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ABSTRACT 
 

Early pregnancy loss (EPL), defined as a nonviable intrauterine 

pregnancy with either an empty gestational sac or an embryo without 

cardiac activity at <13 weeks’ gestation, is a common occurrence, 

affecting 10% of recognized pregnancies. The disruption of the precise 

synchronization in the physiological and biological cell events of the 

developing blastocyst and the predecidualized endometrium for 

interaction with one another leads to pregnancy loss, in which the sexual 

steroid hormones, human chorionic gonadotrophin, thyroid hormones, 

and glucose metabolism play important roles. 
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Endocrine disorders are involved in approximately 17%-20% of 

cases of recurrent pregnancy loss (RPL).  

Worldwide, over recent years, luteal phase defects, 

hyperandrogenemia of polycystic ovarian syndrome (PCOS), subclinical 

hypothyroidism and thyroid autoimmunity (TAI), obesity, and poorly 

controlled diabetes mellitus have been the most frequent endocrine causes 

of RPL. The invasive human implantation involves embryo apposition 

and attachment to the maternal luminal epithelial cells using cell adhesion 

molecules, traversing adjacent cells of the epithelial lining, stroma 

invasion, and subsequently the decidualization of surrounding cells, 

extracellular matrix remodeling, and invasion of uterine vasculature. 

Synchronization of embryo development with uterine receptivity is a 

prerequisite for success in the “window” of implantation, 8 to 10 days 

after ovulation, with later implantation increasing the risk of early failure.  

Various mediators – cytokines, chemokines, growth factors, 

homeotic gene products, and prostaglandins – participate in this process 

in an autocrine/paracrine/juxtacrine manner.  

Decidualization involves morphological transformation of stoma 

fibroblasts into specialized secretory cells, synthesizing and secreting 

estradiol, prolactin, growth factors, and presence of uNK cells, 

macrophages involved in the immune-privileged state of the decidua, 

essential for implantation and placental development. 

Mast cells’ attraction from periphery to uterus, followed by 

activation, maturation and degranulation via a non-genomic estrogen 

receptor-alpha and calcium influx, releases pivotal factors: histamine, 

VEGF for future angiogenesis, matrix metalloproteinase (MMP) plus 

their tissue inhibitor (TIMP)-1, involved in extracellular matrix 

remodeling, and trophoblast cells invasion.  

These factors are steroid hormones-responsive, and mediate 

endometrial epithelial-mesenchymal interactions crucial in supporting 

pregnancy. Progesterone promotes secretions from uterine decidua of 

soluble proteins capable of inhibiting cell-mediated immune responses, 

potentially protecting the histocompatibly distinct embryo from maternal 

immune rejection and the up-regulation of specific biomarkers, such as 

prolactin and insulin-like growth factor binding proteins, and suppresses 

myometrial contractions. 

Trophoblast invasiveness is inhibited by specific progesterone-

regulated factors: transforming growth factor-beta, interleukin-1,  

insulin-like growth factor binding protein-1, tissue inhibitors of 

metalloproteinases (especially TIMP-3), and fibronectin.  

A diminished amount of estradiol and/or progesterone linked to 

increased apoptosis of the corpus luteum in ageing women, or in PCOS, 

exhibits an aberrant decidualization response, and concomitant changes 

of cytokines (interleukines-4,-6,-13,-15, colony-stimulating factor, 

leukemia inhibitory factor), chemokines, cell adhesion molecules, 
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glycoproteins, mast and immune cells chemoattraction aberrations that 

lead to suboptimal embryo attachment/invasion. 

In PCOS, testosterone and DHEA regulate the early development of 

pregnancies, and inhibition of MMP, especially MMP-1, has been 

demonstrated. 

Hypothyroidism, overt or subclinical, has a negative influence on 

ovarian function by low sex-hormone-binding globulin and high 

prolactin. Thyroid autoimmunity (TAI) does not interfere with 

implantation, but the risk of early miscarriage is substantially increased, 

in conjunction with T, B, and NK lymphocytes. An increase of >15% of 

NK cells,  NK hyperactivity, reduced cytotoxicity Tcells(Tc) with 

significant increase of Th/Tc ratio and Th-1/Th-2 ratio have been linked 

to TAI and subclinical hypothyroidism; high Th-1 is correlated with 

increased IFN-gamma, IL-4, and TNF-alpha. 

uNK cells allow for the diagnosis of reproductive failure, with a 

possible association between NK cell levels and thyroid dysfunction in 

TAI, and non-autoimmune thyroid disorders. 

Maternal obesity, uncontrolled diabetes mellitus, and PCOS show 

multiple defects in mitochondrial dynamics/function, mainly in 

cholesterol transporter 18-kDa translocator protein, the potential regulator 

of steroid biosynthesis associated with abnormally low concentrations of 

estradiol and progesterone. 

The endometrial transcriptome with ≥40 genes shows different 

expression levels between normal/RPL patients. Specific microRNAs – 

small noncoding RNAs collectively representing a novel class of 

regulators of gene expression – play important roles in the development/ 

progression of early pregnancy via the regulation of a wide variety of 

signaling pathways inside decidua, including those mediating local 

estrogen biosynthesis, progesterone resistance, endometrial stromal cell 

invasiveness, extracellular matrix remodeling, and angiogenesis. 

 

Keywords: abnormal decidualization, embryo-maternal endometrial 

synchronization, hormonal disorders, early recurrent pregnancy loss, 

 

 

INTRODUCTION 
 

Pregnancy is a continuously evolving challenge for specific interests of 

both “partners” in human evolution, not simply a maternal-embryo/fetal 

harmony. More and more data are claiming a dynamic endometrial role, with 

control/modulation from genetic factors and endocrine, paracrine, juxtacrine 

and autocrine cellular communication pathways, in safeguarding the mother 
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against the embryo, and in protecting the embryo from the early gestation 

stages of development.  

