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BACKGROUND AND PURPOSE

The highly lipophilic acyl-sulphonamides L-798106 and L-826266 showed surprisingly slow antagonism of the prostanoid EP;
receptor system in guinea-pig aorta. Roles of affinity and lipophilicity in the onset kinetics of these and other prostanoid
ligands were investigated.

EXPERIMENTAL APPROACH

Antagonist selectivity was assessed using a panel of human recombinant prostanoid receptor-fluorimetric imaging plate reader
assays. Potencies/affinities and onset half-times of agonists and antagonists were obtained on guinea-pig-isolated aorta and
vas deferens. n-Octanol-water partition coefficients were predicted.

KEY RESULTS

L-798106, L-826266 and the less lipophilic congener (DG)-3ap appear to behave as selective, competitive-reversible EP;
antagonists. For ligands of low to moderate lipophilicity, potency increments for EP; and TP (thromboxane-like) agonism on
guinea-pig aorta (above pECs, of 8.0) were associated with progressively longer onset half-times; similar trends were found for
TP and histamine H; antagonism above a pA; limit of 8.0. In contrast, L-798106 (EPs), L-826266 (EPs, TP) and the lipophilic
H: antagonists astemizole and terfenadine exhibited very slow onset rates despite their moderate affinities; (DG)-3ap (EPs) had
a faster onset. Agonism and antagonism on the vas deferens EP; system were overall much faster, although trends were
similar.

CONCLUSIONS AND IMPLICATIONS

High affinity and high liphophilicity may contribute to the slow onsets of prostanoid ligands in some isolated smooth muscle
preparations. Both relationships are explicable by tissue disposition under the limited diffusion model. EP; antagonists used as
research tools should have moderate lipophilicity. The influence of lipophilicity on the potential clinical use of EP; antagonists
is discussed.

Abbreviations

e.c.f., extracellular fluid; Eso/Ei00, 50% maximal/maximal agonist response; EFS, electrical field stimulation; FLIPR,
fluorimetric imaging plate reader; logP, partition coefficient of the unionized ligand, usually between n-octanol and
water; PGE,, prostaglandin E,; rc-EP3;, recombinant EP; receptor (as expressed in a carrier cell); Tso, onset half-time for an
agonist to achieve 50% maximal response; Tprs, Onset half-time for an antagonist corresponding to a dose-ratio of 4
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Introduction

Products of fatty acid cyclooxygenase, such as prostaglandin
E, (PGE,) (Figure 1) and thromboxane A,, activate specific
prostanoid receptors to subserve a variety of physiological
and pathological functions (Smyth ef al., 2009). The gradual
emergence of these G-protein-coupled receptors, of which
there are nine (Alexander et al., 2009), stimulated searches for
selective antagonists in expectation of therapeutic use (Jones
et al., 2009). In our investigations of the utility of these agents
as research tools, high-affinity antagonists, for example the
TP (thromboxane) antagonist BMS-180291 (pA, = 9.8, Zhang
etal., 1996) characteristically showed slower onset of
antagonism than less potent compounds on isolated smooth
muscle preparations. We were therefore surprised to find
that L-798106 (Gallant et al., 2002; Belley et al., 2005), an EP;
antagonist with pA, of 7.5-8.0, slowly inhibited established
contraction of guinea-pig aorta to the PGE, analogue sulpro-
stone; the related antagonist L-826266 (Schlemper et al.,
2005) had an even slower onset. L-798106 and L-826266 are
acyl-sulphonamides (Figure 1) with considerably higher lipo-
philicity than the majority of prostanoid ligands. We hypoth-
esized that this high lipophilicity underpins the slow EP;
receptor antagonism and that the association is in harmony
with the ‘limited diffusion model’ (Rang, 1966; Colquhoun
etal., 1972; Colquhoun and Ritchie, 1972). This model
(Figure 9, upper right box) proposes that ligand sequestration
processes in the plasma membranes of cells comprising a
solid tissue can dramatically retard diffusion of a ligand
through the extracellular fluid (e.c.f.), thereby slowing its rate
of equilibration with the acceptor pool; partitioning into the
lipid core of the cell membrane is one such process.
Experiments were therefore conducted with sets of ago-
nists and antagonists on guinea-pig aorta to probe the rela-
tionships between onset rate (half-time) and potency (pECso
or pA;) and onset rate and lipophilicity (n-octanol-water par-
tition coefficient). Agonists were included in the study
because we had observed that suprostone’s action on guinea-
pig aorta was slower than those of less potent EP; agonists,

OH
PGE: Sulprostone (DG)-3ap
(3.20) (1.74) (3.93)

Figure 1
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which accorded with an earlier finding that highly potent TP
agonists (e.g. EP-171) exhibited particularly slow onsets on
vascular and respiratory smooth muscle preparations (Jones
et al., 1989). Use of guinea-pig aorta allowed several receptors
(EP3;, TP, histamine H;) located on smooth cells to be com-
pared and also ensured accurate measurement of slow
agonism or slow antagonism as contractions were not subject
to fade. The EP; assay involved contractile synergism between
EP; agonist and the os-adrenoceptor agonist phenylephrine
(PE) (Jones and Woodward, 2010). We also performed a par-
allel investigation on the EP; system in guinea-pig vas defer-
ens, where the kinetics of both agonists and antagonists was
much faster. Activation of EP; receptors on sympathetic vari-
cosities in the vas deferens suppresses transmitter release and
this is detected as an inhibition of the twitch response
induced by electrical field stimulation (EFS) (Ito and Tajima,
1979; Coleman et al., 1987; Lawrence et al., 1992).

It was deemed important to examine an acyl-
sulphonamide EP; antagonist of lower lipophilicity; (DG)-
3ap (Figure 1) was synthesized for this purpose based on
structure — activity relationships in O’Connell et al. (2009). In
view of the limited information on the pharmacological
properties of the EP; antagonists used, their specificity and
competitive behaviour were examined using Schild protocols
in Ca*-flux [fluorimetric imaging plate reader (FLIPR)] assays
involving human recombinant (rc-) prostanoid receptors
(Woodward et al., 2003; Matias et al., 2004) and in the guinea-
pig aorta and vas deferens assays.

Our study shows that the slow onsets of particular pros-
tanoid receptor agonists/antagonists observed in a multiple
cell-layer tissue may be due to either their high affinity for the
receptor or their high lipophilicity. The data trends may be
explained by membrane sequestration arising from receptor
binding and lipid partition, respectively, under the limited
diffusion model. However, other models describing tissue
disposition of a receptor ligand may be relevant, for example,
the plasmalemmal diffusion microkinetic model as applied
to slow-acting B,-adrenoceptor agonists (Anderson, 1993).
The work emphasizes the need for caution in using highly
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Structures of EP3 receptor ligands: prostaglandin E; (PGE,) and its analogue sulprostone are agonists; the other compounds are antagonists. All
compounds are weak acids: proton loss from carboxylate group or acyl-sulphonamide unit (blue). Predicted n-octanol-water partition coefficients
(AlogP98) are shown in parentheses; differences between the antagonists are mainly due to the (lower) acyl moieties. The red arrow indicates
potential covalent attack on the o, B-unsaturated amide group by a nucleophile (Nu:).
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lipophilic prostanoid antagonists as research tools because
PA; values may be distorted and receptor identification com-
promised. In addition, there are important implications for
the clinical utility of prostanoid antagonists given the diffi-
culties in development typically associated with lipophilic as
opposed to more water-soluble analogues.

Methods

Recombinant prostanoid receptor-Ca®* flux
(FLIPR) assays

Recombinant prostanoid receptor-Ca* flux (FLIPR) assays
were performed as described previously (Woodward et al.,
2003; 2007; Matias et al., 2004). The human receptor and
appropriate chimeric G protein (Gg, Gq) were stably trans-
fected into HEK-293 EBNA cells, allowing activation of
Gs-coupled (DD, EP,, EPy, IP) and Gi-coupled (EP,, EP;, FP, TP)
receptors to be measured as a Ca** signal.

