire, UK) 

All Cell Culture plastic ware including; flasks, falcon tubes, and graduated pipettes. 

Thermo Fisher Scientific UK Ltd (Leicestershire, UK) 

96 well Black with Clear Flat Bottom, and 12 well plates 

Minimum Essential Medium (Khedr et al.) (10X): Gibco (Life Technologies, 

Paisley, UK) 

L-glutamine: Gibco (Life Technologies, Paisley, UK) 

Penicillin-Streptomycin: Gibco (Life Technologies, Paisley, UK)  

Geneticin (G148): Gibco (Life Technologies, Paisley, UK)  

Blasticidin: Gibco (Life Technologies, Paisley, UK) 
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2.1.3 Antibodies 

Table 2. 1 Antibodies.  

Information on primary antibodies used including the conditions for concentrations 

and temperature of the incubation. 

Name Company 
Dilution-

Incubation 

Anti-p-ERK Mouse 

Santa Cruz 

Biotechnology 

1:7500 - RT 

Anti-ERK Rabbit 

Santa Cruz 

Biotechnology 

1:15000 - RT 

Anti-p-p38 MAPK Rabbit 

(T180/Y180) 

Cell Signalling 1:2000 - 4⁰C 

Anti-P38 MAPK Rabbit Cell Signalling 1:10000 - RT 

Anti-p-NF-Kappa B p65 

Rabbit 

Cell Signalling 1:3000 - 4⁰C 

Anti-NF-Kappa B p65 Rabbit Cell Signalling 1:15000 - RT 

Anti-IKB-alpha Rabbit Cell Signalling 1:10000 - RT 

Anti-GAPDH Rabbit 

Cell Signalling 

Technology 

1:30000 - RT 
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2.1.4 Equipment:  

luminometer Wallac MicroBeta TriLux 1450-024 Counter (Wallac Oy, Finland) 

FlexStation 3 (FLIPR): Molecular Devices UK Ltd, (Wokingham, UK) 

 

2.1.5 Compounds Preparation 

2.1.5.1   GB88 was synthesised in house by the department of Pure and Applied 

Chemistry in collaboration with Dr C. Jamison. The chemical structures were 

confirmed by mass spectrometry and nuclear magnetic resonance. The purity of 

compounds (≥ 95%) was determined by high-performance liquid chromatography-

mass spectrophotometry (HPLC-MS) and proton nuclear magnetic resonance (1H 

NMR) analysis. The water-insoluble molecule was dissolved in 100% DMSO to 

obtain a stock concentration of 10 mM, which was stored at -20⁰C. Due to lack of 

water solubility, a minimum 1:50 dilution into water was required for a 200M 

intermediate preparation. This was then further diluted when added to the cell media 

for stimulations. Treatment of cells with an equivalent volume of DMSO (0.2%) was 

used as a vehicle control. 

 

GB88 derivative compounds DM/7/34, DM/8/45, DM/8/53, JAMI1026A, and 

JAMI1028A were synthesised as described for GB88 (Yau et al., 2016a), figure 2.1. 

 

rac-AZ8838 was purchased from YProTech Ltd, (Cheshire, UK) 

YPT-1 & YPT-2 were purchased from Reach Separations (Nottingham, UK) 
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rac-AZ8838, YPT-1 and YPT-2 were prepare with 10 mM as stock concentrations in 

DMSO and diluted them the same way to GB88 solution. 

 

 

 

 

 

 

 

 

Figure 2. 1 GB88 and its derivatives compounds 
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2.2 Cell Culture 

All cell culture work was performed in class II laminar flow cell culture fume hood, 

under sterile conditions. Two cell lines were used in this thesis; human embryonic 

kidney and NFB-Reporter cells and the expression to PAR2 is explained in table 

2.2. 

Table 2. 2 The lines of cells  

Cell type  

Human Embryonic Kidney cells (HEK) Endogenous expression for PAR2 

NFB-Reporter cells (overexpression to 

PAR2) 

Its originally epithelial skin cells 

(NCTC), is not expressed to PAR2, 

transcript with PAR2 and NFB-Luc 

(p65) x 3 construct. 

 

 

 

Figure 2. 2 The transcription of NCTC cell with PAR2 and NFB-Luc 

constructs. 
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2.2.1 NFB-Reporter cells 

NFB-Reporter cells were maintained in medium 199 supplemented with 10% FBS, 

L-glutamine (1%), and penicillin/streptomycin (1%). Cells were incubated at 37⁰C in 

a humidified environment (5 % CO2). NFB-Reporter cells stably expressing a 

human PAR2 (Clone G) and an NFB-luciferase reporter plasmid were grown in 

media 199 supplemented with (400 µg/ml) from the antibiotic Geneticin to survive 

the cells introduced gene and (5 g/ml) from the antibiotic Blasticidin to maintain 

PAR2-DNA in cells. Once the cells had reached 90-100% confluency the media was 

removed via aspiration and the cells washed once in 1.5 ml Versene (0.2% 

EDTA/PBS) (0.53 mM) EDTA in phosphate-buffered saline (PBS)) [PBS (154 mM 

sodium chloride, 5.36 mM potassium chloride, 1.46 mM potassium hydrogen 

orthophosphate, 8 mM di-sodium hydrogen orthophosphate anhydrous) pH 7.4]. The 

purpose of using Versene to passage cells is to avoid trypsin exposure and therefore 

activation of PAR2. The Versene was aspirated off and replaced with a further 2 ml 

and the cells incubated at 37⁰C. Once some of the cells had started to lift off the 

culture flask the Versene was removed and the cells washed off the culture flask with 

10 ml Medium 199. The cells were diluted as required in Medium 199 and seeded 

into new T75 cm2 cell culture flasks to maintain stock flask, or into 96 black well 

plates for luciferase assay or 12 well plates for other experiments. Cells were 

quiesced in serum-free media for 18 hours prior to stimulation. 
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2.2.2 Human embryonic kidney (HEK 293) cells 

HEK293 cells were maintained in modified eagle’s medium (Khedr et al.) 

supplemented with 10% (v/v) foetal bovine serum, penicillin/streptomycin (1%), L-

glutamine (1%), 0.375% (v/v) sodium bicarbonate. Cells were then incubated at 

37⁰C in a humidified atmosphere with 5% CO2 and the medium was replaced every 

two days. Cells were passaged using 1x sodium  citrate solution (SSC) [1.5 mM 

NaCl and 0.54 mM sodium acetate dissolved in 100ml of distilled water, then 

adjusted to pH 7.0] again to avoid using trypsin. The cells were diluted as required in 

MEM medium and seeded into 96 black well plates for calcium assay or 12 well 

plates for other experiments. Otherwise, the cells were seeded into new T75 cm
2 

cell 

culture flask to maintain stock flasks. HEKs were quiesced in 2% serum for 24 hours 

prior to stimulation. 

 

2.3 NFB-Luciferase reporter gene activity assay 

NFB-Reporter cells stably expressing both PAR2 and the NFB reporter plasmid 

were seeded in 96- black well plates and incubated until 90-100% confluence. Then, 

the cells were rendered quiescent in serum-free media for 18 hours. Cells were 

treated with the PAR2 agonists trypsin and 2f-LIGRLO-NH2 or GB88 and derivative 

compounds for 6 hours at 37⁰C. The GB88 test compounds were also used in pre-

treatment experiments added 1 hour prior to PAR2 agonists for a further 4 hours. 

Reactions were terminated by rapid aspiration and washing steps, before addition of 

lysis buffer containing the luciferin substrate (luciferin substrate (0.2 mM), 1 mM  

ATP, 1 mM DTT, and 1% (v/v) BSA added to lysis buffer [25 mM Tris- Base, 8 mM 
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MgCl2, 1% (v/v) Triton X-100, 15% (v/v) Glycerol]), for 5 minutes at room-

emperature. The relative light units were measured on the Wallac MicroBeta TriLux 

1450 luminometer (Wallac Oy, Finland), using a bottom read at 450nm for 1 sec per 

well.  

 

2.4 Western Blotting  

Detection and analysis of specific cellular protein expression were achieved using 

western blotting. 

 

2.4.1 Preparation of samples for SDS-PAGE  

Cells were grown to 90-100% confluency in 12-well plates and quiesced for 18 hours 

on prior to stimulation. Reactions were terminated by rapid aspiration of media 

followed by PBS wash steps, cells were then solubilised by the addition of hot 

(~85⁰C) Laemmli SDS sample buffer (63 mM Tris/ HCl, 2 mM Na4P2O7, 5 mM 

EDTA, 50 mM DTT, 10% v/v Glycerol, 2% w/v SDS  and 0.007% bromophenol 

blue, pH 6.8).  Cells were harvested via scraping on ice and lysates drawn repeatedly 

through a syringe to shear chromosomal DNA. Samples were transferred to 

Eppendorf tubes, and boiled at 95
0
C for 5 min to denature proteins then stored at -

20⁰C until further use. 
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2.4.2 SDS-polyacrylamide Gel Electrophoresis and western 

immunoblotting 

 

The SDS-PAGE was prepared using the Bio-Rad miniPROTEAN-3 assembly unit. 

Resolving gel was prepared using 10% of polyacrylamide: [0.27% N, N’-methylene-

bis-acrylamide, 0.375 M Tris-base (pH 8.8), 0.1% (w/v) SDS and 0.05% (w/v) 

ammonium persulphate. The polymerisation of the resolving gel was initiated by the 

addition of 0.05% (v/v) N, N, N’, N’-tetramethylethylenediamine (TEMED). The gel 

solution was poured into 1mm glass plates and allowed to polymerise. A thin layer of 

0.1% SDS solution was added to the gel, to prevent drying and to disperse bubbles. 

Once the gel was set, the 0.1% SDS was discarded and the appropriate Teflon welled 

combs slotted into the glass plates, the stacking gel solution [5% (w/v) acrylamide, 

125 mM Tris-base (pH 6.8), 0.1% (w/v) ammonium persulphate, 0.1% (v/v) 

TEMED] was then added on top of resolving gel. The gel was allowed to polymerise 

for 15 min before comb was removed. Gels were placed in the specified western blot 

tank and this was filled with running buffer [25 mM Tris-base, 192 mM glycine, and 

3.5 mM SDS], samples were loaded into the appropriate wells. Proteins were 

separated using Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis 

(SDS-PAGE) with a pre-stained SDS protein marker of known molecular weights at 

125 V for approx. 115 minutes.  

 



66 
 

2.4.3 Transfer to nitrocellulose membrane 

The resolved proteins on the gel were then transferred onto nitrocellulose 

membranes. The gel was placed on top of the nitrocellulose membrane and 

sandwiched between two Whatmann 3MM papers and two fibrous blotting pads 

(Bio-Rad). The cassette(s) were then placed in a Bio-rad mini trans-blot 

electrophoresis tank along with an ice pack. The tank was then filled with transfer 

buffer [20mM Tris-base, 192 mM glycine, and 20% (v/v) methanol] and was left to 

run for 1 hour and 45 minutes at a constant current of 290 mA. 

 

2.4.4 Membrane blocking and immunoblotting  

After transfer of  proteins the membrane was trimmed to the size of the gel, and then 

blocked in a 3% BSA/NATT [150 mM NaCl, 50 mM Tris-base (pH 7.4), 0.2% (v/v) 

Tween 20] solution for 2 hours at room temperature, orbital shaking at 46 r.p.m. The 

membrane was immunoblotted with a primary antibody overnight of choice at an 

appropriate concentration in 0.3% BSA/NATT solution. The following morning, the 

membrane was washed with NATT buffer  (6 x 15 minutes washes), then the 

membrane was incubated with the appropriate horseradish peroxidase-conjugated 

polyclonal secondary antibody diluted in 0.3% BSA/NATT for 2 hours at room 

temperature, orbital shaking at 46 r.p.m. The membrane was then subjected to a 

further 6 x 15 min NATT washes. 
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2.4.5 ECL detection 

 For detection of proteins, membranes were incubated with enhanced 

chemiluminescent (Busso et al.) reagents ECL 1 [0.1 M Tris-HCl (pH 8.5), 25 M 

luminol and 25 M coumaric acid] and ECL 2 [0.1 M tric-HCL (pH 8.5) and 6.27 mM 

H2O2] for three mins. Membranes were then transferred to an exposure cassette and 

exposed to X-ray film (Kodak LS X-OMAT) under red light for the required time.  

The X-ray film was developed and fixed using a JP-33 processor. Protein expression 

was quantified by densitometry (background pixel intensity subtracted from 

corresponding band pixel intensity) using Scion Image software. 

 

2.4.6 Nitrocellulose membrane stripping and re-probing 

Membranes were stripped and re-probed to ensure total protein levels across 

samples. The membrane was incubated with stripping buffer [0.05 M Tris-HCl, 2% 

SDS, pH 6.7 and 0.1 M β-mercaptoethanol] for 1 hour at 60⁰C, orbital shaking at 70 

r.p.m to strip previously bound antibodies. The membrane was repeatedly washed (3 

x 10 minutes) with NATT solution then incubated with a total primary antibody 

overnight. The membrane was probed with secondary antibody and visualised as 

described in section 2.4.5. 

2.4.7 Scanning and densitometry 

Western blots were scanned on an Epson Perfection 1640SU scanner using Adobe 

Photoshop 5.0.2 software. The scanned images when then normalised to an 

unstimulated control and quantified using ScionImage (Scion Corp., Maryland 

U.S.A).  
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2.5 Intracellular calcium release assay 

PAR2 agonist-stimulated intracellular calcium mobilisation was assessed in HEK293 

cells by the modified fluorescence technique. Black, clear-bottom 96-well plates 

were coated with poly-L-lysine prior to the addition of HEK293 cells. Plates were 

incubated at 37⁰C 5% CO2 until confluent. Prior to the experiment, the medium was 

removed and the cells washed once with Hank’s balanced salt solution (HBSS) 

containing 1 mM calcium chloride and 1 mM magnesium chloride. 50 l of HBSS 

containing Fluo-4 AM dye (3 M, 0.03 % pluronic acid) was added to the wells. The 

plate was wrapped in foil to keep it dark and incubated for 45 minutes at 37
o
C. Then, 

the dye loading buffer was removed and the cells washed once with HBSS. The cells 

were stimulated with various concentrations of agonists prepared in HBSS. 

Alternatively, after 45 minutes incubation with dye loading buffer, cells were 

incubated with different concentrations of test compounds for various times. The 

plate was then examined via fluorescence using the FlexStation 3 machine using 

SoftMax Pro 5.4.5 software for the concentration-dependent effects of the activity of 

agonists in the presence of different concentration of antagonist. The fluorescence 

change was monitored at 37
o
C (excitation wavelength 458 nm; and emission 

wavelength 525 nm, and auto-off wavelength 515 nm), the runtime for each well is 

120 second and the interval is every 3 seconds. Agonist-induced Ca
2+ 

peak signals 

are expressed as the percentage of the reference unstimulated Ca
2+

 response. Change 

in fluorescence (% response) were plotted against log [compound]. The half-maximal 

effective concentration values (EC50) were assessed from the concentration-response 

curve.  
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The data generated was exported into Microsoft Excel for analysis. The relative 

fluorescent units (RFU) for each trace were displayed in a table. Stimulations were 

performed in triplicate in each plate and independent experiments conducted. A 

baseline fluorescent measure was chosen between the 10-20 sec initial count, 

averaged across replicates and subtracted from the peak signal across each condition. 

The peak fluorescent value was determined by finding the average of three highest 

values across the replicates, this tended to be between 29-34 secs before rapidly 

tailing off. The averages were then analysed and graphed using GraphPad Prism v5.0 

software.  

2.6 Statistical analysis 

All values shown were expressed as a mean ± standard error of the mean (s.e.m) and 

were representative of one of at least three independent experiments.  Data gathered 

was analysed using GraphPad Prism v.5.0 analytical software. Statistically 

significant differences between groups were performed by using one-way analysis of 

variance (Stoyanov et al.) (three or more group comparisons) with Dunnet’s post-test 

(control vs. non-control group). Differences were considered significant at P<0.05. 

Concentration-response curves were generated by fitting a non-linear regression 

curve (sigmoidal dose-response curve with variable slope). Where indicated in the 

figure legend, constraints were applied (i.e. bottom of the curve constrained to 1 for 

data represented as fold control and top constraint set at 100 for viability experiments 

where data depicted as % control). A separate curve was formed for each individual 

experiment (3 experiments analysed) and the EC50/IC50 value attained from each 

curve compiled to find the mean ± s.e.m. 
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Chapter Three 

Characterisation of Derivatives of GB88 as new 

PAR2 antagonists 
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3.1 Introduction  

Activation of PAR2 as discussed previously is related to many physiological and 

pathological outcomes, including but not limited to respiratory, cardiovascular, 

gastrointestinal, skin, as well as inflammatory diseases and pain (Adams et al., 

2011, Kanke et al., 2005, Lieu et al., 2016, Sekiguchi, 2005, Ferrell et al., 2003, 

Cocks et al., 1999). Previous studies have investigated the role of PAR2 in 

various settings with an emphasis on its pathological role, particularly in 

inflammation. Until recently examining the role of PAR2 in disease has been 

through the use of KO animal models and receptor deletion experiments, only a 

few papers have focused on PAR2 antagonists as a method to inhibit PAR2. This 

has in part been due to the tethered ligand nature of receptor activation and 

resolution of the crystal structure which was only achieved last year (Cheng et al., 

2017). There are potential therapeutic uses for treating many diseases through 

disarming the signalling pathways of PAR2.  

 

In 2006, new compounds were discovered that behave as PAR2 inhibitors. Both 

K-14585 and ENMD1068 were identified as low potent antagonists able to inhibit 

NFB-transcriptional activity mediated by PAR2 activation. ENMD1068 has 

antagonist properties in vivo as well in vitro and was shown to attenuate joint 

inflammation induced by carrageenan/kaolin (C/K) in mice models (Kanke et al., 

2009, Kelso et al., 2006). More recently, the small molecules GB88 and GB83 

have been found to inhibit activation of PAR2 as measured through the release of 

intracellular Ca
2+

. They inhibited PAR2 activation by both trypsin and peptide 

agonists, 2f-LIGRLO-NH2 and GB110 in various human cell types (Barry et al., 

2010, Suen et al., 2012). Another group have shown that the molecule C391 has 

the ability to inhibit intracellular Ca
2+

 and MAP kinase pathways are mediated via 

PAR2 (Boitano et al., 2015).  

 

Different studies have demonstrated GB88 as a new potential PAR2 inhibitor in 

vivo and in vitro (Lohman et al., 2012a, Suen et al., 2012, Lohman et al., 2012b). 

However, more studies are needed to confirm the characteristics of this 

compound. Therefore, the aim of this chapter is to characterise further the 
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pharmacological properties of GB88 and derivative compounds synthesised in-

house in different functional assays. It was hypotheses that GB88 and its 

derivatives behave as biased antagonists. This would allow SAR to be developed 

around the GB88 scaffold to find more effective compounds.   

 

3.2 The effect of synthetic compounds on PAR2 dependent NFB 

activity 

NFB-luciferase reporter assays were utilized to measure NFB mediated gene 

transcription activated via PAR2 agonists (Macfarlane et al., 2005). An NCTC2544 

stable clone co-expressing hPAR2 and NFB-Luciferase (previously generated in-

house) was utilised for these experiments. Cells were pre-incubated with PAR2 

compounds prior to receptor activation with trypsin or 2f-LIGRLO-NH2.  

 

 

3.2.1 PAR2 mediated NFB transcriptional activity stimulated by 

trypsin & 2f-LIGRLO-NH2 

The kinetics of PAR2 mediated NFB transcriptional activity was measured over a 

period of 6 hours as shown in figure 3.1. Both trypsin and 2f-LIGRLO-NH2 

stimulated a time-dependent increase in NFB-driven gene transcription, reaching a 

maximum by 4 hours. Trypsin stimulated a 3.5-4 fold response over basal values 

(3.38 ± 0.30, n=3) as shown in figure 3.1.a, whereas 2f-LIGRLO-NH2 stimulated an 

approximate 12 fold over basal control (11.934 ± 0.437, n=5) as shown in figure 

3.1.b. Measured over 4 hours, trypsin and 2f-LIGRLO-NH2 both gave a 

concentration-dependent increase in NFB-driven gene transcription with EC50 

values of 40 nM and 3 µM, respectively.  

