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ABSTRACT 

Mariko KUSE 

 

The Graduate School of Environmental and Life Science 

OKAYAMA UNIVERSITY 

 

In ruminants, the corpus luteum is a transient endocrine gland that is formed 

following ovulation. The main function of the corpus luteum is secretion of 

progesterone (P4), which is essential for establishment and maintenance of pregnancies. 

As long as the corpus luteum persists, P4 secreted by the ovary feeds back to the 

hypothalamus and pituitary to interrupt the estrous cycle. Thus, in non-pregnant cows, 

the corpus luteum must be eliminated from the ovary to permit a new ovarian cycle. 

Prostaglandins (PGs) are mediators of inflammatory response and smooth muscle 

contraction. In non-pregnant cows, pulsatile release of PGF2 (PGF) from the 

endometrium occurs between days 17 and 19 post-ovulation. Uterine PGF regulates the 

estrous cycle by inducing luteolysis. Conceptus alters the ratio of PGE2 to PGF in the 

uterine vein, and PGE2 continuously stimulates luteal function to maintain pregnancy. 

Steroid hormones play important roles as endometrial PG production regulatory 

factors. In some animals, P4 suppresses oxytocin (OT) receptor expression in the 

endometrium to decrease PGF production stimulated by OT. Furthermore, active 

glucocorticoid (cortisol: Cr) has been demonstrated to suppress PGF production in 

cultured bovine endometrial stromal cells but not epithelial cells. However, details of 

the PGF production regulatory mechanisms of these steroid hormones remain unclear. 

In the present study, to clarify the controlling mechanisms of endometrial PG 

production, we investigated 1) the possible roles and actuating pathways of P4 on PG 

synthesis in cultured bovine endometrial epithelial and stromal cells and 2) the 

suppressive effect of Cr on PGF production by cultured endometrial tissues during the 

estrous cycle. 

(1) To investigate the effect of P4 via nuclear P4 receptor on PG synthesis, cultured 

endometrial cells were treated with P4 (1, 10, or 100 nM) for 24 h. PGF and PGE2 in 

cultured media and mRNA expression of PG synthase (phospholipase A2, PLA2; 

cyclooxygenase-2, COX-2) were examined by enzyme immunoassay (EIA) and 

quantitative RT-PCR, respectively. To clarify whether PLA2 and COX2 mRNA 

expression was influenced by P4 in a very short time, endometrial epithelial and stromal 

cells were pre-incubated with fresh medium for 1 h. After incubation, the medium was 

replaced with fresh medium, and cells were exposed to P4 (0 or 10 nM) for 5, 10, 15, or 

20 min. Then, PLA2 and COX2 mRNA expression was examined by quantitative 

RT-PCR. To reveal the effect of membrane-mediated P4 on PGF and PGE2 production, 
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cultured endometrial cells were treated BSA-conjugated P4 (P4-BSA; 1, 10, or 100 nM) 

for 24 h. P4-BSA specifically binds to cell surface membranes. PGF and PGE2 

concentrations in the media of both cell types were measured by EIA. Finally, the 

expression of PGR, PAQR7, PGRMC1, PGRMC2, and SERBP1 mRNA in endometrial 

tissues of each stage (n=5 per stage) were examined by quantitative RT-PCR. 

Progesterone treatment for 24 h stimulated PGE2 production in epithelial cells 

(P<0.05) but suppressed both PG production (P<0.05) and the expression of 

PG-metabolizing enzymes, including phospholipase A2 (PLA2) and cyclooxygenase-2 

(COX2) in stromal cells (P<0.05). Short-term P4 treatment (5–20 min) did not affect 

PLA2 or COX2 transcript levels in either cell type. P4-BSA only increased PGF and 

PGE2 production in epithelial cells (P<0.05). Nuclear P4 receptor mRNA expression in 

the endometrium was higher during the follicular phase than during the early- to 

mid-luteal stages (P<0.05), whereas membrane P4 receptor mRNA expression did not 

change throughout the estrous cycle. These results indicate that P4 has different effects 

on PG production by inhibiting PG synthase and stimulating signal transduction via a 

membrane P4 receptor. Consequently, P4 may protect the corpus luteum by attenuating 

PGF production in stromal cells and increasing PGE2 secretion by epithelial cells. 

(2) To investigate the suppressive effect of Cr on PGF production in bovine 

endometrium throughout the estrous cycle, the protein expression of glucocorticoid 

receptor  (GC-R) in endometrial tissues of each stage (n=3 per stage) was examined 

by western blotting. Then, to determine the relationship between receptor expression 

and Cr interaction, endometrial tissues obtained during the mid-luteal stage and 

follicular phase were treated with Cr (10 nM) for 4 h. The concentrations of PGF in the 

culture media after incubation were determined by EIA. Cultured endometrial stromal 

cells were treated with Cr (1, 10, or 100 nM), P4 (0.1, 1, or 10 nM), or E2 (0.1, 1, or 10 

nM) for 24 h. After incubation, GC-R mRNA and protein expression was determined 

by quantitative RT-PCR and western blotting. 

GC-R protein expression was higher during the mid- and late-luteal stages than 

during the other stages (P<0.05). Cr (10 nM) decreased PGF production in endometrial 

tissue collected during the mid-luteal stage (P<0.05), but not in endometrial tissue 

collected during the follicular stage. Cr decreased GC-R mRNA and protein 

expression, and the effect was significant at 100 nM in cultured bovine endometrial 

stromal cells (P<0.05). P4 increased GC-R mRNA and protein expression, and the 

effect was significant at 10 nM in cultured bovine endometrial stromal cells (P<0.05). 

Exposing cultured bovine endometrial stromal cells to E2 did not affect GC-R mRNA 

expression but significantly decreased GC-R protein expression (P<0.05). The 

findings of this study indicate that the expression of GC-R is correlated with the 

suppressive effect of Cr on endometrial PGF production, especially during the 

mid-luteal stage, and the expression is up-regulated by P4. 

Overall, the results herein indicate that steroid hormones control endometrial PG 

production to determine the fate of the corpus luteum. 
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CHAPTER 1 

 

GENERAL INTRODUCTION 

 

Reproductive dynamics during the estrous cycle 

Morphological and physiological changes throughout the estrous cycle in female 

reproductive organs 

The estrous cycle (ovulatory cycle) in cattle lasts for 18–24 days [1]. In heifers, 

the onset of estrous cycles, which is equivalent to puberty, occurs at 6–12 months of age 

[1]. During the estrous cycle, there are various phenomena, including follicle growth, 

ovulation, luteinization, and luteolysis in the ovary. The estrous cycle consists of two 

discrete phases: the luteal phase (14–18 days) and the follicular phase (4–6 days) [1]. 

 

Ovarian functions are regulated by endocrine hormones secreted by the 

hypothalamus (gonadotrophin-releasing hormone, GnRH), anterior pituitary (follicular 

stimulating hormone, FSH; luteinizing hormone, LH), ovaries (progesterone, P4; 

estradiol-17, E2; and inhibin), and uterus (prostaglandin F2, PGF) [2]. During the 

follicular phase of the estrous cycle, follicles develop in the functional ovaries; then, 

follicular growth coincides with selection of the dominant follicle [1]. These waves of 

ovarian follicle growth are correlated with FSH secretion from the anterior pituitary, 

which generally occur two (dairy cows) or three times (heifers and beef cows) during the 

cycle [1]. As a result of pulsatile secretion of LH, oocytes are released by mature follicles 

and released into the oviduct, allowing the potential for fertilization [1]. Following 

ovulation, the concentration of P4 in blood plasma begins to increase because of the 

formation of the corpus luteum, in which the granulose and theca cells of the ovulated 

dominant follicle differentiate into luteal cells [3]. The luteal cells produce P4 to prepare 

for the establishment and maintenance of pregnancy and/or resumption of the estrous 

cycle [3]. In non-pregnant cows, the uterus increases PGF production between days 17 

and 19 post-ovulation [4]. The increase in uterine PGF production and its pulsatile release 

are responsible for luteolysis and initiation of a new estrous cycle in mammals [5-7].  

 

Biosynthetic pathway and biological action of PGs in the endometrium 

In general, the first step involved in prostaglandin formation is the hydrolytic 

release of arachidonic acid, which is mediated by members of the phospholipase A2 

(PLA2) family of enzymes [8]. Following its release, arachidonic acid is converted to 

PGH2 by cyclooxygenase-2 (COX2), which is situated on the luminal surface of the 

endoplasmic reticulum [9]. After biosynthesis of PGH2, both PGF and PGE2 are 

synthesized from PGH2 by two specific downstream enzymes, PGH 9, 11-endoperoxide 

reductase (also known as prostaglandin F synthase; PGFS), and prostaglandin E synthase 

(PGES) [10]. A small amount of PGF is also produced from PGE2 by PGE2 9-

ketoreductase [11, 12].  

From days 6–17 of the estrous cycle, the endometrial environment is dominated 

by P4, which is secreted by the ovary [13]. Following that, E2 secreted by follicles 

induces oxytocin release, and PGF production increases in the endometrial epithelial cells 

to induce luteolysis [13]. In contrast to PGF, PGE2 has luteoprotective properties [14, 15]. 

PGE2 is also required for changes in vascular permeability that occur in the endometrium 
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before implantation in rodents [16]. Interferon-, which is of trophoblast origin during the 

pre-implantation period, has been demonstrated to stimulate PGE2 production and COX-

2 expression in the bovine endometrium in vitro [17]. In bovine, interferon- inhibits the 

E2 receptor, which is necessary for induction of the oxytocin receptor before luteolysis 

[18]. 

 

The aim of the present study 

 To clarify the controlling mechanisms of endometrial PG production, I 

investigated 1) the possible roles and the actuating pathways of P4 on PG synthesis in 

cultured bovine endometrial epithelial and stromal cells and 2) the suppressive effect of 

active glucocorticoid hormone (cortisol: Cr) on PGF production by endometrial tissue 

throughout the estrous cycle.  
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CHAPTER 2 

 

GENERAL METHODOLOGY 

 

Collection of endometrial tissues 

Apparently-healthy uteri of Holstein cows without a visible conceptus were 

obtained from a local slaughterhouse (Okayama Meat Center) within 10–20 min of 

exsanguination and were immediately transported to the laboratory. The stages of the 

oestrous cycle were confirmed by macroscopic observation of the ovaries and uterus as 

described previously [19, 20]. For mRNA analysis, endometrial tissues (n = 5 per stage) 

were collected from cows at six different stages of the oestrous cycle (oestrus, Day 0; 

early-luteal, Days 2–3; developing, Days 5–6; mid-luteal, Days 8–12; late-luteal, Days 

15–17 and follicular stage, Days 19–21). Intercaruncular endometrial tissues from the 

uterine horn, ipsilateral to the CL or the dominant follicle, were used for experiments. 

