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BACKGROUND: Prostaglandin E2 (PGE2) is an essential intrafollicular regulator of ovulation. In contrast with the one-gene, one-protein
concept for synthesis of peptide signaling molecules, production and metabolism of bioactive PGE2 requires controlled expression of many pro-
teins, correct subcellular localization of enzymes, coordinated PGE2 synthesis and metabolism, and prostaglandin transport in and out of cells to
facilitate PGE2 action and degradation. Elevated intrafollicular PGE2 is required for successful ovulation, so disruption of PGE2 synthesis, metab-
olism or transport may yield effective contraceptive strategies.

METHODS: This review summarizes case reports and studies on ovulation inhibition in women and macaques treated with cyclooxygenase
inhibitors published from 1987 to 2014. These findings are discussed in the context of studies describing levels of mMRNA, protein, and activity
of prostaglandin synthesis and metabolic enzymes as well as prostaglandin transporters in ovarian cells.

RESULTS: The ovulatory surge of LH regulates the expression of each component of the PGE2 synthesis-metabolism-transport pathway
within the ovulatory follicle. Data from primary ovarian cells and cancer cell lines suggest that enzymes and transporters can cooperate to optimize
bioactive PGE2 levels. Elevated intrafollicular PGE2 mediates key ovulatory events including cumulus expansion, follicle rupture and oocyte
release. Inhibitors of the prostaglandin-endoperoxide synthase 2 (PTGS2) enzyme (also known as cyclooxygenase-2 or COX2) reduce ovulation
rates in women. Studies in macaques show that PTGS2 inhibitors can reduce the rates of cumulus expansion, oocyte release, follicle rupture,
oocyte nuclear maturation and fertilization. A PTGS2 inhibitor reduced pregnancy rates in breeding macaques when administered to
simulate emergency contraception. However, PTGS2 inhibition did not prevent pregnancy in monkeys when administered to simulate
monthly contraceptive use.

CONCLUSION: PTGS?2 inhibitors alone may be suitable for use as emergency contraceptives. However, drugs of this class are unlikely to

be effective as monthly contraceptives. Inhibitors of additional PGE2 synthesis enzymes or modulation of PGE2 metabolism or transport
also hold potential for reducing follicular PGE2 and preventing ovulation. Approaches which target multiple components of the PGE2
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synthesis-metabolism-transport pathway may be required to effectively block ovulation and lead to the development of novel contraceptive

options for women. Therapies which target PGE2 may also impact disorders of the uterus and could also have benefits for women'’s health in

addition to contraception.
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Introduction

There are many contraceptive options available for women today.
However, none block ovulation as the primary method of pregnancy
prevention. Selective inhibition of ovulation is an important target
for the development of new contraceptives. Ovulation inhibition
without alteration of ovarian steroid hormone synthesis would be
particularly valuable. This approach would minimize or eliminate
the side effects experienced by many women who use current hor-
monal contraceptives but still provide protection against undesired
pregnancy.

Ovulation results from many functional and structural changes which
occur within the dominant or Graafian follicle (reviewed in Espey and
Lipner (1994) and Wassarman and Albertini (1994), Fig. ). Following
the ovulatory surge of LH, follicle cells synthesize progesterone
in place of estrogen as the primary steroid hormone. The oocyte
resumes meiosis and completes the first meiotic cell division, then
arrests to await fertilization. Cumulus granulosa cells loosen their inter-
cellular junctions and produce a novel extracellular matrix, leading to
cumulus expansion and detachment of the cumulus-oocyte complex
from the follicle wall. Mural granulosa cells and theca cells begin to differ-
entiate into luteal cells; theca and other stromal cells invade the granulosa

Dominant Follicle

Ovulatory Follicle

Figure | Structural changes in the dominant follicle during ovulation.
Before the LH surge, the oocyte (pink) is surrounded by the zona pellu-
cida (gray) and tight cumulus granulosa cells (light green); mural granu-
losa cells (dark green) surround the follicular fluid (yellow). Outside
the granulosa cell basement membrane (gray), stromal components
include theca cells (purple) and small vessels (red). The follicle apex is
covered by the ovarian surface epithelium (blue). In response to the
LH surge, the oocyte resumes meiosis and produces the first polar
body. The cumulus expands and detaches from the mural granulosa
cells. Luteinization includes hypertrophy of granulosa cells and invasion
of theca cells and new vessels into the granulosa cell layer. A breach in
the ovarian surface epithelium, underlying stroma, and mural granulosa
cells results in rupture at the follicle apex. Mural granulosa cells protrude
through the rupture site to form an ovulatory stigmata. The ovulatory
canal permits release of the cumulus-oocyte complex (COC).

cells as the follicle undergoes luteinization. Well-controlled proteolysis
promotes tissue remodeling throughout the luteinizing follicle, with ex-
tensive degradation of connective tissue selectively at the follicle apex.
Removal of the ovarian surface epithelium and granulosa cells at the fol-
licle apex contributes to formation of the ovulatory canal, follicle rupture
and release of the cumulus-oocyte complex.

The ovulatory LH surge initiates these changes within the follicle.
However, only theca and the outermost mural granulosa cells express
large numbers of LH receptors (Peng et al., 1991; Yung et al., 2014).
For ovulation to be successful, the LH signal must be conveyed within
the remainder of the follicle by paracrine factors.

Prostaglandin E2 (PGE2) is an essential paracrine mediator of the LH
surge. The LH surge stimulates an elevation in intrafollicular PGE2, which
controls the timing of key ovulatory events (Richards, 1997). Rodents
either treated with prostaglandin synthesis inhibitors or lacking expres-
sion of key prostaglandin synthesis enzymes experienced reduced
rates of cumulus expansion, follicle rupture, oocyte maturation and
oocyte release (Armstrong and Grinwich, 1972; Downs and Longo,
1982, 1983; Sogn et al., 1987; Limetal., 1997; Mikuni et al., 1998; Taka-
hashi et al., 2006). Subsequent studies identified PGE2 as the key ovula-
tory prostaglandin since mice lacking expression of the PGE2 receptor
PTGER2 experienced ovulatory failure (Hizaki et al., 1999; Tilley et al.,
1999). Administration of prostaglandin synthesis inhibitors also
blocked ovulatory events in rabbits, cows and primates (Wallach et al.,
[975a; De Silva and Reeves, 1985; Espey et al., 1986). The specific
role of PGE2 in primate ovulation was demonstrated using an ablate-
and-replace approach. Injection of a prostaglandin synthesis inhibitor
directly into a dominant macaque follicle prevented cumulus expansion,
follicle rupture and oocyte release in response to the LH surge; injection
of the inhibitor concomitant with PGE2 restored these ovulatory events
(Duffy and Stouffer, 2002).

The role of PGE2 to regulate progesterone production by the lutein-
izing follicle is somewhat controversial. PGE2 does promote progester-
one production by mouse and rat follicles (Sogn et al., 1987; Elvin et al.,
2000). In contrast, inhibition of PGE2 synthesis in macaque and bovine
owvulatory follicles does not compromise progesterone production in re-
sponse to the LH surge (Duffy and Stouffer, 2002; Peters et al., 2004; Kim
etal., 2014). Clearly PGE2 mediates some, but not all, ovulatory actions
of the LH surge in these larger mammals.

The essential role of prostaglandins in ovulation has been appreciated
for decades (Tsafriri et al., 1972). A second cyclooxygenase enzyme
(COX2, now called prostaglandin-endoperoxide synthase 2 (PTGS2))
was discovered in the early 1990s (Vane et al., 1998). Soon thereafter,
this enzyme was determined to be the LH-stimulated cyclooxygenase
responsible for PGE2 production by rat ovulatory follicles (Wong and
Richards, 1991). Subsequent advances in molecular biology techniques
have facilitated detailed investigation of cyclooxygenases, additional
enzymes, and other key molecules involved in PGE2 synthesis, metabol-
ism, and transport (Sirois et al., 2004).
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PGE2 synthesis, metabolism and
transport in the ovarian follicle

Prostaglandins are categorized as belonging to the |, 2 or 3 series, based
on the number of double bonds in the molecular structure (Fig. 2). Ara-
chidonic acid is the most abundant prostaglandin precursorand results in
formation of prostaglandins of the 2 series. Thus, prostaglandins of the 2
series (e.g. PGE2, PGF2a,, PGD2, PGI2) predominate in mammalian
cells. Prostaglandin synthesis can be divided into three steps: liberation
of arachidonic acid from membrane phospholipids via a phospholipase,
conversion of arachidonic acid to the short-lived intermediate PGH2
by a dual function enzyme with peroxidase and cyclooxygenase activities,
and synthesis of bioactive prostaglandin from PGH2 by a specific prosta-
glandin synthase.

Phospholipase A2

Phospholipases cleave fatty acids from membrane phospholipids (Fig. 2).
There are five major groups of phospholipases capable of cleaving
fatty acids from the second position of membrane phospholipids
(PLA2s): cytosolic PLA2, secreted PLA2, calcium-independent PLA2,
lipoprotein-associated PLA2 and lysosomal PLA2. These five groups
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are distinguished from each other by their structural properties, func-
tion, and requirement for calcium as a co-factor for enzymatic activity
(Murakami et al., 201 I). Three forms of PLA2 can cleave arachidonic
acid from the second position of membrane phospholipids: the cytosolic
PLA2 (PLA2GA4A) and two forms of secreted PLA2 (PLA2G2A and
PLA2GS5) (Table I) (Balsinde et al., 2002).