 

 

 

 



73 
 

 

a) 

 

C 0.
5 1 2 4 6

0

1

2

3

4 ***

Time (hours)

F
o

ld
 I
n

c
re

a
s

e

 

-10 -9 -8 -7 -6
0

1

2

3

4

5

EC50 = 40 nM

Log Trypsin (M)

F
o

ld
 I
n

c
re

a
s

e

 

b)  

C
0.

5 1 2 4 6

0

2

4

6 ***

Time (hours)

F
o

ld
 I
n

c
re

a
s

e

  

-10 -8 -6 -4
0

5

10

15

EC50 = 3 µM

Log [2f-LIGRLO-NH2]

F
o

ld
 I
n

c
r
e

a
s

e

 

 

Figure 3. 1 The effect of trypsin and 2f-LIGRLO-NH2 on NFB-driven 

transcription activity in NFB-Reporter cells 

NFB-Reporter cells were grown to confluency in 96 black well plates and rendered 

quiescent for 18 hours prior to stimulation with (a) Trypsin (100 nM) and (b) 2f-

LIGRLO-NH2 (10 µM) for time points up to 6 hours (left panel) and with increasing 

concentrations at 4 hours (right panel). Whole cell lysates were measured for 

luciferase activity as previously described (section 2.3). Data shown are expressed as 

fold stimulation over unstimulated basal values. For trypsin, n=3 and 2f-LIGRLO-

NH2, n=5.  
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3.2.2 Characterisation of PAR2 modulators on NFB transcriptional 

activity 

 

The effect of six synthesised PAR2 antagonist compounds comprising of; GB88, 

DM/7/34, DM/8/45, DM/8/53, JAMI1026A and JAMI1028A were examined as 

shown in figure 3.2. Initially these compounds were tested on the assumption they 

would be antagonists and not be active. However, single time point studies 

surprisingly showed activity. Thus, cells were treated with each compound over 4 

hours and NFB transcriptional activity assessed with varying concentrations as 

described in the methods section. Responses were concentration-dependent, effective 

in the low to mid micromolar range. Relative to 2f-LIGRLO-NH2, the response was 

smaller by approximately 50% as shown in figures 3.2 for a number of compounds 

suggesting the potential of partial agonist activity. The EC50 value of each compound 

is shown in panels a, b, and c (See table 3.1 for the EC50 values). 
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Figure 3.2  Effect of GB88 derivatives on PAR2-mediated transcriptional 

activity in NFB-Reporter cells 

NFB-Reporter cells stably expressing both hPAR2 and an NFB-luciferase reporter 

plasmid were grown to confluence in black 96 well plates and rendered quiescent for 

18 hours prior to addition of increasing concentrations of each compound for another 

4 hours. Cell lysates were measured for luciferase activity as previously described 

(section 2.3). The data shown are expressed as fold stimulation relative to controls 

and each value represents n=3.  
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Compound EC50 (µM) 

GB88 
0.84 

DM/7/34 
3 

DM/8/45 
3 

DM/8/53 
3.6 

JAMI1026A 
1.4 

JAMI1028A 
2 

 

Table 3. 1   EC50 values of each compound in the NFB luciferase reporter assay  
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3.2.3 Effect of derivative GB88 compounds on 2f-LIGRLO-NH2 

stimulated gene transcription in NFB-Reporter cells 

 

The effect of pre-treatment with GB88 prior to the addition of a sub-maximal 

concentration of 2f-LIGRLO-NH2 on PAR2 mediated NFB-driven gene 

transcription is shown in figure 3.3. As a control, stimulation with 2f-LIGRLO-NH2 

plus DMSO gave an approximate 8 fold increase of reporter gene activity (8.390 ± 

0.812) when compared to basal values. Lower concentrations of GB88, which were 

not active, gave a very small inhibition of agonist stimulation, which was not 

statistically significant. However, as the concentration of GB88 increased and the 

effect of GB88 became apparent there is a small reduction in the simulation by 2f-

LIGRLO-NH2 although this was not significant. Overall, it can be observed that over 

the 3 - 20 µM concentration range for GB88 the responses were not additive with 2f-

LIGRLO-NH2. For example, the fold increase for 3 µM GB88+2f-LIGRLO-NH2 was 

approximately 7 fold (6.720 ± 0.391) marginally reduced than that for 2f-LIGRLO-

NH2/DMSO alone. The concentration dependent effect of GB88 was consistent with 

that observed in previous experiments. 

 

This outcome was repeated for a number of the other agents. Pre-treatment of cells 

with increasing concentrations of DM/7/34 followed by incubation with 0.3 µM 2f-

LIGRLO-NH2 for 4 hours is shown in figure 3.4. There was a strong, 11.5 fold 

stimulation for DMSO + 2f-LIGRLO-NH2 (11.457 ± 2.119) relative to basal values. 

Figure 3.4 clearly shows the lack of additivity in the stimulation with increasing 

concentrations of DM/7/34. These fold stimulations are 10.140 ± 1.584, 9.787 ± 

2.437 and 10.777± 3.002 for 1, 10 and 20M respectively. In the same figure, it was 

observed that there was a concentration-dependent increase in NFB-transcriptional 

activity when the cells were treated with increasing concentrations of DM/7/34 alone. 
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Figures 3.5-3.8 demonstrate a similar phenomenon to those experiments outlined 

above for DM/8/45, DM/8/53, JAMI1026A and JAMI1028A. There is a consistent 

lack of inhibition with the agonist peptide response using low concentrations of the 

compound and as the concentration of the compound increases there is no additivity 

with 2f-LIGRLO-NH2. 

 

Taken together, these results show that GB88 and derivative compounds are acting as 

weak PAR2 agonists by mediating NFB-transcriptional activity, and show little to 

no inhibitory properties. However, it should be noted the NFB-Reporter cells over-

express human PAR2, and this may have a bearing of the effects observed.  
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Figure 3. 3 Effect of GB88 on 2f-LIGRLO-NH2 -mediated transcription activity 

in NFB-reporter cells 

Cells were grown to confluency and rendered quiescent for 18 hours prior to pre-

treatment with various concentrations of GB88 for 1 hour. The cells were then 

stimulated with 0.3 µM 2f-LIGRLO-NH2 for a further 4 hours. Cell lysates were 

measured for luciferase activity as previously described (section 2.3). The data 

shown are expressed as fold stimulation over DMSO control and each value 

represents n=3. Statistical analysis was performed using one way ANOVA, with 

Dunnett’s post-test comparison. ***p<0.001. 

 

Figure 3. 4 The effect of DM/7/34 on 2f-LIGRLO-NH2 -mediated transcription 

activity in NFB-reporter cells 

Cells were grown to confluence and rendered quiescent for 18 hours prior to pre-

treatment with various concentrations of DM/7/34 for 1 hour. The cells were then 

stimulated with 0.3 µM 2f-LIGRLO-NH2 for a further 4 hours. Cell lysates were then 

measured for luciferase activity as previously described (section 2.3). The data 

shown are expressed as fold over DMSO control and each value represented n=3. 

Statistical analysis was performed via one way ANOVA, with Dunnett’s post-test 

comparison. ***p<0.001. 
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Figure 3. 5 The effect of DM/8/45 on 2f-LIGRLO-NH2 -mediated transcription 

activity in NFB-reporter cells 

The cells were grown to confluence and rendered quiescent for 18 hours prior to pre-

treatment with various concentrations of DM/8/45 for 1 hour. The cells were then 

stimulated with 0.3 µM 2f-LIGRLO-NH2 for a further 4 hours. Cell lysates were then 

measured for luciferase activity as previously described (section 2.3). The data 

shown are expressed as fold stimulation over DMSO control and each value 

represents n=3. Statistical analysis was performed via one way ANOVA, with 

Dunnett’s post-test comparison. ***p<0.001. 

 

Figure 3. 6  The effect of DM/8/53 on 2f-LIGRLO-NH2 -mediated transcription 

activity in NFB-reporter cells 

Cells were grown to confluency and rendered quiescent for 18 hours prior to pre-

treatment with increasing concentrations of DM/8/53 for 1 hour. The cells were then 

stimulated with 0.3 µM 2f-LIGRLO-NH2 for a further 4 hours. Cell lysates were then 

measured for luciferase activity as previously described (section 2.3). The data 

shown are expressed as fold over DMSO control and each value represented n=3. 

Statistical analysis was performed via one way ANOVA, with Dunnett’s post-test 

comparison. ***p<0.001. 
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Figure 3. 7 The effect of JAMI1026A on 2f-LIGRLO-NH2 -mediated 

transcription activity in NFB-reporter cells 

Cells were grown to confluence and rendered quiescent for 18 hours prior to pre-

treatment with increasing concentrations of JAMI1026A for 1 hour. Cells were then 

stimulated with 0.3 µM 2f-LIGRLO-NH2 for a further 4 hours. Cell lysates were then 

measured for luciferase activity as previously described (section 2.3). The data 

shown are expressed as fold stimulation over DMSO control and each value 

represented n=3. Statistical analysis was performed via one way ANOVA, with 

Dunnett’s post-test comparison. ***p<0.001 

 

Figure 3. 8 The effect of JAMI1028A on 2f-LIGRLO-NH2 -mediated 

transcription activity in NFB-reporter cells 

Cells were grown to confluency and rendered quiescent for 18 hours prior to pre-

treatment with increasing concentrations of JAMI1028A for 1 hour. The cells were 

then stimulated with 0.3 µM 2f-LIGRLO-NH2 for another 4 hours. Cell lysates were 

then measured for luciferase activity as previously described (section 2.3). The data 

shown are expressed as fold over DMSO control and each value represented n=3. 

Statistical analysis was performed via one way ANOVA, with Dunnett’s post-test 

comparison. ***p<0.001. 
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3.2.4 Effect of GB88 compounds on trypsin stimulated NFB-driven 

gene transcription 

 

In this section, the effect of pre-treatment with GB88 and its derivative compounds 

on trypsin-mediated NFB transcriptional activity was investigated. Figure 3.9 shows 

pre-treatment of NFB-Reporter cells for 1 hour with increasing concentrations of 

GB88 (0.1-20 µM) and then addition of 30 nM trypsin for 4 hours. The increase for 

NFB transcriptional activity for trypsin was approximately 9 fold (8.867 ± 1.272) 

compared to DMSO alone. Pre-treatment with low concentrations of GB88 (0.1 and 

0.3 µM) did not significantly increase the response to trypsin. A small additive effect 

was noticed following pre-treatment with 1 µM GB88 with approximately 10 fold 

(10.233 ± 0.991), however this was not significant. Also, GB88 (10 and 20 µM) 

alone once again induced a strong increase in activity which reached approximately 

the same value as cells pre-treated with GB88 (10 and 20 µM) prior to the addition of 

trypsin. The fold stimulation was approximately 13 fold (13.370 ± 0.728) for cells 

pre-treated with 20 µM GB88 prior to trypsin, significantly greater than cells 

stimulated with trypsin alone, but comparable to GB88 (20 M) alone. 

 

 

Figure 3.10 shows the results for pre-treatment of cells with increasing 

concentrations (0.1 – 20 µM) of DM/7/34 for 1 hour prior to the addition of 30 nM 

trypsin for 4 hours. The fold increase on addition of trypsin was approximately 8 fold 

(8.057 ± 0.986) compared to DMSO alone. There was no statistically significant 

inhibitory effect for the low concentrations of DM/7/34; 0.1-3 µM. A significant 

increase in NFB activity was observed using higher concentrations of DM/7/34 for 

pre-treatment with 10 and 20 µM giving approximately 12 fold (11.937 ± 0.717) and 

14 fold (14.170 ± 0.894) respectively but values were less than additive for the 

compounds.  
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Figures 3.11-14 demonstrate a similar phenomenon to those experiments outlined 

above. There is a lack of consistent inhibition of the trypsin response with low 

concentrations of the compound and as the concentration of the compounds, 

DM/8/45, DM/8/53, JAMI1026A, JAMI1028A increases there is no additivity with 

trypsin. 

 

From the previous results, it was concluded that GB88 and its derivative compounds 

alone showed increased effects on PAR2-mediated NFB transcriptional activity and 

this increasing is a concentration-dependent manner. GB88 compounds showed no 

inhibitory properties on NFB transcriptional activity mediated by PAR2 when 

NFB-Reporter cells are pre-incubated with GB88 and derivative compounds then 

added trypsin. Conversely in some instances higher concentrations of compounds 

appeared to cause an additive effect with trypsin to PAR2 activation in NFB-

Reporter cells overexpress human PAR2. However, it could then concluded that 

GB88 and its compounds act as weak agonists.  
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Figure 3. 9  The effect of GB88 on trypsin mediated transcription activity in 

NFB-reporter cells 

Cells were grown to confluence and rendered quiescent for 18 hours prior to pre-

treatment with increasing concentrations of GB88 for 1 hour. The cells were then 

stimulated with 30 nM trypsin for 4 hours. Cell lysates were then measured for 

luciferase activity as previously described (section 2.3). The data shown are 

expressed as fold stimulation over DMSO alone and each value represents n=3. 

Statistical analysis was performed via one way ANOVA, with Dunnett’s post-test 

comparison. ***p<0.001 

 

Figure 3. 10 The effect of DM/7/34 on trypsin-mediated transcription activity in 

NFB-reporter cells 

Cells were grown to confluence and rendered quiescent for 18 hours prior to pre-

treatment with increasing concentrations of DM/7/34 for 1 hour. The cells were then 

stimulated with 30 nM trypsin for 4 hours. Cell lysates were then measured for 

luciferase activity as previously described (section 2.3). The data shown are 

expressed as fold stimulation over DMSO alone and each value represents n=3. 

Statistical analysis was performed via one way ANOVA, with Dunnett’s post-test 

comparison. ***p<0.001. 
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Figure 3. 11 The effect of DM/8/45 on trypsin-mediated transcription activity in 

NFB-reporter cells  

The cells were grown to confluence and rendered quiescent for 18 hours prior to pre-

treatment with various concentrations of DM/8/45 for 1 hour. The cells were then 

stimulated with 30 nM trypsin for 4 hours. Cell lysates were then measured for 

luciferase activity as previously described (section 2.3). The data shown are 

expressed as fold stimulation over DMSO alone and each value represents n=3. 

Statistical analysis was performed via one way ANOVA, with Dunnett’s post-test 

comparison. ***p<0.001. 

 

Figure 3. 12 The effect of DM/8/53 on trypsin-mediated transcription activity in 

NFB-reporter cells  

Cells were grown to confluency and rendered quiescent for 18 hours prior to pre-

treatment with increasing concentrations of DM/8/53 for 1 hour. The cells were then 

stimulated with 30 nM trypsin for   4 hours. Cell lysates were then measured for 

luciferase activity as previously described (section 2.3). The data shown are 

expressed as fold stimulation over DMSO alone and each value represents n=3. 

Statistical analysis was performed via one way ANOVA, with Dunnett’s post-test 

comparison. ***p<0.001. 
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Figure 3. 13 The effect of JAMI1026A on trypsin-mediated NFB transcription 

activity in NFB-reporter cells 

Cells were grown to confluency and rendered quiescent for 18 hours prior to pre-

treatment with increasing concentrations of JAMI1026A for 1 hour. Cells were then 

stimulated with 30 nM trypsin for 4 hours. Cell lysates were then measured for 

luciferase activity as previously described (section 2.3). The data shown are 

expressed as fold stimulation over DMSO alone and each value represents n=3. 

Statistical analysis was performed via one way ANOVA, with Dunnett’s post-test 

comparison. ***p<0.001. 

 

Figure 3. 14 The effect of JAMI1028A on trypsin -mediated transcriptional 

activity in NFB-reporter cells 

Cells were grown to confluency and rendered quiescent for 18 hours prior to pre-

treatment with increasing concentrations of JAMI1028A for 1 hour. Cells were then 

stimulated with 30 nM trypsin for 4 hours. Cell lysates were then measured for 

luciferase activity as previously described (section 2.3). The data shown are 

expressed as fold stimulation over DMSO alone and each value represents n=3. 

Statistical analysis was performed via using one way ANOVA, with Dunnett’s post-

test comparison. ***p<0.001. 
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3.3 PAR2-mediated phosphorylation of extracellular signal-related 

kinase (ERK) in HEK293 cells 

 

The studies in PAR2 overexpressing cells strongly suggested that GB88 rather than 

being an antagonist is more likely to have agonist properties. However, it is 

recognised that there are limitations in using receptor-overexpressing cells. In 

addition, there is the potential for antagonist properties to be manifest at the level of 

different signalling pathways a phenomenon called agonist directed signalling (see 

chapter 1). Therefore, the effect of the compounds on PAR2 mediated ERK 

signalling in HEK293 cells, a line that expresses PAR2 endogenously, was examined.   

Initially the kinetics of trypsin-mediated phosphorylation of p42/44, extracellular 

signal-related kinase 1/2 (ERK1/2) was examined in figure 3.15 (a). Over a number 

of experiments it was found that trypsin induced ERK1/2 phosphorylation increased 

rapidly with maximum activation observed between 2 and 5 minutes at 

approximately 6 fold (5.643 ± 0.715 and 5.163 ± 0.676 fold of control, respectively) 

before gradually decreasing at 15 minutes to approximately 2 fold of basal values 

(1.537 ± 0.269 fold). Therefore, 5 minutes was used in the next set of experiments as 

the incubation time for PAR2 activation via trypsin. Using increasing concentrations 

of trypsin, starting from 1 to 1000 nM as shown in figure 3.15 (b), a concentration-

dependent increase in ERK1/2 phosphorylation was demonstrated with a maximal 

response between 300-1000 nM of trypsin, over a 5 minute period. Table 3.2 shows 

the determination of EC50
 
values. 

Figure 3.15 (c) illustrates the effect of 2f-LIGRLO-NH2-mediated PAR2 activation 

on the phosphorylation of ERK1/2. The kinetics of ERK phosphorylation was 

measured over a 90 minute time period. 2f-LIGRLO-NH2 induced ERK1/2, giving a 

maximum response at 5 minutes at approximately 13 fold (12.770 ± 1.075 fold of 

basal control) before gradually decreasing at 15 minutes to approximately 6 fold 

(5.623 ± 1.354 fold of basal control). Using increasing concentrations of 2f-

LIGRLO-NH2, starting from 0.01 µM up to 10 µM a concentration-dependent 

increase in ERK1/2 phosphorylation was constructed with a maximal response 

obtained between 1-10µM of 2f-LIGRLO-NH2, over a 5 minutes period, figure 3.15 

(d). 
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a)                                                            c) 

 

 

 

b)                                                          d) 

 

   

 

Figure 3. 15 Trypsin and 2f-LIGRLO-NH2 stimulated phosphorylation of ERK 

in HEK293 cells 

HEK293 cells were incubated in 2% media for 24 hours prior to stimulation with (a) 

100 nM trypsin (c) 1µM 2f-LIGRLO-NH2 for the times indicated or (b) with 

increasing concentrations of trypsin or (d) 2f-LIGRLO-NH2 for 5 minutes. Whole 

cell lysates were prepared as previously described (section 2.41) and resolved by 

Western blotting (section 2.4.2). Blot is representative of n=3, quantified by 

densitometry and expressed as mean ± s.e.m (fold stimulation). ***p<0.001 versus 

controls. 
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The effect of GB88-mediated phosphorylation of ER1/2 is demonstrated in figure 

3.16 (a). The kinetics of the activation of ERK was measured over a 90 minute time 

period. GB88-mediated phosphorylation of ERK1/2 was rapid, peaking at 5 minutes 

at approximately 3.5 fold (3.443 ± 0.503 fold of DMSO basal) before rapidly 

decreasing at 15 minutes to approximately 2 fold (2.183 ± 0.256 fold). Using 

increasing concentrations of GB88, starting from 0.1 µM up to 20 µM a 

concentration-dependent increase in ERK1/2 phosphorylation was observed with a 

maximal response using 20 µM of GB88, over a 5 minutes period, figure 3.16 (b). 