Isolated smooth muscle assays

Descending thoracic aorta and vas deferens were dissected
from male Dunkin-Hartley guinea-pigs (400-500 g) after they
had been killed by exposure to CO, in compliance with Sched-
ule 1 of the UK Animals (Scientific Procedures) Act 1986. Aorta
preparations (contiguous rings 4 mm in length, n = 4, intact
endothelium) were suspended between L-shaped stainless
steel wire holders in conventional 10 mL tissue baths; vas
deferens preparations (25 mm proximal sections from left and
right sides) were suspended using cotton thread. Isometric
tension was recorded with Grass FT03 transducers linked to an
AD Instruments PowerLab pre-amplifier-digitizer/Dell com-
puter system. The bathing fluid was Krebs-Henseleit solution
(118 mM NaCl, 4.7 mM KCl, 2.5 mM CaCl,, 1.2 mM MgSO,,
1.18 mM KH,PO,, 25 mM NaHCO;, 10 mM glucose) aerated
with 95% O,/5% CO,, maintained at 37°C, and containing
1 uM indomethacin to inhibit fatty acid cyclooxygenase
activity. Resting tension was adjusted to 1.2 g for aorta and
0.5 g for vas deferens. EFS trains (50-60 V, 0.5 ms duration,
10 Hz for 1 s) were applied to vas deferens preparations every
20 or 40 s via platinum ring electrodes; EFS trains at 20 s
intervals were stopped for 3-4 min during a 10 min rest
period to prevent run-down of the EES response.

Experimental protocols

Antagonists in FLIPR assays. Antagonist/vehicle (50 pL) was
added to the well contents (100 uL), followed 4.5 min later
by agonist (50 uL). The agonist concentration range was
0.01 nM to 10 uM, except for the TP receptor assay, which
was 10-fold lower. The peak increase in fluorescence intensity
was measured for each well. In each of three experiments,
concentration-response data (triplicate wells) were obtained
for either the standard agonist and two/three test agonists
or the standard agonist in the presence of vehicle and
antagonist.

Agonists in isolated smooth muscle assays. Initially, each
smooth muscle preparation was treated cumulatively with
the following agents: aorta: U-46619 (10-30 nM), histamine
(1-5 uM) and PE (1-5 uM) for TP, H, and o, ligand studies

Kinetics of prostanoid receptor antagonists

respectively; PE (1-5 uM) followed by PGE, (1-5 nM) primed
by PE for EP; agonist/EP; antagonist studies; PE (1-5 uM)
followed by U-46619 (10-30 nM) for TP agonist/EP; antago-
nist studies; vas deferens: PGE, (1-10 nM).

A cumulative log concentration-response curve was
obtained for each agonist in the first instance. For a particu-
larly slow-acting agonist, a single + maximum dose protocol
(Figure 2A; Jones et al., 1989) was used to define the mid-
range of the log concentration-response curve. Individual
preparations were challenged with a single concentration of
agonist until steady-state had been reached followed by a
high concentration of standard agonist to establish the
maximum response (Eiqp). Tso, the onset half-time corre-
sponding to 50% maximal agonist response (Eso), was esti-
mated for each agonist using single concentrations inducing
E30-E70. EP3 agonist activity on guinea-pig aorta was measured
under priming with PE (~Ey); in each experiment PE concen-
tration was reduced slightly (e.g. 1.0 to 0.85 uM) on all prepa-
rations in the successive sequence to maintain a consistent
response over time. In addition, a log concentration-response
curve for the standard agonist 17-phenyl PGE, was obtained
in the first and second sequences (S1 and S2) on separate
aorta preparations in each experiment. On guinea-pig vas
deferens, agonist was added exactly S s before an EFS train.

Antagonists in isolated smooth muscle assays. Initial agonist
sequences and standard agonists employed in the agonist
studies were also used in corresponding antagonist experi-
ments. All antagonists were examined under protocol A, a
type of inhibition-curve protocol (Craig, 1993; Lazareno and
Birdsall, 1993; Leff and Dougall, 1993), which is illustrated for
the EP; assay on guinea-pig aorta in Figure 2B. Three doses of
standard agonist were applied cumulatively to each prepara-
tion with the highest inducing ~Es; a single concentration of
antagonist was then applied until steady-state inhibition was
reached. Each antagonist was studied over a narrow range of
concentration chosen to afford final dose-ratios between 2.5
and 10. On guinea-pig vas deferens, antagonist was added
10 s before the EFS train (40 s intervals).

Protocol B, an extension of protocol A (Figure 2B),
involved treatment of preparations with vehicle or antagonist
before construction of agonist concentration-response curves
(Schild protocol). Antagonist treatment was extended beyond
S1 up to a total of 180 min (with replacement at 15-25 min
intervals); cumulative agonist sequences were applied in S2.
Protocol B was used to estimate the pA, value for a very
slow-onset antagonist and in some cases to compare the pA,
value with that obtained under protocol A.

Prediction of physicochemical parameters

The Pipeline Pilot program (Accelrys Inc., San Diego, CA,
USA) was used to predict the pKa for the most acidic/basic
species of a molecule and the n-octanol-water partition coef-
ficient for its unionized species (AlogP98) (see review by Man-
nhold et al., 2008).

Data analysis

Fluorimetric imaging plate reader responses were normalized
to the response to 1 uM of the standard agonist (100 nM for
the TP receptor) in each experiment. Contractile responses of
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Figure 2

Cartoon showing protocols for isolated smooth muscle assays: in each case for guinea-pig aorta EPs assay involving priming with phenylephrine
(PE, open circles) in each cumulative agonist sequence. (A) Single + maximum dose protocol used for a slow-acting agonist. pECs, for test agonist
was derived from the mid-portion of its log concentration-response curve, which was obtained by applying single doses to individual preparations
followed by a maximal dose of the standard agonist. Individual half-times were used to calculate an onset half-time corresponding to Eso (Tso).
(B) Antagonist protocols. Protocol A is a type of inhibition-curve protocol: the steady-state inhibition was converted into a dose-ratio (and
corresponding pA; value) using the three (EP;) agonist responses in sequence 1 (S1); a corresponding onset half-time (half-time*) was calculated
from a dose-ratio — time plot. Protocol B is a Schild protocol: following washout of S1 primer/agonist (W), vehicle and antagonist treatments were
continued before construction of agonist curves in S2; between-preparations dose-ratios were obtained for Schild analysis. Two additional
preparations were usually treated with different concentrations of antagonist. The blue symbols indicate responses used in repeated-measures
2-factor ANOVA (aorta EP; assay only) to investigate matching of preparations in S1 and the effect of antagonist treatment on the priming response

in S2.

aorta were measured from the resting level. Inhibitory (EPs)
responses on vas deferens were expressed as a percentage
of the two preceding control EFS twitch responses. Log
concentration-response data were fitted by a 4-parameter
(variable-slope) sigmoidal curve with constraint of the low-
concentration asymptote to the resting, priming or estab-
lished contraction level as appropriate (GraphPad Prism
software, La Jolla, CA, USA).

Agonists. pECs, values were obtained from sigmoidal fitting
of log concentration-response curves. Linear regression of
half-time versus % maximal response (8-12 data points)
afforded a half-time corresponding to Eso (Tso).

Antagonists. Protocol A. Inhibition (%) caused by each
concentration of antagonist was measured at regular intervals
and corrected for any change in the vehicle-treated prepara-
tion. These values were converted to dose-ratios using a sig-
moidal curve fitted to the three S1 agonist data points. An
onset half-time was then estimated from a dose-ratio — time
plot. Linear regression of a half-time — dose-ratio plot for the
set of antagonist concentrations afforded an inhibition half-
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time corresponding to a dose-ratio of 4 (Tprs). A mean pA,
value was calculated from the corresponding set of antagonist
concentrations/steady-state dose-ratios using the Gaddum-
Schild equation, pA; = log(dose-ratio — 1) + log[antagonist]. A
predicted inhibition curve for (DG)-3ap on guinea-pig aorta
was derived from the modified Cheng-Prussof equation (Leff
and Dougall, 1993) using a pA, of 7.92 obtained under pro-
tocol B (Table 3) and ny of 0.85 for 17-phenyl PGE, (mean
value in the set of experiments).

