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1  |  PURPOSE OF THE PRESENT 
OVERVIE W

Recently, our research group has presented other comprehensive 

reviews that provided an overview of the current knowledge in the 

field. These reviews have functionally linked research results from 

our group and others, and helped to identify gaps to inform future 

research directions (Kowalewski et al., 2021; Kowalewski, Tavares 

Pereira, & Kazemian, 2020; Kowalewski, Tavares Pereira, Papa, 

et al., 2020). One of these reviews (Kowalewski, Tavares Pereira, 

& Kazemian, 2020) focused on the endocrine milieu and morpho- 

functional aspects of embryo-  and feto- maternal communication 

during implantation, placentation and termination of pregnancy 

in the dog. The unique characteristics of canine placentation at 
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Abstract
Canine pregnancy relies on luteal steroidogenesis for progesterone (P4) production. 

The canine placenta responds to P4, depending on the nuclear P4 receptor (PGR). This 

has sparked interest in investigating the interaction between ovarian luteal steroids 

and the placenta in dogs. Canine placentation is characterized by restricted (shallow) 

trophoblast invasion, making the dog an interesting model for studying decidua- 

derived modulation of trophoblast invasion, compared with the more invasive (hemo-

chorial) placentation. The PGR is expressed in maternally derived decidual cells and 

plays a crucial role in feto- maternal communication during pregnancy maintenance. 

Understanding PGR- mediated signalling has clinical implications for improving repro-

ductive performance control in dogs. Altering the PGR signalling induces the release 
of PGF2α from the foetal trophoblast, hindering placental homeostasis, which can 

also be achieved with antigestagens like aglepristone. Consequently, luteolysis, both 

natural and antigestagen- induced, involves apoptosis, vascular lesion, and immune 

cell infiltration in the placenta, resulting in placentolysis and foetal membranes expul-

sion. Our laboratory developed the immortalized dog uterine stromal (DUS) cell line 

to study canine- specific decidualization. We study canine reproduction by observing 

physiological processes and investigating evidence- based mechanisms of decidualiza-

tion and feto- maternal interaction. Our focus on morphology, function and molecular 

aspects enhances understanding and enables targeted and translational studies.

K E Y W O R D S
antigestagens, decidualization, dog (Canis lupus familiaris), feto- maternal communication, 

luteolysis, parturition, placenta, pregnancy
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the morpho- macro and micro- functional levels were emphasized 

in (Kowalewski et al., 2021). Both articles highlighted the impor-

tance of decidualization in the underlying regulatory mechanisms. 

Finally, (Kowalewski, Tavares Pereira, Papa, et al., 2020) focused on 

exploring the mechanism of action and clinical and scientific use of 

antigestagens.

2  |  ENDOCRINE PERSPEC TIVE AND 
EMBRYO - MATERNAL INTERPL AY DURING 
PREPARTUM LUTEOLYSIS

The species- specific regulatory mechanisms and endocrine patterns 

observed in the dog strongly limit the possibilities of translational re-

search. This includes the hormonal profiles and thus endocrine milieu 

associated with the establishment and maintenance of pregnancy.

As in other mammals, progesterone (P4) is needed for a suc-

cessful outcome of canine pregnancy. Yet, unlike other domestic 

animal species, the dog lacks placental steroidogenesis, so canine 

pregnancy depends upon luteal provision of P4. Furthermore, 

there are similar secretion patterns of steroids in pregnant and 

non- pregnant (i.e. physiologically pseudopregnant) animals (for re-

views see [Hoffmann et al., 2004; Kowalewski, 2014, 2017]). The 

canine placenta responds to circulating steroids by expressing pro-

gesterone receptors, including the nuclear PGR and, as shown in 

our most recent study, membrane- bound P4 receptors (Figure 1), 

as well as oestrogen receptors (ERα) and glucocorticoid receptors 

(GR/NR3C1) (Gram et al., 2016; Kazemian et al., 2023; Kowalewski 

et al., 2010; Vermeirsch, Simoens, Hellemans, et al., 2000; 

Vermeirsch, Simoens, & Lauwers, 2000). The canine placenta is also 

an endocrine organ, producing its own hormones, including relaxin 

(RLN), the only currently available marker of pregnancy in the dog 
produced by the foetal trophoblast (Nowak et al., 2017), and pros-

taglandins (Gram et al., 2013; Gram, Fox, et al., 2014; Kowalewski 

et al., 2010). Because dogs do not have a luteolytic response to 

the absence of pregnancy, they lack the classical recognition of 

pregnancy that is directed towards rescuing the corpora lutea (CL) 

from luteolysis (Kowalewski, 2014, 2017; Kowalewski et al., 2015; 

Zatta et al., 2017). Consequently, the species- specific maternal rec-

ognition of pregnancy appears to involve a coordinated interplay 

between the CL and the utero- placental compartment facilitating 

the onset and progression of pregnancy (Kowalewski et al., 2015). 

Implantation takes place on day 17– 18 after fertilization and is fol-

lowed by placentation shortly thereafter. Importantly, although 

the initiation of canine pregnancy occurs under conditions with 

high circulating P4 levels (30– 35 ng/mL or even higher, reviewed 

in [Kowalewski, 2018]), exceeding those observed in other species, 

for example, large domestic animals, there is no induction of spon-

taneous decidualization despite the high degree of exposure of the 

uterus to this hormone (Graubner, Gram, et al., 2017). Following 

the gradually decreasing P4 levels, apparently associated with the 

luteal ageing and degenerative processes (Kowalewski, 2014; Papa 

& Kowalewski, 2020; Zatta et al., 2017), prepartum luteolysis ap-

pears to be activated at the placental level, where PGF2α is pro-

duced in the foetal compartment, in response to the fading luteal 

P4 synthesis and the hormonal levels reaching the lower threshold 

of approximately 2– 3 ng/mL, associated with diminished P4- PGR 
signalling (Figure 1). Consequently, being characterized by a steep 

decline of circulating P4, luteolysis occurs 12– 24 h before parturi-
tion (Concannon et al., 1989; Kowalewski et al., 2010, 2015), con-

comitant with the increased circulatory PGF2α originating from the 

trophoblast (Gram et al., 2013; Gram, Fox, et al., 2014; Kowalewski 

et al., 2010; Zatta et al., 2017). The nuclear PGR, which is local-

ized solely in the decidual cells of the maternal placental compart-

ment (Kowalewski et al., 2010; Vermeirsch, Simoens, Hellemans, 

et al., 2000), seems to play an important role in this regulatory 

process as the luteolytic cascade initiated in the placenta can be 

mimicked by the application of antigestagens (i.e. PGR blockers) 