Generally, the levels of stimulation was lower than that observed for 2f-LIGRLO-

NH2, although the concentration response curve did not plateau out at the maximum 

concentration employed.  

 

The effect of compound DM/7/34 on PAR2-mediated phosphorylation of ERK MAP 

kinase was demonstrated in figure 3.16 (c & d). Initially the kinetics of ERK 

phosphorylation was measured over a 90 minute time period using DM/7/34 alone. 

Treatment with DM/7/34 increased phosphorylation of ERK1/2 with a peak at 5 

minutes at approximately 7 fold (7.147 ± 0.777) increase over basal, before gradually 

decreasing at 90 minutes to approximately 3 fold (3.333 ± 0.007 fold). Using 

increasing concentrations of DM/7/34, a concentration-dependent increase in 

ERK1/2 phosphorylation was observed with a maximal response using 20 µM of 

DM/7/34, over a 5 minutes period, figure 3.16 (d). Again, the concentration response 

curve did not reach a plateau at the maximum concentration employed.  
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a)                                                                   c) 

  

   

 

b)                                                               d) 

 

    

 

Figure 3.16 Phosphorylation of ERK stimulated by GB88 and DM/7/34 in 

HEK293 cells 

HEK293 cells were incubated in 2% media for 24 hours prior to stimulation with (a) 

10 µM GB88 (c) 10 µM DM/7/34 for the times indicated or (b) with increasing 

concentrations of GB88 (d) DM/7/34 for 5 minutes. Whole cell lysates were prepared 

as previously described (section 2.4.1), and resolved by Western blotting (section 

2.4.2). Blot is representative of n=3 and they were quantified by densitometry and 

expressed as mean ± s.e.m (fold stimulation). ***p<0.001 versus controls. 
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The effect of DM/8/45 on PAR2-mediated phosphorylation of ERK is illustrated in 

figure 3.17 (a). ERK phosphorylation was induced with DM/8/45 (10 µM) with 

maximum activation seen at 5 minutes with approximately 4 fold (4.130 ± 0.800) 

increase over basal before quickly decreasing at 15 minutes to approximately 1 fold 

(1.343 ± 0.133 fold). Again a concentration-dependent increase in ERK1/2 

phosphorylation was observed with a maximal response using 20 µM of DM/8/45, 

over a 5 minutes time period, figure 3.17 (b). Another compound DM/8/53 induced 

ERK phosphorylation with maximum activation at 5 minutes with approximately 6 

fold (5.827 ± 0.536 fold of DMSO basal) before quickly decreasing to DMSO basal 

levels of approximately 2 fold at 15 minutes (2.223 ± 0.199 fold). A concentration-

dependent increase in ERK phosphorylation was observed with a maximal response 

recorded using 20 µM of DM/8/53, over a 5 minutes period, figure 3.17 (d). 

 

 

The effect of JAMI1026A on PAR2-mediated phosphorylation of ERK is illustrated 

in figure 3.18 (a). ERK1/2 phosphorylation was measured over a 90 minute time 

period for JAMI1026A (10 µM). The kinetics were slightly different compared to 

other agonists; whilst  phosphorylation of ERK peaked at 5 minutes at approximately 

5 fold (4.520 ± 0.280) over basal, the decrease towards basal values was relatively 

slow giving a 2 fold response at 90 min (2.107 ± 0.049 fold). A concentration-

dependent increase in ERK1/2 phosphorylation was observed with a maximal 

response using 20 µM of JAMI1026A, over a 5 minutes period, figure 3.18 (b). 

Figure 3.18 (c) shows that the effect of JAMI1028A on PAR2-mediated 

phosphorylation of ERK1/2 was similar to JAMI1026A. Maximum ERK1/2 

phosphorylation was observed at 5 minutes with an approximate 4 fold (4.103 ± 

0.267) increase over basal. The response was decreasing gradually but then plateaued 

and by 90 minutes was approximately 2 fold (1.980 ± 0.205 fold). A similar 

concentration response curve was generated over a 5 minutes period, figure 3.18 (d). 

 

 

 

 



92 
 

a)                                                           c) 

 

   

b)                                                        d)       

 

   

 

Figure 3. 17 Phosphorylation of ERK by DM/8/45 and DM/8/53 in HEK293 cells 

HEK293 cells were incubated in 2% media for 24 hours prior to stimulation with (a) 

10 µM DM/8/45 (c) 10 µM DM/8/53 for the times indicated or (b) with increasing 

concentrations of DM/8/45 (d) DM/8/53 at 5 minutes. Whole cell lysates were 

prepared as previously described (section 2.4.1), and resolved by Western blotting 

(section 2.4.2). Blot is representative of n=3 and they were quantified by 

densitometry and expressed as mean ± s.e.m (fold stimulation). ***p<0.001 versus 

control. 
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a)                                                              c)  

 

   

b)                                                               d) 

 

 

 

Figure 3. 18 Phosphorylation of ERK by JAMI1026A and JAMI1028A in 

HEK293 cells 

HEK293 cells were incubated in 2% media for 24 hours prior to stimulation with (a) 

10 µM JAMI1026A (c) 10 µM JAMI1028A for the times indicated or (b) with 

increasing concentrations of JAMI1026A (d) JAMI1028A for 5 minutes. Whole cell 

lysates were prepared as previously described (section 2.4.1), and resolved by 

Western blotting (section 2.4.2). Blot is representative of n=3 and they were 

quantified by densitometry and expressed as mean ± s.e.m (fold stimulation). 

***p<0.001 versus control. 
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From the previous experiments, it was observed that the optimum time for ERK1/2 

phosphorylation using either PAR2 agonists or the six compounds was at 5 minutes 

where a peak signal was observed; therefore, this time was used in the next 

experiments. Cells were treated for 5 minutes with increasing concentrations of 

trypsin from 1 nM up to 1000 nM, 2f-LIGRLO-NH2 from 0.01 up to 10 µM and all 

GB88 compounds from 0.1 up to 20 µM. A concentration-dependent increase in 

ERK1/2 phosphorylation was observed, across all compounds used. Figure 3.19 

shows concentration responses curves and in table 3.2, the EC50 values for each 

compound. It should be noted that the potency of trypsin and 2f-LIGRLO-NH2 is 

considerably higher for ERK activation than that observed for activation of reporter 

activity. EC50 values for 2f-LIGRLO-NH2 and trypsin are lower than that recorded 

for GB88 compounds as expected, but the size of the responses for GB88 and related 

compounds were generally lower again suggesting partial agonist activity. However, 

the EC50 values for GB88 and other compounds are approximately similar to note for 

stimulation of reporter activity.   
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Figure 3. 19 Concentration response curves for PAR2 agonists and GB88 

compounds on ERK phosphorylation in HEK 293 cells 

 

HEK293s were incubated in 2% media for 24 hours prior to stimulation with 

increasing concentrations with each agonist (Trypsin and 2f-LIGRLO-NH2) and each 

compound (GB88, DM/7/34, DM/8/45, DM/8/53, JAMI1028A and JAMI1026A) for 

5 minutes. Whole cell lysates were prepared as previously described (section 2.4.2), 

and resolved by Western blotting (section 2.4.1). All data are representative of n=3, 

and were quantified by densitometry and expressed as mean ± s.e.m (fold 

stimulation). 
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Compound EC50 (µM) 

Trypsin 
0.033 

2f-LIGRLO-NH2 
0.02 

GB88 
2.6 

DM/7/34 
3 

DM/8/45 
2.3 

DM/8/53 
2 

JAMI1026A 
1.1 

JAMI1028A 
2 

 

Table 3. 2 EC50 values for PAR2 agonists and test compounds on ERK1/2 

phosphorylation in HEK293 cells. N=3 
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3.4 PAR2-mediated phosphorylation of p38 MAPK in HEK293 cells 

 

Having established that GB88 and associated compounds were able to couple to the 

ERK pathway it was decided to determine if these compounds had antagonist activity 

on other pathways so p38 MAPK was examined. This approach would help to 

establish if GB88 and related compounds behaved as agonists and could 

preferentially activate other pathways. In a number of studies, it has been shown that 

PAR2 can couple to ERK but coupling to p38 MAP kinase may be dependent on 

receptor expression. Overall, it was found that relative to ERK, p38 MAPK was 

found to be weakly phosphorylated as a result of PAR2 activation as demonstrated in 

figure 3.20., with a significant variation in the level of response across experiments. 

For trypsin the stimulation was poor, a maximum activation of p38 MAP kinase was 

observed at 5 minutes at 1.5 fold basal values (1.370 ± 0.075 fold n=3). The weak 

response mediated by trypsin decreased and returned to near basal level by 90 

minutes. Using the 5 minutes time point, a concentration-dependent increase in p38 

MAPK phosphorylation was observed with a maximal and significant response using 

1000 nM trypsin (4.510 ± 0.718 fold basal) as shown in figure 3.20 (b). The EC50 

value was lower than that observed for ERK signalling.   

 

The effect of PAR2 activation by 2f-LIGRLO-NH2 on the phosphorylation of p38 

MAP kinase was illustrated in figure 3.20 (c). 2f-LIGRLO-NH2 induced p38 MAPK 

phosphorylation but with different kinetics to trypsin, maximal activation was at 15 

minutes at approximately 3 fold (2.777 ± 0.363, n=3) before gradually decreasing by 

30 minutes to 2 fold (2.013 ± 0.424 fold) and by 90 minutes dropping to near basal 

levels. Using the 15 minute time point for stimulation a concentration-dependent 

increase in p38 MAPK phosphorylation was observed with a maximal response 

recorded at 10 µM 2f-LIGRLO-NH2 (5.637 ± 0.561 fold basal) as shown in figure 

3.20 (d).  
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a)                                                                      c)      

 

     

b)                                                                               d) 

 

   

 

 Figure 3. 20 PAR2-mediated phosphorylation of p38 by trypsin and 2f-

LIGRLO-NH2 in HEK293 cells 

HEK293 cells were incubated in 2% media for 24 hours prior to stimulation with (a) 

100 nM trypsin (c) 1 µM 2f-LIGRLO-NH2 for the times indicated or (b) with 

increasing concentrations of trypsin (d) 2f-LIGRLO-NH2 at 15 minutes. Whole cell 

lysates were prepared as previously described (section 2.4.1) and resolved by 

Western blotting (section 2.4.2). Each blot is representative of n=3, quantified by 

densitometry and expressed as mean ± s.e.m (fold stimulation), ***P<0.001 versus 

control. 
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Figure 3.21 (a) illustrated the effect of PAR2 stimulation by GB88 on the 

phosphorylation of p38 MAP kinase. GB88 (10 µM) induced p38 MAP kinase with 

maximal activation between 2 to 15 minutes with approximately 2.5 fold (2.467 ± 

0.194 fold of DMSO control). The response mediated by GB88 gradually decreased 

by 60 minutes to 1 fold (1.280 ± 0.099) or basal. Using increasing concentrations of 

GB88, starting from 0.1 up to 20 µM, a concentration-dependent increase in p38 

MAPK phosphorylation was observed at the 5 minute time point with a maximal 

response using 20 µM GB88 (3.910 ± 0.222 fold basal) as shown in figure 3.21 (b). 

This was largely consistent with that observed for ERK activation.  

 

 

The effect of DM/7/34 on phosphorylation of p38 MAP kinase was demonstrated in 

figure 3.21 (c). The kinetics of p38 MAPK phosphorylation was measured over a 90 

minute time period for DM/7/34 (10 µM). DM/7/34 induced p38 MAPK with a 

maximal activation at 5 minutes at approximately 2.5 fold (2.447 ± 0.263 fold of 

DMSO control) before gradually decreasing by 15 minutes to 2 fold (2.173 ± 0.324 

fold) and by 90 minutes returning to basal values (0.873 ± 0.158 fold). Therefore, 5 

minutes were used as the typical time for PAR2 activation by DM/7/34. Using 

increasing concentrations of DM/7/34, from 0.1 up to 20 µM, a concentration-

dependent increase in p38 MAPK phosphorylation was observed with a maximal 

response using 20 µM DM/7/34 (4.677 ± 0.156 fold basal) as shown in figure 3.21 

(d). 
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a)                                                                c) 

 

   

b)                                                                  d)    

 

   

 

Figure 3. 21 PAR2-mediated phosphorylation of p38 by GB88 and DM/7/34 in 

HEK293 cells 

HEK293 cells were incubated in 2% media for 24 hours prior to stimulation with (a) 

10 µM GB88 (c) 10 µM DM/7/34 for the time indicated or (b) with increasing 

concentrations of GB88 (d) DM/7/34 at 15 minutes. Whole cell lysates were prepared 

as previously described (section 2.4.1), and resolved by Western blotting (section 

2.4.2). Blot is representative of n=3 and they were quantified by densitometry and 

expressed as mean ± s.e.m (fold stimulation). ***P<0.001 versus control. 
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Figure 3.22 and 3.23 (a) shows the effect of PAR2 activation on the phosphorylation 

of p38 MAPK by the remaining compounds; DM/8/45, DM/8/53, JAMI1026A and 

JAMI102A. Panels a and c for each figure show comparative time courses for each 

compounds, whilst b and d panels show the concentration response curves. 

Consistently, the responses were weak giving only 2-3 fold maximum stimulation at 

higher agonist concentrations (10µM). For some of the agonists the maximum 

stimulation was later or with a slightly more sustained response for example, 

JAMI1026A and 1028A.  All agonists were moderately potent in this assay, response 

curves were not completed at the maximum concentration of agonist employed. This 

is better illustrated in Figure 3.24. Determination of EC50 values were difficult due to 

the potential error in reiterative curve fitting procedure to a single site sigmoid curve, 

nevertheless the approximate EC50 value for each compound is listed in Table 3.3. 
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a)                                                                 c) 

   

b)                                                                      d) 

 

   

 

Figure 3. 22 PAR2-mediated phosphorylation of p38 by DM/8/45 and DM/8/53 

in HEK293 cells 

HEK293 cells were incubated in 2% media for 24 hours prior to stimulation with (a) 

10 µM DM/8/45 (c) 10 µM DM/8/53 for the time indicated or (b) with increasing 

concentrations of DM/8/45 (d) DM/8/53 at 5 minutes. Whole cell lysates were 

prepared as previously described (section 2.4.1), and resolved by Western blotting 

(section 2.4.2). Each blot is representative of n=3, quantified by densitometry and 

expressed as mean ± s.e.m (fold stimulation), *P>0.05 versus control. 
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a)                                                                   c)       

   

 

b)                                                                 d)    

 

    

 

Figure 3. 23 PAR2-mediated phosphorylation of p38 by JAMI1026A and 

JAMI1028A in HEK293 cells 

HEK293 cells were incubated in 2% media for 24 hours prior to stimulation with (a) 

10 µM JAMI1026A (c) 10 µM JAMI028A for the time indicated or (b) with 

increasing concentrations of JAMI1026A (d) JAMI1028A at 15 minutes. Whole cell 

lysates were prepared as previously described (section 2.4.1), and resolved by 

Western blotting (section 2.4.2). Each blot is representative of n=3, quantified by 

densitometry and expressed as mean ± s.e.m (fold stimulation), ***P<0.001 versus 

control.  
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Figure 3. 24 The effect of different concentrations of GB88 compounds on PAR2 

mediated p38 phosphorylation. 

 

HEK293 cells were incubated in 2% media for 24 hours prior to stimulation with 

increasing concentrations with each agonist (Trypsin and 2f-LIGRLO-NH2) and each 

compound (GB88, DM/7/34, DM/8/45, DM/8/53, JAMI1026A and JAMI1028A) for 

5 minutes. Whole cell lysates were prepared as previously described (section 2.4.2), 

and separated by SDS.PAGE (section 2.4.1). All data are representative of n=3, 

quantified by densitometry and expressed as mean ± s.e.m (fold stimulation). 
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Table 3. 3 EC50 values for p38 MAPK phosphorylation (N=3) 

 

 

 

 

 

 

 

 

 

 

Compound EC50 (µM) 

Trypsin 0.1 

2f-LIGRLO-NH2 
0.12 

GB88 3.3 

DM/7/34 8 

DM/8/45 3 

DM/8/53 6.5 

JAMI1026A 2.5 

JAMI1028A 11 
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3.5 PAR2-mediated phosphorylation of p65 NFB in HEK293 cells 

 

Having established the patterns of activation by the GB88 compounds on the MAPK 

pathway the activation of p65 NFB was examined. PAR2-mediated NFB reporter 

activity was investigated earlier in this chapter but it was decided to look at activation 

of the pathway in HEK293 cells which express endogenous levels of PAR2. This 

helps again to determine if GB88 and associated compounds have any unusual 

characteristics and link to this pathway at more physiological levels of receptor 

expression. The phosphorylation and transcription of p65 NFB is a key marker for 

activation of the pathway; in the absence of a cell line expressing the NFB 

luciferase reporter it was decided to use this as an assay readout. In PAR2 expressing 

reporter cells the activation of p65 NFB by PAR2 is via a Ca
2+

-dependent PKC 

pathway, with receptor coupling to Gq/11 (Goon Goh et al., 2008).  

 

However, over a number of experiments it was shown that in HEK293s stimulated 

with trypsin no p65 phosphorylation was observed, in comparison to the TNFα 

positive control as shown in figure 3.25. This was also true when using 2f-LIGRLO-

NH2 or any of the GB88 compounds (see figures 3.25 and 3.26). Reasons for this are 

likely due to the cell type chosen, HEK293s having low levels of endogenous PAR2. 

In inflammatory disease, PAR2 has been shown across many cell types to be 

upregulated, with high levels of receptor expression. Therefore, in retrospect using 

the PAR2 overexpressing cell line may have been a better cell line. However, the 

experiments presented here demonstrate a lack of coupling to the NFB pathway at 

the physiological level.  
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a)                                                                    b) 

 

 

c).                                                                             d) 

 

 

 

 

 

Figure 3. 25 Effect of trypsin, 2f-LIGRLO-NH2, GB88, and DM/7/34 on 

phosphorylation of p65 NFB in HEK293 cells 

HEK293 cells were incubated in 2% media for 24 hours prior to stimulation with (a) 

100 nM trypsin (b) 1 µM 2f-LIGRLO-NH2 (c) 10 µM GB88 (d) 10 µM DM/7/34for 

the times indicated. The whole cell lysates were prepared as previously described 

(section 2.41), and analysed by Western blotting (section 2.4.2). Each blot is 

representative of n=3 and semi-quantified by densitometry. Values are expressed as 

mean ± s.e.m (fold stimulation).  
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a)                                                                b) 

     

 

c).                                                                   d) 

      

 

Figure 3. 26 Effect of DM/8/45, DM/8/53, JAMI1026A, and JAMI1028A on 

phosphorylation of p65 NFB in HEK293 cells 

 

HEK293 cells were incubated in 2% media for 24 hours prior to stimulation with (a) 

10 µM DM/8/45 (b) 10 µM DM/8/53 (c) 10 µM JAMI1026A (d)  10 µM 

JAMI1028A for the time indicated. Whole cell lysates were prepared as previously 

described (section 2.41), and analysed by Western blotting (section 2.4.2). Each blot 

is representative of n=3 and quantified by densitometry. Values are expressed as 

mean ± s.e.m (fold stimulation). 
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3.6 PAR2-mediated calcium mobilisation in HEK293 cells 

 

PAR2 mediates intracellular calcium release in normal human keratinocytes 

(Kawabata et al., 2004). Here, HEK239 cells were used to screen intracellular 

calcium release using the GB88 compounds compared to both agonist trypsin and 2f-

LIGRLO-NH2. Barry et al discovered that GB88 was a PAR2 antagonist with the 

ability to inhibit PAR2-induced intracellular calcium mobilization in different cell 

types treated with protease, peptide or non-peptide agonists of PAR2 (Barry et al., 

2010, Suen et al., 2012). The expectation was that these compounds would have 

inhibitory actions in this assay.   

