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Biosynthesis and catabolism of prostaglandin F2(alpha) (PGF2�) are
controlled by progesterone in the rat uterus during pregnancy
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Abstract

Myometrial quiescence is a key factor in all species to accomplish a successful gestation. PGs play a crucial role in mediating parturition
events, and their synthesis and metabolism are regulated by cyclooxygenases (COXs) and NAD+-dependent 15-hydroxy-PG dehydrogenase
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PGDH), respectively.
Progesterone (P4) is the hormone responsible for maintaining uterine smooth muscle quiescence during pregnancy. In this work

tudied the effect of P4 on the activity of COXs and PGDH, the uterine enzymes involved in the biosynthesis and metabolism of pro
n the rat.

We found that during pregnancy PGF2� production and also protein levels of COX-1 and COX-2 were decreased.
The exogenous administration of P4 significantly inhibited the uterine production of PGF2� and also the protein level of COX-2.
PGF2�, metabolism was assessed by PGDH activity, which resulted high during pregnancy and increased as a result of P4 administration.
These results indicate that PGs levels were negatively modulated by P4, which could be exerting its effect by increasing PGs metabo

hrough stimulation on PGDH activity and an inhibition on COX and that is a major mechanism for maintain uterine quiescence in p
2004 Elsevier Ltd. All rights reserved.
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. Introduction

As pregnancy advances, prostaglandins (PGs) increase in
he uterus, leading to elevated uterine contractility. There-
ore, regulating the concentration of PGs in the uterus can be

key factor for controlling the duration of pregnancy. PGs
lay a crucial role in mediating parturition events, and their
ynthesis and metabolism are regulated by cyclooxygenases
COXs) and NAD+-dependent 15-hydroxy-PG dehydroge-
ase (PGDH), respectively.

The enzyme responsible for the rate-limiting step in PGs
ynthesis exists as two isoforms, COX-1 and COX-2. They
erform a two-step conversion of arachidonic acid to PGH2

∗ Corresponding author. Fax: +54 11 4856 2751.
E-mail address:afranchi@mail.retina.ar (A. Franchi).

via PGG2. COX-1 is constitutively expressed in most c
types and has been considered a housekeeping gene[1], al-
though more recent evidence shows regulated express
both the inflammatory and reproductive systems[2,3]. COX-
2 is an isoform expressed in macrophages and endot
cells after being induced by LPS[4].

For the establishment and maintenance of pregnancy
ine PGF2� production must be suppressed to maintain ut
quiescence, and in some species to prevent luteal re
sion[5]. Thus, regulation of the synthesis and metabolis
PGF2� within the intrauterine environment is critical in co
trolling the levels of bioactive PGs reaching the myometr
and cervix, the proposed sites of PG action.

In vivo, PGF2� is rapidly catabolized into its stable,
ologically inactive metabolite 13,14-dihydro-15-keto PG2�

(PGFM). Plasma PGFM is often measured instead of PG2�
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as the former is present at much higher levels allowing eas-
ier quantitation. The cytosolic enzyme responsible for initial
inactivation of several prostaglandins (PGE1, PGE2, PGA2
and PGF2�) is PGDH[6,7], which is present at high levels in
the lung, liver, and placenta. In the feto-placental unit, PGDH
has been implicated in the maintenance of pregnancy, as high
PGDH activity in the chorion protects the myometrium from
the high levels of PGF2� produced by the amnion[8–10]. A
number of correlations between PGDH enzyme activity and
progesterone levels in human placental and uterine tissues
have led to the suggestion that the enzyme is under steroidal
control [11–13]. For example, the lungs of pregnant rabbits
increase expression of PGDH in response to progesterone
[14] perhaps to provide protection of the corpora lutea of
pregnancy from circulating PGF2� [15]. Despite the physi-
ological importance of PGDH, little is understood about the
mechanisms involved in regulating its expression. It can be in-
ferred therefore that the COX isoenzymes and PGDH in con-
cert determine the level of biologically active prostaglandins.

