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Steroid hormones are key regulators of processes that 
occur within the female reproductive system during the 
estrous cycle and pregnancy. Under the influence of 
these hormones and other biologically active mediators 
uterus undergoes morphological changes during the 
estrous cycle and pregnancy. It is well know that gonads, 
adrenal glands and placenta derive most active steroids. 
However, recent in vitro studies performed on the pig 
model showed that the uterus is also a steroidogenic 
organ that produces androgens and estrogens de novo 
and progesterone (P4) serves as a substrate for their syn-
thesis in the uterine tissues (9, 11, 12). The authors also 

hypothesized that uterine steroids may supplement the 
amount of steroid hormones produced by embryos and 
the corpus luteum (CL), and that steroids are important 
for maintenance of early pregnancy in pigs and regula-
tion of the estrous cycle (31). Estrogens are synthesized 
from androgens in a reaction catalyzed by aromatase 
cytochrome P450 (P450arom), which is the product of 
the CYP19 gene in pigs (19, 23, 24). Estrogens serve as 
the signal of maternal recognition of pregnancy and are 
also responsible for redirection of luteolytic prostaglan-
din (PGF2α) secretion from the pig uterine vasculature 
into the uterine lumen (2). Prostaglandin F2α acts on the 
CL regression after day 13 of the porcine estrous cycle 
(25). On the other hand, the luteal regression is avoided 
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Steroid hormones are key regulators of processes that occur within the female reproductive system during the 
estrous cycle and pregnancy. So far, studies concerning the pig uterus as a steroidogenic organ were performed 
on separated endometrial and myometrial tissue slices. The aim of our study was to determine the level of the 
following steroid hormones secretions: progesterone (P4), estradiol (E2), and androstenedione (A4) in porcine 
(not separated) uterine explants at days 10-12 (the mid-luteal phase) and days 14-16 of the estrous cycle (the 
stage of luteolysis), as well as to investigate whether secretion of P4, E2 and A4 is regulated by steroids, oxytocin 
(OT), arachidonic acid (AA, the substrate for the synthesis of prostaglandins), forskolin (FSK, an activator of 
adenylate cyclase) and cAMP (cyclic adenosine monophosphate, second messenger). This study showed diverse 
primary secretion of P4 and E2 in the pig uterus during the luteal phase and luteolysis. The secretion of P4 
and E2 was higher at the days 10-12 than days 14-16 of the estrous cycle. The present observation confirmed 
involvement of P4, E2 in the control of pig uterus steroid hormones release. Moreover we demonstrated that 
AA, FSK and cAMP enhanced the production of P4, E2, and A4 in the pig uterus during the examined periods.

Keywords: uterine explants, steroid hormones, estrous cycle, pig



Med. Weter. 2015, 71 (11), 674-678 675

by exocrine redirection and retrograde transfer of PGs 
in the pregnant pigs (2). Oxytocin is the physiological 
stimulus for release of endometrial prostaglandin during 
luteolysis in pigs (27). The action of oxytocin on pig 
endometrium appears to occur through specific oxytocin 
receptors (30).

The luteinizing hormone (LH) in the ovary and testis 
and the adrenocorticotrophic hormone (ACTH) in the 
adrenal cortex acutely stimulate steroidogenesis via 
their seven transmembrane-G protein coupled receptors 
which interact with adenylyl (adenylate) cyclase to form 
the second messenger adenosine 3’,5’-cyclic monophos-
phate (cAMP) (8). As stated above, it is well known that 
trophic hormones stimulating steroidogenic cells induce 
the second messenger cAMP followed by activation 
of protein kinase A (PKA), synthesis of new proteins, 
cholesterol transfer to the inner mitochondrial membrane 
and eventually acute steroidogenesis (5, 16). However, 
other studies have indicated that trophic hormones also 
release another second messenger, namely, arachidonic 
acid (AA) and that this release occurs dependently or 
independently of cAMP formation (8).