(reviewed in [Kowalewski, 2014; Kowalewski et al., 2021; 

Kowalewski, Tavares Pereira, & Kazemian, 2020; Kowalewski, 

Tavares Pereira, Papa, et al., 2020]), which is also a feature used in 

our in vivo and in vitro studies.

As a further peculiarity of canine reproductive endocrinology, 
the circulating estradiol (E2) levels drop prepartum, as a result of 

both the lack of placental steroidogenesis and the prepartum luteol-

ysis (Hoffmann et al., 1994). As shown in our studies, glucocorticoids 
appear to play a role at the placental level, perhaps being involved 

in the feto- maternal interplay during the termination of pregnancy 

(Gram et al., 2016; Tavares Pereira et al., 2023). The glucocorti-

coid receptor (GR/NR3C1) is localized in foetal trophoblast and is 
increased during the natural withdrawal of P4 (Gram et al., 2016; 

Figure 1). Yet, the circulating cortisol levels are very variable and 

are not indicative of the approach of parturition. Interestingly, the 

lack of an increase in the expression of GR/NR3C1 following the 

antigestagen- mediated withdrawal of P4 indicates that it is not re-

quired for the initiation of PGF2α production (Gram et al., 2016) and 

other local roles of glucocorticoids may apply, as discussed previ-

ously (Gram et al., 2016; Tavares Pereira et al., 2023). Accordingly, 
in clinical settings, application of glucocorticoids does not appear to 

mimic the natural prepartum signalling cascade, as prolonged treat-

ments are required for the termination of pregnancy and strong side 

effects occur (Wanke et al., 1997).

F I G U R E  1  Schematic representation of proposed regulatory mechanisms involved in the regulation of canine placental function during 
pregnancy. The current understanding of the prepartum luteolytic cascade is presented in parallel with local luteal progesterone effects in 

different subcellular populations. The natural and/or induced withdrawal of placental PGR signalling leads to the activation of the placental 

pro- luteolytic cascade and placentolysis, suppression of luteal function, and the release of foetal membranes and, thus, parturition/abortion. 

The species- specific decidualization is embryo- induced, and leads to the development of decidual cells, with PGR withdrawal affecting their 

function.
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3  |  EMBRYO−/FETO - MATERNAL 
CONTAC T AND DECIDUALIZ ATION

According to earlier descriptions, canine embryos arrive in the uterus 
rather late, at approx. day 7– 10 of embryonic life (Bischoff, 1845; 

Holst & Phemister, 1971). Even in the absence of the classical rec-

ognition of pregnancy, the embryos manifest their presence in the 

uterus and modulate its function in order to facilitate implantation 

and placentation. Interestingly, along with the lack of spontaneous 

P4- driven decidualization, as indicated by our studies (Graubner, 

Reichler, et al., 2017; Kautz et al., 2014), the biochemical changes ap-

pear to precede morphological modifications in the preimplantation 

uterus. Among the modulated genes are factors known as deciduali-
zation markers, for example, insulin- like growth factor 1 (IGF1), PGR, 

ERα/ESR1, prolactin receptor (PRLR; but not PRL), as well as members 

of the prostaglandin family, like prostaglandin transporter (PGT) or 

PGE2 synthase (PTGES), and PGE2 receptors, for example, PTGER2/

EP2 (Kautz et al., 2014; Kowalewski et al., 2015). As a part of this 
so- called predecidualization, our genomic approach indicated that 

further changes occur (Graubner, Gram, et al., 2017), including the 

modification of extracellular matrix (ECM), cell signalling, secretory 

activity and matrix– cell interactions characterized by cell motion 

and migration (Graubner, Gram, et al., 2017). The next important 

group of factors relates to the activation of the inflammatory re-

sponse as represented in activated pathways and gene networks 

(Graubner, Gram, et al., 2017). Some of our recent findings regarding 

the involvement of the immune system in canine pregnancy (Tavares 

Pereira, Nowaczyk, Aslan, et al., 2021; Tavares Pereira, Nowaczyk, 
Payan Carreira, et al., 2021) are briefly discussed below.

Among the most interesting findings from our genomic approach, 
indicating the translational applicability of our observations, is the 

high degree of similarity in the changes associated with the pres-

ence of early preimplantation embryos (days 10– 12) in the canine 

uterus and its human counterpart during the window of implantation 

(Graubner, Gram, et al., 2017). This was interpreted in the context 

of ongoing (pre)decidualization in preparation for implantation and 

trophoblast invasion (Graubner, Gram, et al., 2017).