Some contemporary medical societies have been preoccupied in  

particular with two major problems: conceiving at an advanced age, and 

recurrent pregnancy loss (RPL), which is in 50% of cases due to abnormal 

embryonic karyotype by abnormal meiotic and mitotic divisions, and the  

other 50% to factors that cause alteration of one or more of the many  

other essential gestational components, from preconception – follicular and 

luteal ovarian cycle phases, from implantation and continuing pregnancy, 

during embryo/endometrial dialogue [1], and as it was shown when the 

number of recurrent miscarriages increases maternal factors involved in 

embryo/endometrial dialogue may become increasingly responsible for 

pregnancy failure [2], a fact associated with advanced maternal age. 

Endocrine disorders can be managed from preconception, unlike with 

from genetic causes of RPL. It is known that in humans the mitotic error rate 

in cleavage-stage embryos, such as mitotic non-disjunction [3], is much higher 

than the meiotic aneuploidy rate, and a remarkable prevalence of gross 

chromosomal instability of the embryos reduces the monthly conception rate 

to an average of approximately 20% in comparison to other species (as mice, 

and/or other rodents). 

 

 

Early Pregnancy Loss 
 

Early pregnancy loss (EPL) is defined as a nonviable intrauterine 

pregnancy with either an empty gestational sac or an embryo without cardiac 

activity at <13 weeks’ gestation. [4]. EPL is a common occurrence, affecting 

10% of recognized pregnancies. An optimistic early gestation prognosis for a 

successful implantation depends on the endometrium development being 

adhesive and receptive to the embryo under the control of ovarian steroid 

hormones, with a balance between estrogens and progesterone [5], and under 

the modulation of embryonic signals during implantation [6], and at the same 

time the appropriate embryo development to the functional/competent 

blastocyst stage. The disruption of precise synchronization in the physiological 

and biological cell events of the developing blastocyst, and the 

predecidualized endometrium for interaction with one another, leads to 

pregnancy loss. 

Despite extensive research in human reproduction, the majority of 

pregnancy losses occur before or during implantation/decidual encapsulation. 
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Approximately 20% of spontaneous miscarriages are estimated to occur prior 

to clinical detection of the pregnancy [7], and one in nine couples in Europe 

and the USA is affected by implantation disorders and pregnancy wastage [8].  

The so-called “black box” of implantation and the failure thereof [9] was 

first opened in the classic studies by A. Hertig, in which the uterine contents of 

hysterectomy specimens removed from ovulatory, fertile women were closely 

examined [10, 11]. These studies identified evidence of early pregnancy in  

the form of implantation sites, or in some cases even embryos, and among 

those cases abnormal pregnancies were found during the first 17 days of 

development. The authors concluded that the failure to identify evidence of 

early pregnancy in other uterine specimens was due to failure of fertilization, 

or the “disintegration” of an ovum once fertilized. The majority of pregnancy 

losses appeared to occur at the pre-implantation stage or during the first week 

of implantation. 

These early pregnancy losses were sometimes termed “occult” 

pregnancies – pregnancies “that terminate so soon after implantation that no 

clinical suspicion exists as to its having existed” [12] – or “occult biochemical 

pregnancies” in cases with pregnancies obtained by IVF, when assessments of 

human chorionic gonadotrophin hormone (hCG) from urine or plasma are the 

only indications of pregnancy [13, 14]. The pattern of hCG allows us to 

identify two types of “occult” pregnancy loss [15]. The first, which suggests 

an endometrial factor preventing completion of implantation, is characterized 

by normal time of implantation initiation, when the hCG starts to be detectable 

around the ninth day post-LH surge and fails to rise exponentially, declining 

over the next 48 hrs. In the second type, when implantation is delayed (later 

than the twelfth day post-ovulation), the rate of the rise of hCG is reduced and 

its detection occurs later in the cycle, when the “window” of implantation is 

closed [16]. This pattern is considered a sign of abnormal embryonic 

development after implantation. These patterns of hCG are useful only for IVF 

pregnancies destined to miscarry [17], and not for spontaneous conception, 

because it is normal to think about the ovarian hormones’ role on endometrium 

transformations from stimulation treatment, and the underlying causes of 

infertility may themselves distort the timing of implantation and hence the 

pattern of hCG secretion [18, 19]. Others consider such pregnancy losses as 

positive predictors for subsequent IVF success [20]. 

The pregnancy rate in in vitro fertilization programs remains as low as 20-

30% in spite of the high rate of successful fertilization [21].  

Another cause of EPL is the abnormality of the embryo signals in order to 

enable the endometrial stromal cells to start decidualization, or in other words 
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the decidual process enabling the mother to limit investment in compromised 

pregnancies, which is the basis of the concept of natural embryo selection 

associated with embryo reception [22, 23, 24].  

The natural embryo-selection paradigm sheds new light on many aspects 

of early pregnancy complications. The decidual process is essential for embryo 

selection [25] and indispensable for placenta formation, because reproductive 

success in humans depends on maternal investment in one, or at most two, 

implanting embryos [24]. A single pathological pathway may be responsible 

for both euploidic and aneuploidic pregnancy losses, being a maternal 

challenge [24]. The human embryo’s genomic instability gives rise to a vast 

array of chromosomal errors of differing complexity [anaphase lag and 

congression failure are found to be the most important malsegregation in 

oogenesis and during the first few mitotic divisions [26], and is prevalent 

throughout all stages of pre-implantation development. In view of the excess 

of chromosomally abnormal pre-implantation human embryos, this unifying 

concept predicts that the likelihood of euploidic pregnancy failure increases 

with the number of miscarriages [27], and this fact explains why many patients 

suffering from RPL appear to be “superfertile” [23], defined by consistent, 

very short time-to-pregnancy intervals. The mechanisms involved in later 

implantation failure of affected embryos to embed in the decidualizing stroma 

before being rejected are not fully understood [24]. On the other hand, the 

chromosomal abnormalities observed in blastocysts are never not depicted in 

clinical miscarriage tissues, a fact that has been interpreted as a failure of an 

embryo’s implantation or an early rejection after breaching the endometrial 

luminal epithelium [29, 282]. 