Arachidonic acid is metabolized in the uterus to 
prostaglandins (PGE2 and PGF2α), which are involved 
in many reproductive activities including luteolysis, 
maternal recognition of pregnancy, endometrial gene 
expression, conceptus development (10, 14, 20, 29). 
Prostaglandin synthesis is thus dependent upon acces-
sibility of AA (14) and the activity of enzymes involved 
in its metabolism (4). The cited above in vitro studies 
concerning the pig uterus as a steroidogenic organ were 
performed on endometrial and myometrial tissue slices 
or isolated uterine cells (epithelial and stromal cells, 
and myocytes). However, it has not been examined in 
porcine uterine explants.

Therefore, the aim of the study was to determine 
if: (1) porcine uterine slices release progesterone (P4), 
estradiol (E2) and androstenedione (A4) at days 10-12 
and 14-16 of the estrous cycle; (2) whether the produc-
tion of these hormones in the uterus is regulated by P4, 
E2, and other factors: oxytocin (OT), arachidonic acid 
(AA; substrate for prostaglandins synthesis) as well as 
forskolin (FSK; adenylate cyclase activator) and cAMP 
(cyclic adenosine monophosphate; second messenger). 
This study provides additional information concerning 
factors potentially responsible for steroid hormones 
secretion in porcine uterus explants during the mid-luteal 
phase and luteolysis in pigs.

Material and methods
Experimental animals and collection of uterine tissue. 

All experiments were performed in accordance with the 
Animal Ethics Committee, University of Warmia and Mazury 
in Olsztyn, Poland (AEC approval No. 66/2010/DTN). Tissue 
samples were recovered from mature cross-bred gilts (Large 
White × Polish Landrace) on days 10-12 (n = 5 per group) 
during the mid-luteal phase and on days 14-16 (n = 5 per 
group) of the estrous cycle (the stage of luteolysis). Gilts 
were observed daily for estrous behavior, and they were used 

in the study during their third consecutive normal estrous 
cycle. The animals were slaughtered at a local abattoir on 
days 10-12, corresponding to the period with increased 
plasma progesterone (P4) concentration, or days 14-16, the 
period of decreasing plasma P4 concentration and regression 
of the corpus luteum. Additionally, the stage of the cycle was 
verified by utero-ovarian morphology (1). Uteri were placed 
immediately in ice-cold phosphate-buffered saline (PBS) 
supplemented with 100 IU/ml penicillin (Polfa, Poland) and 
100 µg/ml streptomycin (Polfa, Poland) and transported to the 
laboratory on ice within 1 to 1.5 h for in vitro tissue culture.

Preparation and incubation of uterine slices. Sections 
of the middle part of uterine horn collected from pigs were 
opened longitudinally on the mesometrial surface. Uteri 
were washed three times in sterile PBS then carefully cut 
into small pieces (400 mg weight) and then washed three 
times in medium M199 (Sigma, USA). Individual uterine 
slices were placed in culture vials containing 2 ml Medium 
199 supplemented with 0.1% BSA (Sigma), 20 µg nystatin 
(Sigma) and 20 µg gentamicin (Krka, Novo Mesto, Slovenia) 
and then preincubated in vitro under atmosphere of 95% O2 
and 5% CO2 at 37°C for 18 h. After preincubation, the culture 
medium was replaced with fresh medium, and the explants 
were treated with vehicle (control) or P4 (10–5 M; Sigma), E2 
(10–9 M; Sigma), OT (10–7 M; Sigma), AA (10–5 M; Sigma), 
FSK (10 µg/mL; Sigma) and cpt-cAMP analog (200 µM; 
Sigma) and incubated for an additional 3 or 24 h. All treat-
ments were performed in triplicates.