The endometrial tissues were immediately frozen in liquid nitrogen and stored at –80°C 

until processed for mRNA and protein isolation. For experiments involving tissue 

culture and cell culture, the uterus were submerged in ice-cold physiological saline and 

transported to the laboratory within 1-1.5 h on ice.  

 

Isolation of endometrial cells 

Uteri of the early and developing luteal stages (Days 2–3 and 5–6) were used 

for isolation. The epithelial and stromal cells from bovine endometrium were 

enzymatically separated (0.05% collagenase; Worthington Biochemical Co., Lakewood, 

NJ, USA) using procedures described previously [21]. A polyvinyl catheter was inserted 

into the side of the oviduct and the ends of the horn were tied to retain trypsin solution 

used to detach the epithelial cells as described herein. The uterine lumen was washed 

three times with 30–50 mL of sterile Ca2+-free and Mg2+-free Hank’s balanced salt 

solution (HBSS) supplemented with 100 IU mL–1 penicillin (Meiji Seika Pharma, Tokyo, 

Japan), 100 µg mL–1 streptomycin (Meiji Seika Pharma) and 0.1% (w/v) bovine serum 

albumin (BSA) (Roche Diagnostics, Manheim, Germany). Thirty to fifty millilitres of 

sterile HBSS containing 0.3% (w/v) trypsin (Sigma-Aldrich, St. Louis, MO, USA) was 

then infused into the uterine lumen through the catheter. 

After collection of the epithelial cells, the uterine lumen was washed with sterile HBSS 

supplemented with antibiotics and 0.1% (w/v) BSA. The horn was then cut transversely 

with scissors into several segments, which were slit to expose the endometrial surface. 

Intercaruncular endometrial strips were dissected from the myometrial layer with a 

scalpel and washed once in 50 mL of sterile HBSS containing antibiotics. The 

endometrial strips were then minced into small pieces (1 mm3). The minced tissues (~5 

g) were digested by stirring for 60 min in 50 mL of sterile HBSS containing 0.05% 

(w/v) collagenase, 0.005% (w/v) DNase I (BBI Enzymes, Cardiff, UK) and 0.1% (w/v) 

BSA. The dissociated cells were filtered through metal meshes (100 µm and 80 µm) to 

remove undissociated tissue fragments. The filtrate was washed three times by 

centrifugation (4°C, 10 min at 100g) with Dulbecco’s modified Eagle medium (DMEM) 

(Sigma-Aldrich) supplemented with antibiotics and 0.1% (w/v) BSA. After the washes, 

the cells were counted using a haemocytometer. The cell viability was greater than 85% 

as assessed by 0.5% (w/v) Trypan blue dye exclusion. 
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Cell culture 

The final pellets of the epithelial and stromal cells were separately resuspended 

in culture medium (DMEM/Ham’s F-12, 1 : 1 (v/v); Invitrogen, Carlsbad, CA, USA) 

supplemented with 10% (v/v) bovine serum (Invitrogen), 20 µg mL–1 gentamicin 

(Sigma-Aldrich) and 2 µg mL–1 amphotericin B (Sigma-Aldrich) [22]. Epithelial cells 

were seeded at a density of 1 × 105 viable cells mL–1 in culture flasks (Greiner Bio-One, 

Frickenhausen, Germany) and stromal cells were seeded at a density of 1 × 105 viable 

cells mL–1 in 4-well cluster dishes (Thermo Fisher Scientific, Yokohama, Japan), 

24-well cluster dishes (Greiner Bio-One), and 75 cm2 culture flasks (Greiner Bio-one; 

#658175) and were cultured at 38.5°C in a humidified atmosphere of 5% CO2 in air. For 

the stromal preparation, the medium was changed 2 h after plating, by which time 

selective attachment of stromal cells had occurred [22, 23]. Alternatively, since the 

epithelial cells attached 24–48 h after plating, the medium in the epithelial cell culture 

was replaced 48 h after plating. The medium was changed every 2 days until the cells 

reached confluence. When the epithelial cells were confluent, 0.02% trypsin solution 

was added to the cells to collect the pure epithelial cells. Epithelial cells were seeded at 

a density of 1 × 105 viable cells mL–1 in 4-well cluster dishes and 24-well cluster dishes 

and were cultured at 38.5°C in a humidified atmosphere of 5% CO2in air until the cells 

reached confluence. When these cells were confluent (6–7 days after the start of the 

culture), the medium was replaced with fresh DMEM/Ham’s F-12 supplemented with 

0.1% (w/v) BSA, 5 ng mL–1 sodium selenite (Sigma-Aldrich), 0.5 mM ascorbic acid 

(Wako Pure Chemical Industries, Osaka, Japan), 5 mg mL–1 transferrin (Sigma-Aldrich), 

2 mg mL–1 insulin (Sigma- Aldrich) and 20 mg mL–1 gentamicin. 

 

Culture of endometrial tissues 

For tissue culture, endometrial tissues were obtained at the mid luteal stage and 

at the follicular stage. Endometrial tissue culture was conducted as described previously 

[24]. Briefly, endometrial strips were washed three times in sterile saline solution 

containing penicillin (100 IU/ml) and streptomycin (100 g/ml). The tissues were 

finally cut into small pieces with scalpel and subsequently washed another three times 

in Hanks balanced salt solution supplemented with penicillin (100 IU/ml), streptomycin 

(100 g/ml) and 0.1% BSA. After hanging the tissues with steel needles (TOP, Tokyo, 

Japan; 8N01B), the individual endometrial tissues with were placed into culture glass 

tubes (12 mm x 75 mm; Kimble Chase Life Science and Research Products LLC., New 

Jersey, USA; 73500-13100) containing 2 ml culture medium (DMEM/Ham’s F-12; 1:1 

(v/v) [Invitrogen; 12400-024]). Supplemented with penicillin (100 IU/ml), streptomycin 

(100 g/ml) and 0.1% BSA with 5% CO2 in air. Endometrial tissues were exposed to Cr 

(10-100 nM) at 37.5 C for 4 h. At the end of incubation, 1 ml of the conditioned media 

were collected into 1.5 ml tubes containing 10 l of a stabilizer solution (0.3 M EDTA, 

1% (W/V) acid acetyl salicylic pH 7.3) and frozen at -30 C. The tissues were blotted on 

filter paper and weighed to normalize PGF concentration. The concentrations of PGF in 

the culture media after incubation were determined by enzyme immunoassay (EIA).  

 

Enzyme immunoassay 

The concentrations of PGF and PGE2 in the culture medium were determined 

by an enzyme immunoassay as described previously [25, 26]. The PGF standard curve 
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ranged from 0.016 to 4 ng mL–1 and the median effective dose (ED50) of the assay was 

0.25 ng mL–1. The intra- and inter-assay coefficients of variation were, on average, 3.94 

and 13.2%, respectively. The PGE2 standard curve ranged from 0.039 to 10 ng mL–1 

and the ED50 of the assay was 0.625 ng mL–1. The intra- and inter-assay coefficients of 

variation were, on average, 1.36 and 16.7%, respectively. 

 

Reverse transcription and real-time PCR 

Total RNA was extracted from cultured cells using TRIsure (Bioline, London, 

UK) according to the manufacturer’s directions. One microgram of each total RNA was 

reverse transcribed using a ThermoScript RT-PCR System (Invitrogen) and 10% of the 

reaction mixture was used in each PCR reaction using specific primers for GC-R, PGR, 

PAQR7, PGRMC1, PGRMC2, SERBP1, cytosolic phospholipase A2, group IVA 

(PLA2G4), COX2 and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) from the 

bovine sequence (Table 1). The primers were chosen using Primer 3, an online software 

package (http://primer3.sourceforge.net/). Gene expression was measured by real-time 

PCR using the Mx3000P QPCR System (Stratagene, La Jolla, CA, USA) and the 

QuantiTect SYBR Green PCR system (Qiagen GmbH, Hilden, Germany) starting with 2 

ng of reverse-transcribed total RNA as described previously [27]. GAPDH expression 

was used as an internal control. For quantification of the mRNA expression levels PCR 

was performed under the following conditions: 95°C for 15 min followed by 55 cycles 

of 94°C for 15 s, 55°C for 20 s and 72°C for 15 s. Use of the QuantiTect SYBR Green 

PCR system at elevated temperatures resulted in reliable and sensitive quantification of 

the RT-PCR products with high linearity (Pearson product moment correlation 

coefficient, r > 0.99). 

 

Western blotting analysis 

GC-R protein levels in endometrial tissues and stromal cells were assessed by 

western blotting analysis. Endometrial tissues were homogenized on ice in the 

homogenization buffer by a tissue homogenizer (Physcotron; Niti-on Inc., Chiba, Japan; 

NS-50), followed by filtration with a metal wire mesh (150 mm). For GC-R protein 

analysis, nuclei were isolated from the tissue homogenates by centrifugation at 600 x g 

for 30 min. The cultured stromal cells were lysed in 200 l of lysis buffer (20 mM 

Tris-HCl, 150 mM NaCl, 1% Triton X-100, 10% glycerol [Sigma-Aldrich; G7757], 

Complete, pH 7.4). Protein concentration was determined by the method of (Osnes et al., 

1993), using BSA as a standard. The proteins were then solubilized in SDS gel-loading 

buffer (10% glycerol, 1% -mercaptoethanol [Wako Pure Chemical Industries; 

137-06862], pH 6.8), and heated at 95 C for 10 min. Samples (30 g protein) were 

subjected to SDS-PAGE (12%) for 1.5 h at 200 V. The separated proteins were 

electrophoretically transblotted to a nitrocellulose membrane (Amersham Biosciences 

Corp., Piscataway, NJ; USA; RPN78D) for 3 h at 250 mA in transfer buffer (25 mM 

Tris-HCl, 192 mM glycine, 20% methanol, pH 8.3). The membrane was washed in 

TBS-T (0.1% Tween 20 in TBS [25 mM Tris-HCl, pH 7.5, 137 mM NaCl]), incubated 

in blocking buffer (4% nonfat dry milk in TBS-T) overnight at 4 C, incubated at room 

temperature with a primary antibody specific to each protein (GC-R antibody [95 kDa; 

Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA; sc-1002; 1:200, 1 h] and ACTB 

antibody [42 kDa; Sigma-Aldrich; A2228; 1:4000, 1 h]), incubated in blocking buffer 
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for 10 min at room temperature, washed two times for 10 min in TBS-T at room 

temperature, incubated with secondary antibody [GC-R (1:10 000): anti-rabbit Ig, 

HRP-linked whole antibody produced in donkey, Amersham Biosciences Co.; NA934; 

ACTB (1:40 000): anti-mouse Ig, HRP-linked whole antibody produced in sheep, 

Amersham Biosciences Co.; NA931] for 1 h, and washed two times in TBS-T for 10 

min and then washed in TBS for 10 min at room temperature. The signal was detected 

by ECL Western Blotting Detection System (Amersham Biosciences Co.; RPN2109). 