 

Initially, it was observed that activation of PAR2 by either endogenous agonist 

trypsin or synthetic peptide 2f-LIGRLO-NH2 stimulated an increase in intracellular 

calcium which peaked within 30 seconds and returned to baseline after 2 minutes. 

Concentration response curves were established for each compound over a number of 

experiments giving EC50 values of 0.15 M for trypsin and for 2f-LIGRLO-NH2 0.26 

µM as shown in figure 3.27. In the same figure, intracellular Ca
2+

 mobilisation was 

analysed when HEK293 cells where treated with GB88 and derivative compounds. 

GB88 compounds yielded weaker calcium signalling mediated by PAR2. In 

particular, DM/8/53 and JAM1026A had low efficacy relative to both GB88 and 2f-

LIGRLO-NH2. In terms of Ca
2+

 release, GB88 and other compounds were 

considerably less potent and efficacious compared to 2f-LIGRLO-NH2 in inducing 

PAR2. The responses were between 15-50 fold less potent, as shown by the EC50 

values in table 3.4. In fact, a full concentration response curve could not be 

established for JAM1026A. Therefore, GB88 compounds appear to be weak partial 

PAR2 agonists compared to the full agonists trypsin and 2f-LIGRLO-NH2.  
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Figure 3. 27 The effect of different concentrations of compounds on PAR2 

mediated calcium mobilisation 

 

HEK293 cells were seeded in 96-well black, clear-bottomed plates until confluent 

then stimulated with increasing concentrations of each agonist (Trypsin or 2f-

LIGRLO-NH2) and each compound (GB88, DM/7/34, DM/8/45, DM/8/53, 

JAMI1028A and JAMI1026A). Concentration-dependent curves for iCa
2+

 

mobilisation by PAR2 agonists were generated. All data are representative of n=3 

and expressed as mean ± s.e.m (fold stimulation). 
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Compound EC50 (µM) 

Trypsin 0.15 

2f-LIGRLO-NH2 
0.26 

GB88 15 

DM/7/34 4.2 

DM/8/45 5.6 

DM/8/53 5.5 

JAMI1026A 
ND 

JAMI1028A 7.4 

 

Table 3. 4 EC50 values for all compounds tested against PAR2-mediated calcium 

mobilisation.  

(N=3). ND is not determined.  
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In the next set of experiments, the compounds were tested for antagonist activity as 

outlined in figures 3.28-30. Cells were pre-incubated with GB88 and related 

compounds for 15 minutes prior to addition of 3 concentrations of 2f-LIGRLO-NH2 

and Ca
2+

 responses measured at 2 minutes. For GB88 there was a slight inhibitory 

effect of the agonist response at concentrations which had little or no stimulation, 

however, this effect was not significant. This suggested the potential of a minor level 

of antagonist activity. However, as the concentration of GB88 increased and the 

stimulation became apparent this in turn mediated a decrease in subsequent agonist 

activation. This pattern was replicated with the other compounds with the most 

pronounced effect with JAMI1026A. These data confirm that all GB88-derivatives 

compounds activate PAR2 and show little to no inhibitory properties in this assay 

and others examined. Also by mediating PAR2-induced calcium mobilisation it is 

probable that GB88 and derivatives are activating PAR2 leading to coupling to 

Gq/11 to mediate calcium responses, similar to 2f-LIGRLO-NH2. This is 

contradictory to the research published by Barry et al, who described GB88 as an 

antagonist within the Gq/11 pathway (Barry et al., 2010). 
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Figure 3. 28 The effect of GB88 on 2f-LIGRLO-NH2 stimulated calcium 

mobilization in HEK293 cells 

 

HEK293 cells were seeded in 96-well black clear-bottomed plates until confluent 

then pre-treated with increasing concentrations of GB88 for 15 minutes. Different 

concentrations of 2f-LIGRLO-NH2 were used to activate PAR2-mediated calcium 

mobilization as indicated. All data are representative of n=5 and expressed as mean ± 

s.e.m (Ca
2+ 

mobilisation). 
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Figure 3. 29 The effect of DM/7/34, DM/8/45, and DM/8/53 on 2f-LIGRLO-NH2-

induced calcium mobilisation in HEK293 cells 

HEK293 cells were seeded in 96-black wall plate until confluent then pre-treated 

with increasing concentrations of each agonist (a) DM/7/34 (b) DM/8/45 (c) 

DM/8/53 for 15 minutes. A different concentration of 2f-LIGRLO-NH2 was used to 

activate PAR2-mediated calcium mobilization as indicated. All data are 

representative of n=5 and expressed as mean ± s.e.m (Ca
2+ 

mobilisation). 
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Figure 3. 30  The effect JAMI1026A and JAMI1028A on 2f-LIGRLO-NH2-

induced calcium mobilization in HEK293 cells 

 

HEK293 cells were seeded in 96-black wall plate until confluent then pre-treated 

with increasing concentrations of each agonist (a) JAMI1026A (b) JAMI1028A for 

15 minutes. A different concentration of 2f-LIGRLO-NH2 was used to activate 

PAR2-mediated calcium mobilization as indicated. All data are representative of n=5 

and expressed as mean ± s.e.m (Ca
2+ 

mobilisation). 
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3.7 The role of Gαq/11 in the calcium mobilisation mediated by PAR2 

 

Having established that GB88 and other agonists can activate Ca
2+

 mobilisation, it 

was useful to confirm that this effect did involve coupling to the Gαq/11 pathway. 

Previously, a number of groups including our own have investigated PAR2 coupling 

to downstream signalling pathways using the novel Gαq/11 inhibitor YM-254890 

(Goon Goh et al., 2008, Goh et al., 2009). We utilised this particular compound and 

examined its effect upon Ca
2+ 

mobilisation. As shown in figure 3.31, 100 nM 

YM254890 inhibited intracellular Ca
2+ 

induced by 2f-LIGRLO-NH2 by 

approximately 70%. In other experiments, as shown in figure 3.32, YM-254890 

caused a substantial inhibition of Ca
2+

 mobilization stimulated with GB88, the 

response was almost completely abolished. This strongly suggests that the activation 

of Ca
2+

 mobilisation through GB88 is dependent upon the Gαq/11 pathway.  
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Figure 3. 31 Effect of YM-254890 on 2f-LIGRLO-NH2 stimulated Ca
2+

 

mobilisation in HEK293 cells 

HEK293 cells were seeded in 96-black wall plates until confluent then pre-incubated 

with 100 nM of YM-254890 for 15 minutes, and then intracellular Ca
2+

 mobilization 

was measured after stimulation with increasing concentrations of 2f-LIGRLO-NH2. 

Concentration-dependent curves for intracellular Ca
2+

 mobilisation induced by the 

PAR2 agonist were generated. All data are representative of n=5 and expressed as 

mean ± s.e.m (fold stimulation). 

 

Figure 3. 32  Effect of YM-254890 on Ca
2+

 mobilisation mediated by PAR2 

induced by GB88 in HEK293 cells.  

HEK293 cells were seeded in 96-black wall plate until confluent then pre-incubated 

with 100 nM YM-254890 for 15 minutes, and then intracellular Ca
2+

 mobilization 

measured after stimulation with increasing concentrations of GB88. Concentration-

dependent curves for intracellular Ca
2+

 mobilisation by PAR2 agonists were 

generated. All data are representative of n=5 and expressed as mean ± s.e.m (fold 

stimulation). 
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3.8 The role of Gq/11 in PAR2-mediated activation of ERK MAP 

kinase 

 

Having established that GB88 increased Ca
2+

 mobilisation, we sought to examine if 

the activation of Ca
2+

 signalling via Gαq/11 had any influence on PAR2-mediated 

phosphorylation of ERK MAP kinase. This is important because activation of PAR2 

by trypsin and activating peptide is thought to be solely dependent on β-arrestin as 

evidenced by DeFea et al (DeFea et al., 2000). 

 

The effect of pre-incubation with YM-254890 on the phosphorylation of ERK MAP 

kinase-activated via trypsin was demonstrated in figure 3.33 (a). Similar to previous 

experiments trypsin-induced ERK phosphorylation which peaked at 5 minutes with 

approximately 4 fold of the phosphorylated ERK (3.693 ± 0.190 fold of basal 

control). Pre-incubation with 30 or 100 nM YM-254890 alone caused a small but 

non-significant reduction (% inhibition = 28 %) in the phosphorylation of ERK, 

however with 300 nM of YM-254890 a greater and significant level of inhibition was 

seen (fold stimulation = 2.653 ± 0.089 fold compared to trypsin alone, *P>0.05). 

Figure 3.33 (b) shows a similar effect following stimulation via 2f-LIGRLO-NH2. 

Alone 2f-LIGRLO-NH2 induced the phosphorylation of ERK at 5 minutes at 

approximately 9 fold (9.073 ± 1.207 fold of basal control). Again, there was partial 

inhibition, approximately one third in the phosphorylation of ERK following 

incubation with 300 nM YM-254890 reducing the activation to approximately 6 fold 

(6.083 ± 0.670 fold for 2f-LIGRLO-NH2). 
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a) 

 

b) 

 

 

Figure 3. 33 The effect of YM-254890 on trypsin and 2f-LIGRLO-NH2 

stimulated ERK phosphorylation in HEK293 cells  

HEK293 cells were incubated with 2% media for 24 hours prior to pre-treatment with 

increasing concentrations of YM-254890 (Rohatgi et al.) for 30 minutes and 

stimulated with (a) 300 nM trypsin (b) 1µM 2f-LIGRLO-NH2 for an additional 5 

minutes. Whole cell lysates were prepared as previously described (section 2.41) and 

analysed by Western blotting (section 2.4.2). Each Blot is representative of n=3, 

quantified by densitometry and expressed as mean ± s.e.m (fold stimulation). 

*P>0.05 versus control. 
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The effect of pre-incubation with YM-254890 on the phosphorylation of ERK 

activated via GB88 was illustrated in figure 3.34 (a). It was shown that GB88 

induced the phosphorylation of ERK at 5 minutes at approximately 7 fold (7.380 ± 

0.850 fold of DMSO basal). There was no effect following pre-incubation with 30 

nM YM-254890 alone but there was a moderate inhibition with 100 nM YM-254890 

reducing phosphorylation to under 5 fold (4.583 ± 0.583 fold) and also significant 

inhibition (approximately 50%) following pre-incubation using 300 nM YM-254890 

(3.740 ± 0.422 fold compare to GB88 stimulation). 

 

A similar pattern was identified when the other GB88 related compounds were 

utilised. This is shown in figures 3.34.(b), 3.35 and 3.36. It is of interest to note that 

whilst for some of the compounds inhibition was only observed at the very maximal 

concentration of 300nM, for other compounds in particularly DM/8/53 and 

JAMI1026A there was significant inhibition approximately 50% at the 100nM 

concentration.  
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a) 

 

b) 

 

 

Figure 3. 34 Effect of YM-254890 on GB88 and DM/7/34 stimulated 

phosphorylation of ERK MAP kinase in HEK293 cells  

HEK293 cells were incubated with 2% media for 24 hours prior to pre-treatment with 

increasing concentrations of YM-254890 (Rohatgi et al.) for 30 minutes and 

stimulated with (a) 10 µM GB88 (b) 10 µM  DM/7/34 for an additional 5 minutes. 

Whole cell lysates were prepared as previously described (section 2.41) and analysed 

by Western blotting (section 2.4.2). Each blot is representative of n=3, quantified by 

densitometry and expressed as mean ± s.e.m (fold stimulation). **P<0.01 

***P<0.001 or *P>0.05 versus stimulated control. 
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a) 

 

 

b) 

 

 

Figure 3. 35 Effect of YM-254890 on DM/8/45 and DM/8/53 stimulated ERK 

phosphorylation in HEK293 cells 

HEK293 cells were incubated with 2% media for 24 hours prior to pre-treatment with 

increasing concentrations of YM-254890 (Rohatgi et al.) for 30 minutes and 

stimulated with (a) 10 µM DM/8/45 (b) 10 µM DM/8/53 for an additional 5 minutes. 

Whole cell lysates were prepared as previously described (section 2.41) and analysed 

by Western blotting (section 2.4.2). Each blot is representative of n=3, quantified by 

densitometry and expressed as mean ± s.e.m (fold stimulation). *P<0.05 ***P<0.001 

compared to stimulated control. 
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a) 

 

 

b) 

 

 

Figure 3. 36 The effect of YM-254890 on JAMI1026A and JAMI1028A 

stimulated ERK phosphorylation in HEK293 cells 

HEK293 cells were incubated with 2% media for 24 hours prior to pre-treatment with 

increasing concentrations of YM-254890 (Rohatgi et al.) for 30 minutes and 

stimulated with (a) 10 µM JAMI1026A (b) 10 µM JAMI1028A for an additional 5 

minutes. Whole cell lysates were prepared as previously described (section 2.41), and 

separated by SDS.PAGE (section 2.4.2). Blot is representative of n=3, quantified by 

densitometry and expressed as mean ± s.e.m (fold stimulation). *P<0.05 ***P<0.001 

versus agonist stimulated control. 
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3.9 Discussion 

Initially, this chapter assessed the actions of trypsin and 2f-LIGRO-NH2, which 

activate PAR2 and the effects of the non-peptide compound GB88 and other 

derivatives generated in house. The investigation has been achieved by utilising three 

key distinct signalling pathways that are relevant to PAR2 signalling, for example: 

down-stream NFB transcriptional activity, the mid-stream ERK MAP kinase and 

the up-stream calcium mobilisation. In order to do this, the keratinocyte line 

NCTC2544 cells overexpressing both hPAR2 (Clone G) and an NFB-Luc plasmid 

(NFB-Reporter cells) are used. In addition, HEK293 cells have been utilised, as a 

cell line displaying endogenous expression of PAR2. 

 

Initially, the effect of the five compounds based on the structure of GB88 was tested 

on PAR2-mediated transcriptional activation of NFB. At the start of this study 

GB88 and other compounds had been identified as novel antagonists (Barry et al., 

2010) and an improvement on ENMD-1068, K-12940, and K-14585 compounds 

(Kelso et al., 2006, Kanke et al., 2009). The PAR2 compound, GB88 is a non-

peptide compound; it has the ability to disarm both endogenous and synthetic peptide 

agonists (Barry et al., 2010). In this study, the structure of GB88 compounds was 

used as a basis to develop additional C-terminal derivatives. These derivatives 

(DM/7/34, DM/8/45, DM/8/53, JAMI1026A, and JAMI1028A) have similar 

structures to GB88, with slight modifications made in the C-terminal whereas the N-

terminal was unaltered. It was predicted that these compounds might have enhanced 

potency.  

 

Activation of the receptor has the potential to link to a number of intracellular 

signalling pathways. One is NFB mediated through the activation of isoforms of 

inhibitory kappa B (IKK1 and IKK2) (Kanke et al., 2001). This also involves partial 

coupling of PAR2 to Ca
2+

 and Gαq/11 which partially regulates the pathway (Goon 

Goh et al., 2008). The activation of NFB in response to PAR2 activation can be 

assessed in several ways in normal cells for example NFB-DNA binding or p65 

NFB phosphorylation (Macfarlane et al., 2005). However, these assays are time-
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critical. The cell line generated for this study overexpressed PAR2 and a luciferase 

reporter construct expressing 6 NFB binding sites within the promoter making it an 

ideal cell line for multiple compound analysis (Kanke et al., 2001). It was found out 

that GB88 and related compounds were able to activate reporter activity rather than 

inhibit it. In addition, the novel compounds, many of which had comparable efficacy 

to GB88 although some do not reach a maximum activation relative to 2f-LIGRO-

NH2. These above findings showed the first implication that such compounds were 

not antagonists but may have other properties.   

 

The potential of inhibition was also studied by pre-incubating reporter cells with 

compound. Using this approach there was no evidence for any antagonist effects. 

GB88, DM/7/34, DM/8/45, DM/8/53, JAMI1026A, and JAMI1028A did not inhibit 

peptide or trypsin induced reporter activity at lower concentrations. However, as the 

concentration of the compounds increased there was some inhibition of the peptide 

or trypsin response or at least there was additive effect. This might again support the 

idea that the compounds are partial agonists; they are able to compete with 2f-

LIGRLO-NH2 for binding to the receptor however as they occupy the receptor more 

they are not able to active the receptor as strongly, thus actually reducing the 

response. However, if as mentioned above the cells overexpressed the receptor and 

coupled to a strong reporter system the responses to a weak partial agonist looks 

greater as is the case here.      

 

However, other PAR2 inhibitors have been identified using this readout suggesting 

that an inhibitory activity can be identified (Goh et al., 2009). Both peptide-mimetic 

compounds K-12940 and K-14585, mediated a concentration-dependent inhibition of 

luciferase activity stimulated by SLIGKV-OH up to 80% and about 25% in PAR2 

activated by trypsin (Kanke et al., 2009). Other research also confirms these 

antagonist properties and relative effects of K-12940 and K-14585 against trypsin 

and peptide using in vivo models (Kanke et al., 2001).  

 

Other studies have found that incubation of these cells with the cell permeable 

chelator BAPTA-AM leads to a notable inhibition of trypsin-stimulated PAR2 
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activity and this inhibition is almost complete (Macfarlane et al., 2005). This 

suggests the potential to link PAR2 to luciferase via Gαq/11. Whilst this has not been 

directly demonstrated, Goh et al (Goon Goh et al., 2008) utilised the Gαq/11 inhibitor 

YM-254890 and showed approximately 50% inhibition of the peptide mediated 

response. Thus, any inhibition of the pathway by GB88 and other antagonists in this 

pathway should have been observed in the reporter assay. 

 

Measuring PAR2 mediated phosphorylation of ERK was utilised next as an approach 

to characterise the pharmacological properties of GB88 and its derivative 

compounds. This was done in HEK293 cells, which are recognised to express a 

moderate level of PAR2. As indicated in the introduction, previous research has 

demonstrated phosphorylation of ERK mediated by PAR2 (Zhang et al., 2012a) 

which is linked to a number of downstream responses (DeFea et al., 2000, Kramer et 

al., 1995). Previous research from our lab demonstrated that ERK, p38 and JNK 

MAPK are mediated by PAR2 activation but again this is in a system where PAR2 is 

overexpressed (Macfarlane et al., 2005).  

 

The ERK1/2 signaling pathway is initiated via receptor coupling to several types of 

G proteins, such as Gαs, Gαq/11 and Gαi/o (DeFea et al., 2000, Ramachandran et al., 

2009) and also β-arrestin. The activation of ERK particularly at early time points is 

in some instances, PKC-dependent as shown in KNRK cells transfected with hPAR2  

(Ramachandran et al., 2009, DeFea et al., 2000). Indeed Early ERK activation in 

HSP cells by SLIGKV-NH2 occurs between at 3-5 minutes and is PKC-dependent 

due to PAR2 coupling to Gαq/11 (Myatt and Hill, 2005). Thus, 5 minutes was 

identified as the time point for study of the inhibitors.   

 

Once again, GB88 and its relative compounds display robust increases in ERK 

activation although they were far less efficacious than 2f-LIGRLNH2 stimulation 

suggesting again partial agonist activity. These results to some extent agree with the 

most recent studies. GB88 was re-classified as a biased antagonist by Suen and 

colleagues. They demonstrated, at least in HT29 and CHO-hPAR2 cells, that GB88 

could inhibit Gαq/11 mediated PAR2-signalling while activating Gαi/o driven pathways 
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which couple to ERK. Thus, in their study GB88 activated ERK through PAR2 

coupling to Gαi/o and inhibited PAR2-mediated Gαq/11- Ca
2+

-PKC pathway (Suen et 

al., 2014). A bias agonist is also found in response of the signalling of PAR2. 

