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BACKGROUND AND PURPOSE
Many cells express proteinase activated receptor 2 (PAR2) on their plasma membrane. PAR2 is activated by proteolytic
enzymes, such as trypsin and tryptase that cleave the receptor N-terminus, inititating signalling to intracellular G proteins.
Studies on PAR2 have relied heavily upon activating effects of proteases and peptide agonists that lack stability and
bioavailability in vivo.

EXPERIMENTAL APPROACH
A novel small molecule agonist GB110 and an antagonist GB88 were characterized in vitro against trypsin, peptide agonists,
PAR2 antibody, PAR1 agonists and flow cytometry,in seven cell lines using intracellular Ca2+ mobilization and examined in vivo
against PAR2- and PAR1-induced rat paw oedema.

KEY RESULTS
GB110 is a potent non-peptidic agonist activating PAR2-mediated Ca2+ release in HT29 cells (EC50 ~200 nM) and six other
human cell lines, inducing PAR2 internalization. GB88 is a unique PAR2 antagonist, inhibiting PAR2 activated Ca2+ release (IC50

~2 mM) induced by native (trypsin) or synthetic peptide and non-peptide agonists. GB88 was a competitive and surmountable
antagonist of agonist 2f-LIGRLO-NH2, a competitive but insurmountable antagonist of agonist GB110, and a non-competitive
insurmountable antagonist of trypsin. GB88 was orally active and anti-inflammatory in vivo, inhibiting acute rat paw oedema
elicited by agonist GB110 and proteolytic or peptide agonists of PAR2 but not by corresponding agonists of PAR1 or PAR4.

CONCLUSIONS AND IMPLICATIONS
The novel PAR2 agonist and antagonist modulate intracellular Ca2+ and rat paw oedema, providing novel molecular tools for
examining PAR2-mediated diseases.

Abbreviations
A549, adenocarcinomic human alveolar basal epithelial cells; ATCC, American Tissue Culture Collection; FBS, fetal
bovine serum;; HPRT, hypoxanthine-guanine phosphoribosyl transferase; HT-29, human colon adenocarcinoma grade II
cell line; HUVEC, human umbilical vein endothelial cell; iCa2+, intracellular Ca2+; i.pl., intra-plantar; MDA-MB-231,
human M.D. Anderson – metastatic breast cancer cells; MKN45, MKN1, human gastric adenocarcinoma cells; NRK-52e,
rat renal promximal tubule cells; Panc-1, human exocrine pancreas carcinoma cells; PAR2, protease activated receptor 2;
U937, human monocytic cells from histiocytic lymphoma
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Introduction
PAR2 is one of four known proteinase activated receptors
(PARs) (Bohm et al., 1996; MacFarlane et al., 2001; Coughlin
and Camerer, 2003; Steinhoff et al., 2005; Barry et al., 2006;
receptor nomenclature follows Alexander et al., 2011), which
are functionally unlike other membrane-spanning GPCRs
(Blakeney et al., 2007) in being activated by serine proteases.
There are no endogenous ligands known for PAR2. However,
nM concentrations of trypsin-like serine proteases can cleave
the receptor N-terminus to expose a membrane-anchored
signalling sequence (SLIGKV, SLIGRL), which perturbs the
membrane-spanning domain of PAR2 and directs intracellu-
lar signalling via coupled G proteins (Bohm et al., 1996; Mac-
Farlane et al., 2001; Coughlin and Camerer, 2003; Steinhoff
et al., 2005; Barry et al., 2006). Hexapeptides corresponding
to the new N-terminus of the receptor (SLIGKV-NH2, SLIGRL-
NH2) can also activate PAR2 at mM concentrations (Hollen-
berg et al., 1996), while some hexapeptides with heterocycles
at the N-terminus are PAR2 agonists at high nM concentra-
tions (Kawabata et al., 2004; Kanke et al., 2005; Barry et al.,
2007).