The intensity of the immunological reaction (GC-R and ACTB) in the tissues 

was estimated by measuring the optical density in the defined area by computerized 

densitometry using NIH Image (National Institutes of Health, USA). 

 

Statistical analysis 

All experimental data are shown as the mean ± s.e.m. of values obtained in 

three to six separate experiments, where each experimental triplicate was performed 

using stromal cells from a single bovine endometrium. The statistical significance of 

differences was assessed by analysis of variance (ANOVA) followed by a Fisher’s 

protected least-significant difference procedure (PLSD) or by a Bonferroni–Dunn test 

for multiple comparisons using StatView (SAS Institute, Cary, NC, USA). 
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CHAPTER 3 

 

GENOMIC AND NON-GENOMIC EFFECTS OF PROGESTERONE ON 

PROSTAGLANDIN (PG) F2 AND PGE2 PRODUCTION IN THE BOVINE 

ENDOMETRIUM 

 

INTRODUCTION 

 

Prostaglandin (PG) F2 (PGF) is synthesised and secreted from the 

endometrium to induce luteolysis and to modulate the oestrous cycle in the cow [5-7]. 

In contrast, PGE2 has anti-luteolytic activity in the sheep [14]. In the bovine 

endometrium, epithelial cells principally produce PGF and stromal cells produce PGE2 

[28, 29]. The luteolytic pulses of PGF are produced by endometrium in response to 

oxytocins (OT) binding to OT receptors (OTRs) [30, 31]. Progesterone (P4) acts to 

block expression of oestrogen receptor and OTR to prevent luteolysis (Spencer and 

Bazer 2004). However, continuous exposure of the endometrium to P4 downregulates 

P4 receptor expression in endometrial epithelial cells, which allows the rapid increase of 

OTR expression [32]. 

The synthesis of PGs is initiated by arachidonate isolation from plasma membrane 

phospholipids by phospholipase A2 (PLA2) [8]. Cyclooxygenase-2 (COX2) converts 

arachidonic acid to PGH2 and then two specific downstream enzymes, PGE synthase 

(PGES) and PGF synthase (PGFS), catalyse the conversion of PGH2 to PGE2 or PGF, 

respectively [10]. Thus, the change in expression of these enzymes influences 

endometrial PG production. 

Progesterone is a sex-steroid hormone that is abundantly secreted from the 

corpus luteum (CL) to establish and maintain pregnancy [5]. Progesterone acts as a 

direct transcription factor and enhances the transcriptional activity of nuclear P4 

receptor (PGR) via the activation of the Ras/Raf/Mek/Erk cascade by binding to the 

PGR (genomic effect) [33, 34]. On the other hand, there is some evidence that P4 also 

has rapid effects (non-genomic effects) due to cell membrane-initiated signalling 

pathways in several cell types [35, 36]. Rapid actions at the membrane level are thought 

to activate intracellular transduction pathways that induce the synthesis of 

transcriptional factors required for the genomic effect of P4 [37]. Progesterone binding 

to progestin/adipoQ receptor family member VII (PAQR7), also known as membrane P4 

receptor α, stimulates Erk activity [38, 39]. In addition, P4 receptor membrane 

component 1 (PGRMC1), when it interacts with serpine 1 mRNA-binding protein 

(SERBP1), inhibits Erk activity [40], while only minimal information is available for 

PGRMC2 [41]. The Ras/Raf/Mek/Erk cascade, which is known as the traditional 

mitogen-activated protein kinase (MAPK) pathway, phosphorylates PG synthases [42]. 

In the present study, to clarify whether P4 modulates PG synthesis through 

genomic or non-genomic pathways in bovine endometrial cells, we investigated: (1) the 

effect of P4 on PGF and PGE2 production by cultured endometrial cells, (2) 

time-dependent expression of enzymes associated with the arachidonate cascade after 

P4 treatment in cultured endometrial cells, (3) the effect of bovine serum albumin 

(BSA)-conjugated P4 (P4-BSA) on PGF and PGE2 production and (4) the expression of 

PGR, PAQR7, PGRMC1/2 and SERBP1 in bovine endometrium throughout the 
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oestrous cycle. 

 

MATERIALS AND METHODS 

 

Experiment 1: effect of P4 on endometrial PGF and PGE2 production in cultured 

bovine endometrial cells 

To reveal the effect of P4 on PGF and PGE2 production, endometrial epithelial 

and stromal cells were exposed to P4 (0, 1, 10 or 100 nM) for 24 h. PGF and PGE2 

concentrations in the media of both cells were measured by enzyme immunoassay. DNA 

content was measured by the spectrophotometric method [43] and used to standardise 

the results. 

 

Experiment 2: effect of P4 on PLA2 and COX2 mRNA expression in cultured bovine 

endometrial cells 

To elucidate whether P4 affects PLA2 and COX2 mRNA expression in bovine 

endometrial epithelial and stromal cells, both cell types were cultured with P4 (0, 1, 10 

or 100 nM) for 24 h. After incubation, total RNA was extracted for determination, then 

PLA2 and COX2 mRNA expression was examined by quantitative reverse transcription 

polymerase chain reaction (RT-PCR). 

 

Experiment 3: short-term effect of P4 on PLA2 and COX2 mRNA expression in 

cultured bovine endometrial cells 

To clarify whether PLA2 and COX2 mRNA expression was influenced by P4 in 

a very short time, endometrial epithelial and stromal cells were pre-incubated with fresh 

medium for 1 h. After incubation, the medium was replaced with fresh medium and 

cells were exposed to P4 (0 or 10 nM) for 5, 10, 15 or 20 min. Total RNA was extracted 

for determination, then PLA2 and COX2 mRNA expression was examined by 

quantitative RT-PCR. 

 

Experiment 4: non-genomic effect of P4 on endometrial PGF and PGE2 production 

in cultured bovine endometrial cells 

To reveal the effect of membrane-mediated P4 on PGF and PGE2 production, 

endometrial cells were cultured with 0, 1, 10 or 100 nM P4-BSA (Sigma-Aldrich) for 24 

h. P4-BSA specifically binds to cell surface membranes. PGF and PGE2 concentrations 

in the media of both cell types were measured by enzyme immunoassay. DNA content 

was measured by the spectrophotometric method [43] and used to standardise the 

results. 

 

Experiment 5: PGR, PAQR7, PGRMC1, PGRMC2 and SERBP1 mRNA expression in 

the bovine endometrium throughout the oestrous cycle 

Expression of PGR, PAQR7, PGRMC1, PGRMC2 and SERBP1 mRNA in 

endometrial tissues of each stage (n = 5 per stage) were examined by quantitative 

RT-PCR. 
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RESULTS 

 

Experiment 1: Effect of P4 on endometrial PGF and PGE2 production in cultured 

bovine endometrial cells 

Progesterone (100 nM) increased only PGE2 production compared to controls 

in cultured bovine endometrial epithelial cells (Figure 1C: P<0.05). Gradual decreases 

of PGF and PGE2 production were observed after P4 treatment in the stromal cells 

(Figure 1B, D: P<0.05). The ratio of PGF to PGE2 production was suppressed by P4 

(10, 100 nM) in the stromal cells (Figure 1F: P<0.05) but there was no difference in the 

epithelial cells (Figure 1E). 

 

Experiment 2: Effect of P4 on PLA2 and COX2 mRNA expression in cultured bovine 

endometrial cells  

Progesterone (1-100 nM) decreased both PLA2 and COX2 mRNA expression 

dose-dependently in cultured bovine endometrial stromal cells (Figure 2B, D: P<0.05) 

but not in epithelial cells (Figure 2A, C).   

 

Experiment 3: Short-term effect of P4 on PLA2 and COX2 mRNA expression in 

cultured bovine endometrial cells  

 There was no effect on PLA2 and COX2 mRNA expression by exposing P4 (10 

nM) for a short-term (5, 10, 15, 20 min) in both cultured endometrial cells (Figure 3).  

 

Experiment 4: Non-genomic effect of P4 on endometrial PGF and PGE2 production 

in cultured bovine endometrial cells 
Progesterone-BSA (100 nM) significantly increased PGF and PGE2 production 

in cultured bovine endometrial epithelial cells (Figure 4A, C: P<0.05) but not in stromal 

cells (Figure 4B, D). There was no difference the ratio of PGF to PGE2 production in 

bovine endometrial epithelial and stromal cells (Figure 4E, F). 

 

Experiment 5: PGR, PAQR7, PGRMC1, PGRMC2, and SERBP1 mRNA expression 

in the bovine endometrium throughout the estrous cycle  

PGR, PAQR7, PGRMC1, PGRMC2, and SERBP1 mRNA expressions were 

detected in the bovine endometrium throughout the estrous cycle (n=5 cows/ stage). 

PGR mRNA expression was higher at the follicular phase (Days 19-21) than at the early 

(Days 2-3) to mid (Days 8-12) luteal stages (Figure 5A). There were no changes in 

PAQR7, PGRMC1, PGRMC2, and SERBP1 mRNA expression during the estrous cycle 

(Figure 5B-E). 
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Figure 1. Mean (± s.e.m.) secretion of PGF, PGE2 and the ratio of PGF to PGE2 by 

endometrial epithelial and stromal cells on Days 2–5 of the bovine oestrous cycle (n = 

3–8). Cultured bovine endometrial (a, c, e) epithelial and (b, d, f) stromal cells were 

incubated for 24 h with P4. Different superscript letters indicate significant difference (P 

< 0.05) as determined by ANOVA followed by a Bonferroni–Dunn as a 

multiple-comparison test. 
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Figure 2. Effects of progesterone (P4) on the level of PLA2 and COX2 mRNA 

expression in cultured bovine (a, c) epithelial and (b, d) stromal cells. Endometrial cells 

were exposed to P4 (1–100 nM) for 24 h. All values (mean ± s.e.m.) are expressed as the 

relative ratio of PLA2 and COX2 mRNA to GAPDH mRNA. Different letters indicate 

significant difference (P < 0.05) as determined by ANOVA followed by a 

Bonferroni–Dunn as a multiple-comparison test. 
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Figure 3. Time-dependent effects of progesterone (P4) on PLA2 and COX2 mRNA 

expression in cultured bovine endometrial (a, c) epithelial and (b, d) stromal cells. After 1 

h of pre-incubation, both endometrial cell types were exposed to 10 nM P4 for 0, 5, 10, 15 

or 20 min. All values (mean ± s.e.m.) are expressed as the relative ratio of PLA2 and 

COX2 mRNA to GAPDH mRNA. Different letters indicate significant difference (P < 

0.05) as determined by ANOVA followed by a Bonferroni–Dunn as a 

multiple-comparison test. 
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Figure 4. Mean (± s.e.m.) secretion of PGF, PGE2 and the ratio of PGF to PGE2 by 

endometrial epithelial and stromal cells on Days 2–5 of the bovine oestrous cycle (n = 

3–8). Cultured bovine endometrial (a, c, e) epithelial and (b, d, f) stromal cells were 

incubated for 24 h with P4-BSA. Different superscript letters indicate significant 

difference (P < 0.05) as determined by ANOVA followed by a Bonferroni–Dunn as a 

multiple-comparison test. 
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Figure 5. Expression of (a) PGR, (b) PAQR7, (c) PGRMC1, (d) PGRMC2 and (e) 

SERBP1 mRNA in bovine endometrium throughout the oestrous cycle (oestrus, Day 0; 

early-luteal, Days 2–3; developing, Days 5–6; mid-luteal, Days 8–12; late-luteal, Days 

15–17; follicular stage, Days 19–21). All values (mean ± s.e.m.) are expressed as the 

relative ratio of receptor expression to GAPDH. Different superscript letters indicate 

significant difference (P < 0.05) as determined by ANOVA followed by a 

Bonferroni–Dunn as a multiple-comparison test. 
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DISCUSSION 

 

In previous studies, P4 treatment for a long time (72 h) stimulated both PGF and 

PGE2 production in cultured bovine endometrial epithelial cells, but did not affect 

stromal cells [29, 44]. Furthermore, P4 inhibited OT-stimulated PGF secretion both from 

endometrial slices and from epithelial cells during 4 h of incubation [45]. Moreover, P4 

pre-treatment for 30 min reduced intracellular mobilisation of Ca2+ in response to OT [45]. 