Recurrent implantation failure (RIF) is a pathological phenomenon 

associated with ART when, after the embryo transfer, the implantation has 

repeatedly failed to reach a stage recognizable by ultrasonographic evidence of 

an intrauterine gestational sac [30]. Three main categories of RIF have been 

described: decreased endometrial receptivity, embryonic defects, and 

unsynchronized dialogue between maternal and embryonic tissues [31]. 

 

 

Current Paradigm on Early Pregnancy Fate. Synchronization of 

Endometrium and Blastocyst Development, and “Window of 

Implantation” 
 

The role of the endometrium is to establish and maintain pregnancy. The 

events of early pregnancy are tightly coordinated by means of endocrine, 

paracrine, juxtacrine, and autocrine cellular communication pathways. 
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The human endometrium is a fertility-determining tissue consisting of 

various cell types. Epithelial cells and glandular-epithelial cells are located  

in the lining of the uterine cavity, and stromal, endothelial, and immune  

cells are mainly located in endometrial stroma. All cell types residing in the 

endometrium during the reproductive age are more sensitive to steroid 

hormones compared to the cell types of other tissues [32], all these events 

being possible through hormones cognate receptors, for the estrogen receptor 

(ER) and for progesterone (PR). 

Human Embryo Implantation is a complex and intricate three-stage 

process: apposition, adplantation or attachment of the blastocyst to the 

endometrium in the secretory phase [33], followed by adhesion, penetration 

and invasion, as the trophoblast invades the stroma and reaches the maternal 

microvasculature [34]. The surrounding stromal cells need to undergo 

differentiation to decidual cells after successful attachment of the embryo in 

order to establish the vasculature necessary for the embryo’s survival [35]. 

Recently it has been suggested that the term “implantation” should be changed 

to “decidual encapsulation” [22]. There is a FIGO timing of implantation [36] 

which includes five stages (I-V): stage I begins with fertilization in the 

fallopian tube; in stage II the egg travels through the tubes and the first cell 

division occurs; in stage III the morula enters the uterine cavity; in stage IV 

the blastocyst adheres to the endometrium epithelium; and in stage V the 

embryo invades the endometrium. 

In ART it is a continuous fight to identify the implantation-competent 

embryos or to diagnose/treat the non-receptive endometrium, but we “emerge 

blinking into the light” [37]. 

The control of implantation by hormones is accomplished through a 

number of molecules, such as cytokines, and growth factors, of maternal and 

embryonic origin, acting in an intricate interaction cascade, and the 

synchronized “cross talk”/dialog between maternal and embryonic intrusive 

tissues contributes to a favorable gestation progression. The exchanged signals 

take place during preimplantation, adplantation (between the blastocyst and 

the uterine epithelium) and during the trophoblast invasion. There are analyzed 

cytokines, specific growth factors synthesized by the mother and/or the 

embryo and their receptors are necessary to be on the opposite part of the 

dialog, cell adhesion molecules and their ligands (e.g. αvβ3 integrin, trophinin, 

L-selectin ligand) [38, 39], and several lipid mediators, all being essential for 

coordinated cross-talk with the implanting embryo [40]. Some studies suggest  
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that implantation requires activation of evolutionarily conserved endometrial 

transcription factors (e.g. HOXA10, STAT3, p53, WNT4, FOXO 1) [41, 42; 

43, 44, 45, 46].  

Studies carried out on humans and other mammals – begun in 1967 [47] 

with the three described stages of implantation, and updated in every decade 

since – have not, until now, completely covered all of the issues pertaining to a 

successful implantation.  

Human implantation sites are for ethical reasons inaccessible in vivo. 

Many studies and animal models – such as mouse, knockout mice, rat, guinea 

pig or human co-culture models [25, 48, 49] – consider different networks of 

these molecules as playing a crucial role in preparing the receptive 

endometrium and the blastocyst. The development of modern molecular 

biology techniques and the use of the donor egg model from assisted 

reproductive technologies (ART) are leading to an increased understanding of 

implantation, especially at the biochemical level. 

Animal models have shown a remarkable dissimilarity in implantation 

strategies, even when relatively closely related species are compared [36].  

The blastocyst is the final step of early embryo development with the 

trophectoderm (external embryo layer), blastocele (the cavity inside the 

morula), and the epiblast (the inner cell mass) established in a pole of the 

embryo, between the trophectoderm and the blastocele.  

The murine egg moves down the oviduct and falls into the uterine cavity 

at about 72-96 hours after fertilization. At this moment after the cell division it 

is called the ‘morula’, and continues to divide, becoming a blastocyst (only 

20% of human embryos reach this point of development, and for those that do, 

activation of the genome begins- 50). The luminal and glandular epithelial 

cells are in preparation for blastocyst apposition and attachment, and at that 

point the blastocyst orientates its mural trophectoderm toward the 

endometrium epithelial surface. In humans, the hatched blastocyst opposes its 

polar trophectoderm to the surface of the epithelium on the fifth day of 

gestation, a process that occurs on the fourth day in mice. The cells of the 

syncytiotrophoblast grow between the cells of the epithelium, after hatching 

and during adhesion on the endometrium. During the blastocyst transit in the 

uterine cavity, endoreplication and plaque formation in the luminal epithelium 

occur, as well as increasing transcriptional and post-translational modifications 

of secretory proteins in the glandular epithelium [51], under the influence of 

ovarian and chorionic gonadotropin hormones. 