PAR2 has been proposed to be important in inflammation
(Niu et al., 2008; Shin et al., 2009) and proliferation (Nishi-
bori et al., 2005; Arisawa et al., 2007; Matej et al., 2007; Iwaki
et al., 2008). Based mainly on the properties of these exog-
enous peptide agonists, together with some knockout mouse
studies, activation of PAR2 has been purported to be pro-
inflammatory in arthritis (Ferrell et al., 2003; Kelso et al.,
2007; Lam, 2007; McIntosh et al., 2007), pancreatitis (Maeda
et al., 2005; Hirota et al., 2006), gastric (Hansen et al., 2005;
Cottrell et al., 2007; Kawabata et al., 2008) and kidney
(Moussa et al., 2007; Vesey et al., 2007a,b) cells, but anti-
inflammatory in airways inflammation (Cocks et al., 1999;
D’Agostino et al., 2007). Increased expression of PAR2 associ-
ated with proliferation has been consistently found in many
types of cancer cells, with reports on PAR2-induced cancer
progression in breast (Matej et al., 2007), colon (Nishibori
et al., 2005), gastric (Arisawa et al., 2007) and pancreatic
cancers (Iwaki et al., 2008). However, roles for PAR2 in vivo are
still somewhat speculative, in part due to the unavailability of
very potent, in vivo stable and bioavailable PAR2 agonists and
antagonists as physiologically useful tools. Use of siRNA,
blocking antibodies and gene deletion has met with limited
success (Ferrell et al., 2003) in clarifying roles for PAR2 in
physiology and disease, partly due to poor selectivity or
inbuilt redundancies. Recently (Suen et al., 2010), we profiled
effects of PAR2 activation on gene expression in HEK293 cells,
a commonly studied cell line in PAR2 research, by examining
intersecting up- or down-regulation induced by both an
endogenous protease PAR2 activator (trypsin) and a PAR2
activating hexapeptide (2f-LIGRLO-NH2). From a 19 000
human gene set, there were clear associations between PAR2
activation and cell metabolism (1000 genes), the cell cycle,
the MAPK pathway, HDAC and sirtuin enzymes, inflamma-
tory cytokines, anti-complement function and cancer, as well
as support for developing both antagonists and agonists of
PAR2 as potential disease-modifying therapeutic agents.

Only an extremely weak non-specific antagonist (ENMD-
1068, IC50 5 mM) (Kelso et al., 2006), and a peptidomimetic
antagonist (K-14585, IC50 10 mM) (Kanke et al., 2009) that

does not inhibit trypsin-activation of PAR2, are currently
available to interrogate PAR2 function in vivo. Here we report
some properties of two new, low MW, non-peptidic com-
pounds that regulate PAR2 activity in vitro and in vivo. The
agonist GB110 was equipotent in vitro with the best synthetic
peptide agonist reported for PAR2, 2-furoyl-LIGRLO-NH2

(2f-LIGRLO-NH2), while the antagonist GB88 is a member of
the first class of PAR2 antagonists (Barry et al., 2010) that
inhibits the functions of both endogenous and synthetic
PAR2 agonists, but not PAR1 agonists, at low mM concentra-
tions. GB88 was an orally active inhibitor of PAR2 activation
in vivo with anti-inflammatory activity in the rat.

Methods

Cell culture
Seven human cell lines (HT29, A549, Panc-1, MKN45, MKN1,
HUVEC and MDA-MB-231) and one rat cell line were used to
study the effect of PAR2 compounds. Cell lines were cultured
in medium at 37°C and 5% CO2 based on information pro-
vided by ATCC (Manassas, VA, USA). During cell culture
passage, cell dissociation solution (Sigma Aldrich, St Louis,
MO, USA) was used to dissociate cells from the surface of
culture flasks.

Intracellular calcium mobilization
Cells were grown to 80% confluence. Before an experiment,
cells were seeded overnight in 96-well black-walled, clear
bottom, plates at ~4 ¥ 105 cells per well. On the day of
experiment, supernatant was removed and cells were incu-
bated in dye loading buffer (HBSS with 4 mM Fluo-3, 25 mL
pluronic acid, 1% fetal bovine serum and 2.5 mM
probenecid) for 1 h at 37°C. Cells were then washed twice
with HBSS and transferred to a Polarstar spectrofluorimeter
(BMG, Durham, NC, USA) for agonist injection and fluores-
cence measurements. PAR2 agonists at various concentra-
tions were added 10 s after reading commenced and
fluorescence was measured in real time from the bottom of
the plate using excitation at l = 480 nm and emission at
520 nm. HBSS was prepared in-house. All other reagents
and calcimycin (A23187) were purchased from Invitrogen
(Carlsbad, CA, USA), the latter for measuring maximum
fluorescence. Plates were purchased from DKSH (Zurich,
Switzerland).

Antagonist surmountability
Cells were prepared as for the calcium mobilization assay.
After 1 h incubation with dye loading buffer, cells were incu-
bated with different concentrations of antagonist for 15 min.
The plate was then transferred to the Polarstar spectrofluo-
rimeter and examined for concentration-dependent effects
on the activity of agonists in the presence of different con-
centrations of antagonist.

