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Abstract

The prostanoids are a large family of oxygenated fatty acids that mediate numerous biological effects. They are biosynthesized from arachidonic acid by the enzymes
cyclo-oxygenase-1 and -2 and inhibitors of these enzymes are widely indicated as drugs for treating inflammation, pain, and fever. Following structural elucidation
of the pharmacologically defined prostanoid receptors, drug design largely switched from COX inhibitors to pharmacology. Potent and selective antagonists for
each of the prostanoid receptors (DP, ,, EP, ,, FP, IP, TP) were developed but these have not translated into widely used new drugs, despite the clear importance
of prostanoids in disease. Responding to this situation, a new polypharmacological approach was adopted whereby multiple activities were embodied in a single
molecule. The receptors selected for antagonism were selected based on known roles in mediating inflammation and fibrosis. Receptors opposing pro-inflammatory
events, notably EP,, were left open so that PGE, may be converted from a pro-inflammatory to an endogenously released anti-inflammatory mediator. This resulted
in compounds with greater anti-inflammatory efficacy than antagonists selective for a single prostanoid receptor and cyclo-oxygenase inhibitors. Next steps in the
evolution of this class of multi-targeting agents are opined on; a wider therapeutic spectrum, agonist/antagonist hybrids, and longer-acting multi-targeting prostanoid

receptor antagonists.

The major prostanoids are prostaglandin (PG) D, E, F,,
prostacyclin (PGL,), and thromboxane A, (TxA,). They are formed
in a two stage biosynthetic pathway, initially involving the oxidation
of arachidonic acid by cyclo-oxygenase (COX) enzymes 1 and/or 2
and then conversion to the final products by specific PG synthases.
In addition to the major prostanoids, there are many other C-20
oxygenated fatty acids that are members of the prostanoid family.
Despite being a large molecular family, the activities of all are dictated
by nine major receptor subtypes encoded by separate genes. The
receptor nomenclature is based on preferential interaction with the
major prostanoids and, therefore, the individual receptor subtype
designations are DP, DP, EP, EP,, EP, EP,, FP, IP, and TP [1,2]. All
are G-protein coupled receptors but DP, is structurally quite different
from the other prostanoid receptors [2]. The biosynthetic pathways for
the major prostanoids and their receptors are summarized in Figure 1.

Receptor selectivity has long been fundamental in drug design
programs. This has been the quintessential principal in prostanoid-based
drug design, given the number of naturally occurring prostanoids, their
pleotropic effects, and the impractically narrow margins of receptor
selectivity inherent in the endogenous PG ligands. Glaucoma represents
a significant success in the design of receptor selective prostaglandin
mimetics, which became first-line therapy. Selective FP agonists [3], the
prostamide F, analogbimatoprost [4] were all successful anti-glaucoma
agents and now EP, agonists look very promising [5]. This successful
application of receptor selectivity does not appear to have translated
into commercially successful prostanoid receptor antagonists. There is
a clear disconnect here, prostanoids are indeed a major player in many
diseases. Global prevention of prostanoid biosynthesis by inhibition of
the cyclo-oxygenase (COX) enzymes provides invaluable remediation
for numerous medical conditions. The reconnection and the potential
way forward was considered to be compounds that antagonize multiple
prostanoid receptors.
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Figure 1. The biosynthesis of the major prostanoids and their receptors. Arachidonic acid
is enzymatically oxidized by the cyclo-oxygenases 1 and 2 to the chemically unstable
intermediates prostaglandin G, and H, (PGG, and PGH,)). PGH, is then converted by
specific prostaglandin (PG) synthases to the major prostanoids: PGE,, PGD,, PGF,,
thromboxane A, (TxA,), and prostacyclin (PGL,). The major prostanoids preferentially
interact with target receptors as follows: PGE, -> EP, EP,, EP,, EP ; PGD, -> DP , DP;
PGF, , -> FP; TxA, -> TP; PGI, -> IP
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The primary prostaglandins (PGs) preferentially interact with
dedicated receptors as follows: PGD, - DP,, DP; PGE, > EP,, EP,,
EP,, EP; PGF, -> FP; prostacyclin (PGI) > IP; thromboxane A,
(TxA,) TP-> [1,2]. There is an entire repertoire of selective antagonists
for each of the individual prostanoid receptors [2] but these do not
seem to have lived up to expectations. This situation, considered and
analyzed, led to the concept and design of PG antagonists that block
multiple receptors, the prototypical compound being AGN 211377 [6].
This compound blocks those prostanoid receptors typically involved in
mediating inflammation, fibrosis, and hyperalgesia (DPI, DP,EP,EP,,
FP, and TP) while leaving “anti-inflammatory” receptors (EP,, IP) open
to stimulation by endogenously released prostanoids. AGN 211377 was
more effective than cyclo-oxygenase inhibition or selective antagonism
of any single prostanoid receptor in inhibiting cytokine/chemokine
release from human macrophages [6]. These results translated to
living animal models of inflammation. Therapeutic effects occurred
not only in inflammatory leukocyte infiltration but also in retinal
neovascularization and uveitis [7].