Before implantation/decidual encapsulation the blastocyst must escape 

from the zona pellucida (ZP), a thick extracellular cover composed of three 
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glycoproteins: ZP1, ZP2, ZP3. This event is known as ‘hatching’, a dual 

process where the ZP is degraded by enzymes in both the trophectoderm and 

the uterus, facilitating blastocyst protrusion from the ZP. In humans, hatching 

occurs prior to implantation between the fifth and seventh day post-ovulation 

[34], and in mice at 3.5 days post-mating. The ZP possesses no HLA antigen 

and thus acts as an immunological barrier in relation to the mother. 

The blastocyst initiates the attachment reaction within 48 hrs of migration 

in the uterine cavity, and the attachment reaction is immediately followed by a 

decidual response with stromal cells underlying the luminal epithelial cells 

contacting the blastocyst, which occurs on days 4 and 5 of pregnancy [52]. 

Though implantation could occur in any human tissue, the endometrium is 

the only tissue where embryo implantation cannot occur except during a 

restricted period known as the “implantation window”, “receptivity window” 

or “receptivity chamber.” This “window” is of limited duration, interposed 

between the pre-receptive and refractory endometrial phases [53, 54] or in the 

mid-secretory phase, from the 20th to 24th days of the cycle or the sixth and 

tenth days after ovulation. During this window the endometrium is highly 

receptive to the embryo; the epithelial cells are in the secretory phase, and the 

stromal cells are proliferating to accomplish a good decidualization for embryo 

lodging [55, 56, 57, 58].  

Endometrial receptivity plays a key role in the process of embryo 

implantation in decidualized endometrial stroma, which is crucial for early 

pregnancy [37, 59, 60]. 

A. Hertig, J. Rock, and E.D. Adams (1956) [61] were the first to describe 

the timing of endometrial receptivity, in their classic, fifteen-year study of 210 

hysterectomy specimens, ranging from the day of ovulation to the 17th day 

post-ovulation. They observed that in uteri obtained prior to cycle day 20, all 

embryos were free-floating in the tubes or uterus, while in uteri obtained after 

day 21 the embryos were attached to the uterine lining. Many subsequent 

studies have helped to establish that the peak of uterine receptivity is between 

cycle days 20 and 24, in a cycle of 28 day [62]. 

In most successful human pregnancies, the conceptus implants eight to ten 

days after ovulation, in the “window of implantation”, and the risk of early 

pregnancy loss increases with later implantation [62]. Timely regulation of the 

expression of embryonic and maternal endometrial growth factors and 

cytokines plays a major role in determining the fate of the pregnancy. The 

ability of the embryo to modulate the uterine environment is restricted to the 

specific time of the “receptivity/implantation window”. Within the “window” 
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of implantation, the timing appears to be dependent on the embryonic age and 

not that of the endometrium [63]. 

 

Figure 1. The migration zone after adding a high-quality, low-quality or no embryo. 

The migratory response of decidualized H-EnSCs from normally fertile (A-C) and RM 

women (D-F) was analyzed in absence of a human embryo (A and D) and in presence 

of a high-quality embryo (B and E) or a low-quality embryo (C and F). Phase contrast 

pictures were taken 18 hours after creating the migration zone. The dotted line 

represents the front of the migration zone directly after its creation. As a reference for 

the position of the embryo, the bottom of the plate was marked. The arrows indicate 

the position of the embryo. All pictures were taken with 25x magnification. From: 

Weimar HEC, Kavelaars A, Brosens JJ, Gellersen, de Vreeden Elbertse MTJ, Heijnen 

JC, Macklon SN - Endometrial Stromal Cells of Women with Recurrent Miscarriage 

Fail to Discriminate between High- and Low-Quality Human Embryos. PLoS  One. 

2012; 7(7): e41424. doi:  10.1371/journal.pone.0041424. 

Embryo reception is associated with embryo selection. The precise 

mechanism of the event is as yet incompletely understood, but it is thought 

that it may explain some pregnancy loss. The stromal cells’ decidualization 

may play a role in the biological events of reception and selection of embryos. 

There are two markers analyzed for these events: prokineticin-1, recently 

identified as a key regulator for endometrial receptivity [64], which is higher 

in endometrial biopsies of cases with RPL [23], and prolactin, expressed only 

by decidualizing cells [65] was proven to be grossly impaired in cases of RPL 

[22]. Prolactin and insulin - growth- factor-binding protein- 1 are essential for 
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placental formation and fetal development. The treatment with human 

chorionic gonadotropin – a glycoprotein hormone abundantly expressed by the 

implanting embryo in RPL – has been associated with a complete 

dysregulation of both markers in response [23, 66]. In accordance with these 

findings it has been claimed [22] that endometrial preparation for pregnancy in 

recurrent miscarriage patients is characterized by impaired decidualization of 

resident stromal cells, prolonged endometrial receptivity, lack of embryo 

recognition, and a dysregulated response to embryonic signals. Recent 

experimental evidence has led to the concept that decidualizing endometrium 

acts as a biosensor for embryo quality, which, if disrupted, may lead to the 

implantation of embryos destined to miscarry [66, 67]. This new insight into 

the mechanisms behind miscarriage is thought to offer the prospect of novel 

effective interventions that may prevent this distressing condition. 

Embryo transfers on cycle days 16-20 during donor egg in vitro 

fertilization cycles produced the greatest likelihood of a viable pregnancy [68]. 

The functional pre-implantation blastocyst requires a synchronization 

crosstalk to the receptive endometrium [69], a critical step, and one which is of 

paramount importance. This communication/synchronization crosstalk is 

already underway before the blastocyst’s apposition at the uterine epithelium. 

It acts in a signaling cascade involving cytokines (leukemia inhibitory factor- 

LIF, interleukin-1- IL-1, and colony-stimulating factors [CSF]) – intercellular 

messengers for a suitable hormonal microenvironment and for the recognition 

of the fetus by the mother’s immune system, as well as growth factors and 

prostaglandins. 