The more intimate embryo- maternal contact starts during 

implantation, ultimately leading to the formation of the canine 

endotheliochorial placenta, with the integral development of 

the maternal- stroma derived decidual cells (Graubner, Reichler, 

et al., 2017). The canine decidual cells are morphologically clearly 

distinguishable and first become visible in the subepithelial com-

partments during the attachment of the conceptus to the uterine 

surface (Graubner, Reichler, et al., 2017), initializing the process of 

decidualization. In the mature placenta, decidual cells are located 

close to the maternal vessels (Kowalewski et al., 2021). They un-

dergo mesenchymal– epithelial transition, acquiring epithelial char-

acteristics, becoming large, increasing their secretory activity, and 

being surrounded by a layer of interstitial matrix, apparently con-

taining COL4, laminins (e.g. LAMA2) and other similar substances 
existing in the basement membranes of epithelial compartments 

(Graubner et al., 2018, 2020; Kautz et al., 2015; Kowalewski 

et al., 2021). Concomitantly, they retain their expression of vimentin 

and alpha smooth muscle actin (α- SMA), both of which are mesen-

chymal markers (Graubner, Reichler, et al., 2017; Kautz et al., 2015). 

As a characteristic of endotheliochorial placentation, together with 
maternal endothelial cells, decidual cells evade the trophoblast in-

vasion. Besides steroid receptors, decidual cells also express oxy-

tocin receptor (OXTR) and RLN receptor RXFPR2 (Gram, Boos, 
et al., 2014; Nowak et al., 2017). Whereas the increased presence 

of OXTR in decidual cells during normal and antigestagen- induced 

luteolysis implies its involvement in the signalling cascade leading to 

the prepartum release of prostaglandins (Gram, Boos, et al., 2014; 

Figure 1), the decidualization capacity of RLN is known from human 
endometrial stromal cells, where it stimulates intracellular cAMP 
production (Telgmann et al., 1997; Telgmann & Gellersen, 1998).

4  |  NATUR AL VERSUS INDUCED 
LUTEOLY TIC C A SC ADE AND 
PRO - LUTEOLY TIC EFFEC TS OF 
ANTIGESTAGENS

Detailed descriptions of the prepartum luteolytic cascade have 

already been published (Kowalewski, 2014, 2017; Kowalewski 

et al., 2015) and are briefly outlined above, including the involvement 

of the PGR expressed in decidual cells. As mentioned elsewhere, 
blocking the PGR functionality with antigestagens (aglepristone) 

evokes similar morpho- functional changes in the utero- placental 

compartments to those during natural luteolysis and stimulates an 

endocrine cascade leading to prepartum luteolysis/abortion (Baan 

et al., 2005, 2008; Gram et al., 2013; Kowalewski et al., 2010; Nowak 
et al., 2019). At the luteal level, massive luteolytic signals are ob-

served in the CL, apparently related to the prepartum release of 

utero- placental PGF2α (Gram et al., 2013; Zatta et al., 2017).

The pro- luteolytic effects of antigestagens in the dog are well 

documented and mostly relate to the induction of the placental 

luteolytic cascade and antigestagen- induced placentolysis, partic-

ularly when administered during the later luteal stages. The time- 

dependent effects and the placental maturation towards parturition 

which have been recently highlighted (Nowak et al., 2019) are also 

discussed in greater detail below. As for the direct effects of an-

tigestagens on luteal functionality, our transcriptomic data (Zatta 

et al., 2017) show global genomic changes related to the withdrawal 

of PGR/P4 function in the CL of dogs administered with aglepris-

tone, compared with natural prepartum luteolysis. The P4/PGR- 

driven effects include inhibition of transcriptional activity, negative 

regulation of proliferation and protein metabolism, as well as in-

creased immune response (albeit lower than during natural luteoly-

sis), and apoptosis (Zatta et al., 2017). Similarly, premature luteolysis 

following administration of aglepristone was observed in studies by 

the Aslan and Schäfer- Somi group (e.g. in [Kaya et al., 2014]). Also, 
degenerative changes in the CL of bitches treated with aglepristone 

have been shown, as well as the presence of an increased number 

of macrophages in the CL, following aglepristone administration 
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(Martin et al., 2009). In another study, administration of aglepris-

tone to non- pregnant bitches during the mid- luteal phase markedly 

reduced the length of P4 secretion by the CL (Polisca et al., 2010), 

while Gunzel- Apel et al. (2009) reported early embryonic death in 

bitches treated with aglepristone. Yet, the extent to which the ef-

fect observed in pregnant bitches relates to the PGR functionality 

directly in the CL or indirectly via activation of the placental luteo-

lytic cascade remains to be further elucidated.

These factors must be considered when effects in nonpregnant 

dogs are being compared with those observed in pregnant dogs (in 

addition to the time point of administration during pregnancy).

5  |  IN VITRO MODEL OF 
DECIDUALIZ ATION AND IMMORTALIZED 
CELL LINE FOR FUNC TIONAL STUDIES

We have developed an in vitro model of canine decidualization (Kautz 

et al., 2015) using stromal cells from naturally oestrogenized dogs 

(early dioestrus). Our experimental approach is based on the cAMP- 
mediated effects as this secondary messenger is known to exert 

stronger effects than P4 on endometrial stromal cells (Gellersen & 

Brosens, 2003; Kautz et al., 2015; Kim & Fazleabas, 2004; Tamura 

et al., 2012). Moreover, as mentioned elsewhere, and in contrast 

with humans, there is no spontaneous (i.e. P4- driven) decidualization 

in the dog and P4 is considered a weak inducer of decidualization 

(Graubner, Reichler, et al., 2017). More recently, the decidualiza-

tion capacities of cAMP versus P4 in the canine model have been 
compared and extensively discussed (Graubner et al., 2020), con-

firming cAMP as a potent downstream route for the induction of 
decidualization in dogs, similar to other species with invasive pla-

centation types. Addressing the need for a stable in vitro model, we 
have further developed our decidualization model and established 

an immortalized dog uterine stromal (DUS) cell line for basic re-

search on canine decidualization (Graubner, Reichler, et al., 2017). In 

response to cAMP, decidualizing DUS cells express a wide spectrum 
of decidualization markers, for example, IGF1, PRLR, PGR, PTGES, 

PTGER2 and PTGER4 (Graubner, Reichler, et al., 2017), and enter the 

mesenchymal– epithelial transition, showing increased production 

of COL4 (Graubner et al., 2020; Figure 1). As for the P4- mediated 
effects, their possible direct and indirect contributions to decidu-

alization are presented below. Interestingly, in contrast to humans 

and rodents, but in accordance with our previous findings, canine 

decidual cells do not express PRL (Kautz et al., 2015; Kowalewski, 

Michel, et al., 2011).

