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ABSTRACT. We determined a comprehensive immunohistochemistry of putative isoforms of 
enzymes for prostaglandin (PG) F2α and PGE2 biosynthesis and these PGs levels in placenta and 
fetal membrane of normal pregnant rats in vivo. Placenta and fetal membrane showed positive 
immunoreactions for phospholipase A2 group 4A, but not group 2A, and cyclooxygenase (COX)-1 
rather than COX-2. They showed positive immunoreactions for at least one isoform of each of 
PGF synthase and PGE synthase with tissue-dependent variations. PGF2α and PGE2 levels in both 
tissues were highest on day 12 and declined and remained low thereafter. Obtained data would 
be the basic information on the primary PGs synthesis in rat placenta and fetal membrane in 
normal pregnancy.
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Prostaglandins (PGs) are a class of substances mediating a variety of auto/para-crine signaling. In mammalian reproduction, 
ovulation and corpus luteum regression in the ovary and myometrial contraction and cervical ripening in the uterus are well 
established processes by which the primary PGs, PGF2α and PGE2, mediate through binding to their specific, cell surface 
receptors (FP and EP1~EP4, respectively) [27]. On the other hand, it remains less known whether these PGs are produced 
and play physiological and/or pathological roles in gestation-associated, newly formed tissues, placenta and fetal membranes 
[23, 26]. PGF2α and PGE2 are generated via three enzymatic reactions: 1) cleavage of arachidonic acid (AA) from membrane 
glycerophospholipid by phospholipase A2 (PLA2), 2) AA conversion to PGH2 by cyclooxygenase (COX), and 3) metabolization 
of PGH2 to PGF2α and PGE2 by respective PG terminal synthases, PGF2α synthase (PGFS) and PGE2 synthase (PGES) 
(Supplementary Fig. 1) [36]. Mammalian PLA2 has over 20 isoforms, among which groups 2A, 4A, and 6A PLA2s have been 
recognized to have a wide range of biological activities [16]. COXs have only two isoforms, a housekeeping type COX-1 and an 
inducible type COX-2. PGESs have three isoforms with cytosolic type (cPGES) and microsomal types 1 and 2 (mPGES-1 and 
-2). PGFSs that belong to aldo-keto reductase (AKR) superfamily and catalyze PGH2 or PGE2 have three isoforms, AKRIC7, 
AKR1C11, and AKR1C5.

A great number of studies have intensively focused on COX (-1 and -2) and/or one or two PLA2s (groups 2A and/or 4A) among 
three steps of PG biosynthesis in placenta and fetal membranes of human [5, 11, 16, 18, 24, 34, 37] and other species [4, 8, 10, 19, 28, 
30, 31, 35, 41, 43–45]. There are clearly not a few potential discrepancies among the results on temporal and labor-associated changes 
in expression, tissue distribution and regulation of the enzymes. In contrast to COXs and PLA2s, current knowledge about their down-
stream enzymes, PGFSs and PGESs, in rodent gestational tissues is very limited and partial. Studies accumulated so far [12, 28, 33, 38] 
have focused on only a few isoforms of PGFS or PGES, and therefore, the information on the thorough biosynthetic pathways and its 
relevance to tissue PGs contents are almost unclear. Here, we attempt to identify enzyme isoforms of PGF2α and PGE2 biosynthesis 
comprehensively and determine the tissue levels of PGF2α and PGE2 in rat placenta and fetal membranes during normal pregnancy.
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Three to five months-old female rats of Wistar-Imamichi strain were used. All procedures employed in this study were carried 
out following the Guidelines of the Animal Care and Use Committee of Kitasato University School of Veterinary Medicine. The 
day of fertilization, when vaginal smear showed the estrous stage with sperm presence, was designated as day 1 of pregnancy 
(depicted as PRG1 in this paper). Rats were sacrificed by cervical dislocation under light anesthesia on PRG12, 15, 19, 21, 
and 22 (the day before normal parturition). Following uteri and ovaries were first excised out from the body, fetal membranes, 
fetuses and placentas were freed from gravid uteri and excluded. Placenta and fetal membrane tissues were stored at −20°C 
for PGs analysis. Based on previous studies investigating PG synthase expression in late pregnancy and before parturition in 
rodent models [2, 12, 33, 38], placenta from rats on PRG19 and fetal membranes form PRG21 were instantly fixed in Bouin’s 
solution for the immunohistochemical processing. PGF2α and PGE2 were extracted from the tissue and assayed with commercial 
enzyme immunoassay kits (Cayman Chemical, Ann Arbor, MI, USA) as described previously [14]. Immunohistochemistry was 
also the same as the previous studies [15, 32]. Antibodies against a total of 11 kinds of synthetic enzymes which had been well 
characterized for cross-reactivities were described in Supplementary Table 1. The relative intensity of the immunoreaction was 
evaluated semi-quantitatively using criteria of both intensity and area with a scale grading from negative (−), slightly positive (+), 
to moderately or intensely positive (++).