LIF is a pleiotropic member of the IL-6 cytokine family, which also 

includes IL-6 and IL-11. In the wild-type mouse, from day 1 to day 3 LIF 

mRNA is expressed in the uterine epithelium, whereas on day 4, the day of 

receptivity, LIF is transiently and exclusively expressed in glandular epithelia 

[44, 49, 70]. Glandular LIF is subsequently secreted into the glandular 

channel, where it binds the LIF co-receptor/glycoprotein 130, forming high- 

affinity signaling heterodimeric complexes [60] in the uterine epithelial cells, 

to phosphorylate, and activates the signal transducer and activator of 

transcription 3, thereby triggering the expression of a number of genes critical 

to implantation [44]. LIF expression is higher during the onset of implantation 

than in other phases of a woman’s cycle, preparing the uterus to be receptive 

to the blastocyst [60; 71]. Following the invasion of the blastocyst into the 

endometrium, it must stimulate its own blood supply; this involves VEGF 

signaling to increase angiogenesis and vascularization [71]. 



Manuela Cristina Russu 44 

The major, important cells of the endometrial cells that interact with the 

invading blastocyst (trophoblast) are the luminal epithelial cells, stromal cells 

(decidual cells), and resident immune cells [48, 72, 73, 74]. Recently, 

Yoshinaga [74, 75] has established that essential factors have a dual function 

in blastocyst implantation, the first physiological, providing nourishment  

and a suitable environment for the embryo’s development, the second 

immunological, to influence directly or indirectly the maternal immune system 

to prevent attacks by the maternal immune system, or to transform the 

endometrium from an immunologically non-privileged site to a privileged site. 

The immunological protection of the embryo/fetus from potential attacks by 

the maternal immune system appears to reach a peak at the time of the 

establishment of the placenta. 

Like the anterior chamber of the eye, the primary decidual zone and 

decidualized mouse, rat, guinea pig, human and macaque uterus presents the 

mechanical barrier to immune cells and/or immunoglobulin, and thus are 

qualified as immunological privileged sites.  

There is growing evidence that immune-immune interactions as well as 

immune-endocrine interactions build up a complex network of immune 

regulation that ensures embryo/fetal survival within the maternal uterus.  

In murine and sheep models, pregnancy rejection is mediated by T-helper-

1 (TH-1) cytokines [interleukin (IL)-2 and interferon tau (IFN- γ)], whereas 

successful implantation and pregnancy depend on the presence of T-helper-2 

(TH-2) cytokines, such as IL-4, IL- 6 and IL-10, which promote trophoblastic 

growth [76]. 

During the pre-implantation phase the density of the surface proteins 

(glycocalyx) increases, and the electrostatic repulsion between the blastocyst 

and the endometrium decreases, facilitating implantation [77, 78]. The 

glycocalyx changes are mediated by mucin-1 (MUC-1) and mucin-4 (MUC-4) 

expressions on the epithelial surface of the endometrium, acting as inhibitors 

of blastocyst implantation [79]. This large glycoprotein (>200 kDa) with an 

extracellular domain rich in praline, serine and threonine residues is 

abundantly present in the human apical gland epithelial surface, and in the 

midsecretory implantation phase (days 20 to 24), being also secreted in the 

gland lumen and the uterine cavity, and is not characterized by anti-adhesive 

properties as it is in some experience animals – such as mice – because the 

attached embryo modulates the antiadherence/adherence balance in the 

endometrium by indirect actions through enzymes such as metalloprotease and 

heparinase, and MUC-1 does not down- regulate these enzymes [80]. In sheep 

and mice, the decrease of MUC-1 has been associated with the loss of the 
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progesterone receptors in the luminal epithelial cells [79], a fact that is not 

present in humans and rabbits, in whom MUC-1 expression is increased during 

the receptive phase under the influence of progesterone. In cases of RPL, the 

expression of MUC-1 is reduced in comparison with pregnancies with normal 

evolution, when MUC-1 is assessed in endometrial biopsies or uterine flushes 

[81]. 

Glycodelin (also known as placental protein 14 [PP14]) – a glycoprotein, 

associated with inadequate hormonal cycles [82]
 
– is another marker of uterine 

receptivity, originating in the glandular epithelium. 

On the other hand, synthesis of heparan sulfate in trophoectodermic cells 

increases four- to five-fold at the murine peri-implantation stage, which 

indicates that the embryo expresses proteoglycans necessary for adhesive 

interactions with the endometrium, such as syndecan and perlecan [83, 84]. 

The latter, along with other proteoglycans (fibronectin and laminin), is 

expressed on the external surface of the trophectoderm, and could interact with 

the extracellular matrix in the decidualized endometrium. These compounds 

could also bind to members of the EGF family (amphiregulin and HB-EGF, 

among others), improving attachment and growth of the implantation 

blastocyst [85]. 

After hatching, the blastocyst secretes molecules that affect ovarian 

activity, the mobility of the fallopian tube, and the endometrium (EPF, hCG). 

With the compaction of the morula, receptors appear for the LIF, CSF, the 

epidermal growth factor (EGF), and for E-cadherin. 

LIF is the most studied and well understood known molecule involved in 

pregnancy, from research conducted in LIF-deficient mice [86]. It has biphasic 

effects: first in preparation of the receptive endometrium- in the preparation of 

the progesterone- primed uterine glands in response to nidatory estrogen, and 

secondly it is induced in stromal cells surrounding the active blastocyst at the 

time of the attachment reaction. However, in LIF (-/-) mice, the specific 

members of the EGF family of growth factors, such as amphiregulin, heparin-

binding EGF-like growth factor (HB-EGF), and epiregulin, are not expressed. 