Ramachandran and colleagues found that both trypsin and SLIGRL have an ability to 

activate ERK MAP kinase and intracellular calcium pathways in PAR2-KNRK cells, 

while it was also noticed that SLAAAA-NH2 behaves as a biased agonist, SLAAAA-

NH2 did not activate intracellular calcium but activated p42/44 MAPK in the same 

cell line (Ramachandran et al., 2009). Elastin and related enzymes also have biased 

properties by promoting PAR2 coupling to Gαs, and activating PKA and adenylyl 

cyclase-mediated by TRPV4 (Steinhoff et al., 2000, Zhao et al., 2014, Zhao et al., 

2015). This allows an influx of calcium ions from the extracellular fluid via PKA, 

while the canonical peptide agonist only promotes coupling of PAR2 to Gαq/11 to 

promote intracellular Ca
2+

 mobilisation (Zhao et al., 2015, Zhao et al., 2014).  

 

Work from other groups have identified coupling of PAR2 to β-arrestin as a common 

mechanism by which ERK is activated through biased agonist activity. For example, 

PAR2 activates cofflin via β-arrestin and ERK activation independently of Gαq/11 

(Wang and DeFea, 2006, Zoudilova et al., 2007). A study from Ge and co-workers 

has also demonstrated that the prolonged activation of ERK-induced by PAR2 is 

dependent on binding with β-arrestin, co-immunoprecipitation identified an active 

receptor/arrestin complex for up to 90 minutes (Ge et al., 2003). This mode of 

coupling has also been observed for G-protein coupled receptors, such as; 

angiotensin AT1 (Wei et al., 2003) and vasopressin V2 receptors (Charest et al., 

2007).   

 

Interestingly, this work is also similar to results from the Plevin laboratory in which 

the peptide antagonist K-14585 was found to activate ERK and p38 MAP kinase in 

the same cells where inhibition of NFB luciferase was recorded (Goh et al., 2009). 

In HEK293 cells, there was no activation of p38 MAPK nor phosphorylation of p65 

NFB presumably due to the lower expression of the receptor and the less likelihood 

of aberrant coupling so this possibility could not be tested. Other studies, for example 

(Sethi et al., 2005) have demonstrated PAR2 activation of p38 MAP kinase which in 
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turn stimulates IL-1β and IL-8 release from intestinal epithelial cells, were it is 

assumed receptor expression is also moderate (Fyfe et al., 2005), suggesting 

differences in coupling efficiencies in different cells. Other studies also point to the 

potential of dual functions and thus bias antagonist activity for example, PAR2 

activates PI3 kinase via the Gαq/11 pathway, but also ERK via β-arrestin-mediated 

binding which can also negatively modulate PI3 kinase (Wang et al., 2007a). Thus, 

overall, our compounds have the potential to be bias ligands if due to using 

overexpressing cells the antagonist function of GB88 and other compounds are 

manifest as partial agonists due to the high levels of receptor and extremely efficient 

coupling to the NFB readout.  

 

To further address the question regarding PAR2 mediated antagonism in HEK293 

cells, a fluorescence-based Ca
2+

 imaging was used and allowed GB88 and associated 

compounds to be assessed for calcium mobilisation in HEKs. Multiple studies link 

PAR2 to rapid intracellular Ca
2+

 mobilisation (Myatt and Hill, 2005, Lieu et al., 

2016). Intracellular calcium mobilisation activated by furoylated peptides has been 

measured in NCTC2544-PAR2 and human colon adenocarcinoma cells (HCT-15) 

using similar systems (Kawabata et al., 2004). Bushell and colleagues have 

demonstrated calcium mobilisation in various cell types and illustrated that PAR2 

binds to Gαq/11 leading to IP3 release and subsequent intracellular Ca
2+

 (Bushell et 

al., 2006). Ca
2+

 mobilisation is the standard approach to test new agonist and 

antagonist drugs in a variety of cells expressing endogenous receptor (McGuire et 

al., 2004, Hollenberg et al., 2008) and in transfected cells (Hela-PAR2) (Boitano et 

al., 2011).   

 

Disappointingly, our studies did not indicate significant inhibition for NFB 

transcriptional activity, the phosphorylated of ERK and calcium internalisation by 

GB88 and related compounds. PAR2 activation in these cells is Gαq/11 dependent as 

the Ca
2+

 response was blocked by YM-254890 a compound which directly inhibits 

Gαq/11. These findings are at odds with a number of recent studies and cannot be 

readily explained. It is noted that pre-incubation times in a number of these studies is 
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up to 60 min, this may result in desensitisation of the receptor though internalisation 

thus reducing the subsequent stimulation.  

 

Nevertheless, Lohman et al. 2012, have shown that GB88 is the first PAR2 

antagonist which can inhibit both protease and peptide activation in vivo and in vitro 

(Lohman et al., 2012a). This finding is consistent with a study from Suen et al. 2012, 

which illustrated that GB88 was able to reduce PAR2-induced calcium mobilisation 

mediated by three different PAR2 agonists (trypsin, 2f-LIGRLO-NH2, and GB110). 

This finding was shown in various types of human cells for example; Panc-1, HT29, 

HUVEC, MKN45, MKN1, and MDA-MB-231 cell lines, which have a vast variation 

in PAR2 expression (Suen et al., 2012, Barry et al., 2010).  

 

Elements of these papers demonstrate inhibitory effects in human monocyte-derived 

macrophages (HMDMs) as well as rat paw oedema (Lohman et al., 2012a, Suen et 

al., 2012). GB88 also inhibits trypsin, elastase and cathepsin-s induced Ca
2+

 

responses in dorsal root ganglion (DRG) neurons (Lieu et al., 2016, Zhao et al., 

2015, Zhao et al., 2014). Other studies noted that GB88 is effective in reducing 

protease- and peptide- mediated pain and inflammation in rats including mast cell 

degranulation, macrophage infiltration and collagen-induced arthritis (Barry et al., 

2010, Suen et al., 2012, Lohman et al., 2012a, Lieu et al., 2016).  

 

Recently, Yau’s colleagues have found that three of the N-terminal derivatives of 

GB88 (isoxazole, cyclohexylalanine, and isoleucine) bind to distinct sites on PAR2 

regulating selectivity and affinity, whereas the C-terminal residue spiro[indene-1,4’-

piperidine] determines dual function. One of the GB88 derivatives, AY117 behaves 

as a PAR2 biased antagonist; it decreases internalisation of calcium responses 

mediated by PAR2 and acts as an agonist to phosphorylate of ERK MAPK in HT29 

cells. The selective PAR2 antagonist AY117 inhibits secretion of the pro-

inflammatory cytokines TNFα and IL-6 in human tubule epithelial cells (HTEC). It 

also reduces rat paw oedema. This study demonstrated that the isoxazole in GB88 

has a crucial role in showing the antagonist properties through the nitrogen/oxygen 

atoms (Yau et al., 2016a). This finding does not conform to the present study as the 
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results presented here show GB88 and its derivatives to be agonists via Gαq/11 across 

several pathways in spite of containing the aforementioned isoxazole ring.  

    

GB88 may also have an additional benefit as a bias antagonist in terms of drug 

design being able to disarm a specific PAR2 mediated signaling pathway linked to a 

disease with no effect on another signalling event linked to normal physiology (Suen 

et al., 2014). The low affinity PAR2 antagonist ENMD-1068 has been found to 

inhibit PAR2-mediated calcium mobilisation activated via SLIGKV-NH2 in Lewis 

lung carcinoma cells (LLC) as well as attenuated murine joint inflammation (Kelso 

et al., 2006). The anti-osteoarthritic compound ENMD-520 has been reported as a 

PAR2 antagonist in mice, however it required very high concentrations to elicit 

inhibitory effects, ruling it unsuitable for the next stages of testing (Ferrell et al., 

2010).  If a better more potent bioavailable drug such as GB88 can be made 

available, it has the potential to be used clinically in this condition.   

 

The main finding in this chapter was that GB88 and its derivatives behaved as PAR2 

partial agonists compared to trypsin and 2f-LIGRLO-NH2. This was evidenced 

through the measurement of a series of outputs; and NFB activation, ERK MAP 

kinase phosphorylation and Gαq/11 dependent calcium mobilisation. This finding is in 

contradiction to that reported by Barry et al in 2010 who described GB88 as a PAR2 

antagonist in terms of inhibiting calcium mobilisation in HT29 cells (Barry et al., 

2010). Others have also concluded that GB88 is a PAR2 antagonist in terms of 

inhibiting iCa
2+

 in different cell types and has the ability to reduce rat paw oedema 

(Suen et al., 2012, Lohman et al., 2012a). However, following these studies, GB88 

was re-classified as a biased antagonist by Suen and colleagues. They demonstrated 

GB88 could inhibit Gαq/11 mediated PAR2-signalling, while activating Gαi/o driven 

pathways (Suen et al., 2014).  
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Chapter Four 

Characterisation of the novel PAR2 modulator 

compound AZ8838 
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4.1 Introduction 

The previous chapter evaluated the pharmacological properties of GB88 and 

derivative compounds designed around its parent structure, as potential PAR2 

antagonists. The conclusions drawn from these studies were that GB88 and its 

derivatives all behaved as partial agonists for PAR2 in terms of activation of multiple 

downstream signalling pathways. Unpublished research from our laboratory have 

also demonstrated that GB88 has the ability to internalise PAR2 at low micromolar 

concentrations (not shown) again supporting the idea that GB88 has agonist 

properties.  

 

So far, there have been limited PAR2 antagonists developed to date and none have 

been successfully utilised clinically. For PAR1 there has been more success; 

Vorapaxar was the first drug marketed as a PAR1 antagonist to reduce thrombosis 

(Chackalamannil et al., 2008). However, due to side effects, including uncontrolled 

bleeding, Vorapaxar is now used in only a limited cohort of patients (no history of 

stroke) and its use is currently being revaluated. Recently, together with the 

resolution of the PAR2 crystal structure, the PAR2 antagonist AZ3451 has been 

discovered and reported to bind to the allosteric site of PAR2. Studies suggest that 

AZ3451 binds to the receptor, hindering structural rearrangement, thereby preventing 

PAR2 activation and signalling. Another antagonist, AZ8838, has also been 

generated via the information from the PAR2 crystal structure; this compound 

inhibits PAR2 mediated calcium mobilisation. Both AZ3451 and AZ8838 are 

competitive antagonists, competing with the agonist to prevent receptor activation 

and signalling (Cheng et al., 2017). 

 

The focus of this chapter was to evaluate the pharmacological properties of the PAR2 

antagonist AZ8838 and its component structures based on the stereoisomers of the 

molecule, named YPT-1 (R-AZ8838) and YPT-2 (S-AZ8838). These structures are 

pure structures compared to ra-AZ8838, which is a racemic mixture. The hypothesis 

presented in this chapter is that YPT-1 (R-AZ8838) is not active as an antagonist 

while YPT-2 (S-AZ8838) and ra-AZ8838 are antagonists in terms of blocking PAR2 

mediated NFB-Reporter gene transcription and the phosphorylation of ERK MAP 
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kinase. It has been show in the studies by Cheng that R-AZ8838 does not inhibit 

PAR2 (Cheng et al., 2017). 

 

 

4.2 The effect of AZ8838 compounds on PAR2 dependent NFB 

activity 

 

4.2.1 Effect of AZ8838 compounds on NFB reporter activity 

stimulated by 2f-LIGRLO-NH2 

 

The effect of pre-treatment with YPT-1 for an hour before the addition of 2f-

LIGRLO-NH2 for a further 4 hours on NFB-driven gene transcription in NFB-

Reporter cells is shown in figure 4.1.a. As shown previously, 2f-LIGRLO-NH2 

stimulated a significant increase in luciferase activity as expected, with 

approximately 4.5 fold of basal values and this was not significantly affected by the 

presence of DMSO (2f-LIGRLO-NH2 = 4.71 ± 0.55, DMSO plus 2f-LIGRLO-NH2 = 

4.96  0.57, n=4). No effect was observed on NFB gene transcription when the cells 

were pre-incubated with YPT-1 prior to the addition of 2f-LIGRO-NH2 even at the 

highest concentration tested.  

 

The effect of pre-treatment with YPT-2 for 1 hour prior to the addition of 2f-

LIGRLO-NH2 for 4 hours on NFB-driven gene transcription in NFB-Reporter 

cells is shown in figure 4.1.b.  Alone, YPT-2 had no effect on the levels of NFB 

gene transcription when compared to the untreated control. Furthermore, 2f-

LIGRLO-NH2 stimulated a significant increase in luciferase activity as expected of 

around 2.8 fold and this was not significantly affected by DMSO (Fold stimulation: 

2f-LIGRLO-NH2 = 2.793 ± 0.35, DMSO & 2f-LIGRLO-NH2 = 3.05 ± 0.28, n=4). 

However, following incubation with increasing concentrations of YPT-2, a decrease 

in NFB gene transcription was observed. There was complete inhibition at 20 µM, 
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the maximum concentration tested (% stim = 20 M YPT-2&2FLIG = -2.425 ± 2.00, 

vs 2FLIG&DMSO = 100% n=4), dropping values to below basal levels.  

 

The effect of the racemic mixture ra-AZ8838 on PAR2 mediated NFB-driven gene 

transcription is shown in figure 4.1.c. The compound ra-AZ8838 had no effect on the 

levels of luciferase activity when compared to untreated controls. Furthermore, 2f-

LIGRLO-NH2 stimulated a significant increase in NFB gene transcription as 

expected, in this case 2.8 fold. The maximum response was not affected by the 

presence of DMSO, if anything there was a minor increase (Fold stimulation: 2f-

LIGRLO-NH2 = 2.79 ± 0.35, vs. DMSO & 2f-LIGRLO-NH2 = 3.05 ± 0.28, n=4). 

However, following incubation with increasing concentrations of ra-AZ8838, a 

corresponding concentration-dependent decrease in NFB gene transcription was 

observed between 0.3-20 µM, with approximately 99% inhibition using 20 µM (% 

stimulation using 20 µM AZ & 2FLIG = 1.368 ± 3.707, vs. DMSO&2FLIG = 100 

n=4). 

 

IC50 values for YPT-1, YPT-2 and ra-AZ8838 were then calculated using a sigmoidal 

non-linear regression curve using GraphPad Prism software (see figure 4.2). Both 

YPT-2 and ra-AZ8838 generated a concentration-dependent inhibition of 2f-

LIGRLO-NH2 driven NFB-transcriptional activity with IC50 values of 0.5 and 1.2 

µM respectively, n=4. In contrast, YPT-1 had no inhibitory effect upon 2f-LIGRLO-

NH2 induced NFB-transcriptional activity and no IC50 could be calculated.  
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c) 

 

 

 

Figure 4. 1 The effect of YPT-1, YPT-2 and ra-AZ8838 on 2f-LIGRLO-NH2 – 

stimulated NFB transcriptional activity. 

 

NFB-reporter cells were grown to confluence and rendered quiescent for 18 hours 

prior to pre-treatment with increasing concentrations of a) YPT-1, b) YPT-2, and c) 

ra-AZ8838 for 1 hour. Cells were then stimulated with 0.3 µM 2f-LIGRLO-NH2 for 

a further 4 hours. Cell lysates were then measured for luciferase activity as 

previously described (section 2.3). The data shown are expressed as % maximum 

stimulation and each value represented n=4 except YPT-1 =3. Statistical analysis was 

via one-way ANOVA, with Dunnett’s post-test comparison ***p<0.0001 compared 

to DMSO + 2f-LIGRLO-NH2 stimulation. 
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Figure 4. 2 IC50 values for AZ compounds against the transcriptional activity 

stimulated by 2f-LIGRLO-NH2 in NFB-Reporter cells 

 

IC50 curves from, YPT-1, YPT-2, and ra-AZ8838 were generated by fitting data to a 

Sigmoidal non-linear regression curve (variable slope). Each value represents the 

mean ± SEM of four independent experiments. 
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4.2.2 Effect of AZ8838 and YPTs compounds on trypsin -mediated 

NFB-driven gene transcription in NFB-Reporter cells 

 

The effect of pre-treatment with YPT-1 for 1 hour prior to stimulation by trypsin for 

a further 4 hours on PAR2 mediated NFB-driven gene transcription is shown in 

figure 4.3 (a). Trypsin stimulated a significant increase in NFB gene transcription, 

which was approximately 4.7 fold and this was not significantly affected by the 

presence of DMSO (Fold stimulation; trypsin = 4.69 ± 0.90, DMSO & trypsin = 5.06 

± 0.58, n=3). No additional effect was observed in NFB gene transcription when the 

cells were pre-incubated with increasing concentrations of YPT-1 even at the highest 

concentration used of 20 µM.  

 

Figure 4.3.b illustrates the effect of pre-treatment with YPT-2 on trypsin stimulated 

NFB-driven gene transcription. The compound had a small effect on basal activity, 

compared with the untreated control, however this was not significant (% 

stimulation: YPT-2 = -0.766 ± 0.461, vs. DMSO control = 0, n=5). Furthermore, 

trypsin stimulated a significant increase in reporter activity as expected, 

approximately 16.6 fold, this response was not affected by the addition of DMSO 

(Fold stimulation: trypsin = 16.58 ± 2.81, DMSO & trypsin = 16.760 ± 2.55, n=5). 

However, following incubation with YPT-2, a significant, concentration-dependent 

inhibition of NFB gene transcription was observed between 1-20 µM, with 

approximately 85% inhibition observed at 20 M (% stimulation at 20 µM = 15.816 

± 1.670, vs. trypsin & DMSO control = 100 n=5). 

 

The effect of pre-treatment with ra-AZ8838 for 1 hour prior to the addition of trypsin 

for 4 hours on PAR2 mediated NFB-driven gene transcription is shown in figure 

4.3.c. The compound ra-AZ8838 had a small effect on the basal levels of luciferase 

activity, which was not significantly different when compared with the untreated 

control (%stimulation:  ra-AZ8838 = -0.658 ± 0.620, vs. DMSO control = 0, n=5). 

Furthermore, as expected, trypsin stimulated a significant increase in luciferase 

activity, approximately 16.6 fold, this response was not affected by the presence of 
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DMSO (Fold stimulation: trypsin = 16.58 ± 2.81, DMSO & trypsin = 16.760 ± 2.55, 

n=5). However, following incubation with ra-AZ8838, a significant concentration-

dependent inhibition of NFB gene transcription was observed between 3-20 µM, 

with approximately 82% inhibition observed using 20 M, the maximum 

concentration of compound employed (% stimulation at 20 µM AZ & trypsin = 

17.404 ± 2.2446, vs. trypsin & DMSO control = 100, n=5). 

 

Again, IC50 values for YPT-2 and ra-AZ8838 were calculated using a sigmoidal non-

linear regression curve and shown in Figure 4.4. Both YPT-2 and ra-AZ8838 

exhibited a concentration-dependent inhibition of NFB-transcriptional activity when 

cells were stimulated with trypsin and gave IC50 values of 0.54 and 1 µM 

respectively, n=5. YPT-1 had no inhibitory effect upon the trypsin response and an 

IC50 value could not be calculated.  
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c) 

 

 

 

Figure 4. 3 The effect of YPT-1, YPT-2 and ra-AZ8838 on trypsin-stimulated 

NFB transcriptional activity 

 

 NFB-reporter cells were grown to confluency and rendered quiescent for 18 hours 

prior to pre-incubated with various concentrations of a) YPT-1, b) YPT-2 and c) ra-

AZ8838 for 1 hour. The cells were then stimulated with 100 nM trypsin for a further 

4 hours. Cell lysates were assayed for luciferase activity as previously described 

(section 2.3). The data shown are expressed as % maximum stimulation and each 

value represents n=5 except YPT-1 =4. Statistical analysis was performed using one 

way ANOVA, with Dunnett’s post-test comparison. ***p<0.0001 compared to 

DMSO plus trypsin. 
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Figure 4. 4 IC50 values for AZ compounds against trypsin-stimulated NFB 

transcriptional activity in NFB reporter cells 

 

IC50 curves from ra-AZ8838, YPT-1 and YPT-2 were generated by fitting data to a 

Sigmoidal non-linear regression curve (variable slope). Each value represents the 

mean ± SEM of five independent experiments for YPT-2 and ra-AZ8838 and three 

independent experiments for YPT-1. 
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4.2.3 Effect of AZ8838 compounds on GB88 stimulated gene 

transcription in NFB-Reporter cells 

 

Having established in the previous chapter that GB88 has partial agonist properties, 

the effect of the AZ compounds on stimulation by GB88 was examined. The effect of 

pre-treatment with YPT-1 prior to stimulation with GB88 on PAR2 mediated NFB-

driven gene transcription is shown in figure 4.5.a. Again, GB88 stimulated a 

significant increase in luciferase activity which was approximately 4 fold similar to 

that routinely observed for 2f-LIGRLO-NH2. This response was not significantly 

affected by the presence of DMSO (Fold stimulation of GB88 = 3.92 ± 0.56 vs. 