PLA2GA4A has been identified as the key PLA2 for PGE2 synthesis
within the owvulatory follicle. While expression of PLA2G2A and
PLA2GS in the ovulatory follicle is low and unchanging, PLA2G4A ex-
pressionin granulosa cellsincreasesin response to the ovulatory gonado-
trophin surge in mice, rats, cows, monkeys and humans ((Kurusu et al.,
1998a, b, 2012; Duffy et al., 2005a; Diouf et al., 2006; Wissing et dl.,
2014) and Fig. 3A, E and I). PLA2G4A and PLA2G5 expression is also
reported in theca cells of mouse ovulatory follicles (Kurusu et dl.,
2012). Elevated follicular PGE2 synthesis correlates with increased
PLA2G4A mRNA and protein in these species (Kurusu et al., 1998b,
2012; Duffy et al., 2005a; Diouf et al., 2006). Peak PLA2G4A activity in
rat ovarian tissue (Bonney and Wilson, 1993; Ben-Shlomo et al., 1997)
and monkey granulosa cells (Duffy et al., 2005a) occurs in the hours
just prior to ovulation. PGE2 synthesis, ovulation rate, fertilization rate
and overall reproductive success are compromised in rats given a
PLA2G4A inhibitor (Kurusu et al., 1998a) and in mice lacking
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Figure 2 Enzymesinvolvedin PGE2 synthesis and metabolism. Arachidonic acid is cleaved from membrane phospholipids by a phospholipase A2 (PLA2).
A cyclooxygenase (PTGS| or PTGS2) converts arachidonic acid to prostaglandin H2 (PGH2). PGH2 can be converted to PGE2 by a PGE2 synthase (PTGES)
or to PGF2a by aldo-keto reductase | C3 (AKRIC3). PGE2 is metabolized to PGF2a by an enzyme with 9-keto reductase activity (AKRICI| or AKRIC2).
PGE2 is metabolized to | 5-keto-PGE2 by prostaglandin dehydrogenase (HPGD). For each conversion, enzyme listed in boldface is the predominant formin
the ovulatory follicle. Molecular structures are provided to highlight the conversion made by each enzyme. PGEI, PGE2 and PGE3 are distinguished by the

number of double bonds in the molecular structure.
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Table I Enzymes and transporters in PGE2 synthesis, metabolism and transport.

Category Gene Common name Function Other comments
name
Phospholipase A2 PLA2G4A cPLA2 Cleavage of arachidonic acid Calcium promotes translocation from cytosol to
from membrane phospholipids intracellular membranes; predominates in granulosa
cells
PLA2G2A sPLA2IIA Cleavage of arachidonic acid Can be activated by cPLA2
from membrane phospholipids
PLA2G5 sPLA2V Cleavage of arachidonic acid Can be activated by cPLA2
from membrane phospholipids
Cyclooxygenase; PTGSI COXI Converts arachidonic acid Constitutive expression
prostaglandin G/H synthase to PGH2
PTGS2 COX2 Converts arachidonic acid Inducible expression; predominates in granulosa
to PGH2 cells
PTGSI COX3, COXlb Converts arachidonic acid Splice variant of COXI1; may lack enzymatic activity
to PGH2
Prostaglandin E synthase PTGES mPGESI Converts PGH2 to PGE2 Associated with intracellular membranes;
predominates in granulosa cells
PTGES2 mPGES2 Converts PGH2 to PGE2 Associated with intracellular membranes
PTGES3 cPGES Converts PGH2 to PGE2 Cytosolic enzyme
Aldo Keto reductases AKRICI 20a-HSD Converts PGE2 to PGF2a Minimal PGE-F isomerase activity in granulosa cells;
significant 20a-HSD activity
AKRIC2 PGE-F isomerase, Converts PGE2 to PGF2a Primary PGE-F isomerase activity in granulosa cells
9-keto reductase
AKRIC3 PGFS Converts PGH2 to PGF2a Primary PGF2a synthase in granulosa cells

Converts many prostaglandins
to 15-keto metabolites

Facilitates prostaglandin
movement across plasma

Prostaglandin inactivation

Direction of prostaglandin movement is cell
dependent

membrane

Prostaglandin HPGD PGDH

dehydrogenase

Prostaglandin transporters SLCO2AI PGT, OATP
ABCC4 MRP4

Facilitates prostaglandin

Prostaglandin movement out of cells predominates

movement across plasma
membrane

cPLA2, cytosolic phospholipase A2; sSPLA2IIA, secreted phospholipase A2 group 2A; sPLA2V, secreted phospholipase A2 group 5; COXI, cyclooxygenase |; PGH2, prostaglandin H2;
COX2, cyclooxygenase 2; COX2, cyclooxygenase 3; COXIb, cyclooxygenase |b; mPGESI, microsomal prostaglandin E synthase |; PGE2, prostaglandin E2; mPGES2, microsomal

prostaglandin E synthase 2; cPGES, cytosolic prostaglandin E synthase; 20a-HSD, 20a-hydroxysteroid dehydrogenase; PGF2a, prostaglandin F2a.; PGE-F, conversion of prostaglandins of
the E series to prostaglandins of the F series; PGFS, prostaglandin F synthase; PGDH, prostaglandin dehydrogenase; PGT, prostaglandin transporter; OATP, organic anion transporting

polypeptide; MRP4, multiple drug resistance protein 4.

PLA2GA4A expression (Bonventre et al., 1997; Song et al., 2002; Kurusu
et al., 2012), supporting the conclusion that PLA2G4A contributes sig-
nificantly to ovulatory events.

Intracellular location influences PLA2 activity. In response to elevated
intracellular calcium, PLA2G4A translocates from the cytosol to intracel-
lular membranes, such as the nuclear envelope and endoplasmic reticu-
lum, where this enzyme has access to arachidonic acid and is, therefore,
catalytically active (Clarketal., 1991; Schievellaetal., |995; Stahelinetal.,
2003). Crosstalk between PLA2G4A and secreted forms of PLA2 sug-
gests that the activity of these enzymes may be interrelated. For
example, secreted forms of PLA2 can play a permissive role in activation
of PLA2G4A (Hanetal., 2003). In other studies, PLA2G4A enhanced the
activity of secreted PLA2s, perhaps by causing secreted forms of PLA2 to
relocate to the plasma membrane, where these enzymes show maximal
catalytic activity (Murakamietal., 1 998). PLA2G4A expression and activ-
ity are clearly regulated by the LH surge in ovulatory follicles and directly
involved in ovulatory events. In addition, PLA2G4A may promote the ac-
tivity of secreted forms of PLA2 present in follicular cells to enhance
overall PGE2 synthesis.

Cyclooxygenase

The cyclooxygenase enzyme possesses two distinct enzymatic activities.
Inthe presence of a cyclooxygenase enzyme, arachidonic acid undergoes
two structural conversions (Vane et al., 1998) (Fig. 2). The cyclooxygen-
ase activity creates the ring at the midpoint of the arachidonic acid mol-
ecule that gives the prostaglandin its characteristic hairpin structure and
results in the formation of a very unstable prostaglandin intermediary,
PGG?2. Very rapidly the peroxidase activity reduces a hydroperoxide
group to a hydroxyl, forming PGH2. PGH2 is a transient molecule that
is rapidly converted to more stable, bioactive prostaglandins by specific
prostaglandin synthases.

Two forms of cyclooxygenase have been identified (Table I). PTGSI
(commonly referred to as COXI) and PTGS2 (commonly referred to
as COX2) are products of different genes but share significant sequence
homology and catalytic activities (reviewed in Vane etal. (1998)). PTGSI
is a constitutively-expressed enzyme found in many tissues. This enzyme
is often referred to as the ‘housekeeping’ form of the cyclooxygenase
enzyme and modulates aspects of routine functions such as platelet ag-
gregation and gastric acid secretion. In contrast, PTGS2 expression
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Figure 3 PGE2 synthesis and metabolism enzyme mRNA, protein, and activity in primate ovulatory follicles. All cells and tissues were obtained after
ovarian stimulation before (0 h) and 12, 24, or 36 h after administration of an ovulatory dose of hCG. Ovulation is anticipated 37—42 h after the ovulatory
gonadotrophin stimulus, so cell/tissue collections at times 0—36 h after hCG span the ovulatory period. Levels of mRNA (A—D), protein (E—H) and ac-
tivity (1 and J) for PLA2G4A (A, Eand I), PTGS2 (B and F), PTGES (E and G), and | 5-hydroxyprostaglandin dehydrogenase (HPGD) (D, Hand J) in monkey
granulosa cells are shown. PGE2 (K) and | 5-keto PGE2 metabolites (PGEM; L) levels in follicular fluid from monkey ovulatory follicles are shown. (M) Rela-
tive levels of PGE2 synthesis and PGE2 metabolism enzyme activities indicate that metabolism predominates early in the ovulatory period while synthesis
predominates late in the ovulatory period. In (A)—(D), (G), and (I-L), groups with no common letters (a,b,c) are different by analysis of variance and ap-
propriate post hoc analysis. In (E) and (F), an = antrum, gc = granulosa cell, st = stroma, asterisk indicates luteinizing granulosa cell layer, arrowhead indi-
cates stromal (possibly theca) cellimmunopositive for PTGS2. In (1), nd = not determined. See text for details; republished with permissions from Duffy and

Stouffer (2001), Duffy et al. (2005, b, c) and Duffy (201 1).

increases rapidly in selected cells in response to specific stimuli, so
PTGS2 is often referred to as the ‘inducible’ form of cyclooxygenase.
PTGS?2 is involved in mediating inflammation as well as essential events
in reproduction, including ovulation and implantation. A cyclooxygenase
enzyme originally identified as COX3 or COXI|b has been reclassified as
a splice variant of PTGS| (Chandrasekharan et al., 2002). PTGS!| and
PTGS2 proteins are located in the perinuclear area and are associated
with the membranes of the nuclear envelope and endoplasmic reticulum
(Morita etal., 1995), as are other key enzymes involved in prostaglandin

synthesis.