The next step is apposition, where the trophoblast cells adhere to the 

receptive luminal epithelium by establishing contact with the microprotrusions 

present on the surface of the uterine epithelium, known as “pinopodes” [87], 

considered markers of the “nidation window” [88]. 

We may suppose from recent achievements in biology that the apposition 

is accomplished through the “natural” nanoparticles known as extracellular 

vesicles: membrane-bound vesicles, found in biofluids (seminal, follicular and 

uterine luminal fluid), which carry and transfer regulatory molecules, such as 
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microRNAs (miRNAs) and proteins, and which may mediate intercellular 

communication between cells and tissues [89, 90]. 

The first sign of the attachment reaction occurs on the evening of day 4 in 

mice/rats, or in the midsecretory phase (days 20–21) in humans, and it 

coincides with a localized increase in the stromal vascular permeability at the 

site of blastocyst attachment [53]. 

The blastocyst attachment/apposition to the endometrial epithelial surface 

occurs within 48 hrs of migration in the uterine cavity. In this stage, the 

blastocyst cannot be eliminated by a simple flush out. 

 

 

Apposition. Cell Adhesion Molecules, Enzymes. Extracellular 

Matrix Remodeling 

 

Numerous human and rodent cell surface adhesion molecules  

(including integrins, osteopontin, selectins, and cadherins) expressed by the 

endometrium, or produced by the blastocyst, are necessary for the successful 

embryo-endometrium interaction and for conceptus trophectoderm access to 

uterine luminal epithelium. 

Integrins are transmembrane glycoproteins, from a large family 

comprising alpha and beta subunits, and are one of the best characterized cell 

adhesion molecules present in all cells of the body, being hormone sensitive 

and able to be altered by exogenous hormone-mimicking compounds in vivo 

[91, 92]. The integrin family of cell adhesion receptors mediates bi-directional 

signaling: “inside-out” signaling activates the ligand binding function of 

integrins and “outside-in” signaling mediates cellular responses induced by 

ligand binding to integrins leading to cell spreading, retraction, migration, and 

proliferation. Integrin signaling requires both heterotrimeric G proteins and 

monomeric small G proteins [93]. 

The endometrium exhibits both constitutive and cycle-dependent 

expression of integrins and appears to be the only tissue known to exhibit 

hormone-dependent integrin expression. Integrins are under progesterone 

modulation,  

Of the many integrins that have been described, α1β1, α4β1, and αvβ3 

[94], α6β4, α5β1 [95] are those most studied in the implantation of human and 

mouse embryos. The trophectoderm cells express integrins at their apical pole, 

and when the blastocyst reaches the endometrial basement membrane, it is 

induced the secretion of proteases (as gelatinases, collagenases) with which 

they digest the basement membrane and the endometrial extracellular matrix 
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(ECM), allowing first the embryo’s anchorage, and subsequently its burrowing 

into the endometrium. 

The integrins’ expression is on the conceptus trophectoderm, but their 

presence is considered not to be influenced by conceptus. 

Animal studies have shown that the blockade of this integrin will prevent 

or reduce implantation, and many studies relieved their utility for future 

management of infertile couples. A novel type of endometrial receptivity 

defect that is unrelated to endometrial histology has been discussed, first 

described in studies of women with endometriosis, and later in cases  

of unexplained infertility [96], hydrosalpinges [97], and PCOS [98]. In 

connection with these studies, hydrosalpinges and endometriosis are 

considered as having deleterious effects on endometrial function through 

integrin expression deficits [36]. 

Trophinin, tastin, [99], cadherins – especially cadherin-11 [100] – and the 

hyaluronate- receptor CD 44 [101] are other adhesion molecules that undergo 

upregulation during the time of uterine receptivity. 

Osteopontin (OPN), also known as secreted phosphoprotein 1 (SPP1) – an 

acidic member of the small integrin-binding ligand N-linked glycoprotein 

(SIBLING) family of EMC proteins/cytokines – is a mediator of cell-cell and 

cell-extracellular matrix (ECM) communications, and in the uterine stroma it 

contributes to a decidualization-like transformation, being also a product of 

resident uterine immune cells, regulating cells’ behavior and cytokine 

production. OPN mediates adhesion, remodeling, and cell-cell/cell-ECM 

communication within the uterus and placenta [102]. 

Cadherins – calcium-dependent cell adhesion molecules produced by the 

embryo – play a role in anchoring the blastocyst in the endometrium.  

At this stage, the embryo also produces interleukin 1 (IL-1a and b), which 

will play a key role in orienting it toward the endometrium, the platelet-

activating factor (PAF). The interleukin-1 receptor, located on the epithelial 

cells of the endometrium during the secretory phase, is necessary for the 

synthesis of LIF in the uterus. 

LIF (a glycoprotein from the cytokine group) is synthesized by the uterine 

epithelial cells from the 18th day of the menstrual cycle; its receptors are 

expressed by the blastocyst. LIF appears to play a role in the differentiation of 

the cytotrophoblast (CT) to syncytiotrophoblast (ST) and assists HCG 

secretion. EGF receptors can bind themselves to numerous ligands. In humans, 

EGF-Rs are expressed from the fourth day by the cells of the inner cell mass 

and by the trophoblast.  
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Between the fourth and seventh days their expression is limited to the 

inner cell mass and the embryonic pole of the trophoblast. This could be an 

explanation for the orienting of the blastocyst, which embeds itself in the 

endometrium with the embryonic pole. 

 

 

Figure 2. Apposition between embryos and endometrial cells – the image of a 

sandwich-like binding mechanism.From Groll J, Lessey B, 2009 for Glob. libr. 

women’s med - Implantation. GLOWM – Global Library of Women’s Medicine 

FIGO; December 2009, (ISSN: 1756-2228) 2009; DOI 10.3843/GLOWM.10318. 