Receptor internalization
Cells were grown to 90% confluence in a tissue culture flask,
then removed and suspended at 5 ¥ 106 cells·mL-1 in HBSS.
Aliquots of cells were incubated with various concentrations
of agonists (30 min, 37°C) then placed on ice (5 min), cen-
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trifuged and re-suspended in assay buffer (PBS, 0.1% w/v BSA,
0.01% w/v NaN3, pH 7.4). Cells were treated with goat anti-
PAR2 antibody (N-19, Santa Cruz Biotechnology, Santa Cruz,
CA, USA) at 1:50 dilution (30 min on ice), washed twice with
buffer and incubated with anti-goat IgG conjugate with Alexa
Fluor 488 (A-11078, Invitrogen, 1:500) for 30 min on ice.
Upon completion, cells were centrifuged and resuspended in
PBS containing 1% paraformaldehyde. Samples were analy-
sed by flow cytometry (FACScalibur, BD Biosciences, Frankin
Lakes, NJ, USA).

PAR2-induced paw oedema
All animal care and experimental procedures complied with
the Guidelines of the Australian National Health and Medical
Research Council and were approved by the animal ethics
committee of The University of Queensland. Male Wistar rats
(8–9 weeks) were injected with 100 mL of isotonic saline con-
taining 2f-LIGRLO-NH2 (350 mg per paw), trypsin (20 mg per
paw), SLIGRL-NH2 (2 mg per paw), GB110 (350 mg per paw),
thrombin (5 U per paw), TFLLR-NH2 (2 mg per paw) or
AYPGKF-NH2 (2 mg per paw) into the plantar surface of the
right hind paw pad using a 30G needle, the left hind paw
receiving 100 mL saline alone, as described earlier (Vergnolle
et al., 1999; Kelso et al., 2006). GB88 (5 or 10 mg·kg-1 in
500 mL olive oil) was administered 120 min before paw injec-
tions by oral gavage, while control animals received olive oil
only by gavage. Paw thickness and width were measured
using digital calipers (WPI, Sarasota, FL, USA) at 0, 0.5, 1 and
2 h after PAR2 agonist administration. Hind paw size was
expressed as % change in area from baseline, right (affected)
paw compared with left (control) paw.

Statistical analysis
Data are presented as means � SEM. Data were analysed in
GraphPad Prism using ANOVA or Student’s t-test. Differences

between means with a P-value <0.05 were considered
significant.

Materials
All cell culture reagents were purchased from Invitrogen and
Sigma Aldrich. PAR2-activating agonist peptide 2f-LIGRLO-
NH2, agonist GB110 and antagonist GB88, PAR1-activating
peptide TFLLR-NH2, PAR4 activating peptide AYPGKF-NH2

were synthesized in-house. Goat anti-PAR2 antibody was pur-
chased from Santa Cruz Biotechnology and anti-goat anti-
body conjugated to Alexa-Fluor 488 was purchased from
Invitrogen. The rat cell line NRK-52e was a gift from Dr David
Vesey from the Princess Alexandra Hospital, Brisbane,
Australia.

Results

GB110 is a novel non-peptidic PAR2 agonist
GB110 comprises an N-terminal isoxazole, unnatural (cyclo-
hexylalanine) and natural (isoleucine) amino acids, a para-
carboxymethyl aniline, and a C-terminal aminomethyl
piperidine (Figure 1A). Its design and chemical synthesis have
been recently reported by our group (Barry et al., 2010). This
compound does not possess a proteolytically cleavable
peptide bond and is serum stable, thus sharing characteristics
of other non-peptidic, low MW organic compounds. GB110
is selective for PAR2 (Barry et al., 2010) and failed to induce a
response in a PAR2-negative cell line (Supporting Informa-
tion Figure S1). In an intracellular Ca2+ (iCa2+) mobilization
assay using HT29 colon cancer cells (Figure 1B), GB110 (EC50

240 � 20 nM; pEC50 6.7 � 0.05) was equipotent with the
peptide agonist 2f-LIGRLO-NH2 (EC50 210 � 30 nM; pEC50

6.6 � 0.05), 10-fold more potent than SLIGRL-NH2 (Barry

Figure 1
Profile of a non-peptide PAR2 agonist, GB110 in HT29 cells. (A) Structure of non-peptide PAR2 agonist, GB110. (B) Comparison of PAR2
agonist-induced intracellular Ca2+ (iCa2+) release by trypsin (pEC50 8.2 � 0.08), 2f-LIGRLO-NH2 (2fO; pEC50 6.7 � 0.05) and GB110 (pEC50 6.6 �

0.05). GB110 is equipotent with the known PAR2 activating peptide, 2f-LIGRLO-NH2. (C) Comparison of PAR2 agonist-induced receptor
internalization by 2f-LIGRLO-NH2 and GB110. (D) Recovery of PAR2-induced Ca2+ release after PAR2 desensitization by 5 mM 2f-LIGRLO-NH2 and
5 mM GB110. Data shown are means (+SEM) of �3 experiments in triplicate.
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et al., 2010), but ~35-fold less potent than trypsin (EC50 6 �

0.5 nM; pEC50 8.2 � 0.8). Despite similar agonist potencies in
this assay, GB110 was an order of magnitude less potent than
2f-LIGRLO-NH2 in inducing PAR2 internalization (Figure 1C),
as detected by anti-PAR2 antibody using FACS. This sug-
gests different mechanisms for G-protein activation and
(b-arrestin-dependent) receptor internalization. However,
cells treated with either GB110 or 2f-LIGRLO-NH2

re-expressed PAR2 on the cell surface at a similar rate
(Figure 1D), indicating that post-activation recovery of recep-
tor sensitivity is unaffected by differences in agonists.

GB110 also behaves in a similar manner to trypsin and
2f-LIGRLO-NH2 in activating iCa2+ release in HUVEC and five
human cancer cell lines (A549, Panc-1, MDA-MB-231, MKN1

and MKN45) (Figure 2). Similar to HT-29, these cell lines all
expressed PAR2 at significant levels (Supporting Information
Figure S2). All three agonists were two orders of magnitude
less potent in MKN45 cells. Despite an almost 100-fold varia-
tion in EC50 values between cell lines (200 nM to 20 mM),
GB110 consistently showed the same level of activity as
2f-LIGRLO-NH2 but one to two orders of magnitude lower
potency than trypsin in all cell lines tested.

GB88 is a non-peptide antagonist of PAR2
GB88 is a novel analogue of GB110, with the same N-terminal
isoxazole, L-cyclohexylalanine and L-isoleucine, but with a
bulky C-terminal spiroindenepiperidine that confers PAR2
antagonism at low mM concentrations (Figure 3). This

Figure 2
Intracellular Ca2+ mobilization by PAR2 agonists in six human cell lines. Concentration-dependent curves for iCa2+ mobilization by PAR2 agonists,
trypsin, 2f-LIGRLO-NH2 and GB110 in six cell lines (A549, Panc-1, MKN1, MKN45, MDA-MB231, HUVEC). 2f-LIGRLO-NH2 and GB110 were
equipotent. Data shown are means (+SEM) of �3 experiments in triplicate.
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Figure 3
Profile of a non-peptide PAR2 antagonist, GB88, in human cell lines. (A) PAR2 antagonist GB88 inhibits iCa2+ release induced in HT29 by trypsin,
2f-LIGRLO-NH2 and GB110. (B) Maximum GB88 inhibition (10 mM) of PAR2 activation after 15 min and stable for at least 1 h. (C-H) PAR2
antagonist GB88 inhibits iCa2+ release induced in all six cell types (A549, Panc-1, MKN1, MKN45, MDA-MB231, HUVEC) by trypsin, 2f-LIGRLO-
NH2 and GB110, with IC50 < 10 mM except HUVEC. Data shown are means (+SEM) of �3 experiments in triplicate.
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antagonist GB88 had comparable potency in inhibiting three
structurally and mechanistically different PAR2 agonists
(trypsin, 2f-LIGRLO-NH2, GB110) in HT29 cells (Figure 3A,
IC50 2–9 mM, pIC50 5–6, n � 3), but not certain other GPCRs
(Supporting Information Figure S3).

A temporal study of PAR2 antagonism by GB88 revealed
that the compound has a slow on-rate, requiring up to
15 min incubation to fully saturate PAR2 (Figure 3B) and the
inhibitory effect of GB88 was stable up to 1 h after applica-
tion in vitro. GB88 was also an equipotent antagonist of all
three structurally and functionally different PAR2 agonists
(trypsin, GB110, 2f-LIGRLO-NH2) when tested against their
EC80, in each of seven different human cell lines (Figure 3C–
H). While the antagonist had the same effect on the three
agonists in each cell line, the potency of the antagonist varied
between cell types, from IC50 1–10 mM (pIC50 5–6; HT29,
A549, Panc-1, MKN45, MDA-MB-231) to >10 mM (pIC50 < 5;
MKN1) to >80 mM in HUVEC cells (pIC50 < 4.1; Figure 3C–H).