Radioimmunoassay (RIA) of steroid hormones. Con-
centrations of P4, E2 and A4 were measured in culture media 
by RIA according to the method described by Ciereszko et 
al. (7). The specifity of the antibodies against P4, E2 and A4 
has been reported by Szafranska et al. (26). The validity of 
the assays was confirmed by parallelism between the standard 
curves and a series of dilutions of randomly chosen samples. 
Intra-assay coefficients of variation for P4, E2 and A4 assays 
were 4.6%, 3.7% and 0.9% respectively, while inter-assay 
coefficients of variation were 7.3%, 9.1% and 6.5% respec-
tively. The sensitivities of the assays for P4, E2 and A4 were 
25 pg/ml, 1 pg/ml and 1 pg/ml, respectively.

Statistical analysis. All numerical data were analyzed by 
a one-way ANOVA and least significant difference (LSD) 
post hoc test and reported as the means ± S.E.M. from five 
independent observations. Statistical analyses were performed 
using the Statistica program (StatSoft Inc., Tulsa, USA). 
Values for p < 0.05 were considered statistically significant.

Results and discussion
The present study is the first to demonstrate that ste-

roid hormones, AA, FSK, and cAMP stimulate steroid 
(P4, E2, and A4) secretion by porcine uterine explants. 
In contrast to previous studies (9, 11, 31) we examined 
whole uterus slices in vitro, not separated endometrial 
and myometrial slices. We also indicated that P4, E2, 
arachidonic acid, forskolin and cAMP are involved in 
the control of progesterone, estradiol and androstene-
dione secretion in porcine uterine explants. In details, 
basal production of P4 by uterine explants after 3 and 
24 h incubation was higher during the mid-luteal phase 
compared to luteolysis. Recently, Wojciechowicz et al. 
(31) indicated endometrial and myometrial release of 
P4 during early pregnancy and the estrous cycle. The 
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endometrium from day 12 of pregnancy produces more 
P4 than during corresponding days of the estrous cycle. 
In our study, estradiol consistently increased secretion 
of P4 on days 10-12 (p < 0.05) and 14-16 (p < 0.05) of 
the estrous cycle, after 3 and 24 h incubations (Fig. 1A 
and B). These results elucidated that E2 supplementation 
stimulates P4 secretion by uterine explants in vitro. The 
above notions support the idea concerning the local de 

novo production of steroids, as previously described by 
other authors (10, 12, 31). Furthermore, it is possible 
that porcine uterine explants express activity of 3 beta-
hydroxysteroid dehydrogenase/∆5 – ∆4 isomerase (3β- 
-HSDs), which catalyzes the conversion of pregnenolone 
to progesterone (21). In our study we also observed an 
increased release of uterine E2 during both examined 
periods and incubation times (Fig. 2A and B). Moreover, 

Fig. 1. The effect of E2, OT, AA, FSK and cAMP on P4 secretion by uterine tissue. Release of P4 (mean ± standard error of 
the mean; n = 5) in vitro by uterine explants of pigs on days 10-12 (A) and days 14-16 (B) of the estrous cycle after treatment 
with estradiol (E2; 10−9 M), oxytocin (OT; 10−7 M), arachidonic acid (AA; 10−5 M), forskolin (FSK; 10 µg/mL), and cyclic-AMP 
(cAMP; 200 µM). The uterine explants (~400 mg) were preincubated (18 h; 37°C, 95% O2 + 5% CO2) and then incubated 
without (C) or with addition of experimental factors for 3 and 24 h. Different letters indicate significant differences (p < 0.05) 
between each treatment and respective control for 3 (a, b) or 24 h (c, d) incubations.