Proteases [collagenases, stromelysin, and gelatinases such as matrix- 

metalloproteinases (MMPs), plasmin, derived from plasminogen, activates 

some MMPs) associated to plasminogen, its activators, and its inhibitors], 

originating from endometrial stroma, epithelium or from cytotrophoblast 

digest the extracellular matrix (ECM), especially collagen (type I, II, III, VII, 

VIII, and X), or fibronectins, laminins, elastin, gelatin, proteoglycan, ahead of 

the invading embryo, acting parallel to adhesion molecules and ligands that 

promote cell-cell attachment and invasion, and to apoptosis of the epithelial 

cells in order to allow penetration of the trophoblasts into the uterine basal 

lamina [103, 104, 105]. The changes in temporal or spatial patterns of integrin 

expression may depend on expression of ECM proteins, such as osteopontin 

(OPN), which are ligands for heterodimers of these integrins [103]. This 

remodeling event is different in humans and some experimental animals, with 
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the exception of the guinea pig model, with similarities to women. The 

appendages of the syncytiotrophoblast of the guinea pig that extend through 

the ZP to achieve apposition continue their invasion between uterine epithelial 

cells into the basal lamina and underlying stroma, thus making the guinea pig a 

useful model for the study of epithelial penetration [106]. The trophoblast cells 

of the egg invade in a manner not unlike that of cancer cells [107], and the 

uncontrolled spread and immunologic rejection are avoided.  

The kisspeptin 1(KISS 1) or metastin and its receptor KISS1R (formerly 

called GPR54) signaling system is proposed as a regulator for embryonic 

implantation, placentation and pregnancy evolution, independent of its effects 

on GnRH secretion. Studies on plasma concentrations of immunoreactive 

kisspeptin have shown very low levels (approximately 1 fmol/mL) in non-

pregnant women, whereas in pregnant women the levels increase dramatically, 

940-fold in the first trimester and approximately 7000-fold in the third 

trimester [108]. 

Kisspeptins are currently best known as central regulators of the 

reproductive endocrine system, being found also in the human female genital 

tract (uterus, fallopian tubes, ovaries). In studies on mice they are involved in 

adhesion/attachment of the embryo, and in humans a dose- and time-

dependent manner induces increased adhesion of human extravillous- 

trophoblast (EVTs) to type-I collagen. 

Kisspeptin and its receptor are expressed in the mouse uterus, and it has 

been suggested that the absence of uterine kisspeptin signaling underlies the 

implantation failure and embryo attachment to the uterus [109]. Absence of 

KISS-1 does not prevent the closure of the uterine receptivity “window”, 

proper alignment of the embryo, or the ability of the uterus to undergo 

decidualization. Instead, the loss of KISS-1 expression specifically disrupts 

embryo attachment to the uterus. Kisspeptin has a very important relationship 

with LIF in the mouse uterus, being a regulator of glandular LIF levels [109]. 

 

 

Endometrial Decidualization. Cellular and Molecular Changes 
 

Decidualization is an inflammatory process, and in humans the 

endometrial stromal cells decidualize during the late luteal phase and continue 

during pregnancy, encapsulating the developing embryo, facilitating nutrient 

transfer and limiting trophoblast invasion, as mentioned above [74,75]. The 

process is characterized by local edema, influx of leukocytes, immune cells, 

such as mast cells, and uterine natural killer (uNK) cells, and by the most 
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important event: the morphological and physiological transformation of the 

stromal fibroblast cells from small, spindle-shaped cells to large, rounded, 

specialized secretory decidual cells [65, 110, 111]. 

The appearance of immune cells is one of the most distinctive features of 

decidualization.  

Gestational hormones suppress detrimental maternal alloresponses while 

promoting tolerance pathways. During decidualization, it is a reduction of the 

antigen-presenting capacity of dendritic cells (DCs), monocytes, and 

macrophages from the stroma, as well as the blockage of T and B 

lymphocytes. DCs are derived from bone-marrow precursors or monocytes 

from the spleen or deciduas, and they react differentially to hormonal 

stimulation. Depending on their activation status, DCs either secrete pro- or 

anti-inflammatory cytokines, thereby inducing or suppressing immune 

responses, respectively. During normal pregnancy, the majority of human 

decidual DCs present an immature (tolerogenic) phenotype and mainly 

produce IL-10, thus contributing to a fetus-friendly local environment [112, 

113]. DCs have receptors for P4, E2, hCG and LH [114, 115, 116] and are 

highly susceptible to these hormones. Results after addition of P4, E2, and 

hCG to monocyte-derived DCs from human peripheral blood differ from 

results obtained after hormonal stimulation of bone marrow-derived dendritic 

cells. 

A model using mice DCs has been elaborated to explain the importance of 

these cells for a proper implantation and decidualization [117]. 

In vivo addition of E2 and P4 prevents fetal rejection and this phenomenon 

was linked to a reduced number of total and mature DCs, both in the periphery 

and decidua. The treatment with hCG induces an elevated capacity to induce 

regulatory T (Treg) cells [116, 118]. 

Gestational hormones support the proliferation of pregnancy uterine killer 

cells, retain tolerogenic DCs, efficiently induce regulatory T (Treg) cells, and 

recruit mast cells and Treg cells into the fetal-maternal interface, contributing 

to a local accumulation of pregnancy-protective cells [118]. Treg cells 

represent a specialized subset within the T cell compartment with unique 

properties, which are fundamentally involved in the suppression of alloreactive 

immune responses [119], and their absence thus results in worse pregnancy 

outcomes [120]. Pregnancy-associated hormones have also been shown to 

support the generation and function of Treg cells. Treg cells’ presence in the 

deciduas is mandatory to normal pregnancy evolution, diminished endometrial 

expression of their major transcription factor Foxp3 having been conclusively 

linked to infertility in women [121, 122]. 
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The mast cells’ attraction from periphery to uterus, followed by their 

activation, maturation, and degranulation via a non-genomic estrogen receptor-

α and calcium influx, releases pivotal factors: histamine, VEGF for future 

angiogenesis, MMP and their tissue inhibitor TIMP-1 involved in extracellular 

matrix remodeling and trophoblast cells invasion. Steroid hormones and 

gonadotropins are proposed to regulate several aspects of Treg cell biology, 

including generation, expansion, migration, and suppressive function both in 

humans and mice [123]. The data are contradictory, however, because some 

studies provide evidence that P4 and E2 induce a reduction of Treg cells or did 

not provoke changes in the number of Treg cells [124]. 