Antagonism by GB88 is agonist dependent
The mechanism of antagonism of GB88 was found to be
agonist dependent. This compound was a surmountable and
reversible antagonist against hexapeptide agonist 2f-LIGRLO-
NH2, as increasing concentrations of antagonist resulted in a
horizontal shift in the agonist concentration-response curves
(Figure 4A). The absence of a significant reduction of the

maximum response indicated that GB88 is completely dis-
placed by high concentrations (1 mM) of agonist 2f-LIGRLO-
NH2. This is further supported by a Schild plot with a linear
slope of 0.99, establishing competitive antagonism
(Figure 4D) and a calculated pA2 6.3 � 0.29.

However, when similar studies were performed with the
structurally different agonists GB110 (Figure 4B) or trypsin
(Figure 4C), GB88 appeared to be an insurmountable antago-
nist, indicated by a vertical reduction in the agonist-induced
response. A shift in IC50 was observed for PAR2 agonist
GB110, but absent for trypsin. Even at higher concentrations
(mM – mM), neither trypsin nor GB110 were able to attain full
receptor activation, indicating that they were unable to com-
pletely displace GB88 binding to PAR2. This result is in
marked contrast to that for 2f-LIGRLO-NH2. A Schild plot for
antagonism by GB88 of agonist GB110 was linear with slope
1.08, consistent with competitive antagonism (Figure 4E) and
a calculated pA2 of 6.0 � 0.31. When the data were fitted to
a non-competitive model using low agonist concentrations
(i.e. EC20), the calculated pA2 was 6.3 � 0.40. Antagonism by
GB88 of trypsin, however, was clearly non-competitive
(Figure 4F) and consistent with results expected for a tethered
ligand.

In summary, GB88 displayed different antagonism against
each of the three agonists tested, surmountable and competi-
tive (2f-LIGRLO-NH2), insurmountable and competitive

Figure 4
Mechanism of PAR2 antagonism. (A) GB88 is a surmountable PAR2 antagonist against 2f-LIGRLO-NH2, showing concentration-dependent
(0–10 mM) inhibition of iCa2+ release in HT29 cells induced by varying concentrations of PAR2 agonist 2f-LIGRLO-NH2. (B) GB88 is a competitive
yet insurmountable antagonist against GB110 (0–10 mM). (C) GB88 is a non-competitive and insurmountable antagonist against trypsin
(0–20 mM). (D–F), Schild plot for antagonist GB88 against (D) 2f-LIGRLO-NH2, (E) GB110 and (F) trypsin. (E) Data were fitted to both a
competitive (solid line) and non-competitive insurmountable (dotted line) model for Schild analysis. Calculated pA2 values for GB88 were
6.3 � 0.29 against 2f-LIGRLO-NH2; and 6.0 � 0.31 (competitive) or 6.3 � 0.4 (insurmountable) against GB110. Data shown are means (+SEM)
of 3 experiments in triplicate.
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(GB110), and insurmountable and non-competitive (trypsin),
likely reflecting slightly different binding modes in PAR2 for
the three agonists.

GB88 inhibits PAR2-induced acute
inflammation in vivo
To investigate whether antagonist GB88 might be anti-
inflammatory in vivo, we examined it in a model of acute
inflammation in the rat. PAR2 peptide agonists such as
2f-LIGRLO-NH2, trypsin and SLIGRL-NH2 reportedly induce
acute paw oedema in rodents (Vergnolle et al., 1999; Kelso
et al., 2006). Before testing GB88 in vivo, we examined the
potencies of antagonist GB88 against two agonists (2f-
LIGRLO-NH2 and trypsin) on the rat epithelial cell line NRK-
52e (Supporting Information Figure S4). GB88 showed
activity similar to that observed for human cells expressing
PAR2, suggesting that it was likely to have comparable activ-
ity in a rodent model. Therefore, we administered GB88
(10 mg·kg-1) to rats by oral gavage in olive oil on a prophy-
lactic dosing schedule, 120 min before intra-plantar (i.pl.)
injection of either 2f-LIGRLO-NH2 (350 mg per paw,
Figure 5A), trypsin (20 mg per paw, Figure 5B), SLIGRL-NH2

