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Abstract

Objective—To determine if oral administration of a cyclooxygenase-2 (COX2) inhibitor affects
oocyte nuclear maturation and fertilization in non-human primates.

Design—Laboratory research study.
Setting—Medical school.
Animals—Adult female cynomolgus monkeys (Macaca fascicularis).

Interventions—Monkeys received gonadotropins to stimulate multiple follicular development.
An ovulatory dose of human chorionic gonadotropin (hCG) was administered either alone or
concomitant with oral celecoxib, a COX2 inhibitor; oocytes were retrieved 36 hours later and
exposed to sperm in vitro.

Main Outcome Measures—Oocytes were assessed for nuclear status at retrieval, resumption
of meiosis in vitro, and success of in vitro fertilization.

Results—Treatment with hCG alone yielded oocytes which were primarily at the meiosis 11
(M11) stage of nuclear maturation (72.9%); few oocytes were obtained at the germinal vesicle
(GV) and germinal vesicle break down (GVBD) stages. Treatment with hCG and celecoxib
yielded fewer mature (M) oocytes (35.6%) and more oocytes at less mature stages when
compared to oocytes from monkeys treated with hCG alone. The majority (68.3+15.9%) of Ml
oocytes from monkeys treated with hCG alone fertilized in vitro, compared with only 11.0+5.9%
of MII oocytes from monkeys treated with hCG and celecoxib.

Conclusions—Oral administration of a COX2 inhibitor reduced the rate of oocyte nuclear
maturation and the success of in vitro fertilization. Drugs of this class may block multiple essential
steps in female reproduction and be effective contraceptives for women.
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INTRODUCTION

Cyclooxygenase-2 (COX2) expressed by the ovarian follicle is necessary for successful
ovulation. Studies in several mammalian species confirm that the ovulatory surge of
luteinizing hormone (LH) induces COX2 expression by granulosa cells of the periovulatory
follicle (1-3). Essential ovarian processes, including cumulus expansion and follicle rupture,
require prostaglandin E2 (PGE2) produced via COX2 activity (4;5). However, other
eicosanoids produced via COX2 may also be required for normal fertility. Mice lacking
COX2 expression are sub-fertile, with defects in oocyte release, oocyte nuclear maturation,
and fertilization (6;7), suggesting a link between COX2 activity and these essential
reproductive processes.

Inhibitors of COX2 can prevent ovulation. Administration of either general COX inhibitors
or inhibitors selective for COX2 reduce ovulation rates in rodents, domestic animals, and
monkeys (4;8-10). Perhaps more interesting is the observation that COX inhibitors can
cause reversible infertility in women (11). In prospective experiments, oral administration of
COX2 inhibitors to women around the time of the midcycle LH surge prevented or delayed
follicular collapse as assessed by ultrasound, indicating failure of follicle rupture (12;13).
Oral administration of the COX2 inhibitor meloxicam caused failure of oocyte release in
monkeys, with trapped oocytes found within the majority of follicles several days after the
ovulatory LH surge (14).

The studies presented here use the monkey as a model for human reproductive processes to
determine if COX2 inhibitors reduce rates of oocyte nuclear maturation and fertilization in
addition to preventing oocyte release. If so, then COX2 inhibitors may be effective
contraceptives for women.

MATERIALS AND METHODS

Animals

Oocytes were obtained from adult female cynomolgus macaques (Macaca fascicularis) at
Eastern Virginia Medical School (EVMS). All animal protocols were approved by the
EVMS Animal Care and Use Committee and were conducted in accordance with the NIH
Guide for the Care and Use of Laboratory Animals. Adult females 4-8 years of age with
regular menstrual cycles were checked daily for menstruation; the first day of menstruation
was designated day 1 of the menstrual cycle (15). Blood samples were obtained under
ketamine chemical restraint (10 mg/kg body weight) by femoral or saphenous venipuncture,
and serum was stored at —20C.