Protocol B. Responses on aorta were corrected to the
maximum response to PE (30 uM) obtained 40 min after S2
washout. Between-preparations dose-ratios were obtained
from S2 log concentration-response curves; a corresponding
pA; value was derived from either the Gaddum-Schild equa-
tion (single-point estimate) or linear regression of a conven-
tional Schild plot, log(dose-ratio — 1) versus loglantagonist].
For Schild’s analysis, agonist Eip values under antagonist
treatments derived from sigmoidal fitting were analysed by a
test for linear trend allied to 1-factor ANOVA (GraphPad
Prism). For EP; agonist/EP; antagonist data, time-matched
mean responses for vehicle and antagonist treatments (blue



symbols in Figure 2) were compared by planned orthogonal
contrasts (planned contrasts) allied to repeated-measures
2-factor ANOVA (SuperANOVA software, Abacus Concepts, Ber-
keley, CA, USA), a robust method of comparing multiple
means (Glass and Hopkins, 1996). Errors associated with a
mean value are SEM unless stated otherwise; the significance
level was set at P = 0.0S.

Chemicals and stock solutions

A 10 mM stock solution of each compound was prepared
in ethanol unless stated otherwise. Sources (alphabetical) of
prostanoid ligands: Allergan, USA: cicaprost, 3,7-dithia PGE,,
L-902688 (1-decarboxy-11-deoxy-16,16-difluoro-16-phenyl-
o-tetranor-1-(5-tetrazolo) PGE;).  Bristol-Myers  Squibb,
USA:  BMS-180291  ([1S-(exo,ex0)]-2-[[3-[4-[(pentylamino)
carbonyl] -2 -oxazolyl] - 7-oxabicyclo[2.2.1]hept-2-yl|methyl]-
benzenepropanoic acid, Ifetroban). Cayman Chemical, USA:
BW-245C (((49)-(3-[(3R,S)-3-cyclohexyl-3-hydroxypropyl]-
2,5-dioxo0)-4-imidazolidine-heptanoic acid), carbacyclin, (+)-
cloprostenol, 16,16-dimethyl PGE,, 16,16-dimethyl PGF,,
I-BOP ([1S-(10,2B(5Z2),30(1E,3S),4a]-7-[3-(3-hydroxy-4-(4'-
iodophenoxy)-1-butenyl)-7-oxabicyclo[2.2.1]heptan-2-yl]-5-
heptenoic acid, 0.2 mM, ethanol), I-SAP (7-[(1R,2S,3S,5R)-6,
6-dimethyl-3-(4-iodobenzenesulfonylamino) bicyclo[3.1.1]-
hept-2-yl]-5(Z)-heptenoic acid, 1 mM, ethanol), latanoprost-
free acid, MK-0524 ((R)-2-(4-(chlorobenzyl)-7-fluoro-5-
(methylsulphonyl)-1,2,3,4-tetrahydrocyclopenta[b]indolyl-3-
yl) acetic acid), PGE,, PGF,, 17-phenyl-o-trinor PGE,,
17-phenyl-o-trinor PGF,, RO-1138452 (4,5-dihydro-N-[[4-
(1-methylethoxy)phenyl)|methyl] - phenyl] - 1H-imidazol - 2 -
amine, CAY-10441), SQ-29548 ([15-[10,20(Z),30,40]]-7-[3-[[2-
[ (phenylamino) carbonyl] hydrazino] methyl]- 7 - oxabicyclo
[2.2.1]hept-2-yl]-5-heptenoic acid), sulprostone, U-46619
(15S-hydroxy-11a,90-epoxymethano-prosta-5Z,13E-dienoic
acid). Edinburgh University, UK: EP-045 ((+/-)-9a,110-
ethano - 13- (N-phenylcarbamoyl) - hydrazono- - heptanor-
prosta-5Z-enoic acid), EP-092 ((+/-)-9a,11lo-ethano-
13 - methyl - 13 - (N - phenylthiocarbamoyl) - hydrazono - o -
heptanor-prosta-5Z-enoic acid). Evotec, UK: ONO-DI-004
(178-17,20-dimethyl-2,5-ethano-6-oxo PGE;), ONO-AE-248
(11,15-bis(O-methyl) PGE,). GlaxoSmithKline, UK:
BW-A868C (3-[(2-cyclohexyl-2 - hydroxyethyl)amino] - 2,5 -
dioxo - 1 - (phenylmethyl) - 4-imidazolidine-heptanoic acid,
20 mM. ethanol), L-798106 ([(2E)-N-[(5-bromo-2-
methoxyphenyl ) - sulphonyl ] - 3 - [ 2 - (2 - naphthylmethyl)
phenyljacrylamide sodium salt, 10 mM, DMSO). Target
Molecules, UK: (DG)-3ap (1-(3-methoxybenzyl)-3a-methyl-
[3,3a,4,5,6-hexahydroindol - 2-one-7-acrylic acid, 3,4-
difluoro-benzenesulphonamide, 10 mM, DMSO), L-826266
([(2E)-N-[(5-bromo-2-methoxyphenyl) - sulphonyl] - 3 - [5-
chloro - 2 - (2-naphthyl methyl) phenyljacrylamide, 10 mM,
DMSO). Tocris Bioscience, UK: ICI-192605 ([2S,4S,5R]-6-(2-
o-chlorophenyl-4-0-hydroxyphenyl-1,3-dioxan-5-yl)-hex-4Z-
enoic acid).

Other compounds (typically 10 mM stock): Fluka Chemi-
cal, Switzerland: phenylephrine HCI (water). Sigma-Aldrich,
USA: astemizole (DMSO), atropine sulphate (3 mM, water),
BMY-7378 (8-[2-[4-(2-methoxyphenyl)-1-piperazinyl]ethyl]-
8-azaspiro[4.5]decane-7,9-dione dihydrochloride; water) (+)-
chlorpheniramine maleate (3 mM in water), histamine HCI
(water), indomethacin (20 mM, ethanol), terfenadine (1 mM,

Kinetics of prostanoid receptor antagonists

DMSO). Tocris-Cookson, UK: diphenhydramine HCI (water),
doxepin HCI (10 mM, DMSO).

Dilutions were prepared with 0.9% NaCl solution
(saline), except for L-798106, L-826266 (DMSO) and terfena-
dine (DMSO/saline 30:70). (DG)-3ap, EP-045, EP-092, ICI-
192605, I-SAP and U-46619 were solubilized with a trace of
NaHCO; on first dilution; similarly for astemizole with
0.002 M HCI. L-798106 and L-826266 were added (in 10 pL)
to the tissue bath with a swirling motion over 10 s to prevent
local precipitation of solute. The aqueous solubility of
L-826266, the most lipophilic compound used, was exam-
ined at 600 nm (10 mm pathlength) in a conventional
visible spectrophotometer. No light-scattering signal was
obtained following dilution of a 3 mM DMSO solution of
L-826266 to 3 uM with distilled water (pH 5.4) at 20°C; a
threshold signal was obtained for 10 mM/10 uM dilution
and larger signals (and obvious opalescence) were found for
10 mM/20-50 uM dilutions. L-826266 (10 uM) in Krebs—
Henseleit solution pre-aerated with 95% 0O,/5% CO, (pH
7.35) at 37°C in a sealed cuvette showed no light-scattering
signal over a period of 3 h.

Nomenclature

Nomenclature for prostanoid and other receptors conforms
to the British Journal of Pharmacology’s Guide to Receptors
and Channels (Alexander et al., 2009).