(2 mg per paw, Figure 5B) or GB110 (350 mg per paw,
Figure 5B). All four PAR2 agonists alone induced substantial
paw oedema that maximized after about 30 min, while an
identical set of rats orally pretreated with the PAR2 antagonist
GB88 had significantly reduced (�80%) paw swelling
(Figure 5). These results clearly demonstrated that the antago-
nist GB88 was both orally active and anti-inflammatory in
vivo, with specific antagonist activity against four structurally
and mechanistically different PAR2 agonists. Furthermore,
GB88 had no effect on oedema similarly induced by two
structurally different PAR1 agonists (the protease thrombin,
5 U per paw; the hexapeptide TFLLR-NH2, 2 mg per paw) or a
PAR4 hexapeptide agonist (AYPGKF-NH2, 2 mg per paw)
(Figure 5B), confirming the selectivity of GB88 against PAR2
over PAR1 and PAR4 in vivo.

Discussion and conclusions

GPCRs are the most prevalent signalling proteins on the cell
surface, mediating a wide variety of physiological responses
that can be targeted by drugs (Blakeney et al., 2007). PARs are
a unique class of GPCRs that are activated through irrevers-
ible modification by extracellular proteases (Bohm et al.,
1996; MacFarlane et al., 2001; Coughlin and Camerer, 2003;
Steinhoff et al., 2005; Barry et al., 2006). PAR2 is specifically
activated by a range of serine proteases, such as trypsin, but
not by the PAR1 agonist thrombin. Most PAR research to date
has focused on PAR1 due to its importance in cardiovascular
disease. In this study, we have evaluated the new PAR2
agonist GB110 and the new PAR2 antagonist GB88 in vitro in
seven human cell lines, as well as the effect of the antagonist
in vivo in an rat model of acute inflammation, induced, by
PAR2 activation.

Recently we showed that GB110 is a selective agonist for
PAR2 over PAR1 in a receptor desensitization assay, exhibiting
no agonist activity when PAR2 was desensitized by other
PAR2 agonists (Barry et al., 2010). The agonist GB110 is equi-
potent with the most potent known peptide agonist,
2f-LIGRLO-NH2, in inducing iCa2+ release in seven human cell
lines (Blakeney et al., 2007; Barry et al., 2010). All seven cell
lines have been previously used to show the role of PAR2 in
cancer and inflammation (Miyata et al., 2000; Darmoul et al.,
2004; Shimamoto et al., 2004; Feistritzer et al., 2005; Kajikawa
et al., 2007; Moriyuki et al., 2009; Ryden et al., 2010). Signifi-
cant differences in agonist potency were observed between
the various cell lines, but not between these two agonists in
each cell type. The finding that GB110 was capable of tem-
porarily desensitizing PAR2 receptors and inducing PAR2
internalization, but of lower potency in these properties than
2f-LIGRLO-NH2, suggests that the conformational changes in
the receptor that are required for iCa2+ mobilization may be
different from those required for b-arrestin binding to PAR2
(Stalheim et al., 2005; Kumar et al., 2007). This distinction at

Figure 5
GB88 is a PAR2-selective antagonist of PAR2-induced inflammation in rat paws. (A) GB88 attenuates the acute paw oedema induced by PAR2
agonists. Intraplantar (i.pl.) administration of 2f-LIGRLO-NH2 (350 mg per paw in 100 mL of saline control) induces paw oedema (% area change
from baseline) after 30 min (reducing to baseline after 24 h) that is inhibited (�80%) by prophylactic GB88 (10 mg·kg-1, p.o. in olive oil) given
orally 120 min prior to 2f-LIGRLO-NH2 (n = 5 per group, *P < 0.01, significant effect of GB88; ANOVA). (B) GB88 blocks PAR2, but not PAR1,
agonist-induced paw oedema. GB88 (10 mg·kg-1 p.o.) significantly reduces paw swelling induced by PAR2 agonists trypsin (20 mg per paw),
SLIGRL-NH2 (2 mg per paw) or GB110 (350 mg per paw), but not by oedema induced by PAR1 agonists thrombin (5 U per paw) or TFLLR-NH2

(2 mg per paw) or by PAR4 agonist AYPGKF-NH2 (2 mg per paw). Data (means + SEM) normalized to maximal swelling of controls. *P < 0.01,
significant effect of GB88; n = 6 per group.
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the molecular level between low MW ligand structures that
activate the same receptor, even the same isoform, could be
a valuable clue to the design of compounds that target
different downstream signalling events mediated by the same
GPCR. In this case, 2f-LIGRLO-NH2 appears to be able to
stabilize, better than GB110, a conformation of the receptor
that can couple to b-arrestins, reflected in the 10-fold
enhancement in the potency that is specifically related to
receptor internalization.