AGN 211377 had an appealing poly-pharmacological activity profile
but it has a chemical backbone that closely resembles that of naturally
occurring eicosanoids [1,6], which resulted in unsatisfactory oral and
ocular bioavailability [8]. This is a problem frequently addressed by
medicinal chemistry and the solution lay in a dramatically different,
non-eicosanoid chemical scaffold [8]. This class of compounds is
represented by AGN 225660, which has a pyrazole based scaffold [8].
This compound retained all the anti-inflammatory properties of AGN
211377 and, in addition, was discovered to inhibit the release of 1L-23
and IL-12p70 from human monocyte-derived dendritic cells [8].

AGN 211377 and AGN 225660 were both active in models of ocular
inflammation and clearly exceeded the activity of cyclo-oxygenase
inhibitors and antagonists selective for a single prostanoid receptor
[7,8]. The prognosis would arguably be favorable for activity in other
models of inflammation, such as rheumatoid and osteoarthritis. Many
therapeutic properties of cyclo-oxygenase inhibitors are likely to be
shared by multi-targeting prostanoid receptor antagonists, depending
on those receptors present in the antagonist profile. Anti-pyretics is one
potential use. A more interesting comparison would be as analgesics
and in comparison with cyclo-oxygenase inhibitors. Pain management
is an attractive area since every prostanoid receptor has been implicated
in diverse pain models, except DpP, and TP [1,2]. Certain other diseases
where there is an important inflammatory component, but not
amenable to COX-inhibitor therapy, may also benefit from treatment
with multi-targeting prostanoid receptor antagonists. Asthma provides
one such example and this will be discussed later.

Although AGN 211377, AGN 225660 and their congeners block
multiple pro-inflammatory prostanoid receptors, they partly exert
their effects by transforming the bias of the endogenously released
prostanoids from pro-inflammatory to anti-inflammatory mediators.
This is achieved by leaving anti-inflammatory receptors, notably EP,
receptors, open to stimulation by locally released PGE, [6]. This also
means that a substantial portion of the anti-inflammatory activity of
AGN 211377 and its congeners is reliant on the presence of adequate
highly localized concentrations of PGE,. This creates uncertainty,
highly localized concentrations of PGE, are rarely known. If EP,
receptor agonist activity could be introduced into the pharmacological
profile, more pronounced and consistent anti-inflammatory effects
may be obtained. For the purpose of illustrating the comparative effects
of AGN 211377 and an AGN 211377-like molecule with EP, agonist
properties, a morphological depiction is prophetically provided in
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Figure 2. The highly activated state of an “angry” tissue macrophage
(Figure 2a) is reduced by AGN 211377 (Figure 2b) and then almost
returned to ground state when EP, agonist activity is added to AGN
211377 pharmacodynamics (Figure 2c).

The possibility of designing hybrid EP,-agonist/DP,, EP, EP,,
FP, TP antagonist multi-target molecules is presented in Figure 3.
The structural similarity of the second generation pan PG receptor
antagonist AGN 225660 and the EP, agonist CP-533536 is shown in
Figure 3. Such a molecule has not actually been invented to date but is
conceivable.