This effect was supposed to occur via activation of a membrane receptor that belongs to 

the class of membrane receptors coupled to phospholipase C. In the present study, P4 

treatment (24 h) significantly stimulated PGE2 production but not PGF production by 

cultured endometrial epithelial cells, whereas P4 significantly inhibited PGF and PGE2 

production and the ratio of PGF to PGE2 production by stromal cells. The findings 

suggest that the endometrial cellular reaction to P4 changes according to exposure time. 

Thus, it is important to clarify the extensive mechanisms of intracellular P4 function. 

Prostaglandin biosynthesis begins with PLA2, which leads to the release of arachidonic 

acid from plasma membrane phospholipids [46], and then COX2 converts free 

arachidonic acid to PGH2 [47]. Therefore, both enzymes act as important physiological 

control points of PG production. In the present study, P4 inhibited PLA2 and COX2 

mRNA expression in cultured endometrial stromal cells but not in epithelial cells. The 

suppression of PGF and PGE2 production by P4 in Experiment 2 seems to be due to the 

downregulation of PLA2 and COX2 mRNA expression in bovine endometrial stromal 

cells. In the epithelial cells, P4 did not affect the expression of these enzymes, although 

P4 stimulated PGE2 production. These findings suggest that P4 stimulates the expression 

and activation of other factors involved in PGE2 production in bovine endometrial 

epithelial cells. In stromal cells, short-term (5, 10, 15 or 20 min) P4 treatment did not 

affect either PLA2 or COX2 mRNA expression, although P4 treatment for 24 h 

suppressed PLA2 and COX2 mRNA expression in Experiment 3. On the other hand, 

short-term and 24-h exposure to P4 did not affect either PLA2 or COX2 mRNA 

expression in epithelial cells. These findings suggest that the effect of P4 on the 

production of PGs is induced via a PGR-activating pathway in bovine endometrial 

stromal cells. 

A membrane-initiated action of P4 was demonstrated using P4-BSA, because P4 

covalently linked to BSA cannot enter the cells and its binding is restricted to cell-surface 

membrane progesterone receptors [40, 48]. In the present study, P4-BSA stimulated PGF 

and PGE2 production in epithelial cells but not in stromal cells. The above findings 

suggest that P4 dominantly binds membrane receptors to stimulate production of PGs in 

epithelial cells, whereas P4 selectively binds to PGR in stromal cells to suppress 

production of PGs. 

In the present study, PGR expression was higher at the follicular phase than at 

the early- to mid-luteal stages. The expression patterns of P4 receptors, except SERBP1, 

throughout the oestrous cycle are consistent with those observed in a previous study [49]. 

Following ovulation, P4 concentrations begin to increase due to the formation of the CL. 

The granulosa and theca cells of the ovulated dominant follicle luteinise and produce P4 

in readiness for the establishment and maintenance of pregnancy or resumption of the 

oestrous cycle [50]. Endometrial P4 concentration is highest on Days 1–5 of the oestrous 

cycle and it subsequently decreases and is maintained at a low level during the remainder 
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of the cycle [49]. These findings suggest that the genomic effect of P4 on endometrial 

PGF production may be mediated by interaction with PGR to protect the CL against 

endometrial PGF production. Rapid effects of P4 through the membrane P4 receptor is 

thought to continuously induce expression of various genes throughout oestrous cycle. 

 

SUMMARY 

 

Progesterone (P4) acts through different actuating pathways called genomic 

and non-genomic pathways. Here we investigated whether P4 regulates prostaglandin 

(PG) F2 (PGF) and PGE2 production in bovine endometrium through different 

pathways. Cultured endometrial cells were exposed to P4 for a short time (5–20 min) or 

bovine serum albumin (BSA)-conjugated P4 (P4-BSA) for 24 h. Progesterone treatment 

for 24 h stimulated PGE2 production in epithelial cells, but suppressed both PGF and 

PGE2 production and the expression of PG-metabolising enzymes including 

phospholipase A2 (PLA2) and cyclooxygenase-2 (COX2) in stromal cells. Short-term 

(5–20 min) P4 treatment did not affect PLA2 or COX2 transcript levels in either cell 

type. P4-BSA increased PGF and PGE2 production only in epithelial cells. Nuclear P4 

receptor mRNA expression in endometrium was higher at the follicular phase than at 

the early- to mid-luteal stages, whereas membrane P4 receptor mRNA expression did 

not change throughout the oestrous cycle. The overall results suggest that P4 controls 

PG production by inhibiting enzymes via a genomic pathway and by stimulating signal 

transduction via a non-genomic pathway. Consequently, P4 may protect the corpus 

luteum by attenuating PGF production in stromal cells and by increasing PGE2 

secretion from epithelial cells. 
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CHAPTER 4 

 

EXPRESSION OF GLUCOCORTICOID RECEPTOR  AND ITS 

REGULATION IN THE BOVINE ENDOMETRIUM: POSSIBLE ROLE IN 

CYCLIC PROSTAGLANDIN F2 PRODUCTION 

 

INTRODUCTION 

 

The bovine endometrium synthesizes and secretes prostaglandin F2 (PGF), 

which is the main luteolysin responsible for regression of corpus luteum (CL). In 

non-pregnant cows, the uterus increases PGF production between Days 17 and 19 

post-ovulation [4]. The increase in uterine PGF production and its pulsatile release seem 

to regulate the estrous cycle by inducing luteal regression in ruminants [5-7]. We 

reported that the amount of PGF production by the bovine endometrium was low at the 

mid luteal stage, increased at the late luteal stage and reached the highest levels at estrus 

[20]. Thus, PGF production and secretion by the endometrium seem to be precisely 

regulated throughout the estrous cycle.  

Glucocorticoids (GCs) derived from the adrenal cortex have been shown to 

regulate female reproductive functions [51, 52]. Recently, we suggested that active GC, 

cortisol (Cr), affects pregnancy rate and CL function in cattle [53]. In addition, Cr 

suppresses basal and PGF production stimulated by tumor necrosis factor- in the 

bovine endometrial stromal cells but not in the epithelial cells [24]. Moreover, 

11-hydroxysteroid dehydrogenases (HSD11) play an important role in regulating GC 

availability in target tissues. HSD11 type 1 mainly converts cortisone to Cr in the 

target organs [54, 55]. A previous study demonstrated that the activity of HSD11 in the 

bovine endometrium was greater at the follicular stage and estrus than at the other 

stages of the estrous cycle [24]. In addition, PGF increased the protein expression of 

HSD11 in bovine endometrial stromal cells [24]. The above findings suggest that Cr 

plays some important roles in regulating PGF production throughout the estrous cycle in 

the bovine endometrium. 

The above findings raise the possibility that the intra-cellular availability of Cr 

increases, and thereby PGF production is suppressed, when HSD11 expression and 

activity are high at the follicular stage. However, PGF production by the bovine 

endometrium is highest at the follicular stage [20, 24]. These results suggest that the 

inhibitory effect of Cr on PGF production depends on other factors. The biological 

action of Cr is mediated through the activation of specific intracellular receptors, GC 

receptors (GC-R) [56-60]. Because Cr actions depend on the expression of GC-R in 

the target organs, endometrial PGF production appears to be regulated by not only 

changes in the levels of active GC (Cr) but also in GC-R expression throughout the 

estrous cycle. However, the regulatory mechanisms controlling the cyclic changes of 

endometrial PGF production remain unclear.  

Progesterone (P4) and estradiol-17 (E2) secreted by the ovary play crucial 

rolles in regulating functional and structural changes in the endometrium throughout the 

estrous cycle [61]. Furthermore, in ruminants, the uterine epithelium, stroma and 

myometrium all contain receptors for P4 and E2 [62]. Thus, we hypothesize that P4 and 

E2 regulate GC-R expression which plays an important role in controlling PGF 
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production in the bovine endometrium. 

In the present study, to determine the regulatory mechanisms of PGF 

production in the bovine endometrium, we investigated 1) GC-R protein expression 

and the biological actions of Cr in bovine endometrium throughout the estrous cycle and 

2) the roles of steroid hormones in the regulation of GC-R expression in bovine 

endometrial stromal cells. 

 

MATERIALS AND METHODS 

 

Experiment 6: GC-R protein expression throughout the estrous cycle 

 Expression of GC-R protein in endometrial tissues of each stage (n = 3 per 

stage) were examined by western blotting analysis. 

 

Experiment 7: Effect of Cr on endometrial PGF production at the mid luteal stage 

and at the follicular stage 

 To clarify whether biological action of Cr on PGF production is dependent on 

cyclic changes of GC-R, endometrial tissues at the mid luteal stage and at the 

follicular stage were exposed to Cr (0, 10 nM) for 4 h. PGF concentrations in the media 

were measured by enzyme immunoassay. The cultured tissues were weighted to 

normalize PGF concentration. 

 

Experiment 8: Effect of Cr, P4 and E2 on GC-R mRNA and protein expression in 

cultured bovine endometrial stromal cells 

 To elucidate whether steroid hormones affect GC-R mRNA and protein 

expression in bovine endometrial stromal cells, cells were cultured with Cr (0, 1, 10 or 

100 nM) or P4 (0, 0.1, 1, 10 nM) or E2 (0, 0.1, 1, 10 nM) for 24 h. After incubation, the 

GC-R mRNA expression was examined by quantitative reverse transcription 

polymerase chain reaction (RT-PCR). The GC-R protein expression was examined by 

western blotting analysis. 