This study also assessed a new PAR2 antagonist, GB88,
which was more effective than any PAR2 antagonist reported
to date. In our recent description of the chemical synthesis of
PAR2 ligands, we reported a structurally related analogue
GB83 (with a spiroindanepiperidine) that inhibited iCa2+

mobilization induced in HT29 cells by both trypsin and
2f-LIGRLO-NH2 at their EC80 in a concentration-dependent
fashion (Barry et al., 2010). GB88 has comparable potency
and, along with GB83, is the first PAR2 antagonist to inhibit
responses from both trypsin and synthetic agonists in this
low concentration range. In contrast to the antagonist
K14585 which does not inhibit trypsin-induced PAR2 activa-
tion (Kanke et al., 2009), GB88 exerted almost 100%
inhibition against responses induced by both endogenous
protease activators (trypsin) and synthetic peptide agonists
(2f-LIGRLO-NH2, SLIGRL-NH2) at low mM concentrations.
Indeed, GB88 is around 1000-fold more potent as a PAR2
antagonist than another compound, ENMD-1068, reported
to antagonize trypsin-induced PAR2 activation at mM con-
centrations (Kelso et al., 2006). GB88 also antagonized PAR2
activation by the new non-peptide agonist GB110. Interest-
ingly, despite the protease trypsin being a more potent PAR2
agonist than either GB110 or 2f-LIGRLO-NH2, GB88 was an
equipotent antagonist against all three PAR2 agonists. More-
over, GB88 maintained relative antagonist potency against all
three agonists at their EC80 in seven human cell lines, as
measured by iCa2+ mobilization.

The potencies of all three agonists were substantially
reduced for the gastric carcinoma cell line MKN45, but GB88
showed no significant change in its IC50 values, despite rela-
tively high concentrations of agonists used (trypsin –
300 nM; 2f-LIGRLO-NH2, GB110 – 30 mM). By contrast, for
HUVEC cells, the activities of the three agonists were unaf-
fected but the antagonist potency of GB88 was greatly
reduced by ~10-fold. These differences may be due to poly-
morphisms in PAR2 between cell lines, something that is
quite common for GPCRs in different human or mammalian
cell lines. Even very slight changes in the amino acid com-
position of a GPCR can profoundly affect ligand activity and
signalling characteristics, and this should be carefully consid-
ered in future evaluation and ligand development for PAR2
and other similar receptors.

Interestingly, the nature of the antagonism observed for
GB88 was dependent on the PAR2 agonist being evaluated.
Our data are consistent with GB88 being a competitive and
surmountable antagonist against 2f-LIGRLO-NH2, but an
insurmountable antagonist against GB110 and trypsin. Of
these three agonists, only 2f-LIGRLO-NH2 at high concentra-
tions (1 mM) was able to completely reduce the potency of
GB88, which we attribute to a competitive interaction.
However, due to the short time frame of the iCa2+ assay, it is
entirely possible that true equilibrium may not have been

attained and this could explain the depression of the maxima
(Kenakin et al., 2006; Charlton and Vauquelin, 2010)
observed when GB110 was employed as the agonist. In con-
sideration of this, we re-analysed the data in an insurmount-
able model by constructing a Schild plot with a dose-ratio
generated at low agonist concentrations. The adjusted pA2

value showed only a small difference (6.3 vs. 6.0) and was
very similar to 2f-LIGRLO-NH2. The finding that GB88 was an
insurmountable and non-competitive antagonist against
trypsin-induced PAR2 activation was not so surprising, as
trypsin is really an indirect agonist that induces PAR2 activa-
tion via remote proteolytic cleavage of the N-terminus.
The vertical suppression of trypsin-induced concentration-
response curves by GB88 is typical for antagonism of an
indirect agonist (Kenakin, 1997).