GB88 & DMSO = 4.13 ± 0.50, n=4). Furthermore, no effect was observed on the 

response to GB88 even at the highest concentration of YPT-1 used.  

 

The effect of pre-treatment with YPT-2 on GB88-stimulated NFB-driven gene 

transcription is shown in figure 4.5.b. As before, YPT-2 had a small effect on basal 

NFB gene transcription, which was not significant compared to the untreated 

control wells (% maximum stimulation:  YPT-2 = -4.548 ± 1.60, DMSO= 0). 

Furthermore, GB88 stimulated a significant increase in luciferase activity as 

expected, with approximately 2.5 fold over basal, and this response was not affected 

by the presence of DMSO (Fold stimulation: GB88 = 2.46 ± 0.14, vs. DMSO & 

GB88 = 2.78 ± 0.24, n=4). However, following incubation with increasing 

concentrations of YPT-2, a significant inhibition of NFB dependent gene 

transcription was observed between 1-20 µM, with full inhibition at 20 µM (% 

stimulation = -6.257  ± 4.493, n=4). 

 

The effect of pre-treatment with ra-AZ8838 on GB88 stimulated luciferase activity 

was further examined in figure 4.5.c. Again, GB88 stimulated a significant increase 

in NFB dependent gene transcription, with approximately 2.5 fold over basal, this 

response was not affected by the presence of DMSO (Fold stimulation: GB88 = 2.46 

± 0.14, vs. DMSO & GB88 = 2.78 ± 0.24, n=4). However, following incubation with 

increasing concentrations of ra-AZ8838, a corresponding concentration-dependent 
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reduction of NFB gene transcription was observed between 0.3-20 µM, with 

approximately 99% inhibition at 20 µM (% stimulation = 0.939 ± 4.939, n=4). 

 

IC50 values for both YPT-2 and ra-AZ8838 were calculated as described previously 

and shown in (Figure 4.6). The IC50 values for YPT-2 and ra-AZ8838 were 0.38 and 

0.76 µM respectively, n=4. The compound YPT-1 had no effect on NFB-driven 

gene transcription induced via GB88 even at the high concentrations employed and 

value was generated. 
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a) 

 

 

 

 

b) 
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c) 

 

 

Figure 4. 5 The effect of YPT-1, YPT-2 and ra-AZ8838 on PAR2-mediated 

NFB transcriptional activity stimulated by GB88 

 

NFB-reporter cells were grown to confluency and rendered quiescent for 18 hours 

prior to pre-treatment with various concentrations of a) YPT-1 b) YPT-2 and c) ra-

AZ8838 for an hour. Cells were then stimulated with 20 µM GB88 for a further 4 

hours. Cell lysates were measured for luciferase activity as previously described 

(section 2.3). The data shown are expressed as % maximum stimulation and each 

value represents n=4. Statistical analysis was performed using one way ANOVA, 

with Dunnett’s post-test comparison. ***p<0.0001 compared to DMSO + GB88 

stimulation. 
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Figure 4. 6 IC50 curves for AZ compounds against GB88 mediated NFB 

dependent transcriptional activity 

 

IC50 curves for ra-AZ8838, YPT-1 and YPT-2 were generated by fitting data to a 

Sigmoidal non-linear regression curve (variable slope). Each value represents the 

mean ± SEM of four independent experiments.  
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4.3 Lack of effect of AZ compounds on TNFα -mediated NFB 

transcriptional activity 

 

In order to establish specificity in the inhibitory effect of the AZ compounds on 

PAR2 mediated NFB transcriptional activity, these were tested against the response 

to TNFα. Initially a time course for TNFα stimulation was measured over a period of 

8 hours in NFB-Reporter cells as shown in figure 4.7. TNFα stimulates a time-

dependent increase in luciferase activity, reaching a peak by 6 hours at approximately 

5 fold over basal values (fold increase; 4.543 ± 0.817, n=4) as shown in figure 4.7 

(a). NFB-driven gene transcription was further evaluated using increasing 

concentrations of TNF for a 6 hour stimulation period. TNFα gave a concentration-

dependent increase in luciferase activity with maximal activation observed at 30 

ng/ml (fold increase; 7.557 ± 2.073) as shown in figure 4.7 (b). A concentration of 10 

ng/ml TNFα gave a moderate, mid-range stimulation of NFB-transcriptional 

activity; therefore, it was decided to use this concentration for the next set of 

experiments. 
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Figure 4. 7 The effect of TNFα on NFB-driven transcriptional activation in 

NFB-Reporter cells 

 

NFB-reporter cells were grown to confluency in 96-well black clear bottomed plates 

and cells rendered quiescent for 18 hours prior to (a) stimulation with TNFα for up to 

8 hours and (b) increasing concentrations of TNF from 1 to 30 ng/ml. Whole cell 

lysates were measured for luciferase activity as previously described (section 2.3). 

The data shown are expressed as fold increase and each value represents n=3. 

***p<0.0001 or *p<0.05 compared to unstimulated cells. 
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4.3.1 The effect of AZ compounds on TNFα -mediated NFB 

transcriptional activity  

The effect of YPT-2 on TNFα stimulated luciferase activity in NFB-reporter cells 

was shown in figure 4.8 (a). The compound YPT-2 alone had no effect on basal 

activity compared with untreated control (0.868 ± 0.035, n=4). Furthermore, as 

expected TNFα stimulated a significant increase in NFB gene transcription,  

approximately 12 fold, and this response was not affected by the presence of DMSO 

(fold response: TNFα = 11.377 ± 1.289, DMSO plus TNFα = 11.068 ± 0.840, n=4). 

Pre-treatment with high concentrations of YPT-2 (3, 10, 20 µM), prior to the addition 

of TNF had a slight but non-significant effect on luciferase reporter activity (Fold 

increase = YPT-2 & TNF = 9.783 ± 0.576, DMSO plus TNF = 11.068 ± 0.840, 

n=4). By contrast, YPT-2 substantially inhibited 2f-LIGRLO-NH2 and trypsin 

stimulated activity as outlined previously with substantial and significant inhibition at 

10 and 20 µM. This result highlights the specificity of YPT-2 for PAR2 driven NFB 

transcriptional activity.  

 

Figure 4.8.(b) shows the effect of ra-AZ8838 on TNFα -mediated NFB-driven gene 

transcription in NFB-Reporter cells. The compound ra-AZ8838 had no effect on the 

basal response of NFB gene transcription compared with the untreated control 

(0.825 ± 0.065, n=4). Furthermore, as observed previously TNFα stimulated a 

significant increase in NFB gene transcription, and this response was not affected 

by the addition of DMSO (fold response: TNFα = 11.377 ± 1.289, DMSO & TNFα = 

11.068 ± 0.840, n=4). Pre-treatment with higher concentrations of ra-AZ8838 (3, 10, 

20 µM) prior to TNF treatment had no effect on NFB transcription activity (Fold 

stim: AZ8838 20 M & TNF = 10.195 ± 0.581, DMSO & TNFα = 11.068 ± 0.840, 

n=4). By contrast, ra-AZ8838 substantially inhibited 2f-LIGRLO-NH2 and trypsin 

stimulated activity as outlined previously with substantial and significant inhibition at 

10 and 20 µM of the compound. This confirms the specificity of AZ8838, even as a 

racemic mixture, for PAR2 driven NFB transcriptional activity.  
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a) 

 

b) 

 

Figure 4. 8 The effect of YPT-2 and ra-AZ8838 on TNFα-stimulated 

transcriptional activity in NFB-Reporter cells  

NFB-reporter cells were grown to confluency and rendered quiescent for 18 hours 

prior to pre-treatment with various concentrations of a) YPT-2 and b) ra-AZ8838 for 

1 hour. The cells were then stimulated with 10 ng/ml TNFα for a further 6 hours, 

0.3µM 2f-LIGRLO-NH2, or 100 nM trypsin for 4 hours. Cell lysates were measured 

for luciferase activity as previously described (section 2.3). The data shown are 

expressed as fold over unstimulated basal and each value represents n=4. Statistical 

analysis was performed using one way ANOVA, with Dunnett’s post-test 

comparison. ***p<0.0001 compared to compounds plus 2f-LIGRLO-NH2 or trypsin. 
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4.4 The effect of AZ compounds on PAR2 mediated phosphorylation 

of ERK in NFB-Reporter cells 

Having established a clear inhibition of PAR2 mediated reporter activity in NFB- 

Reporter cells by YPT-2 and ra-AZ8838, the effects of the compounds on ERK 

phosphorylation was examined in the same cell line. Initially, the effect of the PAR2 

agonist 2f-LIGRLO-NH2 on the phosphorylation of ERK1/2 was characterised for 

the kinetics of activation and concentration -dependent responses (Figure 4.9). A 

time course is illustrated in figure 4.9 (a). 2f-LIGRLO-NH2 induced ERK 

phosphorylation which peaked by 5 minutes at approximately 8 fold over basal 

(7.780 ± 0.518 fold of basal control) before gradually decreasing at 15 minutes to 

approximately 3 fold (3.290 ± 1.010). Using increasing concentrations of 2f-

LIGRLO-NH2, from 0.01 µM to 10 µM, a concentration-dependent increase in ERK 

phosphorylation was established with a maximal response obtained at 3 µM (figure 

4.9 (b). 

 

The time course of trypsin stimulated phosphorylation of ERK1/2 is illustrated in 

figure 4.9 (c). The response peaked at 5 minutes with an approximate 2.5 fold 

increase over basal (fold increase = 2.310 ± 0.189) before gradually decreasing 

between 15-90 minutes towards basal levels (1.073 ± 0.222 fold), shown in figure 4.9 

(c). Using increasing concentrations of trypsin, from 1 nM up to 1000 nM, a 

concentration-dependent increase in ERK1/2 phosphorylation was observed with a 

maximal response obtained at 500 nM of trypsin, over a 5 minutes period, figure 4.9 

(d). 

 

Similarly, phosphorylation of ERK was observed using 10 µM of GB88 again 

peaking at 5 minutes at approximately 3 fold over basal control (2.623 ± 0.534 fold 

of DMSO level). This then gradually decreased at 15 minutes, reaching basal levels 

by 90 minutes (1.177 ± 0.110 fold of DMSO level), figure 4.9 (e). Using increasing 

concentrations of GB88, from 0.1 µM up to 20 µM a concentration-dependent 

increase in ERK1/2 phosphorylation was observed with a maximal response using  3-

20µM of GB88, over a 5 minute time period, figure 4.9 (f). 
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 a)                                                                           b) 

        

c)                                                                             d)  

      

e)                                                                            f) 

    

Figure 4. 9 PAR2-mediated phosphorylation of ERK by different agonists in 

NFB-Reporter cells 

Cells were rendered quiescent for 18 hours prior to stimulation with (a) 10 µM 2f-

LIGRLO-NH2, (c) 100 nM Trypsin, and (e) 10 µM GB88 for the times indicated or 

with increasing concentrations of (b) 2f-LIGRLO-NH2 (d) Trypsin and (f) GB88 for 

5 minutes. Whole cell lysates were prepared as previously described (section 2.41), 

and assessed by Western blotting (section 2.4.2).  Each blot is representative of n=3 

for 2f-LIGRLO-NH2 & trypsin, and n=1 for GB88 and quantified by densitometry 

and expressed as mean ± s.e.m (fold stimulation). ***p<0.001 compared to control 

(untreated cells). 
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4.4.1 The effect of AZ compounds on 2f-LIGRLO-NH2 mediated 

phosphorylation of ERK in NFB-Reporter cells 

 

The effect of pre-treatment with YPT-2 on 2f-LIGRLO-NH2-stimulated ERK1/2 

phosphorylation in NFB-Reporter cells is shown in figure 4.10 (a). The compound 

YPT-2 had no effect on basal levels of ERK when compared to control (fold 

stimulation: DMSO & YPT-2 = 0.967 ± 0.293, n=3).  Furthermore, 2f-LIGRLO-NH2 

stimulated a significant increase in phosphorylation of ERK, this response was not 

affected by the presence of DMSO (fold stimulation: 2f-LIGRLO-NH2 = 3.560 ± 

0.201, DMSO plus 2f-LIGRLO-NH2 = 3.317 ± 0.439, n=3). However, following 

incubation with increasing concentrations of YPT-2, a corresponding concentration-

dependent inhibition was observed with a significant effect recorded at 10 and 20 µM 

(fold stimulation at 20 µM = 1.097 ± 0.147, n=3). 

 

The effect of ra-AZ8838 for 1 hour prior to stimulation with 2f-LIGRLO-NH2 on 

ERK1/2 phosphorylation in NFB-Reporter cells is shown in figure 4.10 (b). 

Similarly to YPT-2, AZ8838 had no effect on the basal level of ERK when compared 

to unstimulated controls (fold stim: DMSO + AZ = 0.860 ± 0.125, n=3). 

Furthermore, 2f-LIGRLO-NH2 stimulated a significant increase in the 

phosphorylation of ERK1/2, and this was only slightly affected by DMSO (fold stim: 

2f-LIGRLO-NH2 = 4.220 ± 0.357, DMSO & 2f-LIGRLO-NH2 = 3.797 ± 0.510, 

n=3). However, following incubation with increasing concentrations of ra-AZ8838, a 

marked inhibition of ERK1/2 phosphorylation was observed with significant 

inhibition using 10 and 20 µM of the compound (fold stim: AZ, 20 µM = 1.563 ± 

0.381, n=3). 
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a)  

 

b)  

 

Figure 4. 10 The effect of YPT-2 and ra-AZ8838 on 2f-LIGRLO-NH2 mediated 

ERK phosphorylation in NFB-Reporter cells  

NFB-Reporter cells were rendered quiescent for 18 hours prior to pre-treatment 

with increasing concentrations of (a) YPT-2 and (b) ra-AZ8838 for 1 hour. Cells 

were then stimulated with 0.3 µM 2f-LIGRLO-NH2 for 5 minutes. Whole cell lysates 

were prepared as previously described (section 2.41), and assessed by Western 

blotting (section 2.4.2). Each value represents the mean ± S.E.M of three independent 

experiments. Statistical analysis was performed using one way ANOVA, with 

Dunnett’s post-test comparison. **p<0.01 compared to 2f-LIGRLO-NH2 plus 

DMSO. 
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As an additional control, cells were pre-treated with YPT-1 for 1 hour prior to the 

addition of different agonists; 2f-LIGRLO-NH2, trypsin, and GB88, for 5 minutes as 

shown in figure 4.11. The compound YPT-1 had no effect on basal levels of ERK 

when compared with untreated cells. Each agonist 2f-LIGRLO-NH2, trypsin, and 

GB88 increased ERK phosphorylation, and this response was unaffected by DMSO 

or high concentrations of YPT-1 (20 µM) as observed in figure 4.11.  

 

IC50 values for both YPT-2 and ra-AZ8838 on the phosphorylation of ERK MAPK 

were calculated as described previously and shown in Figure 4.12. The IC50 values 

for YPT-2 and ra-AZ8838 were 3 and 12 µM respectively, n=3.  
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Figure 4. 11 Lack of effect of YPT-1 on PAR2 mediated ERK phosphorylation 

in NFB-Reporter cells  

Cells were rendered quiescent for 18 hours prior to pre-treatment with YPT-1 for 1 

hour, followed by stimulation with the agonists; 2f-LIGRLO-NH2, trypsin, or GB88 

for 5 minutes. Whole cell lysates were prepared as previously described (section 

2.41), and by SDS.PAGE (section 2.4.2). n=1 
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Figure 4. 12 IC50 values for YPT-2 and ra-AZ8838 compounds against 2f-

LIGRLO-NH2 stimulated ERK phosphorylation in NFB-Reporter cells 

IC50 curves from AZ8838 and YPT-2 were generated by fitting data to a Sigmoidal 

non-linear regression curve (variable slope). Each value represents the mean ± SEM 

of four independent experiments for YPT-2 and ra-AZ8838. 
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4.5 PAR2-mediated phosphorylation of stress-activated protein 

kinase p38 (p38 MAPK) in NFB-Reporter cells 

Having established the effects of the AZ compound on ERK activation, p38 MAPK 

was also examined. This was possible because the relatively higher expression of 

PAR2 in the reporter cells allowed p38 MAPK to be activated as demonstrated in 

figure 4.13. Initially the phosphorylation of p38 MAPK was measured over a 90 

minute time period for 2f-LIGRLO-NH2. 2f-LIGRLO-NH2-induced p38 MAPK 

phosphorylation peaking between 15 and 30 minutes with approximately 8 fold 

stimulation at 30 minutes (8.590 ± 2.179 fold of control basal, n=3) figure 4.13 (a). 

This response decreased towards basal levels by 90 minutes. Therefore, the 30 

minute time point was used in the next set of experiments as shown in figure 4.13 (b).  

Using increasing concentrations of 2f-LIGRLO-NH2 from 0.01 to 10 µM, a 

concentration-dependent increase in p38 MAPK phosphorylation was observed with 

a maximal response achieved using 10µM of 2f-LIGRLO-NH2 (8.900 ± 0.437 fold 

basal, n=3).  

Figure 4.13 (c) illustrates trypsin stimulated PAR2 activation of p38 MAPK. Trypsin 

stimulated an increase in p38 MAP kinase phosphorylation which peaked between 15 

and 30 minutes with an approximate 4.5 fold increase (4.323 ± 0.887 fold over basal 

control, n=3) figure 4.13 (c). Using increasing concentrations of trypsin from 1 to 

1000 nM over 30 minutes, a concentration-dependent increase in p38 MAPK 

phosphorylation was observed with a maximal response at 300 nM (6.983 ± 0.638 

fold basal, n=3) as shown in figure 4.13 (d). 

 

The effect of GB88 on p38 MAPK phosphorylation is demonstrated in figure 4.13 

(e). GB88 induced p38 MAP kinase phosphorylation with a maximum response 

observed at 30 minutes giving a 4 fold increase (4.493 ± 0.619 fold of DMSO level, 

n=3) (figure 4.13 (e)). This response decreased towards basal levels by 90 minutes. 

