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ABSTRACT

The process of embryo implantation requires physical contact and physiological communication between the 
conceptus trophectoderm and the maternal uterine endometrium. During the peri-implantation period in pigs, the con-
ceptus undergoes significant morphological changes and secretes estrogens, the signal for maternal recognition of preg-
nancy. Estrogens secreted from the conceptus act on uterine epithelia to redirect PGF2α, luteolysin, secretion from 
the uterine vasculature to the uterine lumen to prevent luteolysis as well as to induce expression of endometrial genes 
that support implantation and conceptus development. In addition, conceptuses secrete cytokines, interferons, growth 
factors, and proteases, and in response to these signals, the uterine endometrium produces hormones, protease inhibi-
tors, growth factors, transport proteins, adhesion molecules, lipid molecules, and calcium regulatory molecules. Coor-
dinated interactions of these factors derived from the conceptus and the uterus play important roles in the process 
of implantation in pigs. To better understand mechanism of implantation process in pigs, this review provides informa-
tion on signaling molecules at the conceptus-uterine interface during early pregnancy, including recently reported data 
reported.
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INTRODUCTION

Implantation process requires a physical and physiological 
contact between the conceptus and the uterine endometrium and 
is accompanied by proper conceptus development, increased ute-
rine receptivity, and reciprocal conceptus-uterine interaction 
(Tranguch et al., 2005). In pigs, 20 to 30% of conceptuses die 
between days 12 and 30 of pregnancy, suggesting the impor-
tance of implantation process for establishment and mainte-
nance of pregnancy (Pope, 1988; Pope et al., 1986). Just before 
implantation, the conceptus signals its presence to the mother 
to obviate luteolysis and prolong lifespan of the corpus luteum 
(CL) beyond the estrous cycle, which provides continuous se-
cretion of progesterone by the CL for establishment and main-
tenance of pregnancy (Niswender et al., 2000). In pigs, signal 
for the maternal recognition of pregnancy is estrogen of concep-
tus origin which acts on the uterine endometrium to induce 
directional change of prostaglandin F2α (PGF2α) secretion (Ba-
zer and Thatcher, 1977). In cyclic pigs, endometrial PGF2α is 
secreted into uterine vasculature, which is transported to the 

ovary to cause luteolysis. However, in pregnant pigs, uterine 
endometrium in response to estrogen produced by conceptuses 
secretes PGF2α into uterine lumen, where it is sequestered to 
exert its biological actions in the uterus and/or be metabolized 
to prevent luteolysis (Bazer and Thatcher, 1977; Bazer 1998). 

Shortly before implantation, the porcine blastocysts undergo 
dramatic morphological changes between days 11 and 12. Blas-
tocysts elongate from spherical (3 to 10 mm in diameter), to 
ovoid, to tubular (10 to 50 mm in length), and then to fila-
mentous forms (100 to 800 mm in length) and become a 
conceptus (embryo/fetus and associated extraembryonic mem-
branes). During the peri-implantation period, conceptus secretes 
a variety of molecules such as cytokines, interferons, growth 
factors, and proteases as well as estrogen (Jaeger et al., 2001). 
Consistent with conceptus changes, the uterine endometrium 
also undergoes structural changes and secretes hormones, pro-
tease inhibitors, growth factors, transport proteins, and extra-
cellular matrix (Geisert and Yelich, 1997). Coordinated interac-
tions of various factors derived from conceptus and the uterus 
play important roles in the process of implantation in pigs. This 
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review focuses on these signaling molecules involved in concep-
tus-uterine interaction during the implantation period in pigs.

1. Steroid Hormones 
Plasma progesterone concentration decreases between 6 and 

4 days before estrus and increase rapidly between days 2 and 
6 of the estrous cycle, and continue to increase to reach a maxi-
mum level (about 30 ng/ml) by day 12. In cyclic pigs, after 
reaching a peak on day 12, the concentration decreases sharply 
from day 15 to less than 1 ng/ml on day 18 of the estrous 
cycle (Guthrie et al., 1972; Henricks et al., 1972). Progeste-
rone is also detected in uterine lumen (Zavy et al., 1980; Stone 
and Seamark, 1985). Progesterone as well as androgens and 
other steroid metabolites are a potential precursor for estrogen 
synthesis by conceptus (Bazer et al., 1979; Heap et al., 1983).