Fig. 2. The effect of P4, OT, AA, FSK and cAMP on E2 secretion by uterine tissue. Release of E2 (mean ± standard error of the 
mean; n = 5) in vitro by uterine explants of pigs on days 10-12 (A) and days 14-16 (B) of the estrous cycle after treatment with 
progesterone (P4; 10−5 M), oxytocin (OT; 10−7 M), arachidonic acid (AA; 10−5 M), forskolin (FSK; 10 µg/mL), and cyclic-AMP 
(cAMP; 200 µM). The uterine explants (~400 mg) were preincubated (18 h; 37°C, 95% O2 + 5% CO2) and then incubated 
without (C) or with addition of experimental factors for 3 and 24 h. Different letters indicate significant differences (p < 0.05) 
between each treatment and respective control for 3 (a, b) or 24 h (c, d) incubations.
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E2 concentration in the culture medium obtained after 
3 and 24 h of incubation was about four-fivefold higher 
(p < 0.05) when compared to the respective controls. 
An early observation by other authors (11) documented 
the secretion of estradiol-17β by porcine endometrium 
and myometrium during luteolysis. These authors also 
revealed that the porcine endometrium and myometrium 
express the enzyme (CYP17 gene encoding cytochrome 
P450 17 alfa-hydroxylase/C17-20 lyase) for estrogen 
production. This study confirms that uterine tissue 
explants metabolized progesterone to estrogens as it was 
suggested previously by Franczak and Kotwica (11).

The uterine tissue explants harvested on days 10-12 
and 14-16 are also sources of A4. In the present study, 
basal uterine production of A4 after 3- and 24-h incu-
bations did not change on the mid-luteal phase of 
the estrous cycle and luteolysis. Progesterone and E2 
consistently increased secretion of A4 on days 10-12 
(p < 0.05) and days 14-16 of the estrous cycle after 3 and 
24 h incubations (p < 0.05) (Fig. 3A and B). However, 
production of A4 after 24-h stimulation with P4 was 
~2-fold less than after 3 h treatment in both cyclic stages. 
Androstenedione is a principal circulating androgen in 
pigs (24) and is converted to estrone (E1) by cytochrome 
P450 aromatase (22). The results in vitro obtained by 
Franczak (12) showed that the higher amounts of A4 
were released from the endometrium and myometrium 
in response to exogenous P4, and by epithelial, stromal 
and myocytes cells isolated from porcine uterus during 
days 14-16 of the estrous cycle (12, 13). Because in this 
study, an increase in release of uterine A4 was observed 
during the mid-luteal phase in response to exogenous 
P4, the present results are comparable to those reported 
by Franczak (12) and recently by Wojciechowicz et 

al. (31) who showed that endometrial and myometrial 
tissues release high amounts of A4 during days 12 to 
13 of pregnancy and the estrous cycle and that the 
porcine uterine tissue express 3β-HSD and possess the 
ability to synthesize and release A4 and P4. The cur-
rent study indicates that the progesterone and estradiol 
supplementation also stimulates A4 accumulation in 
uterine explants, suggesting de novo androstenedione 
production. Furthermore, the data are in agreement 
that uterine-derived A4 produced during both of these 
examined periods of the estrous cycle may act as a sub-
strate for estrogen synthesis in the uterine explants. 
Generally, these results are in accordance with recent 
studies of Wojciechowicz et al. (31) which documented 
steroid secretion by porcine endometrial and myometrial 
explants during the estrous cycle.

The present study indicated that forskolin, a potent 
stimulator of cAMP generation and potent activator of 
kinase PKA and cAMP, are involved in the control of 
steroidogenesis in the porcine uterus and stimulates P4, 
E2 and A4 secretion by this tissue. The influence of for-
skolin and cAMP on steroids secretion in uteri depends 
on the day of the estrous cycle and the time of incubation. 
Treatments with FSK and cAMP for 3 h significantly 
increased E2 secretion during both periods of the estrous 
cycle (p < 0.05). After 24 h incubations, only cAMP sig-
nificantly stimulated E2 secretion during the mid-luteal 
phase (p < 0.05). The secretion of P4 was increased by 
FSK on days 10-12 (3 and 24 h incubations; p < 0.05) 
and on days 14-16 (3-h incubation; p < 0.05) as well as 
by cAMP in both incubations during the estrous cycle 
(for 3 and 24 h; p < 0.05). Forskolin and cAMP increased 
secretion of A4 after 3- and 24 h incubations during the 
mid-luteal phase of the cycle (p < 0.05), but they were 