In our functional in vitro studies, we utilize type II antigestagens 

(aglepristone and mifepristone), which are functional competitors 

of P4, preventing its biological functions. The use of antigestagens 

in veterinary therapy, as well as in basic and clinical reproductive 

research, is well documented and includes our contributions (re-

viewed in [Kowalewski, Tavares Pereira, Papa, et al., 2020]). Type 

II antigestagens bind the PGR more strongly than the natural ligand 

(Leonhardt & Edwards, 2002), and induce its association with target 

DNA, but instead of recruiting transcriptional coactivators of PGR, 
they recruit transcriptional corepressors to promoters of target 

genes (Beck et al., 1996; Bocquel et al., 1993; Edwards et al., 1995; 

Klein- Hitpass et al., 1991; Leonhardt & Edwards, 2002). They act, 

therefore, as transdominant repressors inhibiting the downstream 

cascades (Edwards et al., 1995). From the experimental perspective, 

type II antigestagens do not require the presence of P4 to exert their 

negative effects, due to their mode of action.

6  |  RECENT ADVANCEMENTS 
IN UNDERSTANDING ENDOCRINE 
REGUL ATION OF C ANINE PREGNANCY 
UTILIZING IN VIVO AND IN VITRO 
APPROACHES

Below, some of our most recent in vivo and in vitro observations 

are highlighted and collectively discussed in detail. These include 

selected functional clues from our transcriptomic approach (Nowak 
et al., 2019; Tavares Pereira et al., 2022), insights into immunomod-

ulatory effects (Tavares Pereira, Nowaczyk, Aslan, et al., 2021; 

Tavares Pereira, Nowaczyk, Payan Carreira, et al., 2021), and im-

plications for the local role of glucocorticoids (Tavares Pereira 

et al., 2023). In particular, the in vitro studies include deeper insights 

into species- specific decidualization and PGR- mediated effects, 

as well as offering perspectives for future investigations including 

translational research.

6.1  |  In vivo alterations in the placental 
feto- maternal communication

By applying deep sequencing (RNA- Seq) on placental samples from 
the mid- pregnant dogs and comparing them with the changes ob-

served during normal and aglepristone- induced luteolysis, further 

insights have been obtained on the mechanisms of placental matu-

ration towards parturition and on the effects of the natural and in-

duced withdrawal of P4/PGR function (Nowak et al., 2019).

Thus, in addition to the stimulation of the luteolytic output of 

foetal PGF2α, the withdrawal of PGR function leads to the distur-

bance of placental homeostasis, mirrored in the disruption of the 

feto- maternal interface, including alterations in vascular function 

and apoptosis, as well as induction of the pro- inflammatory immune 

response (Nowak et al., 2019). These findings are reflected in the 

top overrepresented functional terms associated with prepartum 

luteolysis, which overlap with induced luteolysis to a great extent, 

including negative regulation of endothelial cell function and cell- 

matrix adhesion, and increased apoptosis signalling. Concomitantly, 

mid- gestation is characterized by increased cytokinesis, cell divi-

sion and DNA replication, which are diminished by the functional 
withdrawal of PGR, cumulatively indicating the proliferative and 

anti- apoptotic properties of P4/PGR in the maintenance of placen-

tal homoeostasis. The proliferative and anti- apoptotic properties of 
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PGR signalling in decidual cells were recently demonstrated in our 

in vitro experiments (Kazemian et al., 2022). The transcriptional and 

DNA replication- associated positive effects of PGR underline its 
function as a nuclear receptor and transcriptional factor, with the 

antigestagen- mediated effects indicating its downstream molecular 

targets. An even stronger emphasis on the importance of the func-

tional withdrawal of P4/PGR for the initialization of parturition is 

provided by P4 and PGR being listed as the top upstream regulators 

during normal and induced luteolysis (Nowak et al., 2019; Figure 1).

Other predicted top upstream regulators are dexamethasone, 

PPARγ and TGFβ (Nowak et al., 2019). The presence of dexametha-

sone among the important regulators of the luteolytic process drew 

our attention as it points towards an involvement of glucocorticoids 

in the luteolytic cascade in the dog. This relatively poorly under-

stood area of canine reproductive physiology has been addressed 

in more detail in our recent studies (discussed below and in [Tavares 

Pereira et al., 2023]). PPARγ is an interesting regulatory candidate 

expressed in the foetal trophoblast, and its importance in the main-

tenance of canine pregnancy was discussed previously (Kowalewski, 

Meyer, et al., 2011). It serves as an alternative intracellular receptor 

for arachidonic acid metabolites (including prostaglandins; Berger 

& Moller, 2002) and was implicated in regulating trophoblast inva-

sion during invasive placentation in other species (Asami- Miyagishi 
et al., 2004; Barak et al., 1999). Based on its response to the with-

drawal of PGR function, PPARγ seems to be regulated by the P4– 

PGR interaction (Kowalewski, Meyer, et al., 2011). Finally, TGFβ and 

its associated factors, for example, TGFB3, TGFBR1 and TGFBR2, 

were highly expressed during luteolysis (Nowak et al., 2019). TGFβ 

is a highly versatile, multifunctional factor that was earlier impli-

cated in regulating luteolysis in cattle, including the release of foetal 

membranes and the disruption of luteal vascular integrity (Maroni & 

Davis, 2011; Massague, 2012). The signalling pathways correspond-

ing to the detected upstream regulators were also predicted to be 

jointly activated in the placenta during normal and induced luteolytic 

cascade.