Results

Profiles of EP; antagonists in human
recombinant prostanoid receptor-Ca**

flux (FLIPR) assays

PECso values for standard agonists in the panel of human
recombinant receptor FLIPR assays ranged between 7.90 and
9.54, except for carbacyclin (pECso = 7.18) in the IP (prosta-
cyclin receptor) assay (Table 1). However, this assay had
acceptable agonist sensitivity as shown by the higher potency
(8.39) of another prostacyclin analogue cicaprost. L-826266
at 10 uM (Schild protocol, 4.5 min treatment) produced a
large right-shift of the PGE, curve in the EP; assay (Figure 3);
there was also modest block of EP, and TP receptors, but
minimal block of DP;, EP;, EP,, FP and IP receptors (Table 1).
The antagonist selectivity of (DG)-3ap was similar, except
that its EP; affinity was higher and its TP affinity was
minimal. Antagonism appeared surmountable in all assays
exhibiting a measurable right-shift (mean dose-ratio > 4.0,
PA: > 5.5). The reduction of Ca* flux seen with high concen-
trations of PGE, in the EP, assay may be due to agonist
desensitization. For completeness, the pKi value for L-798106
in a similar human rc-EP; receptor-FLIPR assay (Jugus et al.,
2009) has been included in Table 1.

Potencies and onset rates of EP; agonists on
guinea-pig aorta

Potencies (pECs) and onset rates (Tso) for a set of EP; agonists
were measured on guinea-pig aorta. EP; agonist activity was
measured under priming with PE (0.3-1.0 uM) in the pres-
ence of the TP antagonist BMS-180291 (300 nM; expected

British Journal of Pharmacology (2011) 162 863-879 867



RL Jones et al.

Table 1
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Affinities for the EP; receptor are shown in bold type.

FLIPR, fluorimetric imaging plate reader.

dose-ratio = 2860) as described by Jones and Woodward
(2010) (cf. Figure 4A). 17-Phenyl PGE, was chosen as the EP;
standard agonist owing to its moderately high potency (pECs,
= 8.41) and its fairly fast onset and offset. The data are pre-
sented in Table 2, with a corresponding correlation plot in
Figure 8A. Higher potencies (pECs, > 8.0) were associated with
progressively slower onset rates. Indeed, it was necessary to
use a single + maximum dose protocol (Figure 2A) to obtain
PECso values for the slowest-acting agonists, sulprostone,
16,16-dimethyl PGE, (DM PGE;) and 11-deoxy-16,16-
dimethyl PGE, (DX-DM PGE,).

Only the prostacyclin analogue carbacyclin (1-500 nM)
showed evidence of IP receptor-mediated relaxation; hence
its activity was estimated in the presence of the IP receptor
antagonist RO-1138452 (300 nM; expected dose-ratio = 75;
Jones et al., 2006). Interference from EP; receptors appeared
unlikely in view of the weak agonism (20 = 6% of Eo at
4 uM, n = 4) of the selective EP; agonist ONO-DI-004 (Okada
etal., 2000; Cao etal.,, 2002). The selective EP, agonist
L-902688 (Young et al., 2004; Foudi et al., 2008) induced only
slight contraction at 1 uM (7 = 2% of Eiq, 1 = 4); there was no
evidence for a typical EP, relaxant action. Hence any EP,
affinity of the antagonists studied (cf. human data in Table 1)
is unlikely to be of any consequence.

Potencies and onset rates of TP agonists on
guinea-pig aorta and trachea

Thromboxane agonists induced strong contraction of the
aorta in the presence of the EP; antagonist (DG)-3ap (1 uM;
expected dose-ratio = 84). The standard agonist was U-46619
(pECso = 7.89). Data are presented in Table 2, which also
contains TP agonist data for guinea-pig trachea derived from
re-analysis of published data (Jones et al., 1989). The standard
agonist was U-46619 (pECs, = 8.23) and the sensitive EP;
contractile system present was blocked by SC-19220 (30 uM,
expected dose-ratio = 30). The potency-rate trends (Figure 8A)
are similar to that found for the EP; system.

Single + maximum dose protocols were again required for
the highest potency agonists: I-BOP (Sessa et al., 1990) on
aorta and EP-171 and EP-031 on trachea. These prostanoids,
together with DX-CP PGF,, and ICI-79939, contain a
16-phenoxy group (cf. sulprostone in Figure 1) with a para-
halogen substituent. EP-171 was about 500 times more
potent and had a much slower onset of action than its dias-
tereoisomer 12,15-ent EP-171.

Potencies and onset rates of EP; agonists on
guinea-pig vas deferens

EP; agonists rapidly inhibited twitch contractions of the
guinea-pig vas deferens preparation induced by short EFS
trains. PGE, (standard agonist, pECso = 8.25) had a Tso of ~23 s
(Table 2). The higher-potency agonists sulprostone, DM PGE,
and DX-DM PGE,, had slower onsets. Onset half-times for the
least potent agonists, 17-phenyl PGE,, ONO-AE-248 and 3,7-
dithia PGE,, were too fast to measure accurately (no effect on
5 s EFS twitch, >50% inhibition of 25 s twitch); Tso values are
quoted as <0.4 min in Table 2 and data points are located
along the 0.3 min level in Figure 8A. ONO-DI-004 at 0.1-
4 uM had no effect on the twitch strength.
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systems. Each receptor was co-transfected with chimeric G-protein into HEK-293 EBNA cells; Ca** flux was measured by Fluo-4 fluorescence
(fluorimetric imaging plate reader assay). Responses were normalized to the peak signal for T uM PGE,. Vertical bars show SEM (n = 3).
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Inhibitory profiles of EP; antagonists on guinea-pig aorta. Using protocol A, contraction was established with 25 nM 17-phenyl PGE, under
phenylephrine (PE) priming in the presence of the TP antagonist BMS-180291 (300 nM). (A) Slowly developing antagonism by L-798106; the
transient initial fall in tension in both records is a typical effect of the vehicle (14 mM DMSO). Concentrations in nM; W, wash.
(B) Non-cumulative log concentration-inhibition curve for (DG)-3ap. The broken line is a predicted curve for complete inhibition of the net EP;
response corresponding to a pA, of 7.92 for (DG)-3ap (protocol B) and ny of 0.85 for 17-phenyl PGE,. Vertical bars show SEM (n = 4-5).

Affinities and onset rates of EP; antagonists
on guinea-pig aorta

To enable valid comparisons of the different receptor systems,
antagonist affinity was estimated as a pA, value and onset rate
as Tpra (Table 3); correlations are shown in Figure 8C. Descrip-
tions in the text relate to use of inhibition-curve protocols
(protocol A, Figure 2B) unless stated otherwise.

Under PE priming (DG)-3ap (30-3000 nM) inhibited
established contraction of guinea-pig aorta induced by
17-phenyl PGE,; steady-state was achieved within 30-40 min.
However, inhibition of the net EP; response was incomplete
and deviated from the predicted inhibition curve (see
Methods) over the higher (DG)-3ap range (Figure 4B). Because

pA. showed a significant negative correlation with log[(DG)-
3ap] (slope =-0.44, * = 0.63, P < 0.001), the pA, range for all
individual estimations is given in Table 3. It is noteworthy
that, under priming with 25 nM 17-phenyl PGE,, net con-
tractions to PE, histamine or U-46619 were only reduced by
85-90% by concentrations of phentolamine (3 uM), diphen-
hydramine (3 pM) and BMS-180291 (300 nM) sufficient to
abolish o;, H; and TP agonist activity respectively. For pur-
poses of correlation, a Tprs of 14 min was derived for (DG)-
3ap using the 30 and 100 nM data only.