An improved pharmacological profile “tailored” to the need of
a particular tissue is an advantageous option for improved disease
management. The prostanoid receptor expression profile in many
human cells and tissues has been reported or can be obtained, from
transcription mapping for example. Moreover, the functional activity
of each expressed prostanoid receptor is available for many cells and
tissues, including human. Asthma provides a suitable and highly relevant
disease to illustrate how informed design of a poly-pharmacological
drug targeting multiple prostanoid receptors may represent novel and
highly effective therapy.

In asthma, the functional human prostanoid receptor
pharmacology is known for nearly all cells and tissues involved in this
disease. Cyclo-oxygenase drugs, which inhibit the global biosynthesis
of prostanoids, do not meaningfully alter the disease. Nevertheless,
by considering how a PG antagonist that blocks multiple receptors,

Figure 2. A prophetic morphological representations of tissue macrophage cells responding
to inflammatory stimuli and following treatment with AGN 211377. Panel (a) depicts a
highly activated tissue macrophage responding to the presence of pro-inflammatory
stimuli; tissue debris and “foreign” matter, which can include free pathogens or pathogens
bound with antibody molecules. Note the presence of numerous pseudopodial membrane
extensions, which are rapidly formed as the cell becomes chemotactically polarized as
it seeks out and entraps target particles. The cell surface is extremely ruffled as a result
of increased cell membrane tension resulting from pseudopod extensions, formation of
phagocytic cups into which target particles are enclosed, and endosomal compartments from
which digested material and chemokine/cytokine compounds are released from the cell.
Panel (b) shows an activated macrophage in the presence of the anti-inflammatory agent
AGN 211377, marked by a noticeable reduction in the extent and number of pseudopodial
extensions. Chemokine/cytokine secretion would also be substantially reduced [6] but not
eliminated. In panel (c), a macrophage that has largely resolved to a ground-state condition
is shown following treatment with an AGN 211377-like molecular entity that also embodies
EP, receptor stimulant properties. The cell is quiescent and non-polarized, with markedly
reduced cell membrane ruffling
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except EP,and IP, may dramatically influence the course of the disease,
the unique therapeutic approach provided by AGN 211377 may be
envisioned (Figure 4).

Certain facets of bronchopulmonary disease cannot be reduced
to isolation and study at the cellular or surgically excised tissue level,
such as the cough reflex [9]. Nevertheless, those receptors involved in
stimulating mast cells [10-12], eosinophils [13,14], airway constriction
and airway smooth muscle hypertrophy [15,16], cough [17,18], and
mucus hypersecretion [19] are known. The EP, receptor is known to
physiologically oppose the activation of mast cells, eosinpohils, and
cytokine release from monocyte-derived macrophages and dendritic
cells, all of which has been extensively documented [6,8,20-27]. The
advantages of blocking multiple prostanoid receptors versus selective
antagonism of a single prostanoid receptor can be envisioned by the
diagram Figure 4. The upper panel (a) of Figure 4 shows the airway
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Figure 3. The structures of AGN 225660 and CP-533536 compared
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Figure 4. Panel (a) a diagrammatic overview of the role of the major prostanoids and
their receptors in asthma. Activation of the pathological events characteristic of asthma
are represented by upward vertical arrows (1) above the midline depicted as a yellow
block row. Reversal of the pathological events characteristic of asthma are represented
by downward vertical arrows (|) below the midline depicted as a yellow block row.
Diametrically opposing effects are represented as follows; stimulation 1, inhibition |. The
role of airway prostanoid receptors is summarized as follows: mast cell activation = EP, 1/
EP,, EP, |; Eosinophil activation = DP , DP, TP 1 / EP,, IP|; airway tone = TP/ EP,, DP,
IP|: airway hypertrophy = TP1/ EP,, EP,, IP|; cough = EP,, FP 1 /? |; mucous secretion
=EP, 1/? |. Panel (b) the pathophysiological events and symptoms of asthma following
treatment with AGN 211377. Stimulant effects (1) are virtually abolished by antagonism or
opposed and reversed (]) by EP, and IP receptor mediated inhibitory effects
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constriction and various pro-inflammatory events that occur as a result
of prostaglandin release into asthmatic human airways. EP, receptors
stimulate mast cells [10-12], DP,, DP,, and TP receptors activate
eosinophils [13,14], TP receptor activation causes bronchoconstriction
and bronchial smooth muscle hypertrophy [15,16], EP, and FP
receptors are associated with the cough reflex [17,18] and EP, receptors
stimulate mucus hypersecretion [19]. Following treatment with AGN
211377 and congeners, the EP, receptor remains unoccupied and allows
PGE, to attenuate the inflammatory and deleterious airway smooth
muscle effects typical of asthma. Similarly, immune modulation
would be achieved by leaving open the EP, receptors and blocking EP,
receptors [27]. The IP receptor would remain unoccupied, enabling
released prostacyclin to relax the airways [24] reduce smooth muscle
hypertrophy [26] and protect against inflammation [22,29]. A more
expansive review of prostanoids in asthma and allergic diseases was
provided in 2019 [29].