Among the genes affected during prepartum luteolysis, 127 
were predicted to be regulated by P4 (Nowak et al., 2019). This list 

involved factors responsible for metabolic, vascular and immune 

function, for example, ICAM1 regulating vascular stability, integrity 

and permeability of vessels, or PTGS2 (COX2), PRLR, VEGF and PGE2 

receptor PTGER2, the functional involvement of which in maintain-

ing placental homeostasis in the dog has previously been addressed 

(Gram et al., 2015; Gram, Fox, et al., 2014; Kowalewski et al., 2010; 

Kowalewski, Michel, et al., 2011). Several of the P4- dependent 

genes overlapped between normal and induced parturition (Nowak 
et al., 2019), for example, some metalloproteinases and HSD11B2 

(Nowak et al., 2019; Figure 1). The presence of HSD11B2 among 

the P4- regulated genes in natural and antigestagen- mediated with-

drawal of P4 was of special interest as its gene product is an enzyme 

responsible for the conversion of cortisol to cortisone, and thereby 

for inactivating cortisol. Its transcriptional levels were suppressed 

during luteolysis, indicating increased local availability of placental 

cortisol upon withdrawal of P4/PGR signalling (Nowak et al., 2019). 

In subsequent studies, the canine uterine/utero- placental spatio- 

temporal expression of HSD11B2 throughout pregnancy was as-

sessed using custom- made species- specific antibodies, confirming 

the decreased availability of HSD11B2 at prepartum luteolysis and 

its localization in foetal trophoblast (Tavares Pereira et al., 2023). 

Concomitantly, placental microsomes obtained from placental sam-

ples during prepartum luteolysis showed reduced capacity to deacti-

vate cortisol into cortisone. This finding fits well with the diminished 

HSD11B2 levels and suggests increased placental availability of cor-

tisol at term, perhaps directed towards increased expression of GR/

NR3C1 in the trophoblast (Gram et al., 2016). With this, the canine 

placenta appears to actively regulate its own local cortisol levels 

during prepartum luteolysis. The possible role of cortisol, unrelated 

to its variable peripheral levels (itself representing an important clin-

ical feature), could be in regulating the availability of its own GR/

NR3C1 receptor. The role of the latter was proposed in regulating 
the local availability of P4 by functional competition with PGR for its 

natural ligand (Gram et al., 2016; Tavares Pereira et al., 2023), similar 

to that in humans (Karalis et al., 1996; Ojasoo et al., 1988). Other 

proposed roles of cortisol could be in regulating the maturation 

of foetal organs or the local availability of prostaglandins (Tavares 

Pereira et al., 2023).

6.1.1  |  Normal versus induced luteolysis

Interestingly, despite the similarities observed in placental tran-

scriptional signatures and associated signalling pathways, we 

showed that there were important differences in the effects evoked 

by the natural and induced withdrawal of PGR, as reflected in a 

high number of differentially expressed genes between these two 

groups (Nowak et al., 2019). Despite being strongly represented 

under both conditions compared with mid- gestation, several fac-

tors prevailed during the natural withdrawal of PGR, representing 

functional terms related to the negative regulation of angiogenesis, 

immune system- related processes and cytokine production, and in-

cluding, for example, pathways related to IL8- , TGFβ- , NF- κB- , or 

PKA- signalling (Nowak et al., 2019). Since our experiments with an-

tigestagens were performed using mid- term dogs, it is possible that 

placental maturation (Nowak et al., 2019), and hence preparation 

for parturition, could explain the observed differences between 

the normal and induced luteolytic cascades. Similar conclusions 

were drawn from our recent investigations of the involvement of 

the immune system during normal and induced parturition, show-

ing an upregulated, though to some extent differently modulated, 

placental immune response under both conditions (Tavares Pereira, 

Nowaczyk, Aslan, et al., 2021).

It also appears plausible that, as a part of placental maturation, 

the functional priming of the placenta towards term by continuously 

decreasing circulating luteal levels of P4, and thereby decreasing P4- 

PGR signalling, could play an important role. Following this line, our 

recent, as yet unpublished, study indicated the decreasing number 

of decidual cells as a possible contributor to the diminishing PGR 
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signalling prior to term (Figure 1). As discussed elsewhere (Nowak 
et al., 2019), our findings agree with clinical observations, indicating 

important differences between normal and antigestagen- induced 

luteolysis (Baan et al., 2008; Fieni et al., 2001; Galac et al., 2000; 

Hoffmann et al., 1999). PTGS2/COX2 was among the factors differ-

ently expressed under normal and antigestagen- induced luteolysis, 

but upregulated compared with mid- gestation controls, which could 

relate to clinical findings of differing circulating peripheral PGF2α 

under both conditions, which are lower following treatment with 

antigestagens (Kowalewski et al., 2010; Nohr et al., 1993). These 

differences should be considered when the clinical application of 

antigestagens is considered, as their effects may be time dependent.

Significant new information on the immunomodulatory effects 

at the embryo- maternal interface and the regulatory properties of 

P4/PGR signalling upon the immune response was reported recently 

(Tavares Pereira, Nowaczyk, Aslan, et al., 2021; Tavares Pereira, 

Nowaczyk, Payan Carreira, et al., 2021). Accordingly, moderated 
pro- inflammatory signals seem to prevail during the establishment 

of pregnancy, while implantation and early trophoblast invasion 

(thus, early decidualization) appear to be associated with an immu-

nomodulatory and rather anti- inflammatory environment (Tavares 

Pereira, Nowaczyk, Payan Carreira, et al., 2021). Supported by the 

transcriptomic data, termination of pregnancy is associated with in-

creased activity of M2a and M2c macrophages as well as Treg and 

Th lymphocytes, paralleled by their increased placental presence 

at term (Tavares Pereira, Nowaczyk, Aslan, et al., 2021). Despite 

several similarities, the transcriptional availability of some immune 

system- related factors differed between the natural and induced 

PGR withdrawal, indicating an even higher level of M1 macrophages 

following antigestagen treatment and a higher incidence of NK cells 
than in samples collected at term (Tavares Pereira, Nowaczyk, Aslan, 
et al., 2021). Therefore, besides placental maturation, the trans-

dominant repressor activity of type II antigestagens could also play 

a role leading to clinical implications in the management of bitches 

in which preterm parturition/abortion is induced with antigestagens 

(Tavares Pereira, Nowaczyk, Aslan, et al., 2021).