In a broader context, we hypothesize that progesterone in
uterus would affect the activity of the uterine enzymes in-
volved in the biosynthesis and metabolism of the prostanoids
(COXs and PGDH), and these would change at the time of la-
bor. To examine this possibility, we will consider the effects
of progesterone on two aspects of prostanoid biosynthesis
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light–dark schedule. Animals received an ad libitum supply
of animal chow and water. Pregnant animals (n = 6 for
each state) were killed on different days of gestation (5,
13, 21, 22) as well as one day postpartum. Spontaneous
term labor occurs on the night of the 22nd day (day1: day
sperm plug observed). We have also obtained uterine tissue
from cycling non-pregnant rats (n = 6) in dioestrus. The
experimental procedures reported here were approved by
the Animal Care Committee of the Centre for Experimental
Pharmacology and Botany of the National Research Council
(CEFYBO–CONICET) and were performed in accordance
with the Declaration of Helsinki.

(1) Time-mated rats were divided into four groups (6–18 rats
in each group).

(2) Rats on day 12 of gestation were injected i.p. with
0.3 ml antagonist of progesterone, RU-486 (10 mg/rat)
and killed at 24 h after injection.

(3) Rats on day 12 of gestation were injected i.p. with ethanol
(30%, 0.3 ml) and killed at 24 h after injection.

(4) Progesterone (Sigma, 4 mg/rat per day in 0.2 ml of
sesame oil) was injected s.c. every 12 h from day 20 to
21 of gestation, and rats were killed on day 22, foregoing
labor.

(5) Sesame oil (0.2 ml) was injected s.c. each 12 h from day
20 to 21 of gestation, and rats were killed on day 22
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. Materials and methods

.1. Drugs and chemicals

Progesterone, PGF2�, PGF2� antiserum were purchas
rom Sigma Chemical (St. Louis, MO, USA). Progester
ntiserum was purchased from G.D. Niswender (Colo
tate University, Fort Collins, CO) and 13,14-dihydro-
eto PGF2� antiserum was obtained from Assay Designs
USA). Mifepristone (RU-486) was obtained from Biom
lymouth Meeting, PA.
13,14-Dihydro-15-keto-(5,6,8,9,11,12,14(n)-3H)-PGF2�

125 Ci/mmol, 1 mCi/ml), (5,6,8,9,11,12,14,15(n)-3H)-
GF2� (160 Ci/mmol, 200 uCi/ml) and 17�-hydroxy-

1,2,6,7-3H-progesterone (60 Ci/mmol, 1 mCi/ml) we
btained from Amersham Corporation (Arlington Heig

L, USA).
Western blot reagents were obtained from Sigma and

ad Laboratories. The antibodies for Western blot ana
ere obtained from Cayman Chemical (Ellsworth Road,
SA). All other chemicals were of analytical grade.

.2. Animals

Time-mated pregnant rats of the Wistar strain (200–2
ody weight) were used. They were maintained on a 12
(controls).

All animals were anesthetized with ether and the b
as drawn from the heart. The serum was stored for st
nalysis.

.3. Progesterone radioimmunoassay

Progesterone was measured in serum samples[16].
riefly, the blood was allowed to clot and centrifuged
500 rpm for 10 min. Serum was removed and frozen
se. Serum was extracted twice with 2 ml diethyl ether,
rogesterone concentrations were determined by rad
unoassay. The progesterone antiserum was highly sp

or progesterone and showed low cross reactivity (<2%
0�-dihydro–progesterone and deoxycorticosterone an

or other steroids normally found in serum). The sensiti
as 5–10 pg per tube and 2–5�l serum assayed routine
esults were expressed as serum progesterone (ng/ml