There is negative correlation between plasma estrogen levels 
and plasma progesterone levels during the estrous cycle (Guth-
rie et al., 1972). Levels of plasma estrogen are low until day 
16 or 17 of the estrous cycle, and then increase with a maxi-
mum level prior to estrus (Guthrie et al., 1972, Henricks et al., 
1972). There is no difference in estrogen concentrations for the 
first 16 days after estrus between cyclic pigs and pregnant pigs 
(Hanricks et al., 1972). Estrogen levels increase greatly on day 
18 in cyclic pigs, while the levels remain relatively constant in 
pregnant pigs (Guthrie et al., 1972). Estrogens are also present 
in uterine lumen of pigs (Zavy et al., 1980; Geisert et al., 1982). 
Levels of estrone and estradiol, estriol, and conjugated estro-
gens in uterine lumen of cyclic pigs are not significantly changed 
(Geisert et al., 1982). In pregnant pigs, levels of estrogens in ute-
rine lumen are affected by the developmental stage of blasto-
cysts (Geisert et al., 1982). Levels of estrone, estradiol, and es-
triol increase from days 10 to 12 with highest level in uterine 
flushing with filamentous conceptuses on day 12. Levels of es-
trone sulphate and estradiol sulphate also increase from days 
10 to 12 in uterine flushings of pregnant pigs. Catechol estro-
gens are produced from estradiol by estrogen 2/4-hydrolase 
activity of conceptus with increased activity on days 10 to 13 
(Mondschein et al., 1985). It has been suggested that catechol 
estrogens are associated with prostaglandin synthesis in the rat, 
rabbit, and human uterus (Kelly and Abel, 1980, 1981; Pakrasi 
and Dey, 1983), and blastocyst activation during implantation 
in mice (Paria et al., 1998), but function of catechol estrogen 
is not known in pigs.

Actions of estrogen and progesterone in the uterus are me-
diated mainly by their nuclear receptors, ESR1 and PGR, res-

pectively. Levels of ESR1 mRNA are highest in the uterine 
endometrium on day 10, decrease by day 15, and then increase 
by day 18 during the estrous cycle and pregnancy, but remain 
suppressed after day 18 of pregnancy (Geisert et al., 1993). 
ESR1 proteins are localized to luminal epithelium (LE), glan-
dular epithelium (GE), and stroma at estrus in cyclic pigs (Gei-
sert et al., 1993). From days 5 to 15 of the estrous cycle and 
pregnancy, ESR1 is present in LE and GE, but absent in stro-
ma. Levels of PGR in the endometrium are highest on days 
0 to 5, decrease by day 10 and then remain low on days 12 
to 18 in both cyclic and pregnant pigs (Geisert et al., 1994). 
PGR is strongly expressed in LE, GE and stroma between days 
0 to 5 (Geisert et al., 1994). After day 5, expression of PGR 
decreases in LE and GE and is undetectable from days 12 to 
18 of both the estrous cycle and pregnancy (Geisert et al., 
1994). PGR is detectable in stroma throughout the estrous cycle 
and pregnancy (Geisert et al., 1994). Thus, it is suggested that 
progesterone acts on PGR-positive stromal cells to exert para-
crine effects on epithelial cells through progesterone-mediated 
molecules, called progestamedins.      