The essential role of cyclooxygenase activity in ovulatory events was
appreciated as early as the 1970s, when cyclooxygenase inhibitors
such as indomethacin were shown to prevent follicle rupture and
oocyte release in rats, cows and monkeys (Armstrong and Grinwich,
1972; Wallach et al., 1975a; De Silva and Reeves, 1985). The single
form of cyclooxygenase known at that time (PTGSI) was present in
the ovary, but enzyme protein levels did not correlate well with the
rapid rise in follicular prostaglandin synthesis (Bauminger and Lindner,
1975; Hedin et al., 1987). After the identification of the second form
of cyclooxygenase (PTGS2) in the 1980s, it was rapidly determined
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that PTGS2 was responsible for periovulatory prostaglandin production
by the ovarian follicle (reviewed in Sirois et al. (2004)).

Details of PTGS2 expression in ovarian follicles are now well under-
stood. PTGS2 expression by granulosa cells of pre-ovulatory follicles is
low to nondetectable before the LH surge; PTGS2 mRNA and protein
levels increase after the LH surge to reach peak levels near the expected
time of ovulationin rodents, domestic animals, and monkeys ((VWWongand
Richards, 1991; Sirois, 1994; Sirois and Dore, 1997; Duffy and Stouffer,
2001) and Fig. 3B and F). PTGS2 has been detected in human granulosa
cells (Narkoetal., 1997), and gene array studies of human granulosa cells
show a significantincrease in PTGS2 levels after administration of an ovu-
latory dose of gonadotrophin (Wissing et al., 2014). Increased granulosa
cell PTGS2 expression occurs before ovulation and precedes rising fol-
licular PGE2 concentrations, leading some to conclude that PTGS2 cat-
alyzes the rate-limiting step in follicular PGE2 production and determines
the time of ovulation (Richards, 1997). PTGS2 is also expressed by theca
cells of monkey ovulatory follicles (Duffy and Stouffer, 2001 ; Duffy et dl.,
2005b), though comparison of prostaglandin production by monkey
granulosa cells and theca cells suggests that theca make a minimal contri-
bution to prostaglandin concentrations in primate follicles (Duffy and
Stouffer, 2003; Duffy et al., 2005b).

The development of drugs which preferentially inhibit PTGS2 over
PTGSI allowed selective inhibition of PTGS2-mediated events in vitro
and in vivo (Fitzgerald and Patrono, 2001). Studies using PTGS2-selective
inhibitors (Mikunietal., | 998) as well asin mice lacking PTGS2 expression
(Lim et al., 1997) confirmed that this form of cyclooxygenase is respon-
sible for production of ovulatory PGE2 in mammalian follicles. Mice
lacking PTGS2 expression or activity have reduced rates of cumulus ex-
pansion, ovulation and fertilization. These findings, along with studies of
PTGS2 inhibitor administration in cows and monkeys, confirm that
PTGS2 activity is required for key ovulatory events, including cumulus
expansion, follicle rupture and oocyte maturation in preparation for fer-
tilization (Peters et al., 2004; Hester et al., 201 0; Duffy and VandeVoort,
2011).

In contrast, follicular PTGSI is not required for ovulation. Early studies
demonstrated the expression of the single known form of cyclooxygenase
(PTGSI) in ovarian tissues (Hedin et al., 1987; Curry et dl., 1990). After
discovery of the second form of cyclooxygenase (PTGS2) and develop-
ment of highly-selective antibodies, researchers confirmed that follicular
PTGS! expression was low and did not increase rapidly in response to
the ovulatory LH surge (Sirois, 1994; Sirois and Dore, 1997; Duffy and
Stouffer, 2001). Furthermore, mice lackingPTGS| did notdisplay ovulatory
defects (Langenbach et al., 1995). Taken together, these findings support
the importance of LH-induced PTGS2 expression for successful ovulation.

Prostaglandin E synthesis

Specific prostaglandin synthases convert PGH2 into bioactive prosta-
glandins (Table I). Production of bioactive PGE2 from PGH2 can occur
via two pathways. A family of three prostaglandin E synthases converts
PGH2 into PGE2. PGF2a (which is formed via several routes) can also
be converted to PGE?2 via an enzyme with PGE-F isomerase (9-keto re-
ductase) activity.

The primary prostaglandin E synthase, PTGES, is expressed in the
granulosa cells of ovulatory follicles of mice, cows, monkeys and
humans ((Filion et al., 2001; Guan et al., 2001; Duffy et al., 2005b; Sun
et al., 2006) and Fig. 3C and G). PTGES mRNA and protein levels in

granulosa cells increase in response to the ovulatory gonadotrophin
surge in cows and monkeys (Filion et al., 2001; Duffy et al., 2005b).
hCG-stimulated increase in PTGES was also reported in human granulosa
cells (Wissing et al., 2014). PTGES was detected in theca of monkeys and
possibly cows (Filion et al., 2001; Duffy et al., 2005b) but not in theca of
mouse ovulatory follicles (Sun et al., 2006). Other enzymes with prosta-
glandin E synthase activity (PTGES2 and PTGES3) are also expressed by
granulosa cells of ovulatory follicles from several species, but levels do not
change in response to the ovulatory gonadotrophin surge (Duffy et al.,
2005b; Sun et al., 2006).

Co-transfection studies confirm that PTGES and PTGS2 are asso-
ciated with intracellular membranes and preferentially co-operate for
synthesis of PGE2 (Murakami et al., 2000). This contrasts with the cyto-
soliclocation of PTGES3, which typically co-operates with PTGS| to syn-
thesize prostaglandins (Murakami et al., 2002). PTGES2 is associated
with intracellular membranes and can functionally couple with either
PTGSI| or PTGS2 (Murakami et al., 2003a). However, PTGSI and
PTGES2 are typically described as *housekeeping’ enzymes, and expres-
sion levels do not change in response to provocative stimuli. In the
monkey ovarian follicle, expression of PTGES2 does not increase after
the ovulatory gonadotrophin surge, suggesting that PTGES is responsible
for the rise in periovulatory PGE2 within the follicle ((Duffy and Stouffer,
2001; Duffy et al., 2005b) and Fig. 2).

Prostaglandin dehydrogenase

PGE2 is converted to biologically-inactive prostaglandin metabolites,
with |5-hydroxyprostaglandin dehydrogenase (HPGD) catalyzing the
rate-limiting step in prostaglandin inactivation (Murakami et al., 201 I)
(Table[; Fig. 2). PGE2 in the bloodstream likely has limited biological rele-
vance (Legleretal., 2010). Prostaglandins, including PGE2, typically act in
an autocrine or paracrine manner, near the site of synthesis. For this
reason, local conversion of PGE2 to inactive prostaglandin metabolites
is animportant mechanism to control bioactive PGE2 levels at the cellular
and tissue level.

Prostaglandin dehydrogenase activity was described in rabbit ovaries
in 1987 (Schlegel et al., 1987). Male mice lacking HPGD expression are
fertile (Coggins et al., 2002). However, female mice lacking HPGD ex-
pression are infertile (Coggins et al., 2002), suggesting a key role for
this enzyme in female reproduction. More recently, HPGD has been sug-
gested as a regulator of follicular PGE2 and ovulatory events. HPGD is
expressed by bovine, monkey and human ovulatory follicles ((Duffy
et al., 2005¢; Sayasith et al., 2007; Thill et al., 2009; Peluffo et al., 2014)
and Fig. 3D and H). The ovulatory gonadotrophin surge increased gran-
ulosa cell levels of HPGD mRNA and protein in monkey and bovine fol-
licles, with increased HPGD expression also reported in bovine theca
cells (Duffy et al., 2005c; Sayasith et al., 2007; Peluffo et al., 2014). In
monkey granulosa cells, HPGD protein and activity levels peaked
midway through the periovulatory interval, with low HPGD protein
and activity present in follicles just before ovulation (Duffy et al.,
2005c; Duffy, 2011). Follicular levels of prostaglandin E metabolites
rise before levels of PGE2 (Duffy et al., 2005c), suggesting that PGE2
metabolism outpaces PGE2 synthesis immediately after the ovulatory
gonadotrophin surge (Fig. 3K and L). Falling HPGD protein and activity
correlate with peak follicular PGE2 levels just before ovulation
((Sirois, 1994; Duffy et al., 2005c) and Fig. 3M). Taken together, these
data support the concept that HPGD activity is a key component regu-
lating PGE2 levels in the ovulatory follicle.
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The aldo-keto reductase family of enzymes

The aldo-keto reductase enzymes are structurally-similar enzymes which
are products of different genes (Table I). High sequence homologies
between AKR | C enzymes and the ability of these enzymes to act on mul-
tiple substrates have complicated the study of these enzymes. An analysis
of the activities of human recombinant AKRIC enzymes assessed
members of this family for prostaglandin synthesis and steroidogenesis
activities (Nishizawa et al., 2000). AKR [ C2 has primarily 9-keto prosta-
glandin reductase/isomerase activity, which interconverts PGE2 and
PGF2a (Fig. 2). AKR I C3 is the classical PGF synthase (Suzuki-Yamamoto
et al, 1999). This enzyme converts PGH2 and PGD2 to PGF2a and
9a, 1 1B-PGF2a, respectively; both forms of PGF2a can activate the
PGF2a receptor (Sugimoto et al., 1994). AKRIC enzymes also
possess steroidogenic activities. For example, AKRICI has limited
9-keto prostaglandin reductase activity and is thought to be primarily a
20a-hydroxysteroid dehydrogenase, which converts progesterone to
a less active metabolite.