The immunoreactivities for each enzyme in each part of placenta (labyrinth zone, basal zone, decidua) and of fetal membranes 
(amnion and chorion) were summarized in Table 1. Typical photographic data for the placental labyrinth and basal zones and 
amnions are shown in Figs. 1 and 2, respectively. Placenta were slightly to intensely positive for group 4A PLA2 and clear 
immunoreactions were evident in giant cells, glycogen cells, and cytotrophoblasts (Fig. 1A). Other enzymes showing slightly to 
moderately positive reactions included group 6A PLA2 (Fig. 1D), COX-1 (Fig. 1E), AKR1C7 (Fig. 1G), AKR1C11 (Fig. 1H), 
AKR1C5 (Fig. 1I), cPGES (Fig. 1J), mPGES-1 (Fig. 1K) and mPGES-2 (Fig. 1L). Relatively intense reactions for group 6A 
PLA2, COX-1 and AKR1C11 were found in glycogen cells, and that for COX-1 and mPGES-2 in cytotrophoblasts. Placental 
immunoreactions for group 2A PLA2 (Fig. 1C) and COX-2 (Fig. 1F) were negative. These data of immunoreactive enzyme 
localization are, partly but not totally, consistent with that of human term placenta [20]. Likewise, decidua tissue was positive for at 
least one isoform in each step of enzymes, a part of which coincides with prior observations of group 4A PLA2 [15] and AKR1C5 
[33]. Fetal membranes, especially amnion cells, were intensely immunoreactive for group 4A PLA2 (Fig. 2D), group 6A PLA2 (Fig. 
2E), COX-1 (Fig. 2A), AKR1C11 (Fig. 2H), and mPGES-1 (Fig. 2K). They were faintly positive for group 2A PLA2 (Fig. 2C), 
COX-2 (Fig. 2F), AKR1C7 (Fig. 2G), and AKR1C5 (Fig. 2I), and were almost negative for cPGES (Fig. 2J) and mPGES-2 (Fig. 
2L). These immunohistochemical data of PLA2s are consistent with others’ data of group 4A expression evaluated mostly by RT-
PCR or Western blot analyses [5, 10, 11, 31, 34, 45] but inconsistent with that of group 2A PLA2 [5, 11, 16]. Frequent expression 
of group 6A PLA2 in gestational tissues is a novel finding, but it appears to be a less potential AA supplier than groups 4A and 2A 
due to biochemical characteristics [16]. Our data of COXs are almost consistent with others’ data of COX-1 expression evaluated 
by RT-PCR or Western blot analyses [8, 10, 11, 19, 44] but partly inconsistent with that of COX-2 [10, 19, 44]. In a murine model 
of normal parturition, COX-1 has a greater role than COX-2 [7, 8, 17, 29, 40], although the responsible gestational tissue(s) with 
COX-1-mediated PG generation are not clearly defined. In human fetal membranes cPGES and mPGES-1 are comparably present 
regardless of gestational age and labor occurrence [21], which is apparently distinct from our finding with a rat model. Factors 
causative of discrepancies between our current findings and others’ are supposed to include differential method and sensitivity of 
detection, animal species, time points examined, and others. Overall, our results indicate the positive immunoreaction of groups 4A 
and 6A PLA2s and COX-1, but not group 2A PLA2 and COX-2, and at least one isoform of each of PGFS or PGES in both tissues. 