The onset of EP; antagonism by L-798106 (50-1000 nM,
Figures 4A and 5A) was much slower than that for a similar
concentration of (DG)-3ap; L-826266 (100-1000 nM) was
even slower, with a particularly pronounced lag-phase
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Table 2

Potencies and onset rates of prostanoid receptor agonists on isolated smooth muscle preparations with corresponding physicochemical data

Agonist

Guinea-pig aorta
EPs receptor
DM PGE;
Sulprostone
DX-DM PGE;
PGE;
17-Phenyl PGE,
Carbacyclin
3,7-Dithia PGE,;
(+)-Cloprostenol
PGF2q
ONO-AE-248
Latanoprost-FA
ONO-DI-004
TP receptor
I-BOP
DX-DM PGE,
U-46619
DM PGF3,
PGF2
Latanoprost-FA
Guinea-pig trachea
TP receptor®
EP-171
EP-031
DX-CP PGFz,
U-46619
1CI-79939
12,15-ent EP-171°
DM PGFy,
PGF2q
Guinea-pig vas deferens
EP; receptor
DM PGE;
Sulprostone
DX-DM PGE;
PGE,
17-Phenyl PGE,
ONO-AE-248
3.7-Dithia PGE;
ONO-DI-004

PECso

9.74 = 0.05°
9.55 *= 0.06*
9.21 * 0.06*
8.79 = 0.09¢
8.41 = 0.04
7.84 = 0.09¢
7.39 + 0.05
7.28 = 0.09
7.05 = 0.11
6.78 = 0.10
5.22 = 0.07
<5.4

9.71 = 0.09*
8.19 = 0.10
7.89 = 0.05
6.70 = 0.10
6.11 = 0.06
5.03 £ 0.03

10.24 = 0.14°
9.06 = 0.18*
8.75 = 0.16
8.23 £ 0.15
7.69 = 0.12
7.55 = 0.16
7.32 £ 0.14
6.20 = 0.13

9.32 + 0.06
9.30 = 0.07
8.50 = 0.05
8.25 + 0.08
7.56 = 0.06
6.39 + 0.08
6.20
<5.4

Tso (min)

14.0
15.1
11.5

5.2
52
3.1
53
2.5
3.7
2.7
3.4

52

12.7
9.1
9.5
7.7
6.3

164
33
16.2

7.4
8.8
6.5
9.1
7.8

1.05

0.83

0.80
~0.38
<0.4
<0.4
<0.4

pKa

4.84
4.41°
4.84
4.84
4.84
4.86
3.89
4.84
4.84
4.84
4.84
5.24

4.84
4.84
4.84
4.84
4.84
4.84

4.84
4.84
4.84
4.84
4.84
4.84
4.84
4.84

4.84
4.41°
4.84
4.84
4.84
4.84
3.89
5.24

AlogP98

3.79
1.74
4.83
3.20
3.32
4.15
2.25
3.04
2.98
4.02
3.41
3.48

4.30
4.83
4.14
3.58
2.98
3.41

3.93
5.17
4.33
4.14
2.58
3.93
3.58
2.98

3.79
1.74
4.83
3.20
3.32
4.02
2.25
3.48

MW

380
466
364
352
386
350
386
423
354
380
390
436

512
364
350
382
354
390

404
402
409
350
408
404
382
354

380
466
364
352
386
380
386
436

Agonists are listed according to potency (mean = SEM) for each tissue/receptor system; n=4-5; larger for standard agonists (underlined). Antagonists

routinely present: aorta/EPs;, 300 nM BMS-180291; aorta/TP, 1 uM (DG)-3ap; trachea/TP, 30 uM SC-19220.

Acidity constants (pKa) and n-octanol/water partition coefficients for the unionized species (AlogP98) were calculated using Pipeline Pilot (version
7.5.2) software. Experimental partition coefficient of the unionized ligand between n-octanol and water for PGE; = 2.90 by potentiometric titration

(Avdeef et al., 1995). Values of AlogP98 > 5.0 and MW > 450 are shown in bold.

2Single + maximum dose protocol.

bC1-methylsulphonamide (see Figure 1); all other prostanoids are C1-carboxylic acids.
°EP, agonism suppresses maximum in some preparations.

9P antagonist RO-1138452 (1 uM) present.
“Re-analysis of published data (Jones et al., 1989).

flsomer of EP-171 with inversion of configuration at C12 and C15 (Wilson et al., 1988).

CP, 16-p-chlorophenoxy; DM, 16,16-dimethyl; DX, 11-deoxy; FA, free acid. MW, molecular weight; PGE;, prostaglandin E; Tso, onset half-time for an
agonist to achieve 50% maximal response.

870 British Journal of Pharmacology (2011) 162 863-879




Kinetics of prostanoid receptor antagonists

Table 3

Affinities and onset rates of receptor antagonists on isolated smooth muscle preparations with corresponding physicochemical data

A,
Antagonist :roztocol A Protocol B Tora (Min) pKa AlogP98 MW
Guinea-pig aorta
EP; receptor
(DG)-3ap (6.73-8.04)° 7.92 £ 0.07 13.0 4.21° 3.93 516
L-798106 Not obtainable 7.99 = 0.14 See Figure 8 4.21° 6.27 535
L-826266 Not obtainable 7.71 = 0.07 See Figure 8 4.21° 6.94 571
TP receptor
ICI-192605 Not obtainable 10.24 = 0.03¢ See Figure 8 4.71 4.63 403
BMS-180291 9.77 = 0.05 9.98 = 0.07¢ 63 4.66 3.89 440
I-SAP 9.15 = 0.04 - 38 4.84 4.65 531
SQ-29548 8.50 = 0.10 - 13.5 4.24 2.28 387
EP-092 8.38 = 0.03 - 13.6 4.84 5.46 413
EP-045 7.54 £ 0.08 - 11.9 4.84 3.89 383
MK-0524¢ 6.68 = 0.04 - 12.0 5.44 4.88 436
BW-A868C® 4.97 = 0.05 - 13.3 4.71 4.03 458
L-826266 Not obtainable 7.92 = 0.06' See Figure 8 4.21° 6.94 571
H; receptor
Doxepin 9.64 = 0.05 9.78 = 0.05"9 43 8.98 3.91 279
(+)-Chlorpheniramine 9.05 = 0.10 - 16.3 9.25 3.70 275
Diphenhydramine 8.21 = 0.06 - 5.5 8.98 3.38 255
Terfenadine Not obtainable 8.17 + 0.09"" See Figure 8 8.59 6.50 472
Astemizole Not obtainable 7.94 = 0.12% See Figure 8 6.71 5.21 458
BMY-7378! 5.95 = 0.04 - 3.5 8.52 3.19 385
Atropine 5.38 = 0.03 - 3.3 9.47 1.72 289
Guinea-pig vas deferens
EP; receptor
(DG)-3ap 7.99 + 0.11 7.84 = 0.05 1.1 4.21° 3.93 516
L-798106 Not obtainable 7.53 = 0.10% See Figure 8 4.21° 6.27 535
L-826266 Not obtainable 7.25 = 0.04f See Figure 8 4.21° 6.94 571

Measurement of pA, values (£SEM): protocol A involves an inhibition-curve design with application of single antagonist concentrations to
individual preparations (n = 6-12); protocol B involves antagonist pretreatment/Schild analysis (n = 4-5). Topg4 is the half-time corresponding
to a dose-ratio of 4 (protocol A); some values were not obtainable owing to very slow rate of antagonism. Standard agonist: aorta/EPs,
17-phenyl PGE, under PE priming (300 nM BMS-180291 routinely present); aorta/TP, U-46619; aorta/H, histamine; aorta/a., PE; vas
deferens/EP3;, PGE,.

Acidity constants (pKa) and n-octanol/water partition coefficients for the unionized species (AlogP98) were calculated using Pipeline Pilot
(version 7.5.2) software. H; and o, antagonists are all amine bases. Values of AlogP98 > 5.0 and MW > 450 are shown in bold.

?Range for 30-3000 nM.

PAcyl-sulphonamide; other prostanoid antagonists are C1-carboxylic acids.

PA; = 9.2/9.1 on human umilical uterus/vein (Senchyna and Crankshaw, 1996; Daray et al., 2003).

9pA; = 9.8 on guinea-pig aorta (Zhang et al., 1996).

¢Potent DP, antagonist (Giles et al., 1989; Sturino et al., 2007).

fSingle-point estimate.

9pA; = 9.72 on guinea-pig ileum (Figueiredo et al., 1990).

"Unsurmountable block; see text.

iSelective oup antagonist (Saussy et al., 1994).

IpA; = 7.48 on guinea-pig vas deferens using sulprostone as agonist (Clarke et al., 2004).