Controlled Ovulation Stimulation

A controlled ovarian stimulation model developed for the collection of multiple oocytes was
used as previously described (15). Recombinant human FSH (r-hFSH, 90 IU/day, Schering-
Plough Corp., now Merck & Co., Inc., Whitehouse Station, NJ) was administered for 6-8
days, followed by administration of r-hFSH plus r-hLH (Serono, 60 1U/day) for 2-3 days to
stimulate the growth of multiple preovulatory follicles. A GnRH antagonist (Ganirelix (30
pa/kg body weight; Schering-Plough) or Antide (0.5 mg/kg body weight; Serono)) was also
administered daily to prevent an endogenous ovulatory LH surge. Adequate follicular
development was monitored by serum estradiol levels and ultrasonography (16). In some
animals, follicular aspiration was performed 36 hours after administration of 1000 1U r-hCG
(Serono). Additional animals were treated with hCG and the COX2 inhibitor celecoxib
(Celebrex; Pfizer, New York, NY; 32 mg orally every 12 hours) for 36 hours prior to follicle
aspiration (17). At aseptic surgery, each follicle was pierced with a 22-gauge needle, and the
aspirated contents of all follicles larger than 4 mm in diameter were pooled. In some
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experiments, only one ovary was aspirated. For data in Figure 1, both ovaries were aspirated
in 83% of monkeys treated with hCG only and 33% of hCG+celecoxib treated monkeys. For
data in Figure 2, both ovaries were aspirated in 33% of monkeys treated with hCG only and
50% of hCG+celecoxib treated monkeys. Recovery ranged from 3-37 oocytes/monkey.

In Vitro Maturation

Aspirates were subjected to centrifugation, and the pelleted cells were resuspended in TALP
media containing HEPES (16). Cells were maintained at 37C while oocytes were
mechanically removed. Granulosa cells were removed with Stripper tips (MidAtlantic
Diagnostics, Mount Laurel, NJ). Oocytes were placed in 100 ul drops of TALP medium
under oil and assessed for nuclear maturation and oocyte quality within 3 hours of follicle
aspiration. Nuclear maturation was assessed as germinal vesicle intact (GV), germinal
vesicle break down (GVBD), or having produced a single polar body and progressed to
metaphase of the second meiotic cell division (MII) as previously described (18). Oocytes
were placed in a humidified incubator (37C, 5% 02, 95% CO2). In vitro fertilization was
performed within 2 hours of initial assessment of nuclear status; nuclear status was assessed
again at the time of sperm addition.

Sperm Collection

Adult male cynomolgus monkeys were housed at the California National Primate Research
Center (CNPRC) as described previously (19). All animal procedures were approved by the
Institutional Animal Use and Care Administrative Advisory Committee at the University of
California at Davis. Experiments were conducted in accordance with the NIH Guide for
Care and Use of Laboratory Animals. Two adult males were trained to chair restraint, and
semen was collected by direct penile stimulation with a Grass 6 stimulator (Grass Medical
Instruments, Quincy, Massachusetts) equipped with electrocardiogram pad electrodes (30—
50 V, 20 ms duration, 18 pulses s—1) (20). Samples were allowed to liquefy for 30 minutes
before processing.

The sperm cryopreservation method used was identical to that previously published for
rhesus monkey sperm (21). In brief, a Styrofoam box was filled with a depth of 4 cm liquid
nitrogen, and a 0.4-1 cm thick Styrofoam "boat" was floated on top for 10 minutes. Straws
were then placed on the "boat" for 10 minutes before being plunged into liquid nitrogen. The
extender used was TEST-20% yolk—3% glycerol. The average cooling rate from —10°C to
—70°C was about 220°C min—1.