Table 1. Expression of each enzyme in placenta and fetal membrane

Enzyme Placenta Fetal membrane
Group Isoform Labyrinth Basal zone Decidua Amnion Chorion

PLA2 Group 2A - - - - -
Group 4A ++ ++ + + +
Group 6A + + + + +

COX -1 + + + ++ +
-2 - - + - -

PGFS AKR1C7 + + - - +
AKR1C11 + + + + +
AKR1C5 + + + - -

PGES cPGES + + - - -
mPGES-1 + + - + +
mPGES-2 - - + - -

Placenta of day 19 of pregnancy (PRG19) and fetal membrane of PRG21 were examined. Relative 
intensity of immunoreactivities in each part of the tissue were evaluated with negative (-), mild 
(+), and strong (++) reaction. Abbreviation PLA2, phospholipase A2; COX, cyclooxygenase; 
PGFS, prostaglandin F synthase; AKR, aldo-keto reductase; PGES, prostaglandin E synthase; 
cPGES, cytosolic type PGES; mPGES, microsomal type PGES.
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These expressional pattern of enzyme isoforms tends to be similar to those in corpus luteum and uterus in rats [32]. The current 
qualitative observation of synthesizing enzymes is far from quantitative determination of expression and their relative contribution 
to PGs synthesis and is just on their distribution at the limited time point of intact pregnancy. As described below and contrast 
to our expectation, the active PG production occurred in the mid-pregnancy and may involve differential expression pattern of 
isoforms.

To know the dynamics of PGs synthesis in placenta and fetal membranes, we directly determined PGF2α and PGE2 contents in 
vivo in the time-course from the tissues development to completion of gestational function. As shown in Table 2, placental PGF2α 
and PGE2 levels on PRG12 were 9.70 ± 0.63 and 9.98 ± 1.50 ng/mg protein, respectively, both of which were the maximum 
throughout the period investigated. PGF2α level gradually declined to 12.3% (vs. PRG12) on PRG19 and further through PRG22. 
PGE2 level declined more drastically to 2.1% (vs. PRG12) on PRG19 and remained low until PRG22. PGF2α and PGE2 levels in 
fetal membranes on PRG12 were 4.24 ± 0.35 and 3.37 ± 0.27 ng/mg protein, respectively. These values were both less than half 
of those in placenta and highest on the early period of tissue formation. PGF2α level declined to 23.3% (vs. PRG12) on PRG19 
and showed subtle decrease through PRG22. PGE2 level in fetal membranes also declined to about 6% (vs. PRG12) on PRG19 
and PRG21 and tended to increase again on PRG22. These data of PGs dynamics in fetal membranes throughout the gestation are 
presumably the most detailed one of normal pregnant animals.

Both levels of PGF2α and PGE2 in placenta and fetal membranes were highest on PRG12 and declined thereafter. Placental 
contents of PGE2 and PGF2α was temporally similar to but different in relative concentration from those of previous reports with 
rat model [2, 3, 42] and human tissues [25]. Cook et al. observed a significant fluctuation in PGE2 and PGF2α contents in murine 
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Fig. 1. Placental immunoreactivities for prostaglandin F2α and prosta-
glandin E2 biosynthetic enzymes. Placenta on day 19 of pregnancy 
was shown with immunostaining of negative control IgG (B), group 
2A PLA2 (C), group 4A PLA2 (A), group 6A PLA2 (D), COX-1 (E), 
COX-2 (F), AKR1C7 (G), AKR1C11 (H), AKR1C5 (I), cPGES 
(J), mPGES-1 (K) and mPGES-2 (L). White and black arrowheads 
depicted giant cell and glycogen cell, respectively. BZ, Basal zone; 
La, Labyrinth. Scale bars, 100 μm in A and 25 μm in B (applicable to 
C–L).

Fig. 2. Fetal membrane immunoreactivities for prostaglandin F2α and 
prostaglandin E2 biosynthetic enzymes. Fetal membranes harvested 
on day 21 of pregnancy were shown with immunostaining of nega-
tive control IgG (B), group 2A phospholipase (PL) A2 (C), group 
4A PLA2 (D), group 6A PLA2 (E), cyclooxygenase (COX)-1 (A), 
COX-2 (F), aldo-keto reductase (AKR) 1C7 (G), AKR1C11 (H), 
AKR1C5 (I), cytosolic type prostaglandin E synthase (cPGES) (J), 
and microsomal type 1 PGES (mPGES-2) (K) and mPGES-2 (L). 
Scale bars, 25 μm in A and B (applicable to C–L).