Activity of AKRIC family members (either 9-keto prostaglandin re-
ductase or 20a-hydroxysteroid dehydrogenase activities) has been
reported in ovaries of sheep, rats, horses and monkeys (Murdoch and
Farris, 1988; Iwata et al., 1990; Brown et al., 2006; Nanjidsuren et al.,
201 1). However, significant differences exist in the expression pattern
and role of these enzymes in different species. For example, AKRICI
is highly expressed in rat ovaries, and the 20a-hydroxysteroid dehydro-
genase activity of this enzyme is involved in regulation of luteolysis
(Stocco et al., 2000). Luteolysis is controlled by fundamentally different
mechanisms in rodents and primates; AKRICI does not play this role
in human ovaries. Monkey ovaries do contain AKRICI mRNA and
protein (Nanjidsuren et al., 201 1). Granulosa cells have been identified
as the primary site of AKRICI/AKRIC2 expression in monkey
ovaries (Dozier et al., 2008). In horse ovulatory follicles, both granulosa
and theca cells express a closely-related equine enzyme, AKR|C23
(Brown et al., 2006). Use of selective inhibitors confirmed that both
monkey and human granulosa cells contain primarily AKRIC2 activity,
and both mRNA and activity increased in response to the ovulatory
LH surge (Dozier et al., 2008). Further studies using radiolabeled prosta-
glandin precursors and selective inhibitors demonstrated that granulosa
cell AKRIC2 has unidirectional activity to convert PGE2 to PGF2a
((Dozieretal.,2008) and Fig. 2). However, the significance of this conver-
sion in ovulatory events is unknown.

Studies performed in the 1970s and 1980s suggested that both PGE2
and PGF2a mediated ovulatory events within the ovarian follicle. Follicu-
lar levels of both prostaglandins rise in response to the LH surge (Sirois,
1994; Sirois and Dore, 1997; Duffy and Stouffer, 2001; Duffy et al.,
2005c¢), and co-administration of either prostaglandin during cyclo-
oxygenase inhibition restored ovulation in species as diverse as rats,
sheep, and monkeys (Wallach et al., 1975a, b; Murdoch et al., 1986;
Sognetal., 1987;Jansonetal., | 988). Pure preparations of prostaglandins
were difficult to obtain during this era, and it is likely that more than one
prostaglandin was replaced during cyclooxygenase inhibition in these
early studies. PGF2a receptors are expressed by follicular cells in many
species (Ristimaki et al., 1997; Sayasith et al., 2006; Bridges and
Fortune, 2007; Kim et al., 2015), but PGF2a receptors capable of
signal transduction have not been reported in granulosa cells of any
species. Furthermore, normal ovulatory events were observed in mice
lacking expression of the PGF2a receptor (Sugimoto et al., 1997).

Taken together, these data support the conclusion that PGF2a does
not regulate essential ovulatory events in mammals, including monkeys
and women. PGF2a accumulation in the follicle may be the result of
PGE2 metabolism via the AKRIC2 enzyme. Since monkey granulosa
cell 9-keto prostaglandin reductase activity increases in response to
the ovulatory LH surge (Dozier et al., 2008), AKR | C2 may serve a meta-
bolic role, converting ovulatory PGE2 into other prostaglandins.

PGE?2 transport

In addition to enzymes involved in prostaglandin synthesis and metabol-
ism, prostaglandin transporters have been implicated in the control of
prostaglandin bioactivity. As described above, prostaglandins are synthe-
sized intracellularly. Prostaglandin receptors can be located on the
plasma membrane (Narumiya et al., 1999), in which case prostaglandins
in the extracellular fluid have access to the ligand binding domain of the
receptor. However, prostaglandin receptors can also be located on
intracellular membranes (Bhattacharya et al., 1999), in which case cyto-
plasmic prostaglandins have access to the ligand binding domain. Prosta-
glandins are converted to inactive metabolites by the cytoplasmic
enzyme HPGD as detailed above. For these reasons, prostaglandin
movement across the plasma membrane has important implications
for both bioactivity and inactivation.

At physiological pH, bioactive prostaglandins are negatively charged.
Prostaglandins are somewhat lipid-soluble and can diffuse out of the
cell of synthesis in response to both a concentration and an electrochem-
ical gradient, although with limited efficiency (Schuster, 2002; Chi et al.,
2006). Very important to the movement of prostaglandins are two fam-
ilies of plasma membrane transporters, the multiple drug resistance pro-
teins (MRPs) and the organic anion transporting polypeptides (OATPs),
which have been shown to facilitate prostaglandin movement across
plasma membranes.

MRPs likely assist with prostaglandin efflux, or exit, from the cell of syn-
thesis (Reid et al., 2003) (Table I). MRP4 (gene name ABCCA4) is a trans-
membrane, ATP-dependent pump which moves many small molecules,
including PGE2, from the intracellular to the extracellular side of the
plasma membrane. Information on follicular expression of MRPs and,
specifically, the ABCC4 transporter is very limited. ABCC4 mRNA
increased after the ovulatory gonadotrophin surge in human granulosa
cells (Wissing et al., 2014), so this transporter may be available to
assist with PGE?2 efflux from granulosa cells during the ovulatory interval.

Prostaglandins can also move across the plasma membrane via a pros-
taglandin transporter (PTG, a member of the OATP family), now re-
ferred to by the gene name SLCO2AI (Lu et al., 1996) (Table I). This
protein is predicted to have |12-membrane spanning domains and func-
tions as a lactate/prostaglandin exchanger (Chan et al., 2002). The direc-
tion of prostaglandin movement is likely sensitive to lactate levels, such
that an elevated rate of glycolysis enhances prostaglandin uptake by
cells. Prostaglandin movement into and out of cells via this transporter
have both been reported (Schuster, 2002). However, most recent
studies indicate that SLCO2AI preferentially moves prostaglandins
from the extracellular fluid into the cytosol. Cells transfected with
SLCO2AI showed an increased rate of prostaglandin influx (Nomura
et al, 2004; Holla et al., 2008). Importantly, SLCO2AI| has been
shown to enhance PGE2 influx into cells which express HPGD.
Absence of SLCO2A | expression or SLCO2A | blockade led to accumu-
lation of PGE2 extracellularly and decreased conversion of PGE2 into
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| 5-keto metabolites (Nomura et al., 2004; Chi et al., 2006; Holla et al.,
2008; Kochel and Fulton, 2015). These and similar studies support the
concept that SLCO2AI functions primarily in prostaglandin influx and
facilitates prostaglandin metabolism.

Expression of SLCO2A| has been examined in cells of the ovulatory
follicle. The ovulatory gonadotrophin surge increased SLCO2A[ in gran-
ulosa cells but decreased SLCO2A | in theca cells obtained from bovine
ovulatory follicles (Bridges and Fortune, 2007). In a recent study compar-
ing gene expression in human granulosa cells before and 36 h after an
ovulatory dose of hCG, mRNA levels of SLCO2AIl were elevated
27-fold in response to hCG compared with pre-hCG levels (Wissing
etal.,2014), but SLCO2A | levels were not differentin cumulus granulosa
cells collected before and after hCG administration (Yerushalmi et al.,
2014). Importantly, protein expression for this prostaglandin transporter
by follicular granulosa cells has not been confirmed in any mammalian
species, nor has the direction of prostaglandin transport via SLCO2A|
in granulosa cells been directly examined.

Coordinating PGE2 synthesis, metabolism
and transport

Control of expression and activity of individual enzymes and transporters
is essential for effective regulation of cellular responses to PGE2. Add-
itional features, including co-localization of enzymes within the cell, coor-
dinated expression of enzymes and transporters, and coordinated
regulation of enzyme activity, can further enhance changes in PGE2 activ-
ity within target tissues. Rapid increases in PGE2 synthesis and responses
are essential for successful ovulation and in some cases have been exam-
ined in the ovarian follicle. However, these relationships are best under-
stood in the context of cancer models.

Enzymes involved in PGE2 synthesis are located in the same region of
the cell, which leads to functional coupling of these enzymes to preferen-
tially produce PGE2 over other eicosanoids (Fig. 4). PLA2G4A, PTGS2
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Figure 4 PGE2 synthesis, action, transport and metabolism in granu-
losa cells. PGE2 is synthesized by the enzymes PLA2G4A, PTGS2, and
PTGES which are associated with intracellular membranes including
the endoplasmic reticulum (ER). Intermediates in PGE2 synthesis
include arachidonic acid (AA) and PGH2. Functional PGE2 receptors
(PTGERS) can be located in the plasma membrane or nuclear envelope,
so both intracellular and extracellular PGE2 can bind to receptors and
initiate signal transduction. PGE2 can exit and enter a cell via passive dif-
fusion through the plasma membrane or facilitated diffusion via trans-
porters such as SLCO2A| and MRP4. Bioactive PGE2 is converted to
the inactive PGE metabolite |5-keto-PGE2 through the activity of the
cytoplasmic enzyme HPGD.

and PTGES are most often described as located in the endoplasmic re-
ticulum or nuclear envelope. PLA2G4A translocates from the cytosol
to these membranes in response to rising intracellular calcium (Clark
et al., 1991; Schievella et al., 1995; Stahelin et al., 2003). In contrast,
PTGS2 is an integral membrane protein found in the nuclear envelope
and endoplasmic reticulum (Spencer et al., 1998). Immunofluorescence
and other techniques consistently show PTGES located in or near the
endoplasmic reticulum/nuclear envelope, but the mechanism by
which PTGES associates specifically with intracellular membranes is
unknown (Murakami et al., 2003b).

The membranes of the endoplasmic reticulum and nuclear envelope
are the source of the phospholipid substrate for PLA2G4A activity.
PLA2GH4A cleaves arachidonic acid from phospholipids in these intracel-
lular membranes and generates a locally-high concentration of arachi-
donic acid in the perinuclear region to serve as a substrate for PTGS2
activity. Similarly, PGH2 produced by PTGS2 is at high concentration
near the endoplasmic reticulum and nuclear envelope, so PTGES can
rapidly and efficiently convert this common prostaglandin precursor
into PGE2. In this way, locally-high concentrations of precursors are avail-
able to these specific enzymes and may contribute to preferential pro-
duction of PGE2 over other eicosanoids.