.4. PGF2� and PGFM determination

PGF2� and PGFM were quantified by specific radio
unoassay using rabbit antiserum (Sigma Chemical
t. Louis, MO, USA). The sensitivity of the assay w
–10 pg/ml and the cross-reactivity was less than 0.1%
ther prostaglandins. Intra- and inter-assay variations
ach <8.0%. Results were expressed as ng of pros

andins synthesized during 1 h/mg protein. The protocol
rst described by Jaffe[17]. Briefly, uterus containing bo
yometrium and endometrium, was removed immedia
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cleaned of fat, placenta, fetuses, fetal membranes and blood
vessels, and was then rinsed thoroughly in cold Krebs Ringer
bicarbonate buffer (KRB; 145 mM Na+, 6 mM K+, 2 mM
Ca2+, 1.3 mM Mg2+, 126.1 mM Cl−, 25.3 mM HCO3

−,
1.3 mM SO4

2−, 1.2 mM PO2−
4 , 11 mM glucose) for PGF2�

and PGFM determination. Then, the tissues were incubated
in a KRB buffer for 60 min at 37◦C. Uteri were used for
measuring the total protein content by the Bradford method
[18]. The supernatants were acidified to pH = 3 with HCl 1N
and PGs were extracted twice with 2 ml ethyl acetate. PGs
concentrations were determined by radioimmunoassay.

2.5. Western blot analysis

Uteri were homogenized immediately after collection in
an Ultra-Turrax homogenizer (IKA, Staufen, Germany) in
20 mM Tris buffer (pH = 7,4), containing 1 mM EDTA,
10�g/ml aprotinin, 10�g/ml leupeptin, 1 mg/kg benzami-
dine, 1mM DTT and 10�g ml-1 soybean trypsin inhibitor.
Then, the samples were sonicated for 10 s. The homogenate
was spun at 7800 g for 10 min at 4◦C to remove debris and the
supernatants were collected and kept at−70◦C until West-
ern blot analysis. Data presented are pooled results from four
animals and experiments were repeated three times. Protein
concentrations were determined by the Bradford method, us-
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(NBT). Molecular weight markers (Bio-Rad) identified pro-
tein bands. Each blot was repeated three times, with different
samples from different animals. Pictures of the membranes
were taken, scanned densitometrically and analyzed using a
Dekmate III scanner (UMAX, Dallas, TX, USA) and Sig-
maGel software (Sigma Chemical).

2.6. Statistics

Statistical analysis was performed using the Instat Pro-
gram (Graph Pad Software, San Diego, CA). Comparisons
between values of groups were performed using one- and two-
way ANOVA. Significance was determined using Tukey’s
multiple comparison test for unequal replicates.

All values presented in this study are mean± S.E.M. Dif-
ferences between means were considered significant atP <
0.05.

3. Results

3.1. Temporal relationship between PGF2� and
progesterone

To determine the temporal relationship between uterine
P , we
m e con-
c and
2 rat.
I GF
s

l day
1 f ges-
t of
g and,
t uring
e m is
m e in
ng bovine serum albumin as a standard. Equal amoun
otal protein for each sample (70�g) were loaded in 10%
DS-polyacrylamide gel and separated by electropho

n the present study, we used mouse macrophage lysa
ositive control for COX-2 and sheep seminal vesicles
ositive control for COX-1.

Membranes were then incubated with either polyclo
abbit anti-rat COX-1 antibody (1:600) or primary COX
olyclonal antibody (1:1000) (Cayman Chemical, Ellswo
oad, MI, USA) for 2 h and then, incubated with al

ine phosphatase-conjugated anti-rabbit IgG (Sigma, 1:5
s the secondary antibody. After three washes, the m
ranes were developed with 5-bromo-4-chloro-3-indo
hosphate toluidine salt (BCIP) and nitroblue tetrazol

ig. 1. Uterine PGF2� production (dotted line) and serum progesterone
5, 13, 21 and 22) and 24 h postpartum. Each point represents the me± S
.001 when compared with the other groups.
a

e) of non-labor (NL, dioestrus), pregnant animals in different days of
om three different experiments withn = 6. (a)P < 0.001 vs. day 22. (b)P <