Table 2. Temporal changes in prostaglandin F2α and prostaglandin E2 contents in placenta 
and fetal membrane

PRG
Placenta Fetal membrane

PGF2α PGE2 PGF2α PGE2

12 9.70 ± 0.63 a 9.98 ± 1.50 a 4.24 ± 0.35 a 3.37 ± 0.27 a
15 2.69 ± 0.46 b 0.50 ± 0.08 b 3.50 ± 0.73 a 0.94 ± 0.24 b
19 1.19 ± 0.25 c 0.21 ± 0.04 c 0.99 ± 0.24 b 0.20 ± 0.11 c
21 0.94 ± 0.26 c 0.41 ± 0.11 b 0.72 ± 0.14 b 0.21 ± 0.06 c
22 0.76 ± 0.28 c 0.30 ± 0.04 bc 0.62 ± 0.11 b 0.97 ± 0.54 bc

Tissues were sampled from day 12 of pregnancy (PRG12) through PRG22 and assayed for prostaglandin 
(PG) F2α and PGE2 concentrations by the respective enzyme immunoassay. Data were standardized 
by protein concentration (ng/mg protein) and were expressed as mean +/−SEM (n=3~6). Different 
alphabetical letters within the same columns mean significant difference (P<0.05, Tukey-Kramer test).
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fetal membranes only for a short period in late pregnancy (from day 16 to 19.3) [4]. Our current data suggest that these primary 
PGs are likely implicated in the early phase of placental and fetal membrane development rather than their original function of 
fetuses support. It was demonstrated that 15-deoxy-Δ12,14-PGJ2 was produced in rat placenta and contributed to tissue development 
through acting on a nuclear receptor, peroxisome proliferator-activated receptor (PPAR) γ [1]. AA and/or some PG(s) other than 
PGE2 and PGF2α can interact with PPAR (α, γ, δ) as endogenous ligands [9]. Given our observation of frequent nuclear co-
localization of group 4A PLA2 and COX-1 in distinct cell types, we may need to take non-primary PGs with direct genomic effect 
into consideration for future study.

Interestingly, the temporal dynamics of PGs in placenta and fetal membranes are in contrast to those in corpus luteum [13] 
and uterus and cervix [14] in the rat. These findings indicate that temporal regulation of PG synthesis differs among gestational 
tissues. No evidence is currently available to provide satisfactory explanation for it and we can only speculate that PG synthesis in 
several gestation-associated tissues is not affected similarly by endocrine hormonal milieu. PGF2α and PGE2 levels in association 
with PLA2 and COX activity in the corpus luteum, uterus and cervix rapidly increased toward the end of gestation [2, 13, 14, 42], 
causing multiple processes to successful parturition. Notably, all of EP1~EP4 and FP have been demonstrated to be expressed 
in human placenta and fetal membranes at term [39]. Low levels of PGF2α and PGE2 in placenta and fetal membrane in late 
pregnancy may be associated with uterine quiescence. It remains almost unclear whether endogenous PGs are locally involved in 
original functions of those gestational tissues such as supporting fetal growth and nutritional and signal transfer [6, 22]. Aberrant 
stimuli with inflammation or pathogenic infection before term cause abortion and pre-term labor [22, 23]. In this pathological 
condition, pro-inflammatory cytokines or lipopolysaccharide stimulation rapidly induces immediate early genes such as COX-2, 
group 4A PLA2, and mPGES-1, which should greatly enhance PG biosynthesis [22, 23]. Even in normal pregnancy and parturition, 
placenta [19] and fetal membranes [22] are thought to experience “inflammatory”-like status around peri-parturient period, but we 
here did not find significant rise in PGs content. Fetal membrane along with placenta are postulated to constitute an integral part 
of forming a positive feedback loop involving cortisol, PGs, surfactant protein A, and pro-inflammatory cytokines that trigger and 
execute normal or abnormal parturition cascade in several species [23]. Much further studies both in vivo and in vitro are needed to 
understand the physiological and pathological roles for PGs in these gestational tissues [26].

In conclusion, the current findings should be the basic information on PGF2α and PGE2 synthesis in placenta and fetal 
membranes in intact gestation and parturition in a rat model. A set of group 4A PLA2 and COX-1 is likely the general pathway for 
generating PGH2 and is associated with diverse isoforms of downstream PGFS and PGES. The tissue contents of these PGs are 
high in the developmental phase and remain low until the occurrence of parturition, unlike those in uterus and corpus luteum. The 
findings extend our knowledge of PGs synthetic mechanism in gestational tissues and serve as the basic information to next explore 
the possible implications of PGs in the physiology and pathophysiology of normal or aberrant maintenance and termination of 
gestation.
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