PGE2 transportand metabolism may also co-operate synergistically to
efficiently remove PGE2 from the extracellular fluid. For example,
Nomura and colleagues demonstrated that conversion of PGE2 to in-
active |5-keto metabolites was most efficient when intact cells
expressed both the prostaglandin transporter SLCO2A| and metabolic
enzyme HPGD (Nomura et al., 2004). These and similar studies highlight
the potential for functional coupling between transport and metabolism
to rapidly decrease PGE2 levels (Kochel and Fulton, 2015).

Simultaneously increasing or decreasing expression or activity of mul-
tiple enzymes and transporters can rapidly regulate levels of PGE2. Thisis
best understood in cancers, where high levels of PGE2 promote tumor
growth and metastasis (reviewed in Greenhough et al. (2009)). Coordi-
nated increased expression of PLA2G4 and PTGS2 has been observedin
many cancers and cancer cell lines; similarly, PTGS2 expression has been
shown to be decreased when PLA2G4 expression s ablated (reviewed in
Murakamietal. (201 1)). In mice lacking PLA2G4A, brain levels of PTGS2,
PTGS2 protein, and PGE2 were significantly reduced, providing evidence
that PLA2GA4A activity enhances PTGS2 activity (Bosetti and Weera-
singhe, 2003). Coordinated regulation of PTGS2 and HPGD may also
maintain elevated levels of bioactive prostaglandins (Tai et al., 2006).
HPGD expression and activity often decrease in parallel with increased
expression of PTGS2 and other PGE2 synthesis enzymes in cancer
cells (Backlund et al., 2005; Tai et al., 2007; Liu et al., 2008). When this
occurs, elevated PGE2 synthesis, coupled with decreased PGE2 metab-
olism, further elevates PGE2 levels, a situation which parallels the chan-
ging expression of key enzymes which regulate PGE2 levels within the
owvulatory follicle.

Coordinated regulation of enzyme mRNA, protein, and activity may
delay the rise in follicular PGE2 levels, leading to a long ovulatory interval,
as seen in large mammalian species. The PGE2 concentration in follicular
fluid increases rapidly late in the ovulatory interval, reaching 0.1 -1 uM
just before ovulation in species with longer ovulatory intervals, including
primates, horses, and cows ((Liuetal., | 997; Siroisand Dore, 1997; Duffy
etal.,2005c) and Fig. 3K). In monkeys, follicle levels of PLA2G4A, PTGS2,
and PTGES rise after the LH surge and remain at high levels throughout
the ovulatory interval (Duffy et al., 20053, b; Peluffo et al., 2014).
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While granulosa cell HPGD mRNA, protein, and activity are high immedi-
ately after the LH surge, HPGD expression and activity decrease to low/
nondetectable levels at the time ovulation (Duffy et al., 2005¢; Duffy,
2011). Reciprocal expression of PGE2 synthesis enzymes and HPGD has
also been observed in granulosa cells of horses (Sirois and Dore, 1997;
Filion et al., 2001; Diouf et al., 2006; Sayasith et al., 2007) and is similar to
observations made in cultured cell lines and cancers (Tai et al., 2006).

Several mechanisms of cooperation of enzyme expression and activity
may contribute to control of PGE2 in ovulatory follicles. We have pro-
posed that elevated HPGD activity early in the ovulatory interval
delays the rise in follicular PGE2 levels, thereby lengthening the interval
between the LH surge and ovulation ((Duffy et al., 2005c) and
Fig. 3M). An alternative was suggested by Sirois and colleagues, who
demonstrated that transcriptional regulators present prior to the LH
surge can delay PTGS2 expression in granulosa cells of horses (Liu
et al, 2000). Kurusu and colleagues demonstrated that PLA2G4A
activity was required for induction of granulosa cell PTGS2 expression
in rodents (Kurusu et al., 2012). However, PLA2G4A activity was mea-
sured only very late in the primate ovulatory interval (Fig. 3), so arole for
PLA2GA4A activity to increase PTGS2 activity may be a feature of the
ovulatory process in species with relatively short (12—16 h) ovulatory
intervals.

Cyclooxygenase inhibitors as
potential contraceptives

Luteinized unruptured follicles (LUFs) have long been associated with
ovulatory dysfunction and infertility (reviewed in Smith et al. (1996)).
By the 1980s, clinicians linked the use of non-steroidal anti-inflammatory
drugs (NSAIDs, which inhibit cyclooxygenase activity) to decreased
follicular prostaglandin production and anovulation (Killick and Elstein,
1987; Priddy et al., 1989, 1990; Smith et al., 1996). Case reports
described women who failed to conceive while taking NSAIDs for
rheumatological and other conditions (Akil et al., 1996; Mendonca
et al., 2000). These women were counseled to discontinue NSAID
use, and the majority conceived without additional medical intervention
(Akil et al., 1996; Mendonca et al., 2000). These instances of reversible
infertility were attributed to ovulation failure due to cyclooxygenase
inhibition.

These observations have provided a foundation for studies oriented
towards contraceptive development, focusing on pharmacologic inhib-
ition of prostaglandin production in women (recently reviewed in
Weiss and Gandhi (2014)) and macaques. Humans and macaques
share many features of the ovulatory cascade, such as maturation of a
single dominant follicle and release of a single oocyte during a true men-
strual cycle. Importantly, women and macaques experience similar
timing of ovulatory events, with ovulation expected 37—-42 h after the
endogenous ovulatory surge of LH or administration of hCG as an ovu-
latory gonadotrophin stimulus.

As noted earlier, prostaglandin-mediated ovulatory changes include
cumulus expansion, oocyte maturation in preparation for fertilization,
follicle rupture and oocyte release into the oviduct. Importantly, disrup-
tion of prostaglandin synthesis does not alter the timing or magnitude of
the ovulatory surge of LH (Pall etal., 2001 ; Hesteretal., 2010; Jesametal.,
2010, 2014). While elevated intrafollicular progesterone is required for
successful ovulation (Hibbert et al., 1996), prostaglandins do not appear

to regulate ovarian steroidogenesis, including progesterone synthesis, in
women and monkeys (Pall et al., 2001; Duffy and Stouffer, 2002; Bata
et al., 2006; Hester et al., 2010; Jesam et al., 2010; Edelman et al.,
2013; Kim et al, 2014). Inhibition of prostaglandin synthesis can
reduce or prevent structural luteinization of the ovarian follicle (Duffy
and Stouffer, 2002; Hester et al., 2010; Kim et al., 2014), but this does
not significantly impact steroid hormone synthesis by the follicle/
young corpus luteum. Importantly, disruption of prostaglandin synthesis
can resultin normal serum LH and steroid hormone levels, despite ovu-
lation failure (Duffy and Stouffer, 2002; Hester et al., 2010; Kim et dl.,
2014).

Studies to evaluate ovulatory success or failure in macaques can
include use of invasive techniques. For example, the ovary bearing the
ovulatory follicle can be removed, and histological sections can be direct-
ly examined for the presence of an oocyte to confirm ovulation or ano-
vulation. Studies in macaques have demonstrated that prostaglandin
synthesis inhibitor administration can result in failure of cumulus expan-
sion, failure of follicle rupture, or dysfunctional release of the oocyte into
the stroma surrounding the ovulatory follicle (Hester et al., 2010).

Studies evaluating ovulatory success or failure in women must rely on
indirect assessments, such as ovarian ultrasonography. Ultrasound can
be used to monitor the growth of the dominant follicle. A significant
decrease in the diameter of the leadingfollicle reflects the loss of follicular
fluid when the follicle ruptures or collapses. It is important to note
that the condition of the cumulus and location of the oocyte cannot
currently be determined by ultrasound. However, the decrease in follicu-
lar size based on ultrasound has been used as presumptive indication of
ovulation.

Prostaglandin synthesis inhibitors have been considered for use as
both emergency contraceptives and monthly contraceptives. During
typical contraceptive use, the day of the LH surge is unknown relative
to the day of intercourse. Prostaglandin synthesis must be inhibited
during the days immediately following the LH surge in order to prevent
ovulation. The period during which intercourse can result in pregnancy
is the 5—6 days leading up to and including the day of ovulation for
both women and macaques (Dukelow and Bruggemann, 1979; Beh-
boodi et al., 1991; Wilcox et al., 1995). This is due, in part, to the
period of sperm viability within the female reproductive tract, which is
estimated at 5-6 days (Wilcox et al., 1995). Therefore, a delay of
ovulation for 5-6 days should prevent interaction between the
oocyte and viable sperm and, therefore, embryo formation after a
single instance of intercourse. For this reason, a 5-6 day course of
treatment is often used as a model for emergency contraception.
Models of monthly contraception have included either daily drug admin-
istration or treatment during menstrual cycle days 5-22. Treatment
during this window will include the 5—6 critical days for ovulation inhib-
ition for women with a cycle length within the normal range of 21 -35
days (Office on Women’s Health, 2009).

Human studies

In an early study, Killick and Elstein assessed the importance of cyclo-
oxygenase activity for successful ovulation in women (Killick and
Elstein, 1987). The non-selective cyclooxygenase inhibitors indometh-
acin and azapropazone were given orally to female volunteers for a
total of 5 days during natural menstrual cycles, beginning when the follicu-
lar diameter reached |6 mm; hCG was given to initiate ovulatory events
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Table Il Ovulation inhibition with cyclooxygenase inhibitors: studies in women.