6.2  |  In vitro functional studies; extracellular 
matrix (ECM) and cell- to- cell communication, 
progesterone- , PGE2-  and antigestagen- mediated 
effects, followed by in- depth transcriptome analysis 
using NGS

In vitro decidualization of the DUS cell line via cAMP resulted in the 
increased expression of COL4, ECM1 and of the gap junction mol-

ecule CX43, in parallel with vimentin and α- SMA expression, thereby 
confirming the mesenchymal– epithelial transition of canine uterine 

stromal cells typical of other decidualization models associated with 

invasive placentation (e.g. humans; Graubner et al., 2020; Kazemian 

et al., 2022; Figure 1).

Moreover, we proved that PGE2- induced decidualization is me-

diated through its cAMP- signalling receptors (PTGER2/4), and PGE2 

stimulates the expression of PGR during decidualization (as well as 

PRLR) in a PTGER2/4- dependent manner (Graubner et al., 2020). 

Reciprocally, PGR regulates the availability of PGE2 synthase 

(PTGES) in decidualizing DUS cells (Kazemian et al., 2022), while P4 

appears to be involved in regulating the availability of PGE2 recep-

tors (Graubner et al., 2020). Furthermore, in a self- regulatory loop, 

PGE2 increases the expression of its own synthase (PTGES) and 

PTGER4 (Graubner et al., 2020). On the other hand, however, despite 

inducing the expression of decidualization markers, PGE2 does not 

modulate the expression of ECM related factors, for example, COL4 

and ECM1 (Graubner et al., 2020), and thus, does not seem to be in-

volved in the mesenchymal- epithelial transition. As shown recently 
using the DUS cell model, the mesenchymal– epithelial transition 

seems to be under PGR control, as the application of antigestagens 

in a transcriptomic approach reversed the expression of DEGs asso-

ciated with regulation of the transition (Tavares Pereira et al., 2022).

As an important conclusion from our in vitro findings, although 
P4 is considered a weaker spontaneous inducer of decidualization in 

the dog in vivo, in our DUS cell model, it was capable of upregulating 

the expression of some decidualization markers and its own PGR re-

ceptor, thereby revealing a basic decidualization capacity (Graubner 

et al., 2020). With this, the in vitro studies imply both direct (by 

regulating the availability of PGR), and indirect (PGE2- mediated), 

involvement of P4- dependent pathways in canine decidualization 

(Graubner et al., 2020). In support of this, in our investigations into 

antigestagen- mediated effects in decidualized DUS cells, antige-

stagens (aglepristone and mifepristone) suppressed expression of 

decidualization markers, including PGR, and the proliferative and 

anti- apoptotic properties of PGR in decidual cells were substanti-

ated (Kazemian et al., 2022).

Another important observation from the in vitro study were 
the effects exerted by the diminished PGR signalling upon the ex-

pression of the gap- junctional CX43, suggesting that its decreased 

availability during normal and induced luteolysis could additionally 

affect the cell- to- cell interaction between decidual cells and their 

neighbouring cellular compartments, including the trophoblast, ad-

ditionally contributing to disturbances in placental homeostasis and 

integrity (Kazemian et al., 2022), as had already been suggested by 

our transcriptomic study (Nowak et al., 2019).

Adding new cellular and molecular targets to P4- mediated ef-
fects, recent data from our laboratory on the presence and possi-

ble functions of membrane- bound P4 receptors in canine placenta 

and DUS cells indicated distinct distribution patterns of membrane 

receptors within the canine placenta: PGRMC2 was predominantly 

localized in decidual cells, PGRMC1 was mostly represented in ma-

ternal endothelial cells, and syncytiotrophoblast showed abundant 

levels of mPRα and mPRβ (encoded by PAQR7 and − 8, respectively; 

Kazemian et al., 2023; Figure 1). Thus far, the P4- mediated effects 

in the canine placenta have been attributed to the direct canoni-

cal/genomic effects of P4 through its decidual cell- associated PGR. 

These new findings indicate, however, the direct involvement of 

non- canonical/non- genomic pathways of P4 signalling in the canine 

placenta, acting on different cellular compartments, both maternal 
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and foetal (Figure 1). Additionally, as shown using the DUS cell 
line, the indirect effects of PGR appear to apply, as antigestagens 

strongly reduced PGRMC2 (and PGRMC1) expression. With this, 

the PGR appears to regulate not only its own availability (Kazemian 

et al., 2022), but also, indirectly, the P4- mediated activity of decid-

ual cells by affecting the expression of membrane- bound receptors. 

These recent findings shed a new light on P4 functionality within the 

canine placenta, which appears to include possible effects of vascu-

lar tonus and integrity, and possibly trophoblast invasiveness medi-

ated through the non- canonical signalling pathways. Together with 

the previous observations on prepartum luteolysis being associated 

with the disruption of placental cell- to- cell communication, vascu-

lar integrity and increased immune response (Nowak et al., 2019), 

the possible effects of membrane- bound receptors, for example, 

PGRMC1, in endothelial cells and their dependence upon PGR are 

of particular interest. Although plausible, the biological properties 
of membrane- bound receptors in various cellular compartments of 

the canine placenta, including decidual cells, remain to be verified.