Uterine arterial blood flow increases between days 11 and 
13 of pregnancy, when levels of estrone and estradiol increase 
(Ford et al., 1982). The reduced levels of PGF2α in the utero- 
ovarian vein during the period of maternal recognition of preg-
nancy may be due to diluted effect of PGF2α by the increased 
quantities of uterine venous blood associated with increased 
uterine blood flow (Ford et al., 1982). Catechol estrogen con-
verted from estrogen decreases uterine arterial tone by decrea-
sing calcium uptake via potential-sensitive channels, whereas 
progesterone increases α1-adrenergic receptor numbers to main-
tain the phasic contractility of uterine arterial smooth muscle 
throughout pregnancy (Ford, 1995). Estrogen and progesterone 
also affect contraction of myometrium (Lye and Porter, 1978; 
Porter and Lye, 1983). Progesterone decreases myometrial con-
tractions, whereas estrogen increases myometrial contraction. 
Amplitude of myometrial contraction is low or absent during 
the luteal phase of the estrous cycle or progesterone treatment 
after ovariectomy. 

Estrogen and progesterone regulate expression of the uterine 
endometrial genes. Progesterone increases expression of uterine 
secretory proteins including uteroferrin (Roberts and Bazer, 
1988; Fliss et al., 1991), plasmin/trypsin inhibitor (Mullins et al., 
1980; Fazleabas et al., 1983), retinol-binding protein (Trout et 
al., 1992; Harney et al., 1993), and insulin-like growth factor 
1 (IGF1) (Simmen et al., 1990) as well as adhesion molecules 
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such as integrin receptor subunits α4, α5, and β1 (Bowen et 
al., 1996). Progesterone suppresses expression of ESR1, PGR 
(Geisert et al., 1993), and MUC1 (Bowen et al., 1996) in the 
uterine endometrium. During the period of maternal recogni-
tion of pregnancy, estrogen affects expression of the ute-
rine endometrial genes aldo-keto reductase family 1, member B1 
(AKR1B1) (Ross et al., 2007), fibroblast growth factor 7 (FGF7) 
(Ka et al., 2001), secreted phosphoprotein 1 (SPP1) (White et 
al., 2005), lysophosphatidic acid receptor 3 (LPAR3) (Seo et al., 
2008), and transient receptor potential vanilloid type 6 (TRPV6) 
(Choi et al., 2009).

2. Cytokines
The IL1B system is composed of two receptors, IL1 recep-

tor type 1 (IL1R1) and IL1R2, a co-receptor (IL1 receptor 
accessory protein; IL1RAP), and a natural receptor antagonist 
(IL1 receptor antagonist; IL1RN). IL1R1 is a signaling recep-
tor, whereas IL1R2 is a decoy receptor that does not transduce 
a signal. IL1R1 does not transduce cell signaling on its own 
and IL1RAP itself does not bind IL1. A complex composed of 
IL1B, IL1R1 and IL1RAP is required to initiate IL1B cell 
signaling. During the peri-implantation period porcine concep-
tuses express IL1B (Tuo et al., 1996) and secrete abundant 
amounts of IL1B into uterine lumen with highest level on day 
12 of pregnancy (Ross et al., 2003). Uterine endometrium ex-
presses IL1B, IL1R1, IL1RAP, and IL1RN (Ross et al., 2003). 
The levels of IL1B expression is higher in the endometrium on 
days 0 to 5 compared to those on days 10 to 18 of the estrous 
cycle and early pregnancy. Thus, IL1B produced by the uterine 
endometrium has minimal contribution to highest concentration 
of IL1B in the uterine lumen on day 12 of pregnancy. Ex-
pression of IL1R1 and IL1RAP is highest in the uterine endo-
metrium on day 12 of pregnancy, whereas IL1RN is expressed 
with low level during early pregnancy. The highest levels of 
IL1B, IL1R1 and IL1RAP, and low level of IL1R1 during the 
implantation period suggest that IL1B secreted by conceptuses 
plays a critical role in implantation by binding to IL1R1 and 
IL1RAP on uterine endometrium. Function of IL1B signaling 
system in the uterine endometrium plays an important role in 
embryo implantation in human and mouse by regulating endo-
metrial gene expression. In pigs, IL1B increases expression of 
PG-endoperoxide synthase 2 (PTGS2) and PGE synthase 
(PTGES) during the implantation period in pigs (Franczak et 
al., 2010), suggesting that IL1B enhances prostaglandin syn-
thesis in the uterine endometrium during early pregnancy in 

pigs. It appears that IL1B regulates many endometrial genes 
important for the implantation process as well as genes involved 
in PG action in pigs. IL1B induces salivary lipocalin (SAL1) 
expression in the uterine endometrium on day 12 of pregnancy 
(Seo et al., 2011). 