 

RESULTS 

 

Experiment 6: GC-R protein expression throughout the estrous cycle 

GC-R protein was detected in the bovine endometrium throughout the estrous 

cycle (n=3 cows/ stage). GC-R protein expression was higher at the mid and late luteal 

stages than at other stages (Figure 6: P<0.05). 

 

Experiment 7: Effect of Cr on endometrial PGF production at the mid luteal stage 

and at the follicular stage 

Cr (10 nM) decreased PGF production in endometrial tissue collected at the 

mid luteal stage (P<0.05), but not in endometrial tissue collected at the follicular stage 

(P>0.05) (Figure 7).  

 

Experiment 8: Effect of Cr, P4 and E2 on GC-R mRNA and protein expression in 

cultured bovine endometrial stromal cells 

Cr decreased GC-R mRNA and protein expression. The effect was significant 
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at 100 nM in cultured bovine endometrial stromal cells (Figure 8: P<0.05). P4 increased 

GC-R mRNA and protein expression. The effect was significant at 10 nM in cultured 

bovine endometrial stromal cells (Figure 9: P<0.05). Exposing cultured bovine 

endometrial stromal cells to E2 did not affect GC-R mRNA expression (Figure 10A) 

but significantly decreased GC-R protein expressions (Figure 10B: P<0.05).  
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Figure 6. Expression of GC-Rprotein in bovine endometrium throughout the estrous 

cycle (Estrus, Day 0; early, Days 2-3; developing [Dev], Days 5-6; mid, Days 8-12; late, 

Days 15-17; follicular stage, Days 19-21). Data are the mean±SEM, for three 

samples/stage and are expressed as the relative ratio of GC-R and ACTB. 

Representative samples of western blot for GC-R and ACTB are shown in the upper 

panels. Different superscript letters indicate significant difference (P<0.05), as 

determined by ANOVA followed by a Fisher’s PLSD as a multiple comparison test. 
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Figure 7. Effect of Cr on the production of PGF in cultured bovine endometrium (A) at 

the mid luteal stage and (B) at the follicular stage. Endometrial  tissues were 

pre-incubated for 1 h in culture medium and then exposed to cortisol (10 nM) for 4 h. 

Different superscript letters indicate significant differences (P<0.05), as determined by 

ANOVA followed by a Fisher protected least significant difference (PLSD) procedure as 

a multiple comparison test. 
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Figure 8. Effect of cortisol on (A) the amounts of GC-R mRNA and (B) GC-R 

protein expressions in cultured bovine endometrial stromal cells. Endometrial stromal 

cells were exposed to cortisol (1 - 100 nM) for 24 h. Data are the mean±SEM of four 

separate experiments performed in triplicate and are expressed as the relative ratio of 

GC-R mRNA to GAPDH mRNA (A) and GC-R to ACTB protein (B). Representative 

samples of western blot for GC-R and ACTB are shown in the upper panels of Fig. 3B. 

Different letters indicate significant difference (P<0.05), as determined by ANOVA 

followed by a fisher’s PLSD as a multiple comparison test. 
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Figure 9. Effect of progesterone on (A) the amounts of GC-R mRNA and (B) GC-R 

protein expressions in cultured bovine endometrial stromal cells. Endometrial stromal 

cells were exposed to progesterone (0.1 - 10 nM) for 24 h. Data are the mean±SEM of 

four separate experiments performed in triplicate and are expressed as the relative ratio 

of GC-R mRNA to GAPDH mRNA (A) and GC-R to ACTB protein (B). 

Representative samples of western blot for GC-R and ACTB are shown in the upper 

panels of Fig. 4B. Differentletters indicate significant difference (P<0.05), as 

determined by ANOVA followed by a fisher’s PLSD as a multiple comparison test. 
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Figure 10. Effect of estradiol-17 on GC-R mRNA (A) and protein (B) expression in 

cultured bovine stromal cells (mean±SEM, n=3 experiments performed in triplicate). 

Estradiol-17 (0.1-10 nM) were added 24 h before the end of culture. Data are the 

mean±SEM of four experiments performed in triplicate and are expressed as the ratio of 

GC-R to GAPDH mRNA (A) and GC-R to ACTB protein (B). Representative 

samples of western blot for GC-R and ACTB are shown in the upper panels of Fig. 5B. 

Different superscript letters indicate significant difference (P<0.05), as determined by 

ANOVA followed by a Fisher’s PLSD as a multiple comparison test. 
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DISCUSSION 

 

The biological action of Cr is mediated through intracellular GC-R. Two 

isoforms of GC-R (GC-R and GC-R) originate from the same gene by alternative 

splicing of the GC-R primary transcript [65-67]. Since the ligand-dependent GC-R 

stimulates gene transcription in Cr target tissues, GC-R is thought to be the active 

receptor isoform [65]. GC-R protein was detected in the nuclei of most cell types in 

the endometrium of cyclic and pregnant cows [68]. In the present study, we examined 

whether changes of GC-R expression during the estrous cycle are associated with PGF 

production in the bovine endometrium. The protein expression of GC-R was 

significantly higher at the mid luteal stage than at the other stages. Since PGF 

production is significantly lower at the mid luteal stage than at the follicular stage [20], 

the cyclic changes of GC-R seem to be associated with the regulation of PGF 

production in the bovine endometrium. In fact, the suppressive effect of Cr on PGF 

production by the bovine endometrial tissue was greater at the mid luteal stage than at 

the follicular stage in the present study. These findings strongly suggest that changes in 

GC-R expression are relevant for the suppressive effect of Cr on PGF production in 

the bovine endometrium.  

Glucocorticoids and other steroid hormones down-regulate the levels of their 

cognate receptors in a number of target tissues and in many different cell lines [69, 70]. 

GC-R was down-regulated by its own ligand in different cell types [71, 72]. This 

effect is thought to be a feedback protector mechanism that would avoid deleterious 

effects of prolonged exposure to hormone [73, 74]. In the present study, Cr also 

inhibited GC-R mRNA and protein level in bovine endometrial stromal cells. The 

above findings suggest that Cr has a role in regulating of GC-R expression in bovine 

endometrial stromal cells. Although the plasma concentration of Cr does not change 

throughout the estrous cycle [75], the local concentration of Cr in bovine endometrium 

has been suggested to be regulated by the levels of HSD11B [24]. HSD11B protein 

expression and activity were greater at the follicular stage than at the mid luteal stage 

[24]. Thus, the reason why GC-R expression was low at estrus and at the follicular 

stage in the present study, may be due to the downregulation by high level of local Cr. 

Both P4 and E2 are sex steroid hormones which regulate several female 

reproductive functions [76]. GC-R mRNA [24] and protein expression observed in our 

study were highest at the mid luteal stage in the bovine endometrium. The changes of 

GC-R expression throughout the estrous cycle were similar to the cyclic changes of 

the plasma P4 concentration [5], suggesting that P4 is one of the regulators of GC-R 

expression throughout the estrous cycle. In fact, P4 stimulated GC-R expression in 

cultured stromal cells in the present study. In contrast to P4, plasma E2 concentration 

increases during the follicular stage and reaches a peak at estrus, when endometrial PGF 

production is higher than at the other stages of the estrous cycle [22]. E2 has been 

shown to down-regulate GC-R expression and influence the sensitivity to Cr in human 

breast cancer cells [77]. In agreement with these reports, E2 inhibited GC-R protein 

expression in cultured bovine endometrial stromal cells in the present study, suggesting 

that E2 regulates GC-R expression and consequently interacts with Cr in bovine 

endometrial stromal cells as it does in other cells. Thus, P4 and E2 may regulate PGF 
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production via promoting or suppressing the expression of GC-R at least in the 

stromal cells. 

In conclusion, the findings of this study suggest that the expression of GC-R 

is important to regulate PGF production in the bovine endometrium and that sex steroid 

hormones and Cr control the cyclic changes in endometrial PGF production in bovine 

endometrium at least in part by regulating GC-R expression. 

 

SUMMARY 

 

Cortisol (Cr), the most important glucocorticoid (GC), is well known to 

suppress uterine prostaglandin F2 (PGF) production. However, the details of the 

regulatory mechanisms controlling the cyclic changes in endometrial PGF production 

remain unclear. Here we investigated the expression of GC receptor (GC-R the 

actions of cortisol throughout the estrous cycle and the regulatory mechanism of GC-R 

in bovine endometrium. The levels of GC-R protein were greater at the mid-luteal 

stage (Days 8-12) than at the other stages. Cr more strongly suppressed PGF production 

at the mid luteal stage than at the follicular stage. GC-R expression was increased by 

progesterone (P4) but decreased by estradiol-17 (E2) in cultured endometrial stromal 

cells. The overall results suggest that ovarian steroid hormones control the cyclic 

changes in endometrial PGF production by regulating GC-R expression in bovine 

endometrial stromal cells. 

 

CONCLUSION 

 

 The present study investigated that the regulatory mechanisms of bovine 

endometrial PGs production. Endometrial PGs are the most important modulator of the 

estrous cycle and are regulated by steroid hormones. The first series of experiments 

showed that P4 has some actuating pathways and directly controls PGs production by 

regulating enzymes of the arachidonate cascade via genomic pathways and by 

controlling signal transduction via non-genomic pathways. The second series of 

experiments demonstrated that Cr coordinate with GC-R attenuates endometrial PGF 

production. Moreover, the suppressive effect of Cr on PGF is accelerated by P4 at the 

mid-luteal stage to prevent luteolysis. 

 Overall results suggest that endometrial PGs production is regulated by steroid 

hormones throughout the estrous cycle  

 

 

 

 



 

27 

 

REFERENCES 

 

1. Forde N, Beltman ME, Lonergan P, Diskin M, Roche JF, Crowe MA. Oestrous 

cycles in Bos taurus cattle. Anim Reprod Sci 2011; 124: 163-169.  

2. Roche JF. Control and regulation of folliculogenesis--a symposium in perspective. 

Rev Reprod 1996; 1: 19-27. 

3. Niswender GD, Juengel JL, Silva PJ, Rollyson MK, McIntush EW. 
Mechanisms controlling the function and life span of the corpus luteum. Physiol 

Rev 2000; 80: 1-29. 

4. Wolfenson D, Thatcher WW, Drost M, Caton D, Foster DB, LeBlanc MM. 
Characteristics of prostaglandin F measurements in the ovarian circulation during 

the oestrous cycle and early pregnancy in the cow. J Reprod Fertil 1985; 75: 

491-499. 

5. Mann GE, Lamming GE. Timing of prostaglandin F2 release episodes and 

oxytocin receptor development during luteolysis in the cow. Anim Reprod Sci 2006; 

93: 328-336. 

6. McCracken JA, Glew ME, Scaramuzzi RJ. Corpus luteum regression induced by 

prostagland in F2. J Clin Endocrinol Metab 1970; 30: 544-546. 