6.2.1  |  Genome- wide transcriptional effects in DUS 
cells and implications for canine decidualization as a 

model for better understanding placental disturbances 

in humans

The transcriptome signature of DUS cells was assessed and, to-

gether with the effects mediated by type II antigestagens, provided 

new clues regarding the decidualization process in the dog (Tavares 

Pereira et al., 2022). Based on the overrepresented functional terms, 

the mechanism of canine- specific decidualization consists of cel-

lular proliferation and adhesion, epithelization and mesenchymal– 

epithelial transition, extracellular matrix organization, and vaso-  and 

immunomodulation. Besides PKA, which was expected due to the 
cAMP- mediated decidualization approach, selected MAPK path-

ways and cyclins were also included in the overrepresented 

canonical pathways. Fitting the previous findings, the predicted up-

stream regulators included P4, PGE2, PGR, PRL/PRLR and VEGFA. 
Concomitantly, the functional terms associated with apoptosis 

were underrepresented, supporting the negative regulation of ap-

optotic events during decidualization (Tavares Pereira et al., 2022). 

Conversely, antigestagens greatly suppressed the effects of cAMP, 
including deactivation of PKA signalling and reinforcing the negative 
effects of antigestagens upon proliferation, concomitantly enhanc-

ing apoptosis and suppressing cell migration, motility and angiogenic 

properties (Figure 1).

In relation to the morpho- functional transition of the cells, there 

was an increased presence of some BMP family members in associa-

tion with Wnt signalling, linked previously to decidualization and im-

plantation (Lee et al., 2007; Monsivais et al., 2017). The Wnt- related 

factors were represented by cell adhesion molecules, including se-

lectin P (SELP), which was one of the most upregulated differentially 

expressed genes in decidualized cells. The function of SELP spans 

from increasing the immune cell infiltrate (Zenclussen et al., 2001) 

to being associated with other selectins in support of uterine re-

ceptivity and the implantation process (Feng et al., 2017; Genbacev 

et al., 2003). Importantly, SELP has been implicated in preeclampsia, 

a life- threatening condition in humans associated with placenta- 

derived hypertension (Lok et al., 2007; Mistry et al., 2020). Although 
the multifactorial pathophysiology of preeclampsia is not fully un-

derstood, and both maternal (aberrant decidualization) and foetal 

(aberrant trophoblast invasion) origins are discussed, it is associated 

with deficient vascularization of the placenta and shallow invasion 

of the trophoblast that leads to maternal high blood pressure and 

renal dysfunction, among other conditions (Phipps et al., 2019). In 

our data set, the vasoactive effects of decidualization were also 

associated with the modulation of angiogenic factors; for example, 

we observed opposing effects on the expression of the endothelin 

receptors EDNRB and EDNRA, whereas EDNRB was decreased, the 

availability of EDNRA was increased (Tavares Pereira et al., 2022). 

Endothelins are involved in the regulation of vasodilation/constric-

tion, with the receptor B (encoded by EDNRB) being known as a 

potent vasodilator, and receptor A (encoded by ENDRA) acting as 

a potent vasoconstrictor (Schneider et al., 2007). We also observed 

an increased expression of the activator of endothelins, endothelin- 

converting enzyme 2 (ECE2), in decidualized cells. Interestingly, 

endothelins are also associated with the onset of preeclampsia in 

humans (Granger et al., 2018). Another factor frequently associated 
with preeclampsia is the soluble form (alternative splice variant) 

of VEGFR1/FLT1, sFLT1, acting as an antiangiogenic factor (Ives 

et al., 2020; Kendall & Thomas, 1993; Maynard et al., 2003; Palmer 

et al., 2017; Phipps et al., 2019; Sircar et al., 2015). Its production is 

decreased in primary human endometrial stromal cells after in vitro 

decidualization (Cottrell et al., 2017). Although the sFLT1 isoform 
was not among the DEG in our data set, the expression of VEGFR1 

(FLT1) was downregulated in response to decidualization in DUS 

cells. Other vasomodulatory factors differentially expressed after 

DUS cell decidualization included increased transcript levels of 

THBS2 and downregulated ANGPT4 (Tavares Pereira et al., 2022). 

Both angiopoietins and thrombospondins, in particular THBS1, 

have been implicated in aberrant trophoblast invasion in humans 

(Apostolakis et al., 2009; McElrath et al., 2020; Ulu et al., 2019). 

Contrasting with the increased expression of FLT1, both SELP and 

THBS2 were among the genes strongly decreased by antigestagen- 

mediated withdrawal of PGR in DUS cells. In summary, the observed 

expression patterns of specific vascular factors provide additional 

evidence supporting the connection between decidualized cells 

and vascular remodelling, as well as placental blood flow in dogs, 

adding to the possible interaction between the PGR and membrane- 

bound P4 receptors in regulating decidual cell function. Besides the 

apparent effects upon the vascular factors, type II antigestagens 

greatly reversed the cAMP- induced decidualization effects. Similar 
top upstream regulators were found in antigestagen- treated cells, 

corresponding to those identified in the placental isolates discussed 

above (Nowak et al., 2019). Concomitantly, decreased prostaglan-

din signalling was found in DUS cells. Among the factors involved 
in cellular growth, annexin A2 (ANXA2), in particular, attracted our 
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attention. Deficiency of decidua- derived ANXA2 impairs decid-

ualization and results in shallow decidual trophoblast invasion in 

women, contributing to placental abnormalities, which have been 

linked to the development of severe preeclampsia (Garrido- Gomez 

et al., 2020, 2022). Interestingly, in our data set obtained with de-

cidualized DUS from the dog, that is, a species with physiologically 

shallow trophoblast invasion, there was a lowered expression of 

ANXA2, which became elevated in response to antigestagens. Thus, 

decreased ANXA2 appears to be characteristic of shallow invasion, 
both under physiological conditions in the dog and during patholog-

ically shallow invasion in humans. Consequently, adding to the infor-

mation implicating SELP and vasoactive factors in preeclampsia, it 

appears plausible that the canine model could be utilized to create 

a better understanding of the aberrant shallow trophoblast invasion 

in humans.