In Vitro Fertilization

Semen from cynomolgus macaques was thawed, washed, and activated as previously
described (22;23). Motility was 32+5%; acquisition of hypermotility was near 100% of
motile sperm. Hypermaotile sperm (10,000 per oocyte) were added to each drop of media.
About 18 hours later, oocytes were moved to fresh drops of TALP media and were observed
for nuclear status and fertilization twice each day for the next 2 days. Fertilization was
assessed by observation of a second polar body; presence of male and female pronuclei were
not recorded.

Data Analysis

The number of oocytes at a specific stage of huclear maturation or fertilization was
expressed as a percentage of the total cohort obtained from each individual animal.
Comparisons between treatment groups were performed using an unpaired 2-tailed student’s
t-test; comparisons within each treatment group were performed using analysis of variance
(ANOVA) with one repeated measure, followed by post hoc analysis with Newman-Keuls’

Fertil Steril. Author manuscript; available in PMC 2012 March 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

RESULTS

Duffy and VandeVoort Page 4

test when appropriate. These statistical analyses were performed using StatPak version 4.12
software (Northwest Analytical, Portland, OR). The numbers of healthy and poor quality
oocytes were compared using a chi-squared test (24). Post-hoc power analyses determined
that data in Figure 1 (GV, GVBD, and Ml stage oocytes) and Figure 2 (fertilization) were
powered at levels of 90%, 10%, 85%, and 99%, respectively, assuming a 2-tailed unpaired
test with 0=0.05 (StatMate, Graphpad, La Jolla, CA). Data are presented as mean + standard
error of the mean (SEM). For all experiments, significance was assumed at p<0.05.

Oocytes of large preovulatory follicles are typically at a germinal vesicle (GV) intact stage
of nuclear maturation; oocytes resume meiosis in response to an ovulatory dose of
gonadotropin, experience GV breakdown (GVBD), arrest at the MII stage of maturation, and
await fertilization. Oral administration of the COX2 inhibitor celecoxib reduced the
percentage of oocytes that resumed meiosis in vivo (Figure 1). In the absence of celecoxib
treatment, the majority of oocytes obtained 36 hours after hCG administration were at the
MII stage of nuclear maturation (72.9%), while lower percentages of oocytes were at the
GVBD (20.6%) and GV (6.7%) intact stages. Administration of celecoxib with hCG for 36
hours before follicle aspiration yielded oocytes distributed among the Ml (35.6%), GVBD
(30.4%), and GV (33.8%) stages; there were no significant differences between the
percentage of oocytes obtained at each of these three stages of nuclear maturation.
Administration of hCG and celecoxib significantly increased the percentage of oocytes
recovered at the GV stage and reduced the percentage of oocytes obtained at the MII stage
when compared with oocytes obtained after treatment with hCG only.

Oral celecoxib administration did not alter the number of oocytes retrieved or oocyte
quality. Similar numbers of oocytes were obtained from animals treated with hCG (5.4
oocytes per ovary) and animals receiving hCG and celecoxib (6.1 oocytes per ovary).
Oocytes with dark or grainy cytoplasm, one large or multiple cytoplasmic vacuoles, or a
large perivitelline space were classified as poor quality. Percentages of poor quality oocytes
recovered from animals treated with hCG alone (7%) and hCG with celecoxib (20%) did not
differ significantly.

Oocytes were monitored for continued nuclear maturation in vitro. In these experiments,
63% of oocytes from monkeys treated with hCG alone and obtained at the GVBD stage
matured to the MII stage within 18 hours in vitro, similar to a previous report (25). In
contrast, none of the very few oocytes recovered at the GV intact stage progressed to more
mature stages in vitro. Among oocytes from monkeys treated with hCG and celecoxib, 47%
of those recovered at the GVBD stage matured to the MII stage during the subsequent 18
hours in vitro. Of oocytes from monkeys treated with hCG and celecoxib, 53% of those
recovered at the GV-intact stage matured to GVBD within 48 hours in vitro; however, none
of these oocytes reached the MII stage in vitro.