COX Target Major outcome measure (s) (successrate)  Additional Contraceptive model Lead author
inhibitor enzyme outcome (monthly, and year of
measures emergency) publication
Indomethacin =~ PTGSl and  Formation of LUF with indomethacin (88%) Serum N/A Killick, 1987
PTGS2 and placebo (11%) progesterone
Azapropazone PTGSl and  Formation of LUF with azapropazone (50%) Serum N/A Killick, 1987
PTGS2 and placebo (1 1%) progesterone
Indomethacin ~ PTGS| and  Delay of follicle collapse (83%) Serum FSH, LH, N/A Athanasiou, 1996
PTGS2 estrogen,
progesterone
Rofecoxib PTGS2 Delay of follicle collapse at least 48 h (67%) Serum FSH, LH, N/A Pall, 2001
estrogen,
progesterone
Ibuprofen PTGSI and  Interval between LH surge and follicle collapse Serum LH, N/A Uhler, 2001
PTGS2 was longer with ibuprofen (27%) compared with  progesterone
placebo
Meloxicam PTGS2 Follicle collapse was delayed an average of 5 days ~ Serum N/A Bata, 2006
progesterone
Meloxicam PTGS2 Dysfunctional ovulation at low (50%) and high N/A Emergency contraception  Jesam, 2010
(91%) doses of meloxicam
Celecoxib PTGS2 Dysfunction ovulation when celecoxib Serum LH, estrogen, Emergency contraception ~ Edelman, 2013
administration began before (25%) and after (20%)  progesterone
LH surge
Meloxicam PTGS2 Dysfunctional ovulation with Serum Emergency contraception ~ Massai, 2007
meloxicam+-levonorgesterol (88%) and progesterone
levonorgesterol only (66%)
Meloxicam PTGS2 Dysfunctional ovulation at low (55%) and high Serum LH, estrogen,  Monthly contraception Jesam, 2014

(78%) doses of meloxicam when administered on

cycle days 5-22

progesterone

LUF, luteinized unruptured follicle; N/A, not applicable.

when the leading follicle reach 18 mm in diameter (Table Il). A follicle
which displayed a rapid decrease in diameter within 48 h of hCG was
considered ovulatory. A follicle with an echo-free appearance, which
continued to increase in diameter at subsequent measurements, was
considered to be a LUF. Indomethacin and, to a lesser extent, azapropa-
zone increased the percentage of LUF cycles experienced by women.
A paired analysis of serum progesterone levels did reveal that individual
women experienced slightly lower progesterone in the days immediately
following hCG administration during LUF cycles when compared with
cycles where timely follicle collapse was consistent with ovulation.
However, overall serum progesterone was not different between
placebo and treatment cycles at any time after hCG administration
(Killick and Elstein, 1987). This study provided early evidence that inhib-
ition of cyclooxygenase activity may reduce rates of ovulation in women.

The discovery of PTGS2 and identification of this enzyme as the key
cyclooxygenase in the ovulatory follicle spurred testing of cyclooxygen-
ase inhibitors with high selectivity for PTGS2 over PTGSI. The PTGS2
selective inhibitors rofecoxib (Pall et al., 2001), meloxicam (Bata et dl.,
2006; Jesam et al., 2010) and celecoxib (Edelman et al., 2013) have
been tested for their ability to delay follicle collapse in women experien-
cing natural menstrual cycles. Rofecoxib administration began when the
dominant follicle reached 14— 16 mm diameter and continued for a total
of 9 days (Pall et al., 2001). The mean day of follicle collapse was Day |

after peak LH in placebo cycles. Of women receiving rofecoxib, 67%
experienced delayed follicle collapse on average at Day 4 after peak
LH, with 33% of women experiencing follicle collapse within 48 h after
peak LH, similar to women receiving placebo (Fig. 5). In a similar study,
meloxicam treatment began about 2 days before peak LH and continued
for a total of 5 days of treatment (Bata et al., 2006). Follicular diameter
remained elevated for at least 5 days in women receiving meloxicam,
but follicle collapse occurred within 2 days of the estimated day of
peak LH in women receiving placebo. A subsequent study by this
group confirmed that the maximal therapeutic dose of meloxicam
(30 mg/day for 5 days) was more likely to resultin delayed or absent fol-
licle collapse than a lower dose (15 mg/day for 5 days) (Jesam et dl.,
2010). Celecoxib treatment resulted in high rates of apparently normal
ovulatory events, regardless of whether celecoxib administration was
initiated before (70%) or after (75%) the LH surge (Edelman et dl.,
2013). Serum levels of FSH, LH, estrogen, and progesterone were not
different between placebo and PTGS2 inhibitor-treatment cycles (Pall
etal., 2001; Bata et al., 2006; Jesam et al., 2010; Edelman et al., 2013).
These studies indicate that inhibition of ovulation was most successful
when PTGS2 inhibitor administration was initiated before the LH surge
and when using a maximal therapeutic dose of PTGS2 inhibitor.
PTGS2 inhibitors consistently did not alter serum steroids or gonadotro-
phins. While a few studies of PTGS2 inhibitors achieved reduction in
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Figure 5 Ultrasound evaluation of ovulatory failure in women. An ovarian follicle in a woman receiving placebo was at |9 mm diameter on the day of the
LH peak (A) and showed decreased follicular diameter (follicle collapse; consistent with follicle rupture) on the day after peak LH (B). An ovarian follicleina
woman receiving the PTGS2 inhibitor rofecoxib was at 22 mm diameter on the day of peak LH (€) and was at 50 mm diameteron Day | 0 after peak LH (D).
With PTGS2 inhibitor treatment, the follicle continued to increase in diameter after the LH surge (no follicle collapse; failure of follicle rupture). In these
ultrasound images, ovarian follicles are black circles, with dotted lines to indicate measurement of follicular diameters. All panels are at approximately the

same magnification. Republished with permissions from Pall et al. (2001).

ovulation rates comparable to available steroidal methods of emergency
contraception (Glasier, 2013), PTGS2 inhibitors alone did not consist-
ently block ovulation with contraceptive efficacy.

In contrast to the PTGS2 inhibitors discussed above, steroidal contra-
ceptives utilize different cellular mechanisms to block ovulatory events
(ESHRE Capri Workshop Group, 2015). Massai and colleagues investi-
gated whethera PTGS2 inhibitor could enhance the ability of the proges-
tin levonorgestrel to reduce rates of ovulation in a model of emergency
contraception (Massai et al., 2007). As an emergency contraceptive,
levonorgestrel most effectively prevents pregnancy when administered
before the onset of the LH surge (Gemzell-Danielsson et al., 2013).
PTGS?2 inhibitors block prostaglandin production, which occurs after
the LH surge. Therefore, it is reasonable to suggest that the combination
of levonorgestrel and a PTGS?2 inhibitor may block ovulation more reli-
ably than either drug alone. While 50% of women receiving levonorgestrel
experienced follicle collapse within 2 days of the LH surge, consistent with
normal ovulation, only 19% of women receivinglevonorgestrel plus melox-
icam experienced normal ovulatory events (Massai et al., 2007). Although
preliminary, these data provide support for the utility of PTGS2 inhibitors as
a component of a multi-drug emergency contraceptive.

Finally, Jesam and colleagues (Jesam et al., 201 4) administered melox-
icam on Days 5—22 of the menstrual cycle to simulate use as a monthly

contraceptive. Meloxicam at low and high therapeutic doses resulted in
either delayed ovulation or formation of a LUF at rates of 55 and 78%,
respectively. While serum levels of LH were within the normal range,
progesterone levels were lower in women experiencing delayed ovula-
tion or LUFs when compared with progesterone levels in women experi-
encing normal ovulation. This study did not include a placebo group to
obtain normal values for ovulatory success or serum hormone levels.
However, the longer time of PTGS2 inhibitor administration did not
appear to improve ovulation inhibition when compared with the
shorter treatment intervals described in previous reports. The authors
of this study concluded that ovulation in 22% of cycles is unlikely to
prevent pregnancies with an acceptable efficacy for contraceptive use.

Monkey studies

While ultrasound examinations of women can provide indirect evidence
of ovulation, studies conducted in macaques are able to directly confirm
ovulatory success and failure. The ability to remove the ovary bearing the
dominant follicle at controlled times after the ovulatory gonadotrophin
surge, serially section the entire ovary, and examine each tissue
section for an oocyte and evidence of follicle rupture to the exterior of
the ovary provides a direct measure of ovulatory success or failure.
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Macaque studies can also provide information regarding the mechanism
by which a cyclooxygenase inhibitor delays or prevents ovulation. Finally,
macaques in breeding situations provide an outstanding preclinical model
for pregnancy studies.

Studies conducted in the 1970s by Wallach and colleagues demon-
strated that systemic administration of the general cyclooxygenase inhibi-
tor indomethacin could decrease ovulation in macaques ((Wallach et al.,
[975a) and Table Ill). More recent studies examining the ability of
cyclooxygenase inhibitors to block ovulatory events in primates used
direct ovarian administration to examine only local actions of prostaglan-
dins on ovulatory events. Intrafollicular injection of vehicle or indometh-
acin was performed the day before or the day of the LH surge; ovaries
removed 3 days later were evaluated for histological evidence of follicle
rupture and presence/absence of an oocyte within the ovulatory follicle
(Duffy and Stouffer, 2002). In this study, all vehicle-injected follicles were
devoid of oocytes and showed evidence of successful follicle rupture
(Duffy and Stouffer, 2002). In contrast, 50% of indomethacin-injected
follicles contained oocytes, even though many of these ovaries showed
evidence of small breeches in the ovarian surface consistent with follicle
rupture (Duffy and Stouffer, 2002). In a subsequent study, intrafollicular
administration of vehicle or indomethacin was coupled with controlled
administration of gonadotrophins to permit removal of ovaries precisely
48 h after the ovulatory gonadotrophin stimulus, or 8 h after the ex-
pected time of ovulation (Kim et al., 2014). In this study, all vehicle-
injected follicles lacked oocytes and showed clear evidence of follicle
rupture. In contrast, all indomethacin-injected follicles contained
oocytes surrounded by unexpanded cumulus (Kim et al., 2014). In
both studies, injection of indomethacin plus PGE2 restored follicle
rupture, oocyte release, and presumably cumulus expansion, confirming

a key role for locally-synthesized, cyclooxygenase-derived PGE2 in these
ovulatory events (Duffy and Stouffer, 2002; Kim et al., 2014).