Corticosteroids are added to long-acting B,-adrenoceptor agonists
and long-acting muscarinic antagonists for the treatment of asthma and
chronic obstructive pulmonary disease (COPD), since these diseases
have a well-established and important inflammatory component. Given
the more targeted anti-inflammatory effects of AGN 211377 and AGN
225660, it is possible they are potentially a better and safer alternative
to steroids in asthmatic children. These compounds will also relieve
bronchoconstriction, just like long-acting B,-adrenoceptor agonists
and long-acting muscarinic antagonists. Clinical evaluation in asthma
seems a worthwhile future proposition.

AGN 211377 and its congeners have a very attractive profile as
potential anti-asthmatic drugs. Almost perfect but not quite. AGN
blocks the EP, receptor, which is inhibitory in mast cells [20] and anti-
proliferative [25]. This is arguably an inherent drawback but perhaps
outweighed by the benefits of blocking the EP, receptor. AGN 211377
and 225660 do not block EP, receptors, which activate mast cells [10-
12] and stimulate coughing [17]. This could perhaps be remedied [30]
by elaborating the core scaffolds of such pan PG antagonists to include
EP, receptor antagonism. As previously mentioned, the introduction of
EP, stimulant activity into the molecule may further enhance activity
by improving upon the level of activity imparted by endogenous PGE,.
It is noteworthy that allosteric potentiators have been designed that
can increase the potency of PGE, at the EP, receptor by 4-5 fold [31].
In the case of asthma, the addition of IP agonist properties could be
particularly useful, since endogenous prostacyclin is highly unstable
and short-lasting. How far drug design of this class of agents needs
to be go will ultimately be determined by clinical performance. Other
diseases like asthma, where smooth muscle tone is a major factor, and
that may benefit from this class of drugs include cardiovascular disease
and prevention of pre-term labor.

It may be instructive to contemplate the design of prostanoid
based therapeutics with economics as a consideration. Beyond cost of
goods, longer acting drugs and poly-pharmacology, whereby two or
more distinct biological activities are embodied in a single molecule,
would be advantageous. There are lessons here from COPD and
asthma therapeutics and from two of the oldest areas of pharmacology,
adrenergics and cholinergics. The B,-adrenoceptor has been a drug
target for at least four decades, with improvements in duration of
action to the point where such drugs are referred to as long-acting B.-
adrenoceptor agonists (LABAs) and even the term ultra-long-acting
has been coined. Similarly, muscarinic receptor antagonists have found
more regular use in treating asthma following the introduction of
long-acting muscarinic antagonists (LAMAs). The advantages of these
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now commonly used medications are long-term control and reduced
dosing frequency [32]. LAMAs and LABAs are increasingly used as
combination therapy. A significant advance was the combination of
both LABA and LAMA activities (MABASs) into a single molecule [33].
The MABAs, as exemplified by batefenterol [34] and AZD 8871 [35] are
complex molecules with high molecular weights in the 750 range. By
comparison with the MABAs, the prospect of creating small molecules
with dual opposing activities (agonist and antagonist) at different
receptor targets may be possible in the design of prostanoids. The close
structural similarities of the major naturally occurring prostanoids is
an advantage and has resulted in molecules that can selectively target
5-6 distinct prostanoid receptor subtype, albeit as antagonists [6,8,30].