The novel PAR2 antagonist was also tested for its in vivo
activity in an acute model of inflammation in rats. Various
roles for PAR2 in inflammation have been previously sug-
gested, and our discovery of a new PAR2 antagonist that is the
first to be potent and effective against several types of ago-
nists (protease, peptide, non-peptide) provided an excellent
opportunity to identify whether PAR2 antagonism is indeed
anti-inflammatory in vivo. Furthermore, the structure of GB88
obeys the rule-of-five (two hydrogen bond donors, five
hydrogen bond acceptors, log P 3.3) (Lipinski et al., 1997), as
well as having acceptable polar surface area (110 Å2) and
rotatable bond (nine rotatable bonds) limits (Veber et al.,
2002), suggesting that it might be orally active. Given orally,
GB88 was indeed able to reduce the severity of paw oedema
induced by each of the four different PAR2 agonists admin-
istered i.pl.. This result suggests that GB88 could potentially
be an effective systemic anti-inflammatory agent after oral
administration.

This study has associated PAR2 (and, by implication, its
activating proteolytic enzymes) on several human cell lines,
including cancer cells, with certain intracellular signalling
pathways in vitro and with inflammation in vivo. In vitro, the
new non-peptide agonist GB110 was equipotent with the
most potent known hexapeptide agonist in activating PAR2 to
release iCa2+, but 10-fold less potent in promoting PAR2 inter-
nalization and desensitization. At 10 mM, GB110 caused full
receptor activation and desensitization, but only 20% recep-
tor internalization. There was no difference between GB110
and peptide agonists in the rate of receptor re-expression or
re-sensitization on the cell surface. This finding suggests that
PAR2 ligands can differentially regulate activation, desensiti-
zation and internalization (Stalheim et al., 2005; Kumar et al.,
2007; Ricks and Trejo, 2009), and such selective ligands could
be valuable probes for dissecting signalling pathways associ-
ated with different specific diseased states. An important
finding was that GB88 was orally active in vivo and an equi-
potent but mechanistically distinct antagonist in vitro against
three structurally different agonists (a protease, a hexapeptide
and a non-peptide), making it a valuable tool to analyse
inhibition of PAR2. Our results suggest that PAR2 agonists can
differentially affect intracellular pathways, that a PAR2
antagonist can block receptor activation via different mecha-
nisms and that PAR2 antagonists may be beneficial in con-
trolling inflammatory and proliferative disease. Further efforts
should now be made to investigate the effects of novel PAR2
modulators in specific intracellular signalling pathways that
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can be associated with specific diseases and in a range of
animal models of inflammatory diseases and cancer.
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Supporting information

Additional Supporting Information may be found in the
online version of this article:

Figure S1 PAR2 agonists do not induce intracellular Ca2+
release in U937 cells. Human U937 cells were treated with
C5a (�), 2f-LIGRLO-NH2 (�), GB110 (�) and trypsin (�) in
the fluorescence intracellular calcium assay. Up to 100 mM of
2f-LIGRLO-NH2 or GB110 and up to 10 mM trypsin caused no
significant iCa2+ release, whereas the hormone C5a did induce
iCa2+ release at nM concentrations. Error bars represented �

SEM with n � 3.
Figure S2 PAR2 mRNA expression correlates with PAR2
surface activity on multiple human cell lines. Quantitative
RT-PCR examination of PAR2 mRNA expression in eight
human cell lines is shown in comparison with human house-
keeping gene hypoxanthine guanine phosphoribosyl trans-
ferase (HPRT). PAR2 mRNA expression (clear) on each cell line
is compared with maximum PAR2-induced intracellular
calcium release (filled). Calcium release is expressed as a per-
centage of that induced by calcimycin (A-23187) and is used
as an indicator of PAR2 activity on cell surfaces. PAR2 mRNA
levels and its activities were comparable in the cell lines
tested. Error bars represented � SEM with n � 3.
Figure S3 GB88 does not antagonize two other GPCRs.
Human U937 cells were treated with either 30 nM C5a (�) or
300 nM C3a ( ) in an intracellular calcium assay. Up to
100 mM GB88 showed no significant reduction in iCa2+ release
in these cells. Error bars represent � SEM with n � 3.
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Figure S4 Profile of PAR2 agonist (2f-LIGRLO-NH2) and
antagonist (GB88) on rat NRK-52e cells. (A) Concentration-
dependent curve for iCa2+ mobilization by 2f-LIGRL-NH2.
EC50 210 nM (pEC50 6.7 � 0.07). (B) PAR2 antagonist GB88
inhibits iCa2+ release induced in NRK-52e by 1 mM
2f-LIGRLO-NH2. IC50 20 mM (pIC50 4.7 � 0.2). Data points =
means of three experiments in triplicate, bars = SE.

Please note: Wiley-Blackwell are not responsible for the
content or functionality of any supporting materials supplied
by the authors. Any queries (other than missing material)
should be directed to the corresponding author for the article.
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