Therefore, 30 minutes was used in the next set of experiments. Using increasing 

concentrations of GB88 from 0.1 to 20 µM, a concentration-dependent increase in 

p38 MAPK phosphorylation was observed with a maximal response achieved using 

20 µM 2f-LIGRLO-NH2 (2.210 ± 0.110 fold basal, n=3), as shown in figure 4.13 (f). 
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a)                                                          b)             

     

c).                                                                 d)  

     

e)                                                                      f)    

           

Figure 4. 13 PAR2-mediated phosphorylation of p38 MAPK in NFB-Reporter  

cells 

Cells were rendered quiescent for 18 hours prior to stimulation with (a) 1 µM 2f-

LIGRLO-NH2 (c) 100 nM trypsin (e) 10 µM GB88 for the times indicated or with 

increasing concentrations of (b) 2f-LIGRLO-NH2 (d) trypsin (f) GB88 for 30 

minutes. Whole cell lysates were prepared as previously described (section 2.41), and 

assessed by Western blotting (section 2.4.2). Each Blot is representative of n=3, 

quantified by densitometry and expressed as mean ± s.e.m (fold stimulation).  
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4.5.1 The effect of AZ-compounds on 2f-LIGRLO-NH2 mediated 

phosphorylation of p38 MAPK in NFB-Reporter cells 

 

The effect of pre-treatment with YPT-2 for 1 hour prior to the addition of 2f-

LIGRLO-NH2 on ERK phosphorylation in NFB-Reporter cells is shown in figure 

4.14 (a). The compound YPT-2 had a slight but not significant effect on the basal 

levels of phosphorylated p38 MAPK when compared with the untreated control (fold 

stimulation = 0.543 ± 0.164, vs. DMSO control n=3). Furthermore, 2f-LIGRLO-NH2 

stimulated a significant increase in phosphorylation of p38 MAPK, this response was 

not affected by the presence of DMSO (fold stimulation: 2f-LIGRLO-NH2 = 3.503 ± 

0.456, DMSO plus 2f-LIGRLO-NH2 = 3.217 ± 0.312, n=3). However, following 

incubation with increasing concentrations of YPT-2, a corresponding concentration-

dependent decrease in the phosphorylation of p38 MAPK was observed between 1- 

20 µM (fold stimulation at 20 µM = 1.190 ± 0.154, n=3). 

 

The effect of ra-AZ8838 on 2f-LIGRLO-NH2 stimulation of p38 MAP kinase 

phosphorylation in NFB-Reporter cells is shown in figure 4.14 (b).  Again, ra-

AZ8838 had no effect on the basal levels of p38 MAPK when compared with 

untreated control (fold stimulation relative to DMSO level 0.547 ± 0.163, n=3). 2f-

LIGRLO-NH2 also stimulated a significant increase in phosphorylation of p38 

MAPK of approximately 2 fold (fold stimulation: 2f-LIGRLO-NH2 = 2.003 ± 0.128, 

n=3). However, following incubation with ra-AZ8838, a concentration-dependent 

decrease in the phosphorylation of p38 MAPK was observed between 1-20 µM with 

significant inhibition at 20 µM (fold stimulation at 20 µM = 0.670 ± 0.091, n=3). 
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a) 

 

 

b) 

 

Figure 4. 14 The effect of YPT-2 and ra-AZ8838 on p38 MAPK phosphorylation 

stimulated by 2f-LIGRLO-NH2 in NFB-Reporter cells  

Cells were rendered quiescient for 18 hours prior to pre-incubation with increasing 

concentrations of (a) YPT-2 (b) ra-AZ8838 for 1 hour. The cells were then stimulated 

with 1 µM 2f-LIGRLO-NH2 for a further 30 minutes. Whole cell lysates were 

prepared as previously described (section 2.41), and assessed by Western blotting 

(section 2.4.2). Each value represents the mean ± S.E.M of three independent 

experiments. Statistical analysis employed one way ANOVA, with Dunnett’s post-

test comparison. ***p<0.0001 compared to DMSO + 2f-LIGRLO-NH2 stimulation. 
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4.6 TNFα stimulated NFB pathway activation in NFB-Reporter 

cells 

 

Next, the activation of the classical IKKβ -mediated NFB pathway was investigated 

upstream of reporter output. This was achieved by measuring the phosphorylation of 

p65 NFB and the degradation of IBα in NFB-Reporter cells as shown in figure 

4.15 (a). Initially, in order to characterise the system, cells were stimulated with 

TNFα over a 90 minute time course and cellular IBα degradation was observed, 

starting at 5 minutes and reaching a maximum after 30 minutes (0.203 ± 0.035 of 

basal expression) compared with untreated cells. Levels gradually returned towards 

basal levels by 90 minutes, figure 4.15 (c). Furthermore, as shown in figure 4.15 (b), 

the phosphorylation of p65 NFB was also stimulated in response to TNFα, this 

activation was apparent at 5 minutes and reached a maximum between 15 – 30 

minutes (4.035 ± 1.082 of basal control).  

 

In figure 4.16 TNFα demonstrated a concentration-dependent increase in the 

phosphorylation of p65 and degradation of IBα with a maximum response achieved 

at 30 ng/ml (8.995 ± 0.055 fold basal and 0.320 ± 0.160 of fold expression), as shown 

in figure 4.16 (b-c). From these data 10 ng/ml of TNFα was used as an effective 

concentration for further experiments. 
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a)  

 

 

b)                                                                     c) 

    

 

Figure 4. 15 TNFα induced phosphorylation of p65 and IκBα degradation in 

NFB-Reporter cells 

Cells were rendered quiescent for 18 hours prior to stimulation with 10 ng/ml of 

TNFα for the times indicated. (a) The blots for p-p65 NFB (65kDa) and IKBα 

losing (37 kDa) and GAPDH (37 kDa) was used as a loading control for the times 

indicated. (b) Blots were assessed by semi-quantitative densitometry and results 

expressed as fold stimulation relative for p-p65 and (c) for IBα degradation. Whole 

cell lysates were prepared as previously described (section 2.41), and assessed by 

Western blotting (section 2.4.2). Each Blot is representative of n=3, expressed as 

mean ± s.e.m (fold stimulation).   
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a) 

 

 

b)                                                                                       c) 

  

 

Figure 4. 16 TNFα-mediated phosphorylation of p65 NFB and degradation of 

IκBα in NFB-Reporter cells 

 

Cells were rendered quiescent for 18 hours prior to the addition of different 

concentrations of TNFα for 30 minutes. (a) The blots for p-p65 NFB (65kDa) and 

IBα degradation (37 kDa) and GAPDH (37 kDa) was used as a loading control at 

pointed time. (b) Blots were assessed by semi-quantitative densitometry and results 

expressed as fold stimulation relative for p-p65 and (c) IBα loss. Whole cell lysates 

were prepared as previously described (section 2.41), and separated by SDS.PAGE 

(section 2.4.2). Each blot is representative of n=3 and quantified by densitometry and 

expressed as mean ± s.e.m (fold stimulation). 
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Figure 4.17 shows the effect of 2f-LIGRLO-NH2 on the phosphorylation of p65 

NFB and degradation of IBα in NFB-Reporter cells. 2f-LIGRLO-NH2 stimulated 

a time dependent increase in p65 phosphorylation, which peaked at 15 minutes at 

approximately 4 fold of basal values (4.100 ± 0.476 of basal control), and remained 

at this level for the rest of the time course, figure 4.17 (b). In contrast, the peptide 

produced a minor decrease in cellular IBα degradation, which was maximal by 30 

minutes (0.450 ± 0.046 of basal expression) compared to untreated cells. Levels 

gradually returned to basal levels by 90 minutes, figure 4.17 (c). 

 

 

The effect of ra-AZ8838 on PAR2 mediated phosphorylation of p65 NFB in NFB-

Reporter cells is shown in figure 4.18. As expected, the compound ra-AZ8838 had no 

effect on the basal levels when compared with untreated control. 2f-LIGRLO-NH2 

stimulated a marked increase in phosphorylation of p65; this response was not 

affected by the presence of DMSO. Following incubation with increasing 

concentrations of ra-AZ8838, a corresponding concentration-dependent decrease in 

the phosphorylation of p65 was observed between 3-20 µM. In contrast, there was no 

effect upon TNF stimulation. YPT-2 was not examined due to time-constraints. 
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a) 

 

 

b)                                                                c) 

 

  

 

Figure 4. 17 2f-LIGRLO-NH2 induced phosphorylation of p65 and IκBα 

degradation in NFB-Reporter cells 

Cells were quiescent for 18 hours prior to stimulation with 1µM of 2f-LIGRLO-NH2 

for the times indicated. (a) Samples were blotted for p-p65 NFB (65kDa) and IKBα 

degradation (37 kDa) and GAPDH (37 kDa) was used as a loading control. (b) Blots 

were assessed by semi-quantitative densitometry and results expressed as fold 

stimulation. Whole cell lysates were prepared as previously described (section 2.41), 

and assessed by Western blotting. Each Blot is representative of n=3 and semi-

quantified by densitometry and expressed as mean ± s.e.m (fold stimulation). 
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Figure 4. 18 The effect of ra-AZ8838 on 2f-LIGRLO-NH2 stimulated 

phosphorylation of p65 in NFB-Reporter cells 

 

Cells were rendered quiescent for 18 hours prior to pre-incubation with increasing 

concentrations of ra-AZ8838 for 1 hour. The cells were then stimulated with 0.3 µM 

2f-LIGRLO-NH2 or 10 ng/ml TNFα for 30 minutes. Whole cell lysates were 

prepared as previously described (section 2.41), and assessed by Western blotting 

(section 2.4.2). The result represents N=2. 
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4.7 The effect of AZ compounds on PAR2 mediated phosphorylation 

of ERK in HEK293 cells 

 

The next set of experiments then tested the effect of the AZ compounds on ERK 

activation in HEK293 cells used in the previous chapter where receptor expression is 

more moderate. The effect of pre-treatment with YPT-2 prior to the addition of 2f-

LIGRLO-NH2 is shown in figure 4.19 (a). The compound YPT-2 had no effect on the 

basal level of ERK when compared with the untreated control (fold stimulation 

relative to DMSO level 0.850 ± 0.157, n=3). Furthermore, 2f-LIGRLO-NH2 

stimulated a significant increase in phosphorylation of ERK as expected, this 

response was not affected by the presence of DMSO (fold stimulation: 2f-LIGRLO-

NH2 = 9.487 ± 1.277, DMSO plus 2f-LIGRLO-NH2 = 8.993 ± 1.277, n=3). However, 

following incubation with increasing concentration of YPT-2, a marked inhibition of 

ERK phosphorylation was observed with significance at 10 and 20µM (fold 

stimulation at 20 µM = 1.930 ± 0.261, n=3). 

 

The effect of pre-treatment with ra-AZ8838 on PAR2 mediated ERK 

phosphorylation is shown in figure 4.19 (b). As expected, 2f-LIGRLO-NH2 

stimulated a significant increase in phosphorylation of ERK, this response was not 

affected by the presence of DMSO (fold stimulation: 2f-LIGRLO-NH2 = 7.280 ± 

0.601, DMSO plus 2f-LIGRLO-NH2 = 7.027 ± 0.368, n=3). However, following 

incubation with increasing concentrations of ra-AZ8883, a significant concentration-

dependent decrease in the phosphorylation of ERK was observed becoming 

significant at 10 and 20 µM of the compound (fold stimulation at 20 µM = 1.463 ± 

0.408, n=3). 
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a) 

 

b) 

 

Figure 4. 19 The effect of YPT-2 and ra-AZ8838 on 2f-LIGRLO-NH2 stimulated 

ERK phosphorylation in HEK293 cells  

Cells were rendered quiescent for 24 hours prior to pre-incubation with various 

concentrations of (a) YPT-2 (b) ra-AZ8838 for 1 hour, then stimulated with 0.3 µM 

2f-LIGRLO-NH2 for 5 minutes. Whole cell lysates were prepared as previously 

described (section 2.41), and assessed by Western blotting (section 2.4.2). Each value 

represents the mean ± S.E.M of three independent experiments. Statistical analysis 

was applied using one way ANOVA, with Dunnett’s post-test comparison. 

***p<0.0001 compared to DMSO + 2f-LIGRLO-NH2.  
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The effect of pre-treatment with YPT-2 on trypsin stimulated ERK phosphorylation 

is shown in figure 4.20 (a). Trypsin stimulated a significant increase in 

phosphorylation of ERK, this response was not affected by the presence of DMSO 

(fold stimulation: trypsin = 8.940 ± 0.397, DMSO plus trypsin = 8.610 ± 1.037, n=3). 

However, following incubation with increasing concentrations of YPT-2, an 

observed but not significant concentration-dependent decrease in the phosphorylation 

of ERK was observed for 10 and 20 µM (fold stimulation at 20 µM = 4.037 ± 0.681, 

n=3). 

 

The effect of pre-treatment with ra-AZ8838 on the trypsin mediated ERK response is 

shown in figure 4.20 (b). Trypsin stimulated a significant increase in phosphorylation 

of ERK, this response was not affected by the presence of DMSO (fold stimulation: 

trypsin = 5.870 ± 0.432, DMSO plus trypsin = 5.573 ± 0.544, n=3). However, 

following incubation with increasing concentrations of ra-AZ8838, a concentration-

dependent decrease in the phosphorylation of ERK was observed (fold stimulation at 

20 µM = 2.803 ± 0.303, n=3). However, this effect did not reach significance except 

for the 20 µM concentration point.  
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a) 

 

b) 

 

Figure 4. 20 The effect of YPT-2 and ra-AZ8838 on trypsin mediated ERK 

phosphorylation in HEK293 cells  

Cells were rendered quiescent for 24 hours prior to pre-incubation with various 

concentrations of (a) YPT-2 (b) ra-AZ8838 for 1 hour. The cells were then stimulated 

with 30 nM trypsin for 5 minutes. Whole cell lysates were prepared as previously 

described (section 2.41), and assessed by Western blotting (section 2.4.2). Each value 

represents the mean ± S.E.M of three independent experiments. Statistical analysis 

was applied using one way ANOVA, with Dunnett’s post-test comparison. 

***p<0.0001 compared to DMSO + trypsin stimulation. 
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The effect of the compounds on GB88 is shown in Figure 4.21. Panel (a) shows the 

effect of YPT-2 for 1 hour prior to the addition of GB88 for 5 minutes on PAR2 

mediated ERK MAP kinase in HEK293 cells. Again, GB88 stimulated a significant 

increase in the phosphorylation of ERK, this response was not affected by the 

presence of DMSO (fold stimulation: GB88 = 4.507 ± 0.294, DMSO plus GB88 = 

4.610 ± 0.684, n=3). However, following incubation with increasing concentrations 

of YPT-2, a significant concentration-dependent decrease in the phosphorylation of 

ERK was observed for 10 and 20 µM (fold stimulation at 20 µM = 0.853 ± 0.128, 

n=3). 

 

Figure 4.21 (b) shows the effect ra-AZ8838 on GB88 -mediated ERK 

phosphorylation in HEK293 cells. GB88 stimulated a significant increase in 

phosphorylation of ERK, this response was not affected by the presence of DMSO 

(fold stimulation: GB88 = 4.277 ± 0.575, DMSO plus GB88 = 4.210 ± 0.195, n=3). 

However, following incubation with increasing concentration of ra-AZ8838, a 

significant concentration-dependent decrease in the phosphorylation of ERK was 

observed for 10 and 20µM (fold stimulation at 20 µM = 0.947 ± 0.105, n=3). 
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a) 

 

b) 

 

Figure 4. 21 The effect of YPT-2 and ra-AZ8838 on GB88-mediated ERK 

phosphorylation in HEK293 cells  

Cells were rendered quiescent for 18 hours prior to pre-incubation with increasing 

concentrations of (a) YPT-2 (b) ra-AZ8838 for 1 hour. The cells were then stimulated 

with 10 µM GB88 for 5 minutes. Whole cell lysates were prepared as previously 

described (section 2.41), and assessed by Western blotting (section 2.4.2). Each value 

represents the mean ± S.E.M of three independent experiments. A statistical analysis 

has been applied via using one way ANOVA, with Dunnett’s post-test comparison. 

***p<0.0001 compared to DMSO + GB88 stimulation. 
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4.8 Effect of AZ compounds on PAR2 mediated intracellular Ca
2+

 

mobilisation in HEK293 cells. 

 

 

Initially, it was reported that 2f-LIGRLO-NH2 could induce PAR2-dependent 

calcium mobilisation in HEKs with an EC50 of 0.3 µM, as demonstrated in chapter 3. 

The recent paper by Cheng and co-workers identified that incubation time may be of 

importance in the potency of AZ8838 (Cheng et al., 2017). Therefore, the effect of 

different pre-incubation times on 2f-LIGRLO-NH2 induced Ca
2+ 

mobilisation was 

examined in figure 4.22.   

 

Initially concentration response curves were established for 2f-LIGRLO-NH2 as 

indicated in panel A and values recorded as expected for this assay. Figure 4.22 (b) 

shows the effect of YPT-1 on intracellular calcium induced by 2f-LIGRLO-NH2. The 

results are inconsistent possibly due to the fairly low level of response but overall 

there was no effect of the compound at any of the times tested.  

 

Figure 4.22 (c) shows the effect of different pre-incubation times on the ability of 

YPT-2 to inhibit 2f-LIGRLO-NH2 induced Ca
2+ 

mobilisation in HEKs. It was found 

that the inhibitory effect of YPT-2 was dependent to some extent on the time of pre-

incubation.  With 15 minutes pre-incubation, a decrease in the response occurred but 

the curve was flat and the inhibition incomplete making it impossible to generate an 

IC50 value? By contrast, following either 30 or 60 minute pre-incubation, YPT-2 

gave consistent inhibition curves with IC50 values of approximately 8 and 10 µM, 

respectively. These values are however shifted to the right in terms of potency 

relative to other parameters measured previously in the chapter such as ERK 

activation.  

 

 

Figure 4.22 (d) shows the effect of increasing pre-incubation times on the ability of 

ra-AZ8838 to prevent 2f-LIGRLO-NH2 induced Ca
2+ 

mobilisation in HEKs. Again, 

the effect was found to be dependent to some extent on the time of pre-incubation. 
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Clear inhibition was only observed following pre-incubation for 30 or 60 minutes 

with ra-AZ8838. With IC50 values of 10 and 11 µM respectively again suggesting a 

far lower potency than previously recorded.   

 

Finally, a single set of experiments utilised SLIGKV-OH as a PAR2 activating 

peptide to assess the effect of YPT-1 and 2 on induced Ca
2+ 

mobilisation in HEKs. 

The results confirmed that YPT-1 has no antagonist properties but YPT-2 is more 

effective as an antagonist when the compound is incubated for longer periods of 

time, as shown in figure 4.23. In this instance, inhibition curves were more 

suggestive of potency in the range of those observed for other measurements earlier 

in the chapter.  
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Figure 4. 22 The effect of YPT-1, YPT-2, and ra-AZ8838 on 2f-LIGRLO-NH2-

induced Ca
2+

 mobilisation in HEKs.  

HEK293 cells were seeded in 96-black well plates until confluent (a) cells were 

stimulated with increasing concentrations of 2f-LIGRLO-NH2 and SLIGRL-NH2, or 

pre-incubated with increasing concentrations of (b) YPT-1, (c) YPT-2, (d) ra-

AZ8838 for different times (15, 30, 60 minutes). An EC80 of 2f-LIGRLO-NH2 (1 

µM) was used to activate PAR2-mediated calcium mobilisation. Data represents n=2 

for YPT-1 and YPT-2 and n=3 for ra-AZ8838. 
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Figure 4. 23 The effect of YPT-1 and YPT-2 on SLIGRL-NH2-induced Ca
2+

 

mobilisation in HEKs.  

HEK293 cells were seeded in 96-black well plates until confluent and then pre-

incubated with increasing concentrations of (a) YPT-1 (b) YPT-2 for different times 

(15, 30, 60 minutes). An EC80 of SLIGRL-NH2 (1.5 µM) was used to activate PAR2-

mediated calcium mobilisation.  
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3.9 Discussion  

This chapter investigated the effect of the novel compounds YPT-1, YPT-2, and ra-

AZ8838 in multiple signalling pathways mediated by PAR2. The investigation was 

achieved by utilising the three assays outlined in chapter 3. The compound was 

initially synthesised as a racemic mixture, ra-AZ8838, and then the enantiomers 

separated by a commercial company to give YPT-1 and YPT-2. AZ8838 has two 

structure-stereoisomers; (S) stereoisomer that is the active isomer and (R) 

stereoisomer that is inactive. These compounds have strong similarity in chemical 

structure the only difference between them is in the configuration at the hydroxyl 

group. The (S)-AZ8838 is designated YPT-2, and (R)-AZ8838 is designed YPT-1 in 

this chapter. 