The porcine conceptus trophectoderm uniquely secretes both 
type I and type II IFNs during the peri-implantation period. 
IFNG accounts for 75% of antiviral activity of conceptus secre-
tory proteins, and IFND accounts for 25% (La Bonnardiere et 
al., 1991; Lefevre et al., 1998). IFNG mRNA is abundantly 
expressed in trophectoderm between days 13 and 20 of preg-
nancy, whereas IFND mRNA is detectable in conceptuses on 
day 14 only by RT-PCR (Joyce et al., 2007). Interferon-τ 

(IFNT) has an antiluteolytic effect to act as the signal for ma-
ternal pregnancy recognition in ruminants (Spencer et al., 2007), 
whereas IFNs do not have antiluteolytic effects that increase 
inter-estrus intervals or plasma progesterone levels in pigs 
(Harney and Bazer, 1989; Lefevre et al., 1998). Binding site 
for IFNG is localized to endometrial epithelial cells (D'Andréa 
and La Bonnardière, 1998) and paracrine action of IFNs re-
sults in increased PGE2 secretion (Harney and Bazer, 1989). 
Intrauterine infusion of conceptus secretory protein containing 
IFNG and IFND into estrogen-treated cyclic pigs increases 
signal transducer and activator of transcription 1 (STAT1) ex-
pression in stroma (Joyce et al., 2007). Several genes are known 
to be IFN-responsive in the uterine endometrium, including 
B2M, IRF1, and ISG15 (Johnson et al., 2009). IFNG increases 
expression of SLA-DQA and SLA-DQB in the uterine endo-
metrium (Kim et al., 2012). 

 
3. Growth Factors
Insulin-like growth factors (IGF1 and IGF2) are approximately 

7 kDa polypeptide hormones with homology to proinsulin and 
are required for uterine and fetal growth (Simmen et al., 1992). 
IGF1 expression is localized to LE, GE, endothelium and vas-
cular smooth muscle in the endometrium and conceptus tro-
phectoderm (Persson et al., 1997). Levels of IGF1 expression 
in the uterine endometrium increase during early pregnancy 
and reach the highest levels on days 12 to 13 (Simmen et al., 
1990, 1992). Type I receptor for IGF are constitutively expressed 
in the endometrium during the peri-implantation period (Hofig 
et al., 1991). IGF2 expression increases from day 10 and is 
highest during mid-gestation (Simmen et al., 1992). IGF1 in 
uterine flushings is detected with highest level on day 12 of 
pregnancy (Letcher et al., 1989). The biological activity of 
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IGFs is regulated by IGF-binding proteins (IGFBPs) (Clem-
mons, 1997). In uterine lumen, several IGFBPs, including IGFBP3 
being most abundant, are present on days 10 to 11 and then 
substantially decrease by day 12 (Lee et al., 1998). Early ex-
posure of pregnant gilts to estrogen causes premature loss of 
IGFBPs in uterus during the period of conceptus elongation 
(Ashworth et al., 2005). 

Fibroblast growth factor-7 (FGF7), also known as keratinocyte 
growth factor (KGF), is a member of the heparin-binding fi-
broblast growth factor family and stimulates epithelial growth 
and differentiation (Rubin et al., 1995). FGF7 is usually expressed 
by cells of mesenchymal origin. However, FGF7 in the por-
cine uterus is expressed in the endometrial epithelium (Ka et 
al., 2000). Levels of FGF7 expression is abundant between days 
12 and 15 of the estrous cycle and pregnancy with the highest 
levels on day 12 in pregnant gilts and day 15 in cyclic gilts 
(Ka et al., 2000). FGF7 protein is present in uterine flushings 
of both day 12 of cyclic and pregnant gilts. FGF7 receptor, known 
as FGF receptor 2IIIb (FGF2IIIb), is expressed in both endo-
metrial epithelium and conceptus trophectoderm. Estrogen of 
conceptus origin increases FGF7 expression (Ka et al., 2001). 
Further, FGF7 treatment leads to proliferation and differentia-
tion of conceptus trophectoderm in pigs (Ka et al., 2001).