GF2� synthesis and the fall in circulating progesterone
easured by radioimmunoassay the serum progesteron

entration at different days during pregnancy (5, 13, 21
2), one day after parturition and in cycling dioestrus

n the same groups of animals, we evaluated uterine P2�

ynthesis.
These studies showed that uterine PGF2� levels remain

ow through early and mid-gestation, being minimum on
3 of pregnancy and then increase sharply at the end o

ation. The peak in uterine PGF2� levels occurs at day 22
estation, just before the onset of labor. On the other h

he serum progesterone concentration rises in the rat d
arly and mid-gestation. The levels of hormone in seru
aintained at a high concentration until a sharp declin
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concentration occurs between day 21 and 22 of pregnancy,
just before labor (Fig. 1).

3.2. Effect of progesterone on uterine PGF2� production

The temporal association of the increase in uterine PGF2�

and the decline in serum progesterone suggest that uterine
PGF2� production could be inhibited by progesterone. This
indicates that steroids may play an important role in the con-
trol of PGF2�.

To examine the effects of progesterone on PGF2� synthe-
sis in the rat uterus, we measured the synthesis of this PG
in progesterone-treated rats. As shown inFig. 2A, treatment
of rats with progesterone from day 20 to 21 of gestation pre-
vented the increase of PGF2� production that occurred during
pregnancy on day 22. In addition, we observed that the ad-
ministration of progesterone at the end of gestation delayed
labor 24 h (Fig. 2B). These data provide further evidence that
progesterone is necessary for maintaining the PGF2� levels
low during pregnancy.

To further ascertain the role of progesterone in PG
regulation during pregnancy, we measured the synthesis of
PGF2� in the uterus from rats treated with the antigestagen
mifepristone (RU-486) in mid-gestation. As shown in
Fig. 3A, RU-486-induced preterm labor was associated with
a n
c terus
f ps
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p
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u
t r.

Fig. 3. Effect of RU-486 (10 mg/kg, on day 12 of gestation) on uterine PGF2�

production (A). Each bar represents the mean± S.E.M. from three experi-
ments withn = 6. ∗P < 0.05 vs. control (day 13). (B) Onset of labor.

3.3. Expression of COX-1 and COX-2 during gestation

Cyclooxygenase (COX) catalyzes the committing step
in prostaglandin biosynthesis and exists as two related but
unique isoforms, COX-1 and COX-2. Western blot experi-
ments were used to determine the presence of each isoform
in rat uterus.Fig. 4shown the expression of both immunore-
active proteins at different stages of pregnancy, in dioestrus
and after parturition.

The levels of protein COX-1 (70 kDa) was low early in
gestation followed by a significant induction (P < 0.05) at
day 21 and remained elevated on day 22. That expression
was markedly reduced in uteri collected after parturition
(Fig. 4A).

The polyclonal antibody to COX-2 reacted with the appro-
priate band corresponding to the 72 kDa protein from mouse
macrophage lysate. A band at 72 kDa was expressed at de-
tectable levels in uteri in all the states studied. Densitometric
analysis revealed that expression of COX-2 was low during
gestation, but it abruptly increased (P< 0.01) on day 21 and 22
of pregnancy, whereas the protein COX-2 was not detectable
after parturition (Fig. 4B).

The increases in COX-1 and COX-2 were coincident with
the increased PGF2� levels observed at end of pregnancy (day
21 and 22).