The potential utility of the PTGS2 inhibitor meloxicam as an emer-
gency contraceptive was also investigated in the monkey model. Oral
meloxicam administration for 5 days around the time of ovulation
resulted in 73% of oocytes remaining trapped within a luteinizing follicle
2 days after the predicted day of ovulation (Hester et al., 2010), evidence
of ovulatory failure. Evaluation of histological sections indicated that re-
tention of the oocyte was due to a failure of cumulus expansion, follicle
rupture, or both. Importantly, there was no difference between placebo
and meloxicam treatment cycles in terms of serum levels of LH, estradiol
or progesterone (Hester et al., 2010).

The paradigm of 5 day oral meloxicam administration was used to
evaluate contraceptive efficacy in monkeys after a single instance of
breeding to simulate emergency contraceptive use (McCann et dl.,
2013). Pregnancies were observedin 6.5% of meloxicam treatment men-
strual cycles, compared with pregnancies in 33.3% of placebo menstrual
cycles, resulting in a contraceptive efficacy of 80% in this preclinical
model.

Timing of meloxicam administration relative to the LH surge impacted
owvulatory events. For example, oocyte release failed in 86% of monkey
ovaries when oral meloxicam administration was initiated before the
LH surge; oocyte release failed in just 50% of ovaries when meloxicam
administration began on or after the anticipated day of the LH surge
(Hester et al., 2010). These findings suggest that PTGS2 inhibitors can
sufficiently delay or prevent ovulation only when administered within a
relatively narrow and specific window of time.

Finally, oral meloxicam was investigated as a potential monthly contra-
ceptive in breeding monkeys (McCann et al., 2013). Three periods of

Table IIl Ovulation inhibition and pregnancy prevention with cyclooxygenase inhibitors: studies in monkeys.

Additional outcome

Contraceptive model Lead author and

COX Target Major outcome measure (s)
inhibitor enzyme (success rate)
Indomethacin ~ PTGSI and Prevention of ovulation sites with
PTGS2 indomethacin
Indomethacin ~ PTGSI and Prevention of follicle rupture (50%) and
PTGS2 oocyte release (50%) with indomethacin
Meloxicam PTGS2 Prevention of oocyte release (73%) and
cumulus expansion (36%) with
meloxicam
Indomethacin ~ PTGSI and Prevention of follicle rupture (100%),
PTGS2 cumulus expansion (100%), and oocyte
release (100%) with indomethacin
Meloxicam PTGS2 Meloxicam prevented 80% of anticipated
pregnancies
Meloxicam PTGS2 No prevention of pregnancy with
meloxicam every day administration
Meloxicam PTGS2 No prevention of pregnancy with
meloxicam administration on cycle days
5-22
Meloxicam PTGS2 No prevention of pregnancy with

meloxicam administration for 5 days
periovulatory

measures (monthly, emergency)  year of
publication

Serum estrogen N/A Wallach, 1975

Serum LH, estrogen, N/A Duffy, 2001

progesterone

Serum LH, estrogen, Emergency contraception Hester, 2010

progesterone

Ovarian steroidogenic N/A Kim, 2014

enzymes; serum estrogen,

progesterone

N/A Emergency contraception McMann, 2013

N/A Monthly contraception McMann, 2013

N/A Monthly contraception McMann, 2013

N/A Monthly contraception McMann, 2013

N/A, not applicable.
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meloxicam administration were utilized: 5 days around the time of ovu-
lation, cycle days 5—-22, and every day administration. The rationale for
these periods of treatment was the same as described above for studies
in women. None were effective at preventing pregnancy as pregnancy
rates in all groups (75—100%) were comparable to, or exceeded,
expected pregnancy rates for macaques with unrestricted breeding op-
portunities (Tardif et al., 2012).

Overall, PTGS2 inhibitors delayed or prevented follicle collapse in
women and delayed or prevented oocyte release in monkeys in about
75% of menstrual cycles when administered at the most effective
doses. Furthermore, the PTGS2 inhibitor meloxicam prevented 80%
of anticipated pregnancies in breeding monkeys when administered to
simulate use of emergency contraception. Drugs of this class do not sig-
nificantly alter serum levels of ovarian steroid hormones, suggesting that
a PTGS2 inhibitor may have minimal hormonal side effects. For these
reasons, PTGS2 inhibitors may hold promise as potential emergency
contraceptives. However, high pregnancy rates in a preclinical study in
monkeys suggest that PTGS2 inhibitors alone are not suitable for
monthly or routine contraceptive use.

Conclusions, perspectives and
potential novel contraceptive
targets

Current research has focused on cyclooxygenase as a target for potential
contraceptives. Drugs which inhibit PTGS2 activity are generally safe and
effective. Inhibitors with either high or modest selectivity for PTGS2 are
widely available, and some are sold over the counter (Fitzgerald and
Patrono, 2001). Safety concerns have been raised regarding the use of
PTGS2 inhibitors as contraceptives. Drugs of this class can cause
adverse events, most notably deep vein thrombosis and myocardial in-
farction (reviewed in Fitzgerald and Patrono (2001)). All NSAIDs,
whether sold over the counter or by prescription, have a similar, slightly
elevated risk of these adverse cardiovascular events (Helin-Salmivaara
et al., 2006). Safety data for use of NSAIDs are generally obtained
from populations of individuals who routinely use drugs of this class.
These individuals, and especially users of PTGS2 selective inhibitors,
are typically older and, therefore, outside the age range of contraceptive
users (Layton etal., 2003a, b). The limited data available for use in young
women (15—40 years) suggest that the incidence of these adverse events
is extremely low in individuals in the demographic which includes contra-
ceptive users (Layton et al, 2003a, b). It is important to note that
commonly-used oral and transdermal hormonal contraceptives also
have similar low but significant rates of these adverse cardiovascular
events (Petitti et al., 1997; Tanis et al.,, 2001; Vandenbroucke et al.,
2001; Baillargeon et al., 2005). Pregnancy itself poses risks of adverse
cardiovascular events and other health issues (Centers for Disease
Control, 2014), so the risk associated with contraceptive use should
be balanced by the risk posed by an unintended pregnancy. Additional
safety data obtained from women 15—40 years of age would be
needed to fully assess the safety of PTGS2 inhibitors compared with
the adverse events associated with current hormonal contraceptives
as well as the health risks of pregnancy.

Multiple enzymatic targets may exist for development of novel contra-
ceptives to block the ovulatory rise in follicular PGE2. To date, work has
focused on inhibition of PTGS2, since it is generally assumed that PTGS2

catalyzes the rate-limiting step in follicular PGE2 production. However,
late increases in PLA2G4A activity and PTGES protein in monkey follicles
(Fig. 31 and G) suggest that factors in addition to PTGS2 activity may de-
termine the timing of the PGE2 rise within follicular fluid. Finally, mainten-
ance of elevated HPGD activity or alteration of PGE2 transport may
dysregulate PGE2 accumulation within the follicle and present additional
options to disrupt ovulatory processes.

As discussed above, PLA2G4A is necessary for ovulatory PGE2 pro-
duction. PLA2GA4A activity in monkey granulosa cells is detected only
just before ovulation, correlating with peak PGE?2 levels and leading to
the suggestion that PLA2G4A activity may be rate-limiting in follicular
PGE2 synthesis (Duffy et al., 2005a). In some tissues, inhibitors of
PLA2G4A reduce PGE2 synthesis as effectively as PTGS2 inhibitors
(Ono et al.,, 2002). Blockade of PLA2G4A activity may effectively
reduce PGE2 production in the ovulatory follicle as well and has potential
as a component of a contraceptive. While older PLA2G4A inhibitors
were appropriate only for in vitro mechanistic experiments and animal
studies, there has been a recent resurgence of interest in the identifica-
tion of PLA2G4A inhibitors for treatment of human disease (Dennis
et al., 201 I; Murakami et al., 2011). An antisense strategy has also
been used to reduce PLA2G4A expression in mice (Raichel et dl.,
2008). PLA2GA4A has been implicated in numerous inflammatory condi-
tions as well as conditions with characteristics of inflammatory reactions,
including diabetes and atherosclerosis (Raichel et al., 2008; Wang et dl.,
2010; Kanter and Bornfeldt, 2013). Ovulation has also been character-
ized as an inflammatory process (Espey, 1994). The observation that
PLA2GA4A activity may be needed to optimally stimulate PTGS2 expres-
sion in the ovulatory follicle (Kurusu et al., 2012) suggests that coupling a
PLA2GA4A inhibitor with an inhibitor of PTGS2 may provide a highly ef-
fective method of lowering PGE2 production by the follicle and reducing
ovulatory success as a potential method of contraception.

PGE2 is well established as the key prostaglandin which stimulates ovu-
latory events. For this reason, PTGES is another promising target for
contraceptive development. Several naturally-derived products are se-
lective forinhibition of PTGES without affecting PTGS | or PTGS2, includ-
ing compounds derived from green tea, turmeric and St. John’s wort
(Chang and Meuilette, 201 1). Synthetic PTGES inhibitors have also
been developed, with IC50 values in the micromolar to nanomolar
range (Korotkova and Jakobsson, 2014). However, few have been
tested in vivo (reviewed in Norberg et al. (2013)), and there are no
reports of PTGES inhibitors in human clinical trials. Some inhibitors of
PTGES also inhibit cyclooxygenase or lipoxygenase activity, and this
lack of specificity decreased interest in further development of these
compounds (Chang and Meuilette, 201 I'). Given the role of PTGS2 (dis-
cussed above) and perhaps lipoxygenases (Mikuni et al., 1988; Kurusu
et al., 2009) in ovulation, the ability of these compounds to inhibit mul-
tiple enzymes implicated in ovulatory events suggests that they may
have unique potential for the development of new contraceptives
which limit the synthesis of multiple classes of eicosanoids.