Transforming growth factors-β (TGFβs) are growth factors 
with multiple functions regulating cellular growth, differentia-
tion, adhesion, motility, and death (Zimmermann and Padgett, 
2000). Three isoforms of TGFβ including TGFβ1, 2, and 3 
and TGFβ receptor type I and II are expressed in the porcine 
uterine endometrium and conceptuses (Gupta et al., 1996, 1998a, 
b). Levels of all three TGFβ expression increase in the uterine 
endometrium from days 10 to 14. TGFβs are secreted from 
cell in latent forms associated with their isoform-specific latency- 
associated peptides (LAPs). The latent forms of TGFβ-LAP 
complex are converted into activated forms of TGFβ possibly 
by plasminogen activator or other protease (Geisert and Yelich, 
1997; Rifkin et al., 1999). The active TGFβ are present in 
uterine lumen and TGFβ levels increase between days 11 to 
13 of pregnancy (Gupta et al., 1998b). Expression of TGFβ 
receptor type I and II increases in the uterine endometrium 
from days 12 to 14 of pregnancy and is localized to apical 
side of endometrial epithelial cells (Gupta et al., 1998b). TGF
β stimulates production of extracellular matrix molecules and 
expression of integrin receptors (Roberts et al., 1990). Since 
LAP has the Arg-Gly-Asp (RGD) sequence, it can bind to in-
tegrin receptors. LAP released from TGFβ mediates attach-

ment between conceptus and uterine luminal epithelium by 
interacting with integrins on trophectoderm and luminal epithe-
lium (Jaeger et al., 2005).  

4. Integrins and Extracellular Matrix Proteins
Integrins are cation-dependent heterodimeric intrinsic mem-

brane glycoproteins that are formed by non-covalent linkage of 
α and β subunits. The functions of integrins in cell adhesion, 
migration, invasion and organization of cytoskeleton result 
from binding to various extracellular matrix (ECM) proteins 
and cell adhesion molecules (Burghardt et al., 1997). At least, 
17 α and 8 β subunits are identified and 23 heterodimer com-
binations are formed (Luscinskas and Lawler, 1994). Several 
integrin subunits including α1, α3, α4, αv, β1, and β3 are 
expressed in uterine endometrial epithelial cells and conceptus 
trophectoderm in pigs (Bowen et al., 1996). Expression of α4, 
α5 and β1 is highest during the period of maternal recogni-
tion of pregnancy, and α4, α5, αv, β1, and β3 are detected 
at the implantation sites (Bowen et al., 1996). 

The ECM ligands for these integrin receptors including vitro-
nectin and oncofetal fibronectin are expressed in the uterine 
endometrium and conceptus (Bowen et al., 1996; Tuo and Ba-
zer, 1996). SPP1 is an ECM secreted by many tissues inclu-
ding uterus (Johnson et al., 2003). In the porcine uterus, expre-
ssion of SPP1 mRNA is detected in discrete regions of LE in 
close proximity to conceptus just before attachment, and ex-
pands to entire LE by day 20, and after day 35 of pregnancy, 
expression of SPP1 mRNA increases in GE until day 85 (Galow 
et al., 2002). Estrogen of conceptus origin induces SPP1 expre-
ssion in LE (White et al., 2005). SPP1 proteins with 70 kDa 
and 45 kDa are detected in the uterine endometrium and only 
70 kDa form is present in uterine flushings from days 9 to 15 
of the estrous cycle and pregnancy (Garlow et al., 2002). SPP1 
released from LE binds integrin receptors on trophectoderm 
and LE to promote trophectodermal cell migration and attach-
ment to LE (Erikson et al., 2009). 