7. Silvia WJ, Lewis GS, McCracken JA, Thatcher WW, Wilson L, Jr. Hormonal 

regulation of uterine secretion of prostaglandin F2 during luteolysis in ruminants. 

Biol Reprod 1991; 45: 655-663. 

8. Flint AP, Leat WM, Sheldrick EL, Stewart HJ. Stimulation of phosphoinositide 

hydrolysis by oxytocin and the mechanism by which oxytocin controls 

prostaglandin synthesis in the ovine endometrium. Biochem J 1986; 237: 797-805. 

9. Spencer AG, Woods JW, Arakawa T, Singer II, Smith WL. Subcellular 

localization of prostaglandin endoperoxide H synthases-1 and -2 by 

immunoelectron microscopy. J Biol Chem 1998; 273: 9886-9893. 

10. Arosh JA, Parent J, Chapdelaine P, Sirois J, Fortier MA. Expression of 

cyclooxygenases 1 and 2 and prostaglandin E synthase in bovine endometrial tissue 

during the estrous cycle. Biol Reprod 2002; 67: 161-169. 

11. Leslie CA, Levine L. Evidence for the presence of a prostaglandin E 2 -9-keto 

reductase in rat organs. Biochem Biophys Res Commun 1973; 52: 717-724. 

12. Lin YM, Jarabak J. Isolation of two proteins with 9-ketoprostaglandin reductase 

and NADP-linked 15-hydroxyprostaglandin dehydrogenase activities and studies on 

their inhibition. Biochem Biophys Res Commun 1978; 81: 1227-1234. 

13. Goff AK. Steroid hormone modulation of prostaglandin secretion in the ruminant 

endometrium during the estrous cycle. Biol Reprod 200;71:11-16. 

14. Pratt BR, Butcher RL, Inskeep EK. Antiluteolytic effect of the conceptus and of 

PGE2 in ewes. J Anim Sci 1977; 45: 784-791. 

15. Magness RR, Huie JM, Hoyer GL, Huecksteadt TP, Reynolds LP, Seperich GJ, 

Whysong G, Weems CW. Effect of chronic ipsilateral or contralateral intrauterine 

infusion of prostaglandin E2 (PGE2) on luteal function of unilaterally 

ovariectomized ewes. Prostaglandins Med 1981; 6: 389-401. 

16. Kennedy TG. Prostaglandin E2, adenosine 3':5'-cyclic monophosphate and 

changes in endometrial vascular permeability in rat uteri sensitized for the decidual 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Forde%20N%5BAuthor%5D&cauthor=true&cauthor_uid=20875708
http://www.ncbi.nlm.nih.gov/pubmed/?term=Beltman%20ME%5BAuthor%5D&cauthor=true&cauthor_uid=20875708
http://www.ncbi.nlm.nih.gov/pubmed/?term=Lonergan%20P%5BAuthor%5D&cauthor=true&cauthor_uid=20875708
http://www.ncbi.nlm.nih.gov/pubmed/?term=Diskin%20M%5BAuthor%5D&cauthor=true&cauthor_uid=20875708
http://www.ncbi.nlm.nih.gov/pubmed/?term=Roche%20JF%5BAuthor%5D&cauthor=true&cauthor_uid=20875708
http://www.ncbi.nlm.nih.gov/pubmed/?term=Crowe%20MA%5BAuthor%5D&cauthor=true&cauthor_uid=20875708
http://www.ncbi.nlm.nih.gov/pubmed/20875708
http://www.ncbi.nlm.nih.gov/pubmed/?term=Roche%20JF%5BAuthor%5D&cauthor=true&cauthor_uid=9414434
http://www.ncbi.nlm.nih.gov/pubmed/?term=control+and+regulation+of+folliculogenesis+a+symposium+in+perspective
http://www.ncbi.nlm.nih.gov/pubmed/?term=Niswender%20GD%5BAuthor%5D&cauthor=true&cauthor_uid=10617764
http://www.ncbi.nlm.nih.gov/pubmed/?term=Juengel%20JL%5BAuthor%5D&cauthor=true&cauthor_uid=10617764
http://www.ncbi.nlm.nih.gov/pubmed/?term=Silva%20PJ%5BAuthor%5D&cauthor=true&cauthor_uid=10617764
http://www.ncbi.nlm.nih.gov/pubmed/?term=Rollyson%20MK%5BAuthor%5D&cauthor=true&cauthor_uid=10617764
http://www.ncbi.nlm.nih.gov/pubmed/?term=McIntush%20EW%5BAuthor%5D&cauthor=true&cauthor_uid=10617764
http://www.ncbi.nlm.nih.gov/pubmed/10617764
http://www.ncbi.nlm.nih.gov/pubmed/10617764
http://www.ncbi.nlm.nih.gov/pubmed/?term=Wolfenson%20D%5BAuthor%5D&cauthor=true&cauthor_uid=4067928
http://www.ncbi.nlm.nih.gov/pubmed/?term=Thatcher%20WW%5BAuthor%5D&cauthor=true&cauthor_uid=4067928
http://www.ncbi.nlm.nih.gov/pubmed/?term=Drost%20M%5BAuthor%5D&cauthor=true&cauthor_uid=4067928
http://www.ncbi.nlm.nih.gov/pubmed/?term=Caton%20D%5BAuthor%5D&cauthor=true&cauthor_uid=4067928
http://www.ncbi.nlm.nih.gov/pubmed/?term=Foster%20DB%5BAuthor%5D&cauthor=true&cauthor_uid=4067928
http://www.ncbi.nlm.nih.gov/pubmed/?term=LeBlanc%20MM%5BAuthor%5D&cauthor=true&cauthor_uid=4067928
http://www.ncbi.nlm.nih.gov/pubmed/?term=characteristics+of+prostaglandin+F+measurements+in+the+ovarian+circulation+during+the+oestrous+cycle+and+early+pregnancy+in+the+cow
http://www.ncbi.nlm.nih.gov/pubmed/?term=Spencer%20AG%5BAuthor%5D&cauthor=true&cauthor_uid=9545330
http://www.ncbi.nlm.nih.gov/pubmed/?term=Woods%20JW%5BAuthor%5D&cauthor=true&cauthor_uid=9545330
http://www.ncbi.nlm.nih.gov/pubmed/?term=Arakawa%20T%5BAuthor%5D&cauthor=true&cauthor_uid=9545330
http://www.ncbi.nlm.nih.gov/pubmed/?term=Singer%20II%5BAuthor%5D&cauthor=true&cauthor_uid=9545330
http://www.ncbi.nlm.nih.gov/pubmed/?term=Smith%20WL%5BAuthor%5D&cauthor=true&cauthor_uid=9545330
http://www.ncbi.nlm.nih.gov/pubmed/?term=subcellular+localization+of+prostaglandin+endoperoxide+H+synthases-1+and+2+by+immunoelectron+microscopy
http://www.ncbi.nlm.nih.gov/pubmed/?term=Leslie%20CA%5BAuthor%5D&cauthor=true&cauthor_uid=4736322
http://www.ncbi.nlm.nih.gov/pubmed/?term=Levine%20L%5BAuthor%5D&cauthor=true&cauthor_uid=4736322
http://www.ncbi.nlm.nih.gov/pubmed/?term=Evidence+for+the+presence+of+a+prostaglandin+E+2-9keto+reductase+in+rat+organs
http://www.ncbi.nlm.nih.gov/pubmed/?term=Lin%20YM%5BAuthor%5D&cauthor=true&cauthor_uid=666816
http://www.ncbi.nlm.nih.gov/pubmed/?term=Jarabak%20J%5BAuthor%5D&cauthor=true&cauthor_uid=666816
http://www.ncbi.nlm.nih.gov/pubmed/?term=Isolation+of+two+proteins+with+9-ketoprostaglandin+reductase+and+NADP-linked+15-hydroxyprostaglandin+dehydrogenase+activities+and+studies
http://www.ncbi.nlm.nih.gov/pubmed/?term=Goff%20AK%5BAuthor%5D&cauthor=true&cauthor_uid=14973258
http://www.ncbi.nlm.nih.gov/pubmed/?term=Steroid+hormone+modulation+of+prostaglandin+secretion+in+the+ruminant+endometrium
http://www.ncbi.nlm.nih.gov/pubmed/?term=Magness%20RR%5BAuthor%5D&cauthor=true&cauthor_uid=7197035
http://www.ncbi.nlm.nih.gov/pubmed/?term=Huie%20JM%5BAuthor%5D&cauthor=true&cauthor_uid=7197035
http://www.ncbi.nlm.nih.gov/pubmed/?term=Hoyer%20GL%5BAuthor%5D&cauthor=true&cauthor_uid=7197035
http://www.ncbi.nlm.nih.gov/pubmed/?term=Huecksteadt%20TP%5BAuthor%5D&cauthor=true&cauthor_uid=7197035
http://www.ncbi.nlm.nih.gov/pubmed/?term=Reynolds%20LP%5BAuthor%5D&cauthor=true&cauthor_uid=7197035
http://www.ncbi.nlm.nih.gov/pubmed/?term=Seperich%20GJ%5BAuthor%5D&cauthor=true&cauthor_uid=7197035
http://www.ncbi.nlm.nih.gov/pubmed/?term=Whysong%20G%5BAuthor%5D&cauthor=true&cauthor_uid=7197035
http://www.ncbi.nlm.nih.gov/pubmed/?term=Weems%20CW%5BAuthor%5D&cauthor=true&cauthor_uid=7197035
http://www.ncbi.nlm.nih.gov/pubmed/7197035
http://www.ncbi.nlm.nih.gov/pubmed/?term=Kennedy%20TG%5BAuthor%5D&cauthor=true&cauthor_uid=6317067


 

28 

 

cell reaction. Biol Reprod 1983; 29: 1069-1076. 

17. Asselin E, Bazer FW, Fortier MA. Recombinant ovine and bovine interferons tau 

regulate prostaglandin production and oxytocin response in cultured bovine 

endometrial cells. Biol Reprod 1997; 56: 402-408. 

18. Spencer TE, Bazer FW. Ovine interferon tau suppresses transcription of the 

estrogen receptor and oxytocin receptor genes in the ovine endometrium. 

Endocrinology 1996; 137: 1144-1147. 

19. Okuda K, Kito S, Sumi N, Sato K. A study of the central cavity in the bovine 

corpus luteum. Vet Rec 1988; 123: 180-183. 

20. Miyamoto Y, Skarzynski DJ, Okuda K. Is tumor necrosis factor  a trigger for 

the initiation of endometrial prostaglandin F2 release at luteolysis in cattle? Biol 

Reprod 2000; 62: 1109-1115. 

21. Murakami S, Shibaya M, Takeuchi K, Skarzynski DJ, Okuda K. A passage and 

storage system for isolated bovine endometrial epithelial and stromal cells. J 

Reprod Dev 2003; 49: 531-538. 