Since the MABAs produce long-lasting effects [32-36], the prospects
for longer acting prostanoid antagonists may be realistic. At least one
very advantageous requirement for protracted activity has been fulfilled
for some prostanoid receptors, a knowledge of allosteric binding sites
which previously assisted research on long-acting adrenergic agonists
and cholinergic antagonists [36]. An allosteric binding site was
proposed a decade ago for the EP, receptor in the CNS [31]. Since then
much has been learned about receptor-ligand binding by determining
the crystal structure of prostanoid ligand-receptor protein complexes.
To date the ligand bound crystal structure for DP, (CRTh2) [37], EP,
[38,39], and EP, [40] receptors has been elucidated. In experiments
determining the crystal structure of the EP, receptor, the binding of a
small molecule antagonist and an antibody were compared, with both
entities binding allosterically to occlude the ligand binding pocket [40].
The extracellular loops thereby becoming an attractive proposition for
prostanoid antagonist design. A series of allosteric FP antagonists were
designed based on peptide mimicry [41]. Allosteric binding may also
be used to introduce intracellular signal bias [42], conferring a further
degree of specificity for a single receptor species. In prostanoid drug
design this has been explored for both antagonist [43] and agonist [44]
compounds. Returning to the design of AGN 211377-like antagonists
for use in treating asthma, in a situation where the EP , Teceptor
produces both beneficial and unwanted activities, an antagonist which
funnels receptor activation down a single signal transduction pathway
may result in even better compound performance. Theoretically, effects
on receptor-ligand resistance to internalization and inactivation may
be introduced as a possible method of prolonging pharmacological
activity. Finally, since monoclonal antibody therapy typically produces
therapeutic agents with a two-week duration of action, their comparative
binding properties [40] may be very instructive in designing long-
acting small molecules.

Multi-targeting a G-protein coupled receptor and an enzyme
has also been accomplished. In order to achieve an improved effect
on aqueous humor secretion, B-adrenoceptor antagonist/carbonic
anhydrase inhibitor hybrids have been designed [45]. A drug design
opportunity presented by the AGN 211377 chemical scaffold was
the prevention of hydrolytic deactivation of the naturally occurring
endocannabinoid anandamide by the enzyme Fatty Acid Amide
Hydrolase (FAAH). Increasing endogenous anandamide levels by
preventing its breakdown in the brain may produce analgesia [46,47].
For this reason, a series of compounds were designed from the initial
prototypical pan PG antagonist chemical scaffold that also inhibited
fatty acid amide hydrolase (FAAH) activity [48]. These compounds,
exemplified by AGN 220653, were anti-inflammatory agents and with
superior analgesic activity [48]. A hybrid pan PG antagonist/FAAH
inhibitor may represent superior activity compared to COX-inhibitors
or to FAAH inhibitors alone, the latter were disappointing as analgesics
in an early clinical trial [49].
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In summary, advanced prostanoid based therapies are reviewed
herein. Compounds (AGN 211377 and 225660) were designed to
simultaneously, selectively, and potently inhibit five receptors, all
encoded by different genes. These compounds have, to date, proven
to be more effective anti-inflammatory agents compared to cyclo-
oxygenase inhibitors in animal models of ocular disease. Testing in
animal models of arthritis, osteoporosis, asthma, pre-term labor, pain
and cardiovascular disease will better elucidate their potential as a new
class of drugs. The invention of small molecules simultaneously acting
at multiple and diverse targets (AGN 220653) that mediate prostanoid
and endocannabinoid functions has even been proven feasible.
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