3
e

mod-
u The
t esta-
t

significant (P < 0.05) increase in PGF2� synthesis, whe
ompared with the synthesis of prostaglandin in the rat u
rom day 13 (control). All rats given RU-486 delivered pu
ithin 72 h after injections (Fig. 3B). This confirms tha
rogesterone is required for inhibiting PG production du
regnancy.

ig. 2. Effect of progesterone (8 mg/kg, on day 20 and 21 of gestatio
terine PGF2� production (A). Each bar represents the mean± S.E.M. from

hree experiments withn = 6. ∗∗∗P < 0.001 vs. control. (B) Onset of labo
.4. Effect of Progesterone on COX-1 and COX-2
xpression

We investigated whether progesterone was able to
late protein levels of COXs in uterus of pregnant rats.

reatment of rats with progesterone at day 20 and 21 of g
ion prevented the increase of COX-1 (Fig. 5A) and COX-2
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Fig. 4. Western blotting using polyclonal antibodies against (A) COX-1 and
(B) COX-2. Rat uterine homogenates from non-pregnant (NL), pregnant (day
5, 13, 21 and 22) and one day postpartum (PP) were loaded. A representative
experiment is shown. The lower panels show quantified and normalized
COX-1 and COX-2 protein levels. The bars represent the mean± S.E.M. of
triplicate determinations from five separate animals.

expression (Fig. 5B) that occurred during pregnancy on day
22.

We measured the COX-1 and COX-2 expression in uterus
of rats treated with RU-486. The administration of RU-486 on
day 13 of gestation induced an increase of COX-2 expression
(Fig. 5B), while COX-1 expression was not affected by this
treatment (Fig. 5A).

3.5. PGF2� and PGFM ratio during gestation

In addition to enzymes that regulate the production of
PGs, certain enzymes modulate PG levels by catalyzing the
degradation of PGs into inactive metabolites. We evaluated
alterations in the efficiency of PG degradation by examining
the ratio between 13,14-dihydro-15-keto PGF2� (PGFM) and
PGF2� in non-pregnant (dioestrus) rats, pregnant animals in
different days of gestation (5, 13, 21 and 22) and post-labor.

In Fig. 6, each value represents the ratio between PGFM and
PGF2� synthesized in the uterus in the different days studied.

The ratio between PGFM and PGF2� is high in day 13
of gestation, but begins to decrease during late gestation and
it reaches its lowest level at day 22 of pregnancy. Following
labor, the relationship between PGFM and PGF2� again be-
gins to increase. This profile is consistent with a high PGDH
activity at mid-gestation compared to that at the end of preg-
nancy.

3.6. Effect of progesterone on PGF2� and PGFM ratio

We observed that there was a temporal relationship be-
tween the rise in uterine PGF2� and the fall in its metabolite
synthesis, which suggested a possible modulation of PGFM
synthesis by progesterone.

As show inFig. 7, treatment of rats with progesterone from
days 20 to 21 of gestation increased the PGFM/ PGF2� ratio
(22%,P < 0.05).

RU-486, a progestin antagonist, significantly inhibited
PGFM/ PGF2� ratio output (82%,P <0.05), which suggests
that PGDH enzymatic activity is lower when animals were
administrated with RU-486; progesterone had an inhibitory
activity. On the other hand, the administration of progesterone
at the end of gestation increased the PGFM/PGF2� ratio. This
s

4
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uggests an increased in PGDH activity at this period.

. Discussion

Endogenous prostaglandins, particularly PGF2� and
GE2, play a role in preparing the uterus and the cervix
elivery. The changes in uterine PGF production appe
e involved in the regulation of uterine activity in the rat d

ng pregnancy and labor. In the present study we found
he levels of uterine PGF2� was negatively regulated by pr
esterone, which would act increasing degradation PG2�

hrough a PG dehydrogenase (PGDH) stimulation and b
ibiting COX-1 and COX-2, both isoforms responsible
terine PGF2� synthesis.