5. Proteases and Their Inhibitors
A variety of proteases play an important role in endometrial 

remodeling and trophoblast invasion. Although the porcine 
conceptuses do not invade the uterine luminal epithelium, they 
are invasive if they are transplanted to ectopic tissues (Samuel, 
1971; Samuel and Perry, 1972). The pig endometrium secretes 
protease inhibitors such as plasmin/trypsin inhibitor to block 
trophoblastic invasion by inhibiting action of protease secreted 
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by conceptus origin (Fazleabas et al., 1983). Proteases degra-
ding ECM are classified into three categories: serine, cysteine 
and metalloproteinases (Barrett, 1994). During the peri-implan-
tation period, the porcine blastocyst secretes various proteases 
including urokinase type plasminogen activator (uPA), matrix 
metalloproteinase-2 (MMP-2) and MMP-9 (Mullins et al., 
1980; Fazleabas et al., 1983; Menino et al., 1997). uPA, a se-
rine protease, cleaves plasminogen which is present in uterine 
lumen with highest levels on day 12 and release plasmin (Faz-
leabas et al., 1983). Plasmin, in turn, activates other proteo-
lytic enzymes, such as collagenase, that are secreted as latent 
form to degrade cell basement membrane and ECM (Werb et 
al., 1980). Cathepsins B (CTSB) and CTSL1, cysteine pro-
teases, and their inhibitor, cystatin C (CST3) are expressed in 
the endometrial epithelium and their expression increases in 
response to progesterone during pregnancy in pigs (Song et 
al., 2010). CTSL1 is also expressed in the placental areolae 
and neonatal intestine (Song et al., 2010). Expression of legu-
main (LGMN), a cysteine protease, and its inhibitor, CST6, is 
detected in the uterine endometrium and placental areolae 
during pregnancy (Shim and Ka, unpublished data). These suggest 
that interactions between CTSs, such as CTSL1, CTSB, and 
LGMN, and their inhibitors, such as CST3 and CTS6, may be 
involved in remodeling of endometrial and placental tissues 
and transplacental transport of nutrients and macromolecules 
(Song et al., 2010). 

6. Transport Proteins
Uterine endometrium synthesizes and secretes proteins, car-

bohydrates, lipids, and ions. The uterine secretions, termed his-
totroph, are essential to development of the conceptus during 
the peri-implantation period (Spencer and Bazer, 2004). In 
pigs, a species that has a relatively long pre-implantation pe-
riod and forms a true epitheliochorial type placenta, uterine 
secretions play a critical role in the process of maternal recog-
nition of pregnancy, implantation, and placentation (Roberts et 
al., 1987). The protein components of uterine secretions in-
clude enzymes, growth factors, hormones, extracellular proteins 
and transport proteins (Roberts and Bazer, 1988; Johnson et 
al., 2001; Spencer and Bazer, 2004). Among the many uterine 
secretory proteins released from the porcine endometrium, the 
best characterized are uteroferrin (Roberts et al., 1986), retinol 
binding protein (RBP) (Clawitter et al., 1990) and folate bin-
ding protein (FBP) (Vallet et al., 1998), which transfer iron, 
retinol and folic acid to the developing conceptus, respectively. 

Uteroferrin is a most abundant protein in the uterine se-
cretions and an iron-binding protein with a deep purple color 
and acid phosphatase activity (Zavy et al., 1984; Roberts et 
al., 1986). Uterine glandular epithelium begins to secrete utero-
ferrin on day 10 of the estrous cycle and pregnancy. The level 
of uteroferrin secretion increases after day 30 of pregnancy 
and reaches highest level on day 60 (Basha et al., 1979). The 
secreted uteroferrin is taken up by the placental areolae (Chen 
et al., 1975; Renegar et al., 1982; Raub et al., 1985) and 
ultimately enters the fetal circulation to be distributed to iron 
metabolizing sites such as liver and spleen (Renegar et al., 
1982). Excess uteroferrin are cleared by fetal kidney and iron 
is temporally stored in the allantoic sac (Renegar et al., 1982; 
Roberts and Bazer et al., 1988). 