22. Skarzynski DJ, Miyamoto Y, Okuda K. Production of prostaglandin F2 by 

cultured bovine endometrial cells in response to tumor necrosis factor alpha: cell 

type specificity and intracellular mechanisms. Biol Reprod 2000; 62: 1116-1120. 

23. Fortier MA, Guilbault LA, Grasso F. Specific properties of epithelial and stromal 

cells from the endometrium of cows. J Reprod Fertil 1988; 83: 239-248. 

24. Lee HY, Acosta TJ, Tanikawa M, Sakumoto R, Komiyama J, Tasaki Y, Piskula 

M, Skarzynski DJ, Tetsuka M, Okuda K. The role of glucocorticoid in the 

regulation of prostaglandin biosynthesis in non-pregnant bovine endometrium. J 

Endocrinol 2007; 193: 127-135. 

25. Uenoyama Y, Hattori S, Miyake M, Okuda K. Up-regulation of oxytocin 

receptors in porcine endometrium by adenosine 3',5'-monophosphate. Biol Reprod 

1997; 57: 723-728. 

26. Tanikawa M, Acosta TJ, Fukui T, Murakami S, Korzekwa A, Skarzynski DJ, 

Piotrowska KK, Park CK, Okuda K. Regulation of prostaglandin synthesis by 

interleukin-1 in bovine endometrium during the estrous cycle. Prostaglandins 

Other Lipid Mediat 2005; 78: 279-290. 

27. Sakumoto R, Komatsu T, Kasuya E, Saito T, Okuda K. Expression of mRNAs 

for interleukin-4, interleukin-6 and their receptors in porcine corpus luteum during 

the estrous cycle. Domest Anim Endocrinol 2006; 31: 246-257. 

28. Kim JJ, Fortier MA. Cell type specificity and protein kinase C dependency on the 

stimulation of prostaglandin E2 and prostaglandin F2 production by oxytocin and 

platelet-activating factor in bovine endometrial cells. J. Reprod. Fertil 1995; 103: 

239–247.  

29. Asselin E, Goff AK, Bergeron H, Fortier MA. Influence of sex steroids on the 

production of prostaglandins F2 and E2 and response to oxytocin in cultured 

epithelial and stromal cells of the bovine endometrium. Biol Reprod 1996; 54: 

371-379. 

30. Flint AP, Sheldrick EL. Ovarian oxytocin and the maternal recognition of 

pregnancy. J Reprod Fertil 1986; 76: 831–839. 

31. McCracken JA, Custe EE, Lamsa JC. Luteolysis: a neuroendocrine-mediated 

event. Physiol Rev 1999; 79: 263–323.  

http://www.ncbi.nlm.nih.gov/pubmed/?term=prostaglandin+E2%2C+adenosine+3'+5'+cyclic+monophosphate+and+changes+in+endometrial+vascular+permeability
http://www.ncbi.nlm.nih.gov/pubmed/?term=Asselin%20E%5BAuthor%5D&cauthor=true&cauthor_uid=9116139
http://www.ncbi.nlm.nih.gov/pubmed/?term=Bazer%20FW%5BAuthor%5D&cauthor=true&cauthor_uid=9116139
http://www.ncbi.nlm.nih.gov/pubmed/?term=Fortier%20MA%5BAuthor%5D&cauthor=true&cauthor_uid=9116139
http://www.ncbi.nlm.nih.gov/pubmed/?term=recombinant+ovine+and+bovine+interferons+tau+regulate+prostaglandin+production+and+oxytocin+response+in+cultured+bovine+endomet
http://www.ncbi.nlm.nih.gov/pubmed/?term=Spencer%20TE%5BAuthor%5D&cauthor=true&cauthor_uid=8603586
http://www.ncbi.nlm.nih.gov/pubmed/?term=Bazer%20FW%5BAuthor%5D&cauthor=true&cauthor_uid=8603586
http://www.ncbi.nlm.nih.gov/pubmed/8603586


 

29 

 

32. Spencer TE, Bazer FW. Conceptus signals for establishment and maintenance of 

pregnancy. Reprod Biol Endocrinol 2004; 2: 49. 

33. Leonhardt SA, Edwards DP. Mechanism of action of progesterone antagonists. 

Exp Biol Med (Maywood) 2002; 227: 969-980. 

34. Lange CA. Making sense of cross-talk between steroid hormone receptors and 

intracellular signaling pathways: who will have the last word? Mol Endocrinol 

2004; 18: 269-278. 

35. Losel RM, Falkenstein E, Feuring M, Schultz A, Tillmann HC, 

Rossol-Haseroth K, Wehling M. Nongenomic steroid action: controversies, 

questions, and answers. Physiol Rev 2003; 83: 965-1016. 

36. Verikouki CH, Hatzoglou CH, Gourgoulianis KI, Molyvdas PA, Kallitsaris A, 

Messinis IE. Rapid effect of progesterone on transepithelial resistance of human 

fetal membranes: evidence for non-genomic action. Clin Exp Pharmacol Physiol 

2008; 35: 174-179. 

37. Koulen P, Madry C, Duncan RS, Hwang JY, Nixon E, McClung N, Gregg EV, 

Singh M. Progesterone potentiates IP(3)-mediated calcium signaling through 

Akt/PKB. Cell Physiol Biochem 2008; 21: 161-172. 

38. Zhu Y, Rice CD, Pang Y, Pace M, Thomas P. Cloning, expression, and 

characterization of a membrane progestin receptor and evidence it is an 

intermediary in meiotic maturation of fish oocytes. Proc Natl Acad Sci U S A 2003; 

100: 2231-2236. 

39. Karteris E, Zervou S, Pang Y, Dong J, Hillhouse EW, Randeva HS, Thomas P. 

Progesterone signaling in human myometrium through two novel membrane G 

protein-coupled receptors: potential role in functional progesterone withdrawal at 

term. Mol Endocrinol 2006; 20: 1519-1534. 

40. Peluso JJ, Bremner T, Fernandez G, Pappalardo A, White BA. Expression 

pattern and role of a 60-kilodalton progesterone binding protein in regulating 

granulosa cell apoptosis: involvement of the mitogen-activated protein kinase 

cascade. Biol Reprod 2003; 68: 122-128. 

41. Gerdes D, Wehling M, Leube B, Falkenstein E. Cloning and tissue expression of 

two putative steroid membrane receptors. Biol Chem 1988; 379: 907-911. 

42. Anfuso CD, Lupo G, Romeo L, Giurdanella G, Motta C, Pascale A, Tirolo C, 

Marchetti B, Alberghina M. Endothelial cell-pericyte cocultures induce PLA2 

protein expression through activation of PKCalpha and the MAPK/ERK cascade. J 

Lipid Res 2007; 48: 782-793. 

43. Labarca C, Paigen K. A simple, rapid, and sensitive DNA assay procedure. Anal 

Biochem 1980; 102: 344-352. 

44. Xiao CW, Liu JM, Sirois J, Goff AK. Regulation of cyclooxygenase-2 and 

prostaglandin F synthase gene expression by steroid hormones and interferon- in 

bovine endometrial cells. Endocrinology 1998; 139: 2293-2299. 

45. Duras M, Mlynarczuk J, Kotwica J. Non-genomic effect of steroids on 

oxytocin-stimulated intracellular mobilization of calcium and on prostaglandin F2 

and E2 secretion from bovine endometrial cells. Prostaglandins Other Lipid Mediat 

2005; 76: 105-116. 

46. Clark JD, Lin LL, Kriz RW, Ramesha CS, Sultzman LA, Lin AY, Milona N, 

Knopf JL. A novel arachidonic acid-selective cytosolic PLA2 contains a 



 

30 

 

Ca(2+)-dependent translocation domain with homology to PKC and GAP. Cell 

1991; 65: 1043-1051. 

47. Wiltbank MC, Ottobre JS. Regulation of intraluteal production of prostaglandins. 

Reprod Biol Endocrinol 2003; 1:91. 

48. Peluso JJ, Fernandez G, Pappalardo A, White BA. Membrane-initiated events 

account for progesterone's ability to regulate intracellular free calcium levels and 

inhibit rat granulosa cell mitosis. Biol Reprod 2002; 67: 379-385. 

49. Kowalik MK, Slonina D, Rekawiecki R, Kotwica J. Expression of progesterone 

receptor membrane component (PGRMC) 1 and 2, serpine mRNA binding protein 

1 (SERBP1) and nuclear progesterone receptor (PGR) in the bovine endometrium 

during the estrous cycle and the first trimester of pregnancy. Reprod Biol 2013; 13: 

15-23. 

50. Forde N, Beltman ME, Lonergan P, Diskin M, Roche JF, Crowe MA. Oestrous 

cycles in Bos taurus cattle. Anim Reprod Sci 2011; 124: 163-169. 

51. Brann DW, Mahesh VB. Role of corticosteroids in female reproduction. FASEB J 

1991; 5: 2691-2698. 

52. Andersen CY. Possible new mechanism of cortisol action in female reproductive 

organs: physiological implications of the free hormone hypothesis. J Endocrinol 

2002; 173: 211-217.  

53. Duong HT, Piotrowska-Tomala KK, Acosta TJ, Bah MM, Sinderewicz E, 

Majewska M, Jankowska K, Okuda K, Skarzynski DJ. Effects of cortisol on 

pregnancy rate and corpus luteum function in heifers: An In Vivo Study. J Reprod 

Dev 2012; 58: 223-230. 

54. Bamberger CM, Schulte HM, Chrousos GP. Molecular determinants of 

glucocorticoid receptor function and tissue sensitivity to glucocorticoids. Endocr 

Rev 1996; 17: 245-261. 

55. Stewart PM, Mason JI. Cortisol to cortisone: glucocorticoid to mineralocorticoid. 

Steroids 1995; 60: 143-146. 

56. Ito K, Chung KF, Adcock IM. Update on glucocorticoid action and resistance. J 

Allergy Clin Immunol 2006; 117: 522-543. 

57. Lu NZ, Cidlowski JA. Glucocorticoid receptor isoforms generate transcription 

specificity. Trends Cell Biol 2006; 16: 301-307. 

58. Necela BM, Cidlowski JA. Mechanisms of glucocorticoid receptor action in 

noninflammatory and inflammatory cells. Proc Am Thorac Soc 2004; 1: 239-246. 

59. Pujols L, Mullol J, Picado C. Alpha and beta glucocorticoid receptors: relevance 

in airway diseases. Curr Allergy Asthma Rep 2007; 7: 93-99. 

60. Rhen T, Cidlowski JA. Antiinflammatory action of glucocorticoids--new 

mechanisms for old drugs. N Engl J Med 2005; 353: 1711-1723. 

61. Silvia WJ, Taylor ML. Relationship between uterine secretion of prostaglandin 

F2 induced by oxytocin and endogenous concentrations of estradiol and 

progesterone at three stages of the bovine estrous cycle. J Anim Sci 1989; 67: 

2347-2353. 