MW, molecular weight; PGE,, prostaglandin E;; Tpgrs, Onset half-time for an antagonist corresponding to a dose-ratio of 4.
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A

O (DG)-3ap 300 nM

A (DG)-3ap 1000 nM

O L-798106 500 nM EPy
O L-826266 1000 nM

m |-798106 1000 nM

4 L-826266 1000 nM :I

Dose-ratio

Time (min)

Figure 5

BMS-180291 0.3 nM
BMS-180291 1 nM

BMS-180291 3 nM TP
BMS-180291 30 nM

BMS-180291 300 nM |
Diphenhydramine 20 nM |
Doxepin 1 nM

OD « o m D> o0
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Onset rates for antagonists on guinea-pig aorta under protocol A presented as dose-ratio — time plots: (A) EP; antagonists versus 17-phenyl PGE,
and U-46619; (B) TP antagonist BMS-180291 versus U-46619 and H; antagonists diphenhydramine and doxepin versus histamine. For clarity, SEM
(n =4-5) for each final time-point only is shown. The value adjacent to a curve is the mean dose-ratio achieved after continuation of antagonist
treatment for a total of 90 min (DRgy) or 180 min (DRiso) under protocol B. BMS-180291 (300 nM) was present throughout the EP; measure-

ments in (A).

(Figure 5A). Because Tprs values could not be estimated, data
points in Figure 8C are located along the 100 min level. The
three EP; antagonists had similar onset rates when the selec-
tive EP; agonist ONO-AE-248 (1.5 uM) was substituted for
17-phenyl PGE, in protocol A (data not shown).

The pA, values of the three EP; antagonists were deter-
mined using protocol B (Figure 2B); antagonist contact was
extended to 90 min for (DG)-3ap and 180 min for L-798106
and L-826266. In each case, planned contrasts allied to
repeated-measures 2-factor ANOvA (Figure 2B) revealed good
matching of preparations in S1 and no effect of the EPs
antagonist on the PE priming response in S2 (P > 0.05).
Analysis of 17-phenyl PGE, log concentration-response
curves (Figure 6A and B) showed a slight suppression of the
agonist maximum (fitted values) with increasing antagonist
concentration for each antagonist (post-test for linear trend,
P <0.05). Schild plots are shown in Figure 6C. The regression
slopes were not significantly different from unity (P > 0.05);
pA; values are presented in Table 3. Although a full investi-
gation of offset kinetics was not performed, EP; antagonism
by (DG)-3ap (1 uM) was found to be slowly reversible (origi-
nal right-shift of 17-phenyl PGE, curve = 1.96 log units,
subsequent left-shift for 120 min wash = 0.89 log units),
whereas 0.5 uM L-798106 and 1 uM L-826266 showed no
reversal under this protocol.

Affinities and onset rates of TP and H;
antagonists on guinea-pig aorta

Low concentrations of BMS-180291 (0.3-3.0 nM, Figure 5B)
and I-SAP (1-10 nM) very slowly inhibited established con-
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traction to 30 nM U-46619, while ICI-192605 (0.3-3 nM) had
not achieved steady-state after 90 min treatment (location on
100 min level in Figure 8C). Higher concentrations of each
antagonist caused progressively faster inhibition of U-46619-
induced contraction as shown for BMS-180291 in Figure 5B.
Under protocol B (180 min treatment), ICI-192605 and BMS-
180291 caused parallel displacements of the U-46619 log
concentration-response curve. The corresponding Schild
plots (Figure 5C) had slopes of 0.98 (95% CI 0.82-1.14) and
0.96 (95% CI 0.76-1.16) and pA, values were estimated as
10.24 = 0.03 and 9.98 = 0.07 respectively.

The established response to 30 nM U-46619 was not
affected by 60 min exposure to 1000nM 1-798106
(Figure 5A). In contrast, L-826266 at 1000 nM caused a very
slow inhibition similar to that found for the EP; system in the
aorta. Under protocol B (180 min), the parallel right-shift of
the U-46619 curve (dose-ratio = 85.5 + 11.8) afforded a pA; of
792 = 0.06, n = 4); cumulative PE responses obtained
between S1 and S2 were not affected by the L-826266 treat-
ment (dose-ratio = 0.94 = 0.05, n = 4).

Within the set of H; antagonists studied, diphenhy-
dramine (10-50 nM) rapidly inhibited histamine-induced
contraction, while doxepin (0.5-2.0 nM) was much slower,
requiring ~90 min to approach steady-state (Figures 5B and
8C). Doxepin at 100 nM abolished the histamine response
within 12-15 min. Parallel displacement of the histamine
curve was found with 1 nM doxepin: pA, =9.78 = 0.05 (n =
4, protocol B, 180 min exposure). Inhibition by both terfena-
dine and astemizole (10-50 nM) was slow and had not
reached steady-state after 90 min contact. The pA, values
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Estimation of pA; values for prostanoid antagonists on guinea-pig aorta using a Schild protocol (protocol B, Figure 2B). (A) and (B) EP; assay: log
concentration-response curves for 17-phenyl PGE; in the presence of L-798106 and L-826266 (180 min treatment); PE, phenylephrine priming.
BMS-180291 (300 nM) was present for all tests. (C) Schild plots: TP agonist was U-46619; EP3 agonist was 17-phenyl PGE,. Vertical bars show SEM

(all n=4).

presented in Table 3 are based on right-shifts at Es for pre-
treatment with 25 nM for 180 min. Higher concentrations of
both antagonists reduced the maximum response to hista-
mine (e.g. to 46 = 6% and 74 = 4% of E, respectively, at
100 nM, n = 4). Unsurmountable H; antagonism was previ-
ously reported for astemizole and terfenadine on guinea-pig
aorta and trachea respectively (Dodel and Borchard, 1992;
Christophe et al., 2003).

EP; antagonists on guinea-pig vas deferens
Inhibition of the EFS-twitch induced by 15 nM PGE, was
rapidly reversed by 30-1000 nM (DG)-3ap (Figure 7); a dose-
ratio of 11.5 was achieved after 50 s exposure to 1000 nM
(DG)-3ap. Tprs was estimated to be about 1 min. L-798106
(1000 nM) and L-826266 (1000 nM) produced much slower
reversal of PGE,-induced inhibition; reversals at lower con-
centrations were even slower and more variable and Tprg
estimation was abandoned. Under protocol B (30 min pre-
treatment) (DG)-3ap (30-1000 nM) caused parallel right-
shifts of the PGE, log concentration-response curve. Schild
analysis gave a slope of 1.11 (95% C1 = 0.87-1.35) and pA,
of 7.84 * 0.05. Pretreatment with 1000 nM L-798106 and
1000 nM L-826266 for 60 min also caused parallel right-
shifts of the PGE, curve, yielding pA, values of 7.53 and
7.25 respectively. Following repeated washing of prepara-
tions exposed to 30 and 1000 nM (DG)-3ap, the 17-phenyl
PGE; curve returned to its original location (dose-ratio < 2)
within 30 and 150 min respectively. In contrast, L-798106
and L-826266 exhibited slower reversal of antagonism:
right-shift for 1000 nM treatment/subsequent left-shift
for 150 min wash = 1.53/0.81 and 1.28/0.45 log units
respectively.

Prediction of physiochemical parameters
Acidity constants (pKa) and n-octanol-water partition coeffi-
cients (AlogP98) of the ligands studied were predicted

O (DG)-3ap 30 nM
A (DG)-3ap 100 nM
O (DG)-3ap 300 nM
$ (DG)-3ap 1000 nM

® L|-798106 1000 nM
¢ L-826266 1000 nM

10

Dose-ratio

0 5 10 15 20
Time (min)

Figure 7

Onset rates of EP3; antagonists on guinea-pig vas deferens presented
as dose-ratio — time plots. Under protocol A, inhibition of electrical
field stimulation twitch contraction induced by 15 nM prostaglandin
E; was reversed by antagonist application. Vertical bars show SEM (all
n=4). The first two data points on each (DG)-3ap curve correspond
to 10 and 50 s after antagonist addition. The value adjacent to each
curve is the mean dose-ratio achieved after continuation of antago-
nist treatment for a total of 30 min (DRsy) or 60 min (DRey) under
protocol B.
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Figure 8

Correlations between onset rate and potency/affinity and between onset rate and lipophilicity on guinea-pig isolated smooth muscle preparations.
Upper panels: plots of Tso versus (A) pECso and (B) AlogP98 for EP; and TP agonists. Data points in each box indicate that responses were too rapid
for accurate estimation of Tso (arbitrary location on 0.3 min level). Lower panels: plots of Tprs versus (C) pA; and (D) AlogP98 for EPs, TP and H;,
antagonists. Data points in each box indicate that antagonism was too slow for Tpgs to be obtained (arbitrary location on 100 min level). L-798106
and L-826266 had slow onsets on the vas deferens EP; system: see text. PGE,, prostaglandin E; Tso, onset half-time for an agonist to achieve 50%

maximal response; Tpgs, Onset half-time for an antagonist corresponding to a dose-ratio of 4.