 

The resolution of the crystal structure of PAR2 have been resolved by Cheng and 

colleagues in 2017 and gives an important insight into the interaction with the AZ 

compounds. Two hydrogen bonds are made between the imidazole ring of (S)-

AZ8838 and Asp228
ECL2

, and Tyr82
1.39

 of PAR2. The π-stacking interaction occurs 

between the fluorophenyl ring of (S)-AZ8838 and His227
ECL2

. The crucial element 

which seems to give rise to an active AZ8838 is the hydrogen bond which connects 

between the hydroxyl group of (S)-AZ8838 and the side chain of His135
2.64

. In the 

case of (R)-AZ8838, which is an inactive isomer, the hydroxyl group diverts away 

from His135
2.64

 of PAR2. The hydrogen bond linked between (S)-AZ8838 and the 

carboxylate of ASP228
ECL2

 has a role in preventing agonist binding to the receptor 

(Cheng et al., 2017).  

 

Initial testing of the compounds again utilised the NFB reporter cell system as this 

was able to generate reproducible results. Pre-treatment with YTP-1 was without 

effect, whist pre-incubation with YPT-2 or ra-AZ8838 was effective against all 

PAR2 agonists; trypsin, 2f-LIGRLO-NH2, or GB88. The effects were specific for 

PAR2 with no effect on TNFα mediated activity. Ultimately, it found that the 

inhibitory effect was concentration-dependent and from the IC50 values YPT-2 is 

more potent than the compound ra-AZ8838, by approximately two fold, which would 

be expected. These values are consistent with those observed by Cheng et al, 2017,  
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who recorded values for AZ8838 in intracellular calcium mobilisation assays of 2.3 

M and 4.2 M for SLIGRL and trypsin respectively. Similar to the studies 

conducted here this was in a cell line (1321N1) over expressing human PAR2 

(Cheng et al., 2017).  

The compounds YPT-2 and ra-AZ8838 also compare well with others as putative 

antagonists. For example, the IC50 values for K-12940 and K-14585 are 3 and 1 µM, 

respectively for inhibition of luciferase reporter activity (Kanke et al., 2009).   

Interestingly, the compounds were also effective against the putative antagonist 

GB88. This might indicate that the two compounds compete for exactly the same site 

on the receptor, however a recent study has revealed how GB88 binds to PAR2 and 

suggests some differences (Cheng et al., 2017). The isoxazole ring of GB88 is 

positioned close to TM1 and TM, the binding between them through a hydrogen 

bond via Tyr82
1.39

 and nitrogen of isoxazole. Cyclohexylalanine of GB88 positions 

near to Phe155
3.32

 between TM2 and 3. Isoleucine sits to Tyr156
3.33

 and Leu307
6.55

, 

the last binding is spiro-piperidine of GB88 binds to Tyr326
7.35

 (Xu et al., 2015).   

 

It was also found that the compounds were not as effective against trypsin mediated 

NFB reporter activity, in that full inhibition was not observed with the maximum 

concentrations of the compound. This might be as expected as it is difficult to 

compete as effectively with the tethered ligand for the orthosteric site than with 

PAR2 activating peptides. However, it is possible that the tethered ligand is able to 

activate the receptor via several sites including one that allosteric modulation cannot 

influence. This may be of significance in future drug design.   

The opportunity was then taken to asses ERK phosphorylation in the NFB-Reporter 

cells as well as HEK293 cells as indicated in figures 4.10 - 4.12. The results were the 

same, compared to reporter activity; YPT-1 had no effect on the response whilst 

YPT-2 or ra-AZ8838 caused inhibition of ERK phosphorylation in either cell type. 

The IC50 values of 0.12 and 3 µM were consistent with those obtained for NFB 

reporter activity. This again suggests that if ERK is activated through coupling to a 

G-protein other than Gαq/11, for example Gαo or Gαi (Defea, 2008, Ramachandran et 

al., 2009, DeFea et al., 2000) or indeed via beta arrestin (DeFea et al., 2000), 

modulation at the allosteric site is still effective against receptor activation and 
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coupling to these pathways. In addition, the ERK pathway is downstream in the 

cascade thus inhibition will often require higher concentrations of antagonist due to 

pathway amplification.  

 

The compounds were also found to be effective against both p38 MAP kinase 

activation and the phosphorylation of p65 NFB. As indicated in chapter 3, often 

under normal levels of receptor expression PAR2 does not readily couple up to these 

pathways, the response is usually weak or non-existent. However, the higher levels 

of PAR2 expression allow these parameters to be examined. The coupling of PAR2 

to the NFB pathway is unusual. Whilst it has been shown in these cells that PAR2 

activation results in an increase in IKK activity, the upstream regulator of the 

pathway, and associated NFB reporter activity (Kanke et al., 2001), the loss in 

IBα is very minimal and inconsistent (Macfarlane et al., 2005, Goh et al., 2009), 

and in contrast to that observed with TNFα. This shows a different mechanism of 

activation at this point in the pathway. In contrast, phosphorylation of p65 NFB is 

strong following PAR2 activation and consistent with what might be expected for the 

activation of this pathway.   

Irrespective of the nature of PAR2 coupling to p38 and NFB pathways in the PAR2 

over expressing cells, the results nevertheless suggest the potential to use the 

compounds in conditions were PAR2 is linked to these pathways for example in 

arthritis (Ferrell et al., 2010).  Studies have shown PAR2 coupling to p38 MAP 

kinase in epithelial cells (Fyfe et al., 2005), whilst another study has demonstrated 

that pre-treatment with TNFα can up-regulate PAR2 and induce p38 MAPK in 

bovine aortic endothelial (Sethi et al., 2005). Thus future studies should examine the 

effects of AZ8838 in a range of cells and tissues where PAR2 is expressed at varying 

levels.  

The study by Cheng et al indicated that the effect of AZ8838 was time dependent 

(Cheng et al., 2017). As a precaution, long pre-incubation times were used in 

examining the effects of the compounds on NFB reporter activity and ERK and p38 

MAPK activation. However, utilising the multi-well Ca
2+

 reporter system allowed 

the examination of the phenomenon in more detail using 15, 30 and 60 minute pre-

incubation times to construct concentration curves. The results whilst not optimal in 
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terms of effect were very clear; the minimum time for effective inhibition is 

approximately 30 minutes. This data agreed with the Cheng’s study which 

demonstrated slow kinetics for binding between PAR2 and AZ8838 in 1321N1-

hPAR2 cells assessed by surface plasmon resonance (SPR) on immobilised 

detergent-solubilised PAR2-StaR.  

 

The slower binding kinetics may have a beneficial aspect leading effective 

competition with the agonist (Cheng et al., 2017). Given the relatively high Ki, the 

off rate for AZ8838 is likely to be very slow. However, the slow on rate could also 

limit the use of the antagonist in clinical studies for example, it is unclear if the 

compound is able to work on cells post PAR2 activation or that the activation of a 

disease mediated by PAR2 would be already well established prior to treatment for 

example, arthritis. Other recent studies have identified other putative antagonists 

with different kinetics of binding. The peptidomimetic PAR2 antagonist C391 was 

effective in 16HBE14o- cells following pre-incubation for 2 minutes prior to the 

addition of agonist peptide and this was sufficient to suppress PAR2 mediated mast 

cell degranulation and thermal hyperalgesia in mice (Boitano et al., 2015). A recent 

study by Gandhi and co-workers has discovered that the specific PAR2 antagonist 

TJF5 inhibits the internalisation of calcium activated by SLIGKV-NH2 in EA.hy926 

endothelial cell line (Gandhi et al., 2018). This suggests different modes of binding 

relative to the AZ compounds. 

 

Overall, in this chapter the effectiveness of the novel PAR2 antagonist, AZ8838, has 

been illustrated in different techniques and it was found that the antagonist inhibits 

calcium mobilisation, NFB transcriptional activity, and ERK MAP kinase mediated 

by PAR2. From this perspective, the compound is a promising new candidate for the 

treatment of a number of diseases. AZ8838 has not been tested in vitro or in vivo and 

would have to be comparable or better than GB88, K-14585, or K-12940. The 

compound could be compared with ENMD for example (Kelso et al., 2006), as a 

treatment for osteoarthritis (Ferrell et al., 2010).  Kanke et al have also illustrated 

that K-12940 and K-14585 have the ability to inhibit paw oedema; comparative 

studies could also be conducted in this system. 
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Chapter Five 

General Discussion 
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5.1 General discussion and future works 

 

Receptors mediate and co-ordinate a vast number of extracellular stimuli into a 

coordinated physiological response via the coupling to a number of key second 

messenger and kinase signalling pathways. They include tyrosine kinase receptors, 

nuclear receptors and receptors for a vast array of cytokines. However, the most 

abundant is the class of G-protein coupled receptors, so called because of the 

coupling to heterotrimeric G-proteins of different subtypes. Their activation and 

regulation is one of the most intensely studied fields in pharmacology. 

 

Historically GPCRs have been key targets for the development of new medicines. 

For example, beta blockers for CV disease and, H1 antagonists used as treatment for 

hay fever feature H2 antagonists for stomach ulcers and acid conditions. GPCRs 

remain the major target for the development of new drugs and approximately one 

third of all medicines are based on interacting with this class of receptor. Whilst 

previous drugs were identified by structure activity relationships (SAR) using 

isolated organ preparations or more recently ligand binding and other high 

throughput screening assays,  modern drug discovery is more dependent on a deep 

structural knowledge of GPCRs (Overington et al., 2006). To date thirty crystal 

structures of GPCRs have been resolved, spanning the main classes A, B, C, and F. 

The first structure characterised by X-ray crystallography was the light receptor 

rhodopsin which was identified by Palczewski et al in 2000 (Palczewski et al., 

2000). However whilst this was of major interest analysis of agonist binding was 

impossible because of the lack of a cognate ligand. It was only through the 

elucidation of the structure of the β2-adrenergic receptor by Brain Kobilka and 

colleagues, which has allowed a host of GPCRs to be resolved (Rasmussen et al., 

2007). It is likely that numerous other GPCRs will be resolved particularly of class 

B, C, and F GPCRs as fewer of these have been crystallised thus far. 

 

The resolution of crystal structures helped to confirm basic ideas regarding drug 

interactions with GPCRs. For example a ligand is now recognised to bind to the 
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orthosteric binding site. This site lays in the extracellular half helices close to ECL2 

and composes from III, VI, and VII. Many receptors have the orthosteric ligand 

binding pocket such as the β2-adrenergic  (Warne and Tate, 2013) and sphingosine-1-

phospate (S1P) receptors (Hanson et al., 2012).  

 

Another realisation was that drugs can bind to a second site to modulate the binding 

of a ligand at the orthosteric site. An allosteric modulator is thought to work via two 

methods; enhancing binding of the orthosteric ligand which give rise to positive 

allosteric modulators (PAM), or alternatively compounds can obstruct the binding of 

the orthosteric ligand and are classified as negative allosteric modulators (NAM). In 

some instances a single one modulator could behave as PAM or NAM such as 

indocarbazole staurosporine depending on the agonist which is binding to the 

orthosteric site. In the case of the Muscarinic M1 receptor N-methylscopolamine 

alone acts as a PAM, while competing for the same receptor as the endogenous 

agonist, while acetylcholine acts as a NAM (Lazareno et al., 2000). It seems that the 

nature of the allosteric modulator depends on the presence of the endogenous 

agonist. Given these properties, allosteric modulators are increasingly considered to 

be primarily a new class of drug from which medicines can be discovered because 

their effect is negligible except when the receptor is endogenously activated. 

Furthermore, because of the inherent saturability of allosteric modulators, their 

actions lead to other moderate potentiation of an agonist response or a limited 

inhibitory effect. This prevents more extreme acute effects of the drug and results in 

a moderate but manageable clinical effect.  

 

These definitions build upon other properties of known drugs acting at GPCRs. For 

example a number of “antagonists” are known to further inhibit the function of 

resting receptor bringing basal activity down even further and are defined as inverse 

agonists. Furthermore, a number of drugs can engage in biased signalling, mediating 

an inhibition of receptor coupling to one pathway but at the same time activating 

another. This doesn’t just include standard “agonist” compounds but synthetic 

allosteric as well as bitopic modulators which bind directly to G-proteins or arrestin 
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by passing the receptor and resulting in bias downstream signalling pathways (Reiter 

et al., 2012). 

 

The experiments of this thesis were used two type cell lines, NFB-Reporter cells; 

are parentally NCTC epithelial skin cells. These cells are not expressed to PAR2 but 

it could be PAR2 over-expressed when the mother cells are transfected with both 

PAR2 and NFB-Luc constructs. It was utilised NFB-Reporter cells with NFB-

transcriptional activity assay to evaluate the compounds. The later assay is simple 

and cheap and could be giving an idea that the specific compound act as an agonist 

or antagonist behaviour. Another cell line is HEKs; the endogenous expression of 

PAR2. HEKs are utilised with both ERK MAP kinase and calcium mobilisation 

assays that mediated by PAR2 and activated via trypsin and 2f-LIGRLO-NH2. 

However, HEKs are giving a veritable expression of PAR2. In addition, it was 

selected two agonists; trypsin and 2f-LIGRLO-NH2 to compare between them for 

PAR2 activation. Trypsin is a protease agonist for PAR2 that have been used early 

times to activate PAR2. It gives a moderate potency at PAR2. Another agonist is 2f-

LIGRLO-NH2; is a synthetic PAR2 agonist; and used to give a significant potency to 

activate PAR2 compared to trypsin.  

 

The current thesis examined PAR2 drugs based on both standard SAR techniques but 

also through analysis of the crystal structure of PAR2. Of the two compounds, the 

drug AZ8838 was found to be the most effective compound, identified clearly as an 

allosteric modulator. Interesting properties included a very slow on rate, which given 

the potency of the drug also means a relatively long off rate. It would be very 

interesting to track the binding of AZ8838 to PAR2 to determine the off rate as this 

may be a property of the drug which would enhance its clinical effectiveness. A slow 

off rate helps prolong the time the drug is in contact with the receptor and may help 

ensure lack of removal from the local cellular environment. In this study, AZ8838 

functioned as an antagonist/allosteric modulator (NAM) under any conditions of 

study suggesting it to be a drug with major clinical potential. 
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In contrast GB88 functioned as a partial agonist although the evidence in the 

literature does suggest that it is an antagonist. However, it should be noted that the 

drug was reclassified as a bias antagonist suggesting that in some cells were coupling 

of PAR2 to Gαq/ll is small the compound could display agonist activity as identified 

in this study. It also remains to be determined if inhibition of Gαq/11 directed 

signalling is the best outcome in terms of its profile as a new drug with clinical 

potential. Whilst GB88 was shown to inhibit some forms of inflammatory challenge, 

activation of ERK signalling is likely to have profound effects on cell function in 

particular in relation to proliferation. Thus the drug may have long term positive 

effects on tumour growth or for example tumour migration. This might be against the 

anti-inflammatory effect of GB88 which might be of relevance in maintaining the 

tumour microenvironment.   

 

However one major advantage of GB88 over AZ8838 is the more advanced 

characterisation as a drug molecule. The safety and effectiveness of new compounds 

are associated with a number of elements; absorption, distribution, metabolism, 

excretion and toxicity (ADMET). Lipinski’s rules must be obeyed to design new 

drugs to prevent the high risk of ADMET during investigation, the antagonist should 

have a small molecular weight and low lipophilicity to decrease the toxicity and get 

successful clinical usage (Lipinski et al., 2001). The investigation of the drug cannot 

be limited to studies in vitro, it is important to investigate the selected drug in vivo 

systems. A key study has shown that GB88 can be given orally, has a good kinetic 

profile and remains in the plasma 24 hours after administration (Lohman et al., 

2012a). Therefore, if this drug is able to pass important toxicity tests it may be used 

more quickly in Phase I and II clinical trials. However, it is unclear if the moderate 

potency of the drug is sufficient to ensure good clinical efficacy in a series of tests in 

appropriate mouse models. Further studies are required to investigate the plasma 

stability after administration with AZ8838, in addition, the safety and effectiveness 

could be investigated for AZ8838. Whilst some progress has been made in vitro, 

there has been no discovery of clinical trial are required.  
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Previous studies have characterised the inflammatory responses and pain induced by 

PAR2 activation, both in vivo and in vitro. It is therefore important to evaluate, in 

future research, PAR2 antagonists as a therapy to treat different types of 

inflammatory disease. There is a considerable list including; asthma, neurogenic 

pain, rheumatoid arthritis, and allergic dermatitis. It will be interesting to correlate 

effects at the cellular level with effects in tissues and in vivo studies. It will also be of 

interest to determine if AZ8388 modulates the action of the large array of 

endogenous PAR2 activators such as tryptase, outlined in chapter 3, all in the same 

way as modulation may be ligand independent. Some caution is also required as 

PAR2 does have a protective role in the body so long term studies on cardiovascular 

markers would be required. Further studies are required to investigate the effect of 

the new compound AZ8838 in a particular disease such as arthritis, osteoarthritis, or 

paw oedema in rodent.   

 

However, despite the exciting findings in relation to GB88 and AZ8388 experience 

with PAR1 shows that the development of a clinically effective drug is not easy. The 

only marketed drug to date is vorapaxar, commercially known as Zontivity the first 

PAR1 antagonist. Zhang and colleagues resolved the crystal structure of PAR1-

vorapaxar and identified the binding sites between vorapaxar and PAR1 (Zhang et 

al., 2012b). Vorapaxar acts as an antiplatelet drug and could be used clinically in the 

acute coronary syndrome (Tricoci et al., 2012). Vorapaxar is different to other GPCR 

members within deep binding pockets, it has hydrophobic properties that leads to 

high affinity of binding of vorapaxar to the extracellular surface of PAR1 (Zhang et 

al., 2012b). Many PAR1 antagonists have been successfully developed through 

understanding this structure (Chackalamannil et al., 2008), however caution should 

be noted as a number of these drugs have unwanted side effects. No successful drugs 

have been developed for the other thrombin-stimulated receptors, PARs 3 and 4.  

 

Given the role for PAR2 in aspects of inflammation, another type of treatment which 

could be developed is a humanised antibody which may be more clinically 

efficacious and could be developed more rapidly. Studies were also conducted 

recently examining antibody binding to PAR2 (Cheng et al., 2017). The antibody 
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Mab3949 has a high binding affinity to PAR2 and binds to the extracellular part of 

the receptor. Mab3949 targets Arg36
17

 which is the site of proteolytic cleavage. 

Competition was found between Mab3949 and trysin or exogenous activating 

peptide, and the antagonist activity of Mab3949 appears to be through binding to 

ECL2. Given the success with a host of therapeutic antibodies targeting cytokines 

such as Inflixmab it is easy to envisage an equivalent anti-PAR2 antibody for use in 

rheumatoid arthritis and other immune pathologies. These types of molecule may be 

preferred to the longer development profile for small molecules.   

 

Future studies in the PAR2 field, could involve utilising the modern technique of 

CRISPR. Where PAR2 could be knocked-down and its expression blocked. This 

could be used as a comparative tool for drug design.  

  

In conclusion, this current thesis has shown two main findings. Firstly and 

surprisingly, GB88 and relative compounds are found to act as PAR2 partial agonists 

with moderate potencies compared to the endogenous activator and synthetic peptide. 

This finding is not consistent to other studies which concluded that GB88 is an 

antagonist. Secondly, this thesis has shown that the novel PAR2 allosteric modulator, 

AZ8838, behaves as an antagonist and inhibits PAR2 induced intracellular signalling 

at multiple levels. However, considerably future studies are required to confirm that 

AZ8838 is PAR2 selective over other PARs. Other studies are needed to ensure that 

the new pharmaceutically useful molecules can be generated from the current work 

and other studies including animal testing in vivo and clinical studies in human. To 

finally generate a clinically useful PAR2 inhibitor medicine. 
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