62. Wathes DC, Hamon M. Localization of oestradiol, progesterone and oxytocin 

receptors in the uterus during the oestrous cycle and early pregnancy of the ewe. J 

Endocrinol 1993; 138: 479-492. 

63. Okuda K, Kito S, Sumi N, Sato K. A study of the central cavity in the bovine 



 

31 

 

corpus luteum. Vet Rec 1988; 123: 180-183. 

64. Osnes T, Sandstad O, Skar V, Osnes M, Kierulf P. Total protein in common duct 

bile measured by acetonitrile precipitation and a micro bicinchoninic acid (BCA) 

method. Scand J Clin Lab Invest 1993; 53: 757-763. 

65. Hollenberg SM, Weinberger C, Ong ES, Cerelli G, Oro A, Lebo R, Thompson 

EB, Rosenfeld MG, Evans RM. Primary structure and expression of a functional 

human glucocorticoid receptor cDNA. Nature 1985; 318: 635-641. 

66. Encio IJ, Detera-Wadleigh SD. The genomic structure of the human 

glucocorticoid receptor. J Biol Chem 1991; 266: 7182-7188. 

67. Oakley RH, Sar M, Cidlowski JA. The human glucocorticoid receptor  isoform. 

Expression, biochemical properties, and putative function. J Biol Chem 1996; 271: 

9550-9559. 

68. Majewska M, Lee HY, Tasaki Y, Acosta TJ, Szostek AZ, Siemieniuch M, 

Okuda K, Skarzynski DJ. Is cortisol a modulator of interferon  action in the 

endometrium during early pregnancy in cattle? J Reprod Immunol 2012; 93: 82-93. 

69. Svec F, Rudis M. Glucocorticoid hormone receptors in rat pancreas. Biochim 

Biophys Acta 1981; 674: 30-36. 

70. Tornello S, Orti E, De Nicola AF, Rainbow TC, McEwen BS. Regulation of 

glucocorticoid receptors in brain by corticosterone treatment of adrenalectomized 

rats. Neuroendocrinology 1982; 35: 411-417. 

71. Kalinyak JE, Griffin CA, Hamilton RW, Bradshaw JG, Perlman AJ, Hoffman 

AR. Developmental and hormonal regulation of glucocorticoid receptor messenger 

RNA in the rat. J Clin Invest 1989; 84: 1843-1848. 

72. Hoeck W, Rusconi S, Groner B. Down-regulation and phosphorylation of 

glucocorticoid receptors in cultured cells. Investigations with a monospecific 

antiserum against a bacterially expressed receptor fragment. J Biol Chem 1989; 

264: 14396-14402. 

73. Okret S, Poellinger L, Dong Y, Gustafsson JA. Down-regulation of 

glucocorticoid receptor mRNA by glucocorticoid hormones and recognition by the 

receptor of a specific binding sequence within a receptor cDNA clone. Proc Natl 

Acad Sci U S A 1986; 83: 5899-5903. 

74. Rosewicz S, McDonald AR, Maddux BA, Goldfine ID, Miesfeld RL, Logsdon 

CD. Mechanism of glucocorticoid receptor down-regulation by glucocorticoids. J 

Biol Chem 1988; 263: 2581-2584. 

75. Dieleman SJ, Bevers MM, Vantol HTM, Willemse AH. Peripheral 

plasma-concentrations of estradiol, progesterone, cortisol, LH and prolactin during 

the estrous-cycle in the cow, with emphasis on the peri-estrous period. Anim Reprod 

Sci 1986; 10: 275-292. 

76. Okuda K, Miyamoto Y, Skarzynski DJ. Regulation of endometrial prostaglandin 

F2 synthesis during luteolysis and early pregnancy in cattle. Domest Anim 

Endocrinol 2002; 23: 255-264. 

77. Leavitt WW, Takeda A. Hormonal regulation of estrogen and progestin receptors 

in decidual cells. Biol Reprod 1986; 35: 475-484. 

 



 

32 

 

ABSTRACT IN JAPANESE 

ウシ子宮内膜における prostaglandin 合成に及ぼす 

ステロイドホルモンの作用動態に関する研究 

久世 真理子 

 

ウシを含む多くの哺乳動物において排卵後の卵巣に形成される黄体は妊娠の

成立と維持に必須の progesterone (P4) を分泌する一過性の内分泌器官である。

黄体が機能している限り、P4 が上部中枢の働きを抑制することによって次の排

卵周期は起こらない。従って、妊娠が不成立の場合、次の妊娠の機会を得るため

に黄体は速やかに消失 (退行) しなければならない。Prostaglandins (PGs) は炎症

反応や筋収縮作用を持つ生理活性物質として知られているが、非妊娠牛におい

て、排卵後 17-19 日目の子宮内膜からパルス状に分泌される prostaglandin F2 

(PGF) は強力な黄体退行因子として知られている。一方、胚の存在下において 

estradiol-17 (E2) の刺激を受けて子宮内膜から分泌される黄体保護因子の 

prostaglandin E2 (PGE2) は PGF の黄体退行作用を阻害することで妊娠を維持す

る。様々な動物種においてステロイドホルモンが PGs の重要な調節因子である

と考えられている。黄体由来のステロイドホルモンである P4 は子宮内膜にお

ける oxytocin (OT) receptor 発現を抑制することで OT による PGF 産生を抑制

し、中期黄体の維持に作用することが報告されている。さらに副腎皮質由来のス

テロイドホルモンである glucocorticoid (GC) は酵素により活性型 GC である 

cortisol へと転換され、子宮内膜において間質細胞特異的に PGF 産生を抑制す

ることが示されている。しかし、これらのステロイドホルモンの PGs 産生に及

ぼす詳細な作用メカニズムは明らかにされていない。 

本研究では、ウシ子宮内膜における PGs 合成調節機構を解明する研究の一環

として、(1) ウシ子宮内膜上皮および間質細胞における PGs 合成に及ぼす P4 

の影響ならびにその作用経路、 (2) ウシ子宮内膜における排卵周期を通じた 

cortisol の  PGF 抑制作用を調べた。本研究で用いた測定系は、PGs 濃度 

(enzyme immunoassay: EIA)、遺伝子発現量 (real-time PCR 法)、タンパク質発現

量 (western blot 法) である。 

 

(1)ウシ子宮内膜における PGs 合成に及ぼす P4 の核内受容体を介した作用を

調べる目的で、ウシ子宮内膜から単離した子宮内膜上皮ならびに間質細胞をコ

ンフルエントになるまで培養した後、P4 を 1, 10, 100 nM 添加し 24 時間後の

培養上清中 PGF および PGE2 濃度ならびに PGs 合成酵素 (phopholipase A2: 

PLA2 および cyclooxygenase-2: COX2) mRNA発現量を測定した。同細胞に膜受

容体特異的に結合する BSA-conjugated P4 (P4-BSA) を 1, 10, 100 nM 添加し 24 

時間後の培養上清中の PGF および PGE2 濃度を測定した。排卵周期を通じた 

P4 受容体発現を調べる目的で、子宮内膜組織を卵巣の肉眼的所見から 6 周期

に分類し (排卵日: day 0、黄体初期: days 2-3、黄体形成期: days 5-6、黄体中期: 
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days 8-12、黄体後期: days 15-17、卵胞期: days 19-21)、各周期における P4 の核

内受容体 (PGR) および膜受容体 (PAQR7, PGRMC1, PGRMC2, SERBP1) mRNA 

発現量を測定した。 

ウシ子宮内膜間質細胞において P4 は PGF および PGE2 合成ならびに 

PLA2 および COX2 mRNA 発現を有意に抑制し (P<0.05)、間質細胞における 

PGE2 に対する PGF の割合を有意に減少させた (P<0.05)。一方、上皮細胞に

おいて P4 は PGE2 合成を有意に刺激したが (P<0.05)、PGF 合成および 

PLA2 ならびに COX2 mRNA 発現には影響を及ぼさなかった。P4-BSA は子宮

内膜上皮細胞における PGF および PGE2 合成を有意に刺激した が 

(P<0.05)、PGE2 に対する PGF の割合は変化しなかった。核内受容体の遺伝子

発現は卵胞期において黄体期 (初期から中期) と比較し有意に高かった 

(P<0.05)。一方、膜受容体は排卵周期を通じて発現していたものの、その発現

量に変化は認められなかった。 

以上のことから、P4 は間質細胞において核内受容体を介して PGs 合成酵素

発現を抑制することで PGs 合成を阻害する一方、上皮細胞において膜受容体

を介して PGs 合成を促進することが示された。P4 は細胞種ごとに相反する作

用を示し、子宮内膜における PGs 合成を厳密に制御することが明らかとなっ

た。 

 

(2)ウシ子宮内膜における排卵周期を通じた cortisol の PGF 抑制作用を調べる

目的で上記の子宮内膜各期における GC receptor  (GC-R) タンパク質発現量

を測定した。受容体の発現量と cortisol の作用の相関を調べるために黄体中期

および卵胞期の子宮内膜組織に 10 nM cortisol を添加し 4 時間培養後の上清中 

PGF 濃度を測定した。GC-R 発現の制御因子を調べる目的で培養間質細胞に 

cortisol (1, 10, 100 nM)、P4 (0.1, 1, 10 nM)、E2 (0.1, 1, 10 nM) を添加した。24 時

間後に細胞を回収し GC-RmRNA およびタンパク質発現量を測定した。 

ウシ子宮内膜の GC-R タンパク質発現量は黄体中期および後期において他

の周期と比較して有意に高かった (P<0.05)。10 nM cortisol は黄体中期における 

PGF 合成を有意に抑制したが (P<0.05)、卵胞期ではその作用は見られなかっ

た。子宮内膜間質細胞において cortisol は GC-R mRNA およびタンパク質発

現を有意に抑制した (P<0.05)。一方 P4 は GC-R mRNA およびタンパク質発

現を有意に刺激した (P<0.05)。E2 は GC-R の mRNA 発現に影響を及ぼさ

なかったがタンパク質発現を有意に抑制した (P<0.05)。 

以上のことから、ウシ子宮内膜における cortisol の PGF 抑制作用は、黄体

中期の子宮内膜における GC-R の発現と相関し、その発現は P4 により促進

されることが示された。 

 

本研究により、P4 および cortisol が子宮内膜における PGs 合成の重要な制御

因子であることが示された。P4 は子宮内膜上皮細胞において膜受容体を介し

て PGF および PGE2 合成を刺激する一方で、間質細胞において核内受容体を

介して PGF および PGE2 合成を抑制し、子宮内膜細胞全体で PGE2 合成優
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位にシフトさせた。Cortisol は P4 によって発現増加する GC-R と結合する

ことによって黄体中期に強い PGF 抑制作用を示した。以上のことから、黄体

中期の子宮内膜において P4 および cortisol は PGF 合成を抑制し黄体を保護

する働きを担うことが示された。 