(Tables 2 and 3). The prostanoid agonists and antagonists are
weak acids with pKa values between 3.89 and 5.44 (=99.0%
ionized at pH 7.4). As amine bases, the H; antagonists (pKa
8.52-9.47) are =93% ionized at pH 7.4, except for astemizole
(pKa 6.71, 17% ionized). Figure 8B and D shows correlation
plots for agonist Ts, versus AlogP98 and antagonist Tprs versus
AlogP98 respectively.
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Discussion

Pharmacological profiles of the EP;

receptor antagonists

Before considering tissue disposition as a cause of the
large differences in the onset (and offset) kinetics of the EP;
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(i) Passage of ligand through a lipoidal barrier surrounding the tissue mass (PC, permeability coefficient; see Pratt, 1990). (ii) Kinetics of ligand —
receptor interaction. (iii) Cellular sequestration retarding movement of ligand through the extracellular fluid (e.c.f.) (limited diffusion model). For
binding to cell-surface receptors, M, receptor density; Ky, equilibrium dissociation constant of ligand; V, volume of biophase. X represents a factor
for partition into cell membrane lipid and Y a factor for any other sequestration process (e.g. active uptake). (iv) Access of ligand to the
transmembrane domains of the receptor via lateral diffusion through the lipid core of the cell membrane (plasmalemmal diffusion microkinetic
model). Processes (iii) and (iv) both tend to slow the build-up of ligand concentration in the centre of the tissue. The lower left box schematically
shows the influence of ligand affinity and lipophilicity on onset rate based on data in Figure 8.

antagonists, it is important to exclude an extraordinary inter-
action with the EP; receptor. The o, B-unsaturated amide
group common to the three antagonists (Figure 1) could
potentially form a stable covalent link with a nucleophilic
centre in the EP; receptor (Michael addition reaction, see
Perlmutter, 1992). However, a reversible competitive interac-
tion appears more likely given the reversibility of antagonism
seen for all three antagonists in the vas deferens assay and for
(DG)-3ap in the guinea-pig aorta assay. This proposition is
supported by the surmountable antagonism observed in the
human FLIPR and guinea-pig vas deferens and aorta assays.
The slight suppression of the agonist maximum by each EP;
antagonist on the aorta may have been due to activation of
an opposing EP, system by the high concentrations of
17-phenyl PGE, used.

In relation to specificity, (DG)-3ap and L-826266 showed
moderately high selectivity for EP; versus EP;, EP, and EP,
subtypes in functional assays involving human rc-prostanoid
receptor (Table 1). Similarly, L-798106 was reported to be
highly EP;-selective based on ligand binding to human
rc-prostanoid receptors: pKi = 4.41, <4.3, 9.22 and 6.05 for
EP,, EP,, EP; and EP, respectively (Belley etal., 2006).
However, it appeared to have lower affinity for human EP;
receptors (pKi =7.77) in a FLIPR assay similar to the one used
by us (Jugus etal., 2009). On guinea-pig aorta, L-826266

showed similar affinities for EP; and TP receptors (pA, = 7.71
and 7.92 respectively). However, o;-adrenoceptor-mediated
responses were not inhibited (similarly for (DG)-3ap and
L-798106), which argues against any non-specific suppression
of contractility. (DG)-3ap did not completely block the net
EP; response on the aorta (protocol A, Figure 4B); this finding
affords no hindrance (apart from difficulty in estimating a
pA; value) as a fraction of the established synergism may be
sustained by the o;-adrenoceptor stimulus alone.

Explaining slow onset by high-affinity
binding under the limited diffusion model
Rang (1966) developed the limited diffusion model to explain
the inability of acceptor association/dissociation rate con-
stants alone to account for the slow onsets/offsets of particu-
lar ligands in solid tissue systems. Under this model
(Figure 9), the build-up of ligand concentration in the centre
of the tissue is retarded by binding of the ligand to its cell-
surface acceptors (e.g. ion channels, receptors) as it diffuses
through the e.c.f.; on washout, this cell-surface reservoir
delays outward diffusion of the ligand leading to a corre-
spondingly slow offset. The model was refined (Colquhoun
etal.,, 1972; Colquhoun and Ritchie, 1972) to explain the
slow paralysis of non-myelinated nerve fibres by the Na*
channel blocker tetrodotoxin (binding pKd = 8.5 for rabbit
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vagus nerve). Retardation of diffusion, which may be as large
as 1000-fold, will increase as ligand affinity and acceptor
density increase and as the extracellular channels become
narrower.

The correlation plots for prostanoid agonists in Figure 8A
show two components, a flat component where onset rates
change little with increasing potency (pECso < 8.0) and a
steeper component where slowing of onset is associated with
increase in potency (see Figure 9 for a schematic plot). Jones
et al. (1989) used ‘receptor binding under the limited diffu-
sion model’ to explain the steep component for TP agonists
on guinea-pig trachea (data re-analysed here) and other iso-
lated preparations. Low onset rates were associated with high
binding affinities for the (human platelet) TP receptor. The
same reasoning could also apply to agonist and antagonist
onset rate data obtained in this study:

e Guinea-pig aorta/TP agonists. I-BOP, the most potent and
slowest onset agonist, has a binding pKd of 8.66 for the
human platelet TP receptor compared with 6.92 for the less
potent and faster U-46619 (Morinelli et al., 1989).

e Guinea-pig aorta/EP; agonists. Onset half-time positively
correlates with both potency and binding affinity for
mouse rc-EP; receptors: sulprostone (pKi =9.22), 17-phenyl
PGE, (8.43), ONO-AE-248 (7.82-8.12) (Kiriyama etal.,
1997; Suzawa et al., 2000).

e Guinea-pig aorta/TP and H; antagonists. The TP antagonist
ICI-192605 had the slowest onset and highest affinity (pA,
= 10.24). Similarly slow onset profiles have been encoun-
tered previously during development of TP antagonists
related to EP-092 (Wilson et al., 1988). For example, steady-
state block of U-46619 on guinea-pig trachea was not
achieved by 5 h exposure to sub-nanomolar concentrations
of EP-225 (rac-9a,110-ethano-10a-homo-13-methyl-13-(N-
(4-methoxy) - phenylthiocarbamoyl) - hydrazono- 3 - oxa-o-
heptanor-prostanoic acid); its pA, value was estimated as
=10.5 (R.L. Jones and N.H. Wilson, unpubl. obs.). The steep
trend for the higher-affinity H; antagonists is a significant
finding because these ligands are (amine) bases as opposed
to (carboxylic) acids. Each of the high-affinity TP and H,
antagonists (pA; > 9.0, Table 3) rapidly inhibited estab-
lished contraction at concentrations 100-1000x Ky, which
is explicable by the magnitude of the k;[ligand] term for the
ligand-receptor interaction (Figure 9, upper middle box)
and also by overpowering of the limited diffusion
mechanism.

The flat components of the correlation plots may indicate
that ligand residence time on the receptor is too short to
retard inward diffusion significantly (another factor is rate-
limiting — see later).