Oocytes obtained from monkeys treated with hCG alone or hCG and celecoxib were
exposed to monkey sperm in vitro and assessed for presence of a second polar body as an
indicator of fertilization. 56% of oocytes obtained from monkeys treated with hCG alone
fertilized in vitro. Oocytes recovered from these animals at GVBD and M| stages fertilized
with similar efficiency (50% vs. 58%), while oocytes recovered at the GV stage did not
mature to MII and so could not fertilize. Oocytes from monkeys treated with hCG and
celecoxib rarely fertilized successfully. Very low rates of fertilization were observed for
oocytes obtained at the GV (0%), GVBD (6%), and MII (15%) stages of nuclear maturation
at follicle aspiration. Of the oocytes which reached the Ml stage at the time of insemination,
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the fertilization rate was higher in oocytes from monkeys treated with hCG alone when
compared with oocytes from monkeys treated with hCG and celecoxib (Figure 2).

DISCUSSION

This report is the first to demonstrate that inhibition of COX2 may reduce fertility by
affecting oocyte maturation and fertilization. Exposure to the COX2 inhibitor celecoxib, the
resulting altered intrafollicular milieu (15;26), and the downstream effects of COX2
inhibition on the oocyte limited resumption of meiosis and decreased progression to the Ml
stage. More interestingly, reduced COX2 activity led to alterations of the oocyte prior to the
anticipated time of oocyte release which subsequently compromised fertilization. These
findings suggest that products of COX2 directly or indirectly influence the ability of oocytes
to complete nuclear maturation and prepare for fertilization. COX2 inhibitors block oocyte
release at ovulation in monkeys, presumably due to failure of both cumulus expansion and
rupture of the follicle wall (14). Therefore, COX2 inhibitors may prevent production of an
embryo by acting at multiple essential prefertilization steps in female reproduction.

While cyclooxygenases can catalyze the rate-limiting step in the production of many
eicosanoids, COX2 is thought to produce primarily thromboxanes and prostaglandins (PGSs).
Mice lacking expression of COX2 demonstrate severe fertility deficits (6;7), so studies
focused on identification of receptors for the specific COX2 products essential for
reproduction. Mice lacking expression of the PGE receptors EP1 (27), EP3 (28), and EP4
(29) as well as receptors for thromboxane A2 (30) and prostacyclin (31) have no
reproductive deficits. In contrast, mice lacking expression of EP2 have reduced fertility
(5;32). Oocytes of mice lacking expression of the PGF2a (FP) receptor ovulate and fertilize
normally, but overall fertility is compromised by defects during implantation (33). In vivo
treatment of monkeys with the COX2 inhibitor celecoxib reduced monkey follicular fluid
levels of PGE2 and PGF2a. (15;26); follicular production of other eicosanoids are likely
reduced as well (34). While PGE2 action is clearly responsible for follicle rupture and
cumulus expansion in rodents, domestic animals, and monkeys (4;8;10), the specific COX2
product responsible for alterations in oocyte maturation remains to be identified.

The present study is the first to demonstrate that in vivo administration of a COX2 inhibitor
reduces the percentage of oocytes which undergo nuclear maturation in response to an
ovulatory dose of gonadotropin. In a previous study, some oocytes which failed to be
released from periovulatory follicles after oral administration of the COX2 selective
inhibitor meloxicam appeared to be arrested at the GV stage (14). Administration of high
doses of the COX inhibitor indomethacin to mice at the time of hCG administration also
delayed oocyte nuclear maturation (35;36). Administration of lower doses of indomethacin
yielded primarily MII oocytes, even when follicle rupture failed (37), suggesting that follicle
rupture is more sensitive to inhibition of COX2 than is oocyte maturation. Although Mll
stage oocytes were rarely recovered from mice lacking COX2 expression after
administration of an ovulatory dose of gonadotropin in vivo, oocytes from COX2 null mice
were capable of resuming meiosis in vitro (6;38). PGE2 injections nearly restored
resumption of meiosis in COX2 knockout mice (7), suggesting that PGE2 is a key COX2
derived product involved in mediating the ovulatory gonadotropin signal to the mouse
oocyte. While the specific COX2 product needed for proper oocyte maturation and the cell
type(s) upon which this COX2 product acts remain to be identified, COX2 activity is likely
required for normal resumption and/or progression of meiosis when the oocyte is in the
context of a periovulatory follicle.