In our experiments, PGF2� production was low durin
regnancy, and the synthesis was increased abruptly o
2, the moment just before labor. Additionally, the lev
f proteins of both Cyclooxygenase (COX-1 and COX
resented the same profile, increasing significantly on
1 and 22. Additionally, our assay shows that progeste
dministration at the end of the pregnancy significa

nhibited the uterine production of PGF2�. In contrast, th
reatment with RU-486 increased the production of PG2�.
revious studies showed a direct correlation of CO
RNA levels to PGF2� secretion by uterine cells in respon

o steroids[19].
To identify the isoforms responsible for the product

f PGF2� during gestation, we examined COX-1 and CO
evels in the rat uterus by Western blot. This study also sh
hat the levels of COX-1 and COX-2 in the uterus were
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Fig. 5. Effect of RU-486 (10 mg/kg, on day 12 of gestation) and progesterone (8 mg/kg, on day 20 and 21 of gestation) on (A) COX-1 and (B) COX-2 protein
levels in rat uterine tissue. In all cases, the experiments were repeated three times using uterine homogenates from five different animals. The differences
between means were collectively analyzed by a one-way ANOVA followed by a Turkey’s multiple comparison. (a)P < 0.05 vs. day 22; (b)P < 0.05 vs. day
13; and (c)P < 0.05 vs. day 22.

during early and mid-pregnancy and increased significantly
at the term of gestation.

These data indicate that COX-1 as well as COX-2 are
regulated during gestation and that the levels of both isoforms
increase towards the time of labor.

We also found that in the rat uterus, COX-2 levels were
reduced in animals treated with progesterone and increased
in animals treated with the antiprogestin RU-486, indicating
that the steroid hormone may modulate COX-2 protein levels.

F cy. In e o-
1 ean± S.E. d
d

These results are coincident with the reports of Doualla
Bell [20] who observed that progesterone suppressed the ex-
pression of COX-2 mRNA in bovine myometrium. Loudon
et. al.[21] also reported an inhibiting effect of progesterone
on amnion COX-2, while studies carried out in pregnant
mouse uterus[22] showed a clear inhibition of myometrial
COX-2 expression by this hormone.

The modulation of the levels of COX-1 by progesterone
seems to be more complex. While the administration of this
ig. 6. Relationship between PGFM/PGF2� in rat uterus during pregnan
5-keto PGF2� (PGFM), were determined. The results represent the m
ays 5, 21 and 22 of gestation.
ach analyzed sample, the levels of PGF2� and its metabolite, 13,14-dihydr
M. of two carried out experiments, withn = 8. ∗∗P < 0.01vs. dioestrus an
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Fig. 7. Effect of RU-486 and progesterone on the relationship between
PGFM/PGF2� in rat uterus during pregnancy. The results indicate the media
of the relationship PGFM/PGF2� obtained for each analyzed sample (n= 8).

hormone at the end of pregnancy resulted in a decrease in
COX-1 protein levels; the progesterone antagonist, RU-486,
was not able to modify this isoform levels in a doses that was
effective for COX-2.

However, previous studies carried out in uterine fibroblasts
of rabbit reported that progesterone did not affect neither the
activity nor the expression of COX-1, but it diminished COX-
2 level and activity[23]. These data suggest that the regulation
of COX-1 should be mediated for more than one factor during
pregnancy.

We evaluated PG degradation by examining the ratio
between PGFM and PGF2�. Our results show that PGF2�

metabolism was high during mid pregnancy and post labor,
a result that coincides with the minimum levels of PGs pre-
viously obtained.

Finally, we evaluated whether progesterone was able to
modulate the activity of PGDH in rat uterus during mid-
gestation, when progesterone levels were maximum. Our re-
sults showed that RU-486 was able to diminish significantly
the activity of PGDH in mid-gestation. On the other hand,
the administration of progesterone in days 20 and 21 of preg-
nancy increased the activity of this enzyme. In agreement
with these results it has been reported that PGDH mRNA in-
creased significantly in stromal cells by the addition of pro-
gesterone[19], and that this hormone induces the promoter
o

that
p h two
m s of
C ased
f of
P n to
i

lation
o rdi-
n n of
e
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