Overall, onsets rates for EP; agonists and antagonists on
guinea-pig vas deferens were much faster than on guinea-pig
aorta (Figure 8A). For agonists with pECs, < 8.0, this discrep-
ancy may reflect the kinetic properties of the transduction
processes involved: Gi-coupling to Ca** influx channels in
sympathetic varicosities in vas deferens (Ito and Tajima,
1979) may be faster than Gi-driven suppression of cAMP
levels/Gz/13 activation of Rho-kinase in smooth muscle cells
of aorta (Shum et al., 1993). Similarly, the much faster onset
of EP; antagonism by (DG)-3ap in vas deferens relative to
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aorta (Figure 8C) could be due to more rapid decay of the
transduction processes. The faster onset rates of the higher-
potency EP; agonists (e.g. DM PGE,) on the vas deferens may
also reflect a reduced influence of the limited diffusion
mechanism due to a lower EP; receptor density and/or easier
access of ligands to EP; receptors located on sympathetic
varicosities. If this is the case, then the agonist — EP; receptor
interaction alone could become the rate-limiting process.
Assuming sensible values of 10 M and 10’ M'-s™! for K4 and
ki of DM PGE,, respectively, Konsee fOr 0.3 nM ligand will be
0.013 s7' (upper middle box, Figure 9); the corresponding
onset half-time is 53 s, close to the experimental value of
63 s. An analogous calculation was used to account for the
slower shape-change response of EP-171 (0.1 nM) relative to
U-46619 (5-10 nM) in a human platelet suspension, where
access to the platelet surface is almost instantaneous (Jones
etal., 1989).

Mechanisms whereby lipophilicity could affect
onset/offset kinetics

Crucially, four antagonists with modest affinities on guinea-
pig aorta are located well above the general trends for onset in
Figure 8C: L-798106 on the EP; system, L-826266 on both EP;
and TP systems and terfenadine and astemizole on the H;
system. We propose that their high lipophilicity, operating
within the limited diffusion model, underlies their slow
kinetics. The model (Figure 9) accommodates partition into
lipid domains within the cell membrane as a means of retard-
ing diffusion of ligand through the e.c.f. (Colquhoun et al.,
1972; Colquhoun and Ritchie, 1972). The membrane-water
partition coefficient of the ligand and the relative volumes of
the aqueous and lipid phases and would be controlling
factors. Similar to receptor binding under the model, it is
assumed that significant residence in the membrane would
only occur when lipophilicity exceeds a critical value, say
AlogP98 of 5.0 with respect to Figure 8D. In this context,
Austin et al. (2003) showed a positive correlation between
lipophilocity (distribution coefficient for all molecular species
at pH 7.4) and duration of 3, relaxation on guinea-pig trachea
for a large series of benzothiazolinones with dual B,/
dopamine D, agonism (n = 103); a similar trend, but on a
smaller scale, was found for D, relaxation. There was no
apparent correlation between [, agonist potency and dura-
tion of action. However, of the 69 compounds evaluated, the
durations of 15 with pICs, > 8.0 exceeded the time limit of the
assay (180 min), and so correlative power was reduced in this
higher potency range.

A lipophilic ligand may also access the binding site of
receptor via lateral diffusion in the cell membrane core. This
plasmalemmal diffusion microkinetic model (Figure 9, lower
right box) provides one explanation for the slow onset/very
persistent relaxation of respiratory smooth muscle prepara-
tions induced by salmeterol and several other f,-
adrenoceptor agonists (Anderson, 1993; see reviews by
Anderson et al., 1994; Waldeck, 1996; Coleman, 2009). This
model could explain the slow kinetics of the lipophilic
ligands under investigation here. It is of interest that the
initial partition into the membrane core could retard centrip-
etal movement of ligand through the e.c.f. in the same way
that the limited diffusion (lipid partition) model operates.



Returning to prostanoid agonists, Figure 8B shows no
obvious trend for Tso versus AlogP98. This may be due to only
one agonist (EP-031) having AlogP98 greater then 5.0. Not-
withstanding, we have found (unpubl. obs.) that a EP, agonist
(cinnamic acid derivative 9 in Belley et al., 2005) with high
lipophilicity (AlogP98 = 6.64) relaxes guinea-pig aorta much
more slowly than PGE, (AlogP98 = 3.20).

Comments on the correlation analysis

In relation to access of ligand to the e.c.f. (Figure 9, upper left
box), there is a general consensus that membrane permeation
rates are best correlated to distribution coefficient for all
molecular species at pH 7.4 as opposed to partition coefficient
of the unionized ligand, usually between n-octanol and water
(logP). In the current situation, the trends for prostanoid
ligands shown in Figure 8B and D would be similar given the
rather small variation in pKa (Tables 2 and 3). Also, it is
usually assumed that the unionized molecule is by far the
major permeating species. While this may indeed hold
for moderately lipophilic ligands (see Saparov et al., 2006 for
salicylic acid data), the difference in permeation rates for
highly lipophilic compounds may be much less. Roda et al.
(1990) reported a difference of only one log unit between the
experimental logP values for the ionized and unionized forms
of chenodeoxycholic, concluding that the hydrophobicity of
the molecule predominates over the effect due to ionization.
Given these considerations, we were reluctant at this time to
attempt more refined analyses of the correlation data.

The correlation approach would clearly benefit from
examination of larger numbers of close congeners for each
receptor system. The acyl-sulphonamide series of EP; antago-
nists appears to be suitable for attempting lipophilicity
changes on a fairly large scale, given the ease of altering the
acyl and/or sulphonyl moieties (Figure 1).

Relevance of the current studies

Probing receptor function with a highly lipophilic, slow-
onset EP; antagonist may confound data interpretation; erro-
neous pA; values may be generated and specificity may be
compromised by the forced use of higher antagonist concen-
trations. In this context, 1L-826266 has been used at 30 uM to
implicate EP; receptors in the relaxation of guinea-pig trachea
induced by bradykinin (Schlemper et al., 2005). This is a
surprising proposal given that guinea-pig trachea is relaxed
by EP, receptor activation (Coleman and Kennedy, 1985). It
may be prudent to use an antagonist with moderate lipophi-
licity, say logP of 3.0-4.0, to ensure that steady-state block
occurs within a reasonably short time.

High lipophilicity (typically >logP 5.0) is characteristic of
compounds that have low solubility and poor absorption and
are rapidly metabolized (Kirkpatrick, 2003). Lipinski’s analy-
sis of the properties of orally available marketed drugs (Lip-
inski ef al., 1997) led to the ‘Rule of 5’ being used to guide
lead optimization and candidate selection in drug develop-
ment. Lipinski also noticed that poor absorption and perme-
ation are more likely when two or more of the critical limits
are exceeded, for example, logP > 5.0/molecular weight
(MW) > 500. This scenario has been discussed for the anti-
arrhythmic amiodarone (AlogP98 = 7.24, MW = 645) by
Roden (1999) and a comprehensive review of the literature
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has recently appeared (Waring, 2010). L-798106 and
L-826266 exceed both limits, as do terfenadine and astemi-
zole when the MW limit is reduced to 450 (Table 3). In this
context, it is somewhat surprising that the acyl-
sulphonamide EP; antagonist DG-041 (Zegar etal., 2007;
Heptinstall et al., 2008, Figure 1), which readily exceeds both
limits (AlogP98 = 7.67, MW 592), has progressed to early stage
clinical trials for preventing thrombosis associated with dete-
rioration of atherosclerotic plaques (see Fabre and Gurney,
2010). EP; agonists, including PGE,, enhance human platelet
aggregation (Matthews and Jones, 1993; Heptinstall et al.,
2008). However, our current findings are more concerned
with the tissue disposition of a ligand than its initial absorp-
tion into the plasma compartment. As such, lipid partition
under the limited diffusion model may not markedly affect
the interaction of a lipophilic antagonist with the EP; recep-
tors of freely-circulating platelets because ready access to the
plasma membrane is expected. However, the model may have
greater relevance to the more complex structure of a long-
established plaque where EP; receptor systems are likely to be
operative in compact tissue masses comprised of platelets
(and immune cells) and vascular smooth muscle cells (Qian
et al., 1994) located adjacently.
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