The lipocalin protein family is composed of small extracellu-
lar proteins that have a common structural β-barrel feature. 
This property has been shown to allow these proteins to bind 
hydrophobic molecules and act as transporters. A subset of the 
lipocalin family known to be expressed in the uterine endo-
metrium in pigs is RBP. RBP is one of major components in 
the uterine secretions. RBP can bind to retinol, a major serum 
transport form of vitamin A. In the uterus, retinol bound to 
RBP is taken up by the developing conceptus through cellular 
RBP (Napoli et al., 1991) and is metabolized retinal and 
retinoic acid, the most biologically active metabolites (Ross, 
1991). Expression of RBP in the uterine endometrium in-
creases from days 10 to 15 and decrease on day 18 of the es-
trous cycle. In pregnancy, expression of RBP increases from 
days 10 to 30, declines until day 75, and increases again from 
day 90. RBP proteins are detected in LE, GE, and placental 
areolae (Harney et al., 1993 and 1994; Johansson et al., 2001). 
Expression of RBP decreased in the uterine endometrium of 
pigs carrying cloned fetuses compared to the endometrium 
with fetuses resulting from natural mating. This indicates that 
decreased cloned fetuses may suffer retinol deficiency due to 
decreased expression of RBP by the uterine endometrium that 
affects development of fetuses (Kim et al., 2009).

Salivary lipocalin (SAL1) is a member of the lipocalin fa-
mily that is comprised of a large group of small extracellular 
proteins, which act as transporters of hydrophobic compounds 
in aqueous biological fluids (Flower, 1996). Even though SAL1 
is originally identified as boar specific sex pheromone-binding 
protein (Marchese et al., 1998; Loebel et al., 2000), SAL1 is 
also a component of uterine secretions (Kayser et al., 2006). 
SAL1 is expressed in the GE with highest levels on day 12 
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of pregnancy (Seo et al., 2011). Endometrial SAL1 protein is 
secreted into the uterine lumen and transported to conceptuses. 
IL1B of conceptus origin induces SAL1 expression in the 
uterine endometrium on day 12 of pregnancy. In addition, the 
abundance of SAL1 mRNA significantly increases in the en-
dometrium with cloned embryos by somatic cell nuclear trans-
fer compared to those in the endometrium with normal em-
bryos on day 30 of pregnancy (Ka et al., 2008). These suggest 
that proper expression of SAL1 is required for the establish-
ment of pregnancy in pigs. Although identity of the ligand(s) 
and role of SAL1 are not known at the maternal-fetal interface 
during the implantation period, it is suggested that SAL1 is 
newly identified transport protein and may play a critical role 
in the establishment of pregnancy in pigs.

7. Lysophosphatidic Acids
Membrane phospholipids generate numerous lipid signaling 

molecules, such as prostaglandins and lysophosphatidic acids 
(LPAs). LPA is a simple phospholipid composed of a glycerol 
backbone with a fatty acyl chain and a free phosphate group. 
Many structurally diverse forms of LPA are present due to 
varying length and saturation of the fatty acyl side chain (Ti-
gyi and Miledi, 1992; Gerrard et al., 1989). LPA production 
and release into extracellular body fluids involve hydrolysis of 
lysophospholipids, mainly lysophosphatidylcholine (LPC), by 
at least two enzymes: phospholipase A1/A2 (PLA1/PLA2) and 
lysophospholipase D (lysoPLD) (Aoki et al., 2008). Several 
LPA species are present in the uterine lumen in pigs (Seo et 
al., 2008). ENPP2 (ectonucleotide pyrophosphatase /phospho-
diesterase 2), an enzyme with lysoPLD activity, is expressed 
in the uterine endometrium and conceptus and secreted into 
uterine lumen during early pregnancy in pigs (Seo et al., 2012). 
Higher levels of ENPP2 protein and higher lysoPLD activity 
in the uterine lumen on day 12 of pregnancy than on day 12 
of the estrous cycle are associated with increased production 
of some LPA species in the uterine luminal fluids (Seo et al., 
2008; Seo et al., 2012). 