By comparing the effects induced by both type II antigesta-

gens and transcriptional alterations in the canine placenta at term 

(Nowak et al., 2019), a significant number of DEGs, potentially indi-

cating the signalling pathways associated in vivo with decidual cells 

and implicated in the termination of canine pregnancy, were identi-

fied (Tavares Pereira et al., 2022). When both type II antigestagens 

were considered, a large number of these DEGs included 191 target 

genes. However, taking into account the diverging effects evoked by 

either of the antigestagens, 243 and 262 DEGs were identified for 

aglepristone and mifepristone, respectively, overlapping with genes 

induced by natural luteolysis. The overrepresented DEGs involved 

biological processes related to cell migration and proliferation, neg-

ative regulation of cellular response to growth factor stimulus, reg-

ulation of the mesenchymal– epithelial transition, angiogenesis and 

apoptosis, as well as negative regulation of the transmembrane re-

ceptor protein serine/threonine kinase signalling pathway. Some of 

the genes represented have already been mentioned (SELP, THSB2, 

ENDRB and FLT1), but the list also included VEGFA, the proapoptotic 

BCL2, the integrin receptor- related subunit ITGA, as well as AKAP12 

and CDKN1A. The latter two factors, that is, AKAP12 and CDKN1A, 
are linked to kinase activity, with AKAP12, that is, A- kinase anchor-
ing protein 12, being a scaffold protein in signal transduction. As 
an anchoring protein, it tethers cAMP- related kinases, including 
PKA and PKC, to subcellular compartments for better coordination 
of their functions (Beal et al., 2021; Michel & Scott, 2002; Nelson 
et al., 1999). Its expression was induced by decidualization in DUS 

cells. CDKN1A, cyclin- dependent kinase inhibitor 1A, regulates the 
activity of various cell cycle- related kinases (Bendjennat et al., 2003; 

Kreis et al., 2019).

Linking PGR function to kinase activity was indeed an interesting 

finding which attracted our attention. We found that several kinases 

and their related proteins were negatively targeted at the transcrip-

tional level by antigestagens in decidualized DUS cells, including the 

suppressed expression of AKAP12, CAMK1D (calcium/calmodulin 

dependent protein kinase), some of the cyclin- dependent kinases, 

for example, CDK16, IRAK2 (interleukin 1 receptor- associated kinase 

2), ITPKB and - C (inositol- trisphosphate 3- kinase B, and - C), as well 

as the functional component of the PKA, PRKAR1A (protein kinase 

cAMP- dependent type I regulatory subunit alpha) (Tavares Pereira 
et al., 2022). The presence of PRKAR1A among the suppressed genes 

could contribute to the decreased PKA activity during the natural 
prepartum luteolysis and in antigestagen- treated DUS cells, imply-

ing that the reduced signalling of these and other kinases could be 

related to their transcriptional availability. It appears, thus, plausible 

that the withdrawal of PGR function could have a direct regulatory 

effect on cAMP/PKA signalling in decidualized cells by targeting 
gene transcription. As already noted, the negative effects observed 
with antigestagen treatment could be related to their transdominant 

repressor activity. Further implication of PGR- mediated regulation 

of PKA activity arises from the interaction between PGR and PGE2 
pathways and EP2/EP4 receptors acting via the cAMP/PKA pathway 
(Woodward et al., 2011). Thus, depriving the PGE2 receptors of their 

specific kinases could hamper their downstream effects.

Following on from the involvement of kinases in PGR- mediated 

effects, we are currently applying a novel kinomics technology in 

an ongoing study in which we have been able to predict the activity 

of serine/threonine kinases involved in regulating decidualization 

in the dog. The technology used is based on the PamChip assay 

(PamGene International BV) and is a merger between genomics 

and proteomics. Our group was the first to apply this technology to 

canine research. The data generated indicate that the downstream 

signalling cascades involve diverse kinetic pathways that are func-

tionally modified both during decidualization and in response to an-

tigestagens. Over 80 serine/threonine kinases were predicted to be 

activated in decidualized cells, besides PKA, including other ACG ki-
nases (i.e. several PKG and PKC kinases), CK1 (casein kinases, linked 

to Wnt signalling), CAMK (Ca2+/calmodulin- dependent protein ki-

nases), CMGC including cyclin- dependent kinases (CDKs), mitogen- 

activated protein kinases (MAPKs and ERKs), JNK kinases, glycogen 
synthase kinases (GSKs) and CDC- like kinase (CLKs). The activity of 

virtually all the activated kinases was affected by treatment with 

type II antigestagens (unpublished). Studies dissecting the activity 

of some of the kinases and their involvement in regulating decidual-

ization are ongoing.

7  |  SUMMARY AND OUTLOOK

We have extensively discussed various observations, and our most 

significant discoveries pertain to the specific molecular and endo-

crine mechanisms that facilitate communication between the devel-

oping canine embryo and the mother (Figure 1). The main focus has 

been on placental decidual cells, and the effects mediated by PGR. 

Consequently, several possible molecular targets for future research 

have been proposed within the canine placenta. With regard to P4, 

they involve both canonical and, newly, non- canonical responses. 

Our research has also laid a foundation for further investigation into 

the immune system's role in the canine parturition cascade, high-

lighting the immunomodulatory effects of P4 in the utero- placental 

compartments, apparently mediated through PGR- expressing de-

cidual cells. By establishing the DUS cell model, we have created a 
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unique tool for exploring and better understanding canine decidu-

alization and the effects on maternal decidual cells following the 

withdrawal of P4/PGR function, paving the way for targeted down-

stream studies.

These findings offer a basis for future research into feto- maternal 

communication in dogs, supporting the development of improved 

clinical protocols for the control of canine reproduction. Lastly, 

we have discussed canine decidualization as a potential model for 

translational studies on aberrant trophoblast invasion observed in 

humans.
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