Exposure to the COX2 inhibitor celecoxib during the periovulatory interval reduced
fertilization rates of monkey oocytes that achieved the MII stage of nuclear maturation,
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suggesting that COX2 activity is required for proper maturation of the oocyte in advance of
fertilization. Studies in rodents provide a complex view of the impact of COX inhibition on
subsequent fertilization. Oocytes obtained from mice treated in vivo with the COX inhibitor
indomethacin fertilized at the same rate as oocytes from vehicle-treated animals, suggesting
little or no impact of COX2 products on oocyte preparation for fertilization (37). However,
oocytes from COX2 knockout mice have reduced rates of in vitro fertilization and in vitro
development to blastocyst. In addition, injection of COX2 knockout mice with PGE2
restored the percentage of oocytes which fertilized and went on to form blastocysts (7). EP2
knockout mice have pronounced defects in fertilization in vivo, but oocytes fertilize at a
normal rate in vitro, suggesting that the defect may be secondary to PGE2-dependent
cumulus cell function (5). It is likely that COX2 derived PGE2 is required for normal
fertilization in vivo, additional COX2 products may also be involved in preparation of the
oocyte for fertilization.

This report presents data from non-human primates suggesting that COX2 inhibitors
adversely affect oocyte maturation and preparation of the oocyte for fertilization. COX
products are required for oocyte release in non-human primates (4;14) and may also be
required for additional reproductive processes leading to implantation. Earlier studies
concluded that fertilization was less efficient in vivo and in vitro in the presence of general
COX inhibitors and specifically implicate prostaglandins of the E series (PGE1 and PGE2)
in the process of sperm-oocyte interaction (37;39;40). PGI2 produced within the oviduct
also appears to promote early embryo development and improve implantation rates in mice
(41). The role of COX2-derived eicosanoids in fertilization and early embryo development
in primates, including monkeys and women, is currently unknown. However, the ability of
COX2 inhibitors to reduce rates of oocyte release, oocyte nuclear maturation, and
fertilization while maintaining normal serum ovarian steroid hormone levels suggests that
drugs of this class may be effective contraceptives for women.
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Figure 1.

Celecoxib treatment reduces oocyte nuclear maturation. Oocytes were obtained from
monkeys experiencing controlled ovarian stimulation after treatment for 36 hours with either
hCG alone (dark bars; n=12 monkeys) or hCG and the COX2 inhibitor celecoxib (light bars;
n=6 monkeys). Oocytes were assessed for nuclear status (germinal vesicle intact (GV),
germinal vesicle break down (GVBD), or presence of a single polar body (MI1)) by light
microscopy. Data are expressed as the percent of total cohort of oocytes which are at the
indicated stage. Within each class of oocytes, differences between treatment groups are
indicated with an asterisk (*) as determined by unpaired t-test, p<0.05. For oocytes from
animals receiving hCG alone, b>a as determined by ANOVA and Newman-Keuls’ test,
p<0.05.
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Figure 2.

Celecoxib treatment reduces in vitro fertilization. Oocytes were obtained from monkeys
experiencing controlled ovarian stimulation after treatment for 36 hours with either hCG
only (36h; dark bar; n=3 monkeys) or hCG and the COX2 inhibitor celecoxib (36h+C; light
bar; n=4 monkeys). Oocytes at the Ml stage of nuclear maturation at the time of
insemination were assessed for fertilization as determined by presence of a second polar
body. Data are expressed as percent of total cohort of oocytes. Difference between treatment
groups is indicated with an asterisk (*) as determined by unpaired t-test, p<0.05.
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