Modulation of HPGD activity may be an additional target for contra-
ceptive development. Inhibition of HPGD activity would likely lead to
an increase in follicular PGE2 levels early in the ovulatory interval (see
Fig. 3) and K) and dysregulate ovulatory events. While untested, an
early rise in follicular PGE2 could lead to premature oocyte activation, in-
complete cumulus expansion, and release of a cumulus-oocyte-complex
unsuitable for fertilization. For example, PGE2 is necessary for cumulus
expansion in primate follicles (Kim et al., 2014; Peluffo et al., 2014),
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and altered intrafollicular PGE2 concentrations correlate with delayed
nuclear maturation and reduced fertilization rates (Duffy et al., 2010;
Duffy and VandeVoort, 2011). Similarly, imbalances of proteolytic
enzymes and their endogenous regulators could disrupt the proper se-
lection of a rupture site or the timing of follicle rupture relative to
other ovulatory events. Perhaps more promising is the observation
that the growth of some cancers is stimulated by PGE2, and elevated ex-
pression of PTGS2 with reciprocal lowering of HPGD expression has
been described in cancer cells and tissues (Backlund et al., 2005; Tai
et al., 2007; Liu et al., 2008). Similar reciprocal expression of PTGS2
and HPGD has been reported in the ovulatory follicle (discussed
above). Certain NSAIDs inhibit PTGS2 activity while also increasing
the activity of HPGD (Tai, 201 1). In these cases, drug administration
would decrease PGE2 synthesis while increasing PGE2 metabolism, util-
izing two complementary mechanisms to lower local PGE2 levels. Finally,
some NSAIDs reduce the activity of ABCC4 efflux transporter (Reid
et al., 2003), decreasing prostaglandin levels in the extracellular fluid.
Regulation of multiple steps in the prostaglandin synthesis/metabol-
ism/transport pathway has been suggested as a possible chemothera-
peutic option (Na et al., 201 |; Tai, 201 I). Whether accomplished with
a single drug or multi-drug combination of a PTGS2 inhibitor, HPGD ac-
tivity enhancer, and/or transport blocker, this approach may limit PGE2
accumulationin the follicle and, therefore, prevent ovulation more effect-
ively than a PTGS2 inhibitor alone.

Work is underway to identify potential pharmaceuticals which select-
ively inhibit AKR enzymatic activity. AKRIC family members are
structurally-similar, so development of inhibitors which are highly select-
ive for a single AKRIC family member has been challenging. Recent
reviews describe the process of identifying suitable compounds
(Bauman et al., 2005; Brozic et al, 2011). In the ovarian follicle,
AKRIC2 or AKRIC3 inhibition would likely raise intrafollicular PGE2
levels by decreasing conversion of PGE2 or PGH2, respectively, to
PGF2a. The overall effect of AKR I C2 or AKR | C3 inhibition on ovulation
would likely be to prematurely activate PGE2-dependent changes in the
follicle, similar to those described above for HPGD inhibition. While
AKRIC inhibitors are in the early stages of development, the AKR
family of enzymes remains a possible target for modulating ovulatory
PGE2 levels within the ovarian follicle.

It is important to note that inhibition of any enzyme activity may in-
crease precursor levels and alter the eicosanoid output of follicular
cells. For example, inhibition of PTGS2 activity may increase production
of other arachidonic acid metabolites, such as the leukotrienes and
hydroxy-eicosatetraenoic acids. Shunting of precursors to alternative
pathways may lead to production of unanticipated eicosanoid products
and directly alter ovulatory events.

Alteration in cellular PGE2 transport could lead to mistimed or absent
ovulatory events. SLCO2A| expression has been confirmed for bovine
and human granulosa cells (Bridges and Fortune, 2007; Wissing et al.,
2014), butarole for this prostaglandin transporter in regulation of follicu-
lar PGE2 levels has not been demonstrated. A key role for SLCO2A| has
been demonstrated in prostaglandin-dependent cancer progression,
where loss-of-function mutations or decreased expression of the pros-
taglandin transporter SLCO2A| increased cancer risk (Holla et al.,
2008; Guda et al., 2014; Pereira et al., 2014). Small molecule inhibitors
of prostaglandin transporters are in development (Norberg et dl.,
2013). Inhibition of granulosa cell SLCO2A| function would potentially
increase extracellular PGE2 and dysregulate ovulatory events. Classes

of drugs which enhance expression of both SLCO2A| and HPGD are
being considered for treatment of prostaglandin-stimulated cancers
(Greenhough et al., 2009). Increased expression of SLCO2AI and
HPGD would promote cellular PGE2 uptake and conversion to inactive
PGE2 metabolites, decreasing PGE2 levels in the extracellular compart-
ment. Therapeutics using this approach may also have potential as
contraceptives.

Prostaglandin E2 receptors are also potential contraceptive targets.
PGE2 acts via four distinct G-protein coupled receptors (PTGERI,
PTGER?2, PTGER3, PTGER4). These receptors are the products of dif-
ferent genes, have different affinities for PGE2, and utilize different
signal transduction pathways (Narumiya et al., 1999). Ovulation failure
in mice lacking PTGER2 expression focused attention on this receptor
as the key mediator of PGE2 action within the ovulatory follicle (Hizaki
etal., 1999; Tilley et al., 1999). Recent studies have demonstrated that
all four PGE2 receptors are expressed within the primate ovulatory fol-
licle, and each PTGER is unique in terms of its regulation by the ovulatory
gonadotrophin surge and spacial distribution within the ovulatory follicle
(Markosyan etal., 2006; Harris etal., 201 |). Importantly, inhibition of fol-
licular PGE2 synthesis and coadministration of an agonist selective for a
single PTGER indicates that PTGERI, PTGER2, and PTGER4 can each
mediate aspects of the ovulatory cascade, such as cumulus expansion,
follicle rupture, and follicular angiogenesis (Kim et al., 2014; Trau et al.,
2015). Itis not known if PGE2 receptors are located in the plasma mem-
brane or intracellular membranes of target cells within the follicle. The
cellular location of PTGERs will determine if intracellular PGE2 or extra-
cellular PGE2 is required to activate signal transduction and whether
modulation of intracellular or extracellular PGE2 is important for the
action of a potential contraceptive. A PTGER2 antagonist was recently
shown to prevent a significant percentage of anticipated pregnancies in
breeding monkeys (Peluffo et al., 2014), providing initial proof of
concept that modulation of PTGER responses holds promise as a com-
ponent of an effective contraceptive.

While this review focuses on manipulation of ovarian PGE2 to prevent
pregnancy, manipulation of uterine PGE2 also has potential to improve
women’s health. Altered levels of PTGSI, PTGS2 and PGE2 have been
implicated in endometriosis, dysmenorrhea, menorrhagia and dysfunc-
tional uterine bleeding (Jabbour et al., 2006; Smith et al., 2007; Wu
et al., 2010). NSAIDs have been used to treat these disorders, with
mixed success (Crosignani et al., 2006; Marjoribanks et al., 2010;
Lethaby et al., 2013). Targeted therapies to reduce or dysregulate
PGE2 synthesis, metabolism, transport, or receptors may have benefits
for women’s health in addition to novel methods of contraception.

Overall, the studies discussed in this review suggest that PTGS2 inhi-
bitors can delay, prevent, or cause dysfunctional ovulation, which may
contribute to an effective contraceptive strategy. Use of a PTGS2 inhibi-
tor alone holds the greatest potential for the development of an emer-
gency contraceptive. A critical feature is the timing of PTGS2 inhibitor
administration relative to the day of the LH surge since PTGS2 inhibitors
impact ovulatory events most effectively when administered before the
LH surge. PTGS2 inhibitors may impact cumulus expansion, oocyte mat-
uration, follicle rupture, and ultimately oocyte release. While in vitro
studies suggest that oocyte maturation and fertilization are compromised
by prostaglandin depletion, monkey oocytes released in vivo are capable
of fertilization and implantation despite continued PTGS2 inhibitor ad-
ministration, as evidenced by the high rates of pregnancies noted in
studies of breeding monkeys receiving meloxicam into the luteal phase
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(McCann et al., 2013). However, it is not known if pregnancies which
occur during PTGS2 inhibitor administration would result in healthy
fetuses if carried to term and delivered normally. A key feature of the
utility of PTGS2 inhibitors as potential contraceptives appears to be
the ability to delay ovulation beyond the 5—6 day period of sperm viability
resulting from a single act of intercourse. Reintroduction of viable sperm
with repeated intercourse likely results in fertilization and pregnancy in
cases where ovulation does ultimately occur. PTGS2 inhibitors alone
are unlikely to be suited for use as a monthly non-hormonal contracep-
tive. Drugs which inhibit other enzymes involved in prostaglandin synthe-
sis, pharmaceuticals which alter PGE2 transport or metabolism, or PGE2
receptor antagonists may hold promise for the inhibition of ovulation.
Finally, modulators of PGE2 synthesis, metabolism, transport, or re-
sponse could be paired with steroidal approaches to improve overall
contraceptive efficacy. Many steps within the pathway including PGE2
synthesis, transport, metabolism, and receptors are amenable to
pharmacological manipulation. A strategy targeting multiple components
of this pathway may be necessary to inhibit ovulatory events with suffi-
cient efficacy to create a novel, pre-fertilization contraceptive option
for women.
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