Fig. 3. The effect of P4, E2, OT, AA, FSK and cAMP on A4 secretion by uterine tissue. Release of A4 (mean ± standard error 
of the mean; n = 5) in vitro by uterine explants of pigs on days 10-12 (A) and days 14-16 (B) of the estrous cycle after treat-
ment with progesterone (P4; 10−5 M), estradiol (E2; 10−9 M), oxytocin (OT; 10−7 M), arachidonic acid (AA; 10−5 M), forskolin 
(FSK; 10 µg/mL), and cyclic-AMP (cAMP; 200 µM). The uterine explants (~400 mg) were preincubated (18 h; 37°C, 95% O2 
+ 5% CO2) and then incubated without (C) or with addition of experimental factors for 3 and 24 h. Different letters indicate 
significant differences (p < 0.05) between each treatment and respective control for 3 (a, b) or 24 h (c, d) incubations.
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ineffective in luteolytic gilts (p > 0.05). Interestingly, 
FSK and cAMP did not affect A4 secretion on days 14-16 
of the cycle. The obtained results show that forskolin and 
cAMP may control steroidogenesis at several different 
levels. There are several reports confirming involvement 
of cAMP and forskolin in the control of ovarian cell 
steroidogenesis (6, 15, 18).

Accumulating evidence has demonstrated the regula-
tory effects of arachidonic acid and its metabolites on 
steroid hormone production in various steroidogenic 
tissues (29). In our study, arachidonic acid increased 
secretion of P4 during luteolysis only after 3 h incuba-
tion (p < 0.05), but it was ineffective in the mid-luteal 
phase gilts (p > 0.05). During luteolysis, AA consistently 
increased secretion of E2 following 3 and 24 h incuba-
tions (p < 0.05), although during the mid-luteal phase, 
a significant increase (p < 0.05) was seen only after 
3 h treatment. Arachidonic acid is metabolized in the 
uterus to prostaglandins which are important for pro-
cesses related to the estrous cycle and early pregnancy 
(14, 20). Prostaglandins (PGs) produced by the uterus 
play an important role in the regulation of the estrous 
cycle in pigs (5, 17, 25). Progesterone and E2 also can 
modulate the following prostaglandins production: 
luteoprotective PGE2 and luteolytic PGF2α which are 
released from porcine endometrial cells (4). Estradiol 
may also up-regulate prostaglandin endoperoxide syn-
thase (PTGS2) expression and increase PGE2 secretion in 
porcine endometrial explants (28). Based on the current 
study we suppose that elevated amounts of P4 and E2 
may modulate prostaglandins production and secretion.

Oxytocin is one of the key hormones implicated 
in controlling the uterine functions. Among others, it 
affects phosphoinositide hydrolysis (27), expression 
of enzymes cyclooxygenase pathway in the porcine 
endometrium and myometrium (3, 10) and secretion 
of PGs (10, 27). In the present study, oxytocin did not 
affect P4 secretion by uterine explants from cyclic pigs. 
Similarly, OT and AA did not affect A4 secretion by 
uterine explants either from days 10-12 or 14-16 of the 
estrous cycle.

In summary, the results of this study indicate that: 
a) steroid hormones, AA, FSK, and cAMP stimulate 
steroids (P4, E2, and A4) secretion by porcine uterine 
explants; b) it was also indicated that P4, E2, arachidonic 
acid, forskolin and cAMP are involved in the control 
of steroid hormones secretion in the porcine uterine. In 
conclusion, this study provided additional information 
concerning factors potentially responsible for steroid 
hormones secretion in porcine uterus explants during 
the mid-luteal phase and luteolysis in the pig.
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