Biological functions of LPA are mediated by at least six 
specific receptors, LPAR1-6. Through these receptors, LPA elic-
its many growth factor-like biological effects, such as cell pro-
liferation, survival, migration, differentiation, and aggregation 
in various cell types. LPA signaling plays an important role in 
the establishment and maintenance of pregnancy (Ye et al., 
2005; Seo et al., 2008; Liszewska et al., 2009). In mice, 
deleting the Lpar3 gene causes uneven embryo spacing and 

delayed implantation, which is associated with suppressed PG 
production (Ye et el., 2005). In sheep, LPA has been found in 
uterine flushings, and LPA increases cell proliferation and pro-
duction of PGE2 and PGF2α in trophectoderm cells (Liszewska 
et al., 2009). In pigs, LPAR1, LPAR2, and LPAR3 are 
expressed in the uterine endometrium and expression of LPAR3 
increases on day 12 of pregnancy, when the conceptus begins 
to implant, and LPA increases endometrial PTGS2 expression 
(Seo et al., 2008). 

8. Calcium Regulatory Molecules
Calcium ions are implicated in the embryo implantation 

process. It has been shown that uterine luminal calcium con-
centration increases on about day 12 of pregnancy and that 
calcium secretion is increased by estrogen in the uterine 
endometrium in pigs (Geisert et al., 1982). Several calcium-re-
gulatory molecules are involved in calcium homeostasis. Stan-
niocalcin 1 (STC1) is phosphoglycoprotein that regulates intra-
cellular calcium and phosphate levels (Wagner et al., 1986; 
Madsen et al., 1998). STC1 is expressed in the uterine LE and 
secreted into uterine lumen during the implantation period in 
pigs (Song et al., 2009). Progesterone from CL induces STC1 
expression in LE and estrogen of conceptus origin further 
stimulates STC1 expression. It seems that estrogen of concep-
tus origin increases calcium transport from LE to lumen by in-
ducing STC1 expression and secretion during the implantation 
period. TRPV6 is a calcium ion channel responsible for cal-
cium uptake. S100G (also known as calbindin-d9k) functions 
in transport of cytoplasmic calcium ions from the apical to the 
basolateral side of cell (Hoenderop et al., 2002). Expression of 
TRPV6 and S100G adds to the uterine LE and conceptus 
during the implantation period in pigs (Choi et al., 2009). 
Calcium content in the uterine flushings increases in asso-
ciation with increased estrogen of conceptus on days 11 to 12 
and then declined by day 14. The rapid decline of calcium con-
tent in the uterine flushings by day 14 may be due to calcium 
reabsorption through TRPV6 expressed by uterine LE and con-
ceptus. Collectively, coordination of theses calcium regulatory 
molecules may regulate calcium ion concentration in the ute-
rine epithelial cells for the establishment and maintenance of 
pregnancy in pigs.

CONCLUSION

This review summarizes signaling molecules responsible for 
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conceptus-uterine interactions during the implantation period in 
pigs. During the implantation period, conceptus secretes estro-
gen, IL1B, IFNG, and IFND, whereas the uterine endometrium 
responds to these molecules secreted by conceptuses and arranges 
for the establishment of pregnancy by producing growth fac-
tors, protease inhibitors, transporters, adhesion molecules, lipids, 
and calcium regulatory molecules. Coordinate interactions among 
those molecules mediate successful establishment and mainte-
nance of pregnancy. However, knowledge on signaling mole-
cules at the conceptus-uterine interface and their function on 
the implantation process is still far from complete. Thus, fur-
ther identification and analysis of those signaling molecules 
will help understand mechanism of implantation process and 
improve pregnancy rate in pigs. 
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