The T cells regulatory cells of both the antibody and the cell-mediated 

arms of the adaptive immune system are divided into two subcategories: CD4 

expressing T helper cells and cytotoxic T cells expressing CD8. The T cells 

mediate their function either by direct cell-cell contact or indirectly by the 

secretion of cytokines defining the local environment as a pro-inflammatory or 

anti-inflammatory one. Normal pregnancy is associated with a pro-

inflammatory Th1 profile at early and late pregnancy stages, important for a 

proper blastocyst implantation and initiation of labor, respectively. T cells are 

modulated by steroid hormones by influencing cytokine secretions, as 

mentioned above. E2 and P4 influence the Th1/Th2 balance, favoring Th2 

predominance at the fetal- maternal interface in humans [125, 126]. The 

hormonal effects are via their classical receptors [116; 127, 128, 129], of 

which glycodelin is the one which has been most extensively studied. Via 

glycodelin, apoptosis is induced in T cells [130], and expression of pregnancy-

protective molecules such as LIF, known to modulate immune responses 

during early human pregnancy [131, 132], is increased. Progesterone also acts 

through the membrane receptors to modulate and suppress T cell activation in 

pregnancy [133]. The hCG is presented as a protector of the embryo/fetus 

from autoimmune diabetes mellitus, suppressing interferon tau production 

[134]. 

The transformation of endometrial stromal fibroblasts (ESF) into 

specialized secretory cells (decidualization) is fundamental to the 

establishment of a receptive endometrial microenvironment capable of 

supporting and maintaining pregnancy, and the transformations are dependent 

on the embryo’s signals. Competent pre-implantation human embryos actively 

induce a supportive uterine environment [24].  

The decidual specific cells secrete estrogens [135, 136], prolactin 

[proposed as marker of receptivity, selection, and decidualization, [22; 137]], 

many interleukins [Interleukin-15 (IL-15), IL-1, -5, -1β, -6, -10, -17, -18], and 
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several growth factors, such as transforming growth factor-beta, insulin-like 

growth factor binding protein-1 [its transcripts are proposed for use as markers 

for normal decidualization- [138]], hepatocyte growth factor (HGF), fibroblast 

growth factors-7 and -10 (FGF-7, FGF-10), tissue inhibitors of 

metalloproteinases (TIMPs) (especially TIMP-3), and fibronectin. All of these 

have been demonstrated to inhibit trophoblast invasiveness, and to be 

regulated by genes associated with progesterone [139], chemo-attractants for 

uNK cells as CXCL12 [140, 141], and the chemokine (CC) ligant 2 (CCL2) 

[141], secreted also by uNK cells, which are their main source [136]. Human 

endometrial stromal cells (HESCs) become sensitive to embryonic signals 

upon differentiation into decidual cells and respond selectively to low-quality 

human embryos by inhibiting the secretion of key implantation factors, 

including IL-1 β, heparin-binding EGF-like growth factor, and LIF [25] 

Furthermore, aberrant decidualization of HESCs and lack of embryo sensoring 

are strongly associated with RPL [23, 142].  

Human CD56 (bright) NK cells are a phenotypically distinct population of 

tissue-resident immune cells which are accumulated in the maternal decidua 

during pregnancy, under E2 and LH stimulation, and restricted by increasing 

amounts of progesterone (P4). Also known as decidual NKcells (dNK), these 

cells differ from peripheral NK blood cells in that their referral receptors 

Uterine NK are found in direct contact with fetal trophoblasts and regulate 

vascular remodeling within the endometrium and decidua. uNK cells are the 

predominant lymphocyte population in the late secretory phase of the 

menstrual cycle and in the early pregnant uterus, representing circa 70% of all 

leukocytes in decidual tissue [143, 144]. 

Tissue-resident uNK cells are a highly dynamic cell population that varies 

throughout pregnancy, and their activity varies with gestational age. They 

regulate trophoblast invasion both in vitro and in vivo by production  

of the interleukin-8 and interferon-inducible protein-10 chemokines, which 

differentiates them from the role of peripheral-blood derived NK subsets. 

[145]. 

There are new mechanistic insight evidences regarding uNK cell function 

and cell-cell interactions with uterine microenvironment. 

Trophoblast invasion is stimulated by factors secreted from uNK cells 

from 12 to 14 weeks’ gestation, but not between 8 and 10 weeks. uNK cells 

secrete angiogenic factors (angiopoietin-1, VEGF-3) and promote 

angiogenesis in vitro and in vivo [146], so “the killers become builders” [147]. 

It has been suggested that uterine artery remodeling and angiogenesis occur in 
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early pregnancy [148]. The secretion of angiogenic growth factors from uNK 

cells decreases with gestational age [149]. 

It has been demonstrated that decidual stromal cells secrete estrogens with 

direct impact on uNK cells [135], and influence their motility and 

responsiveness to chemoattractants, by the mechanism of intracrinology. It has 

also been demonstrated that estradiol modulates changes in vascular function 

by directly inducing the production of the CCL2 from uNK cells, and thereby 

mediates endometrial angiogenesis [136]. uNK cells also express chemokine 

(C-C motif) receptor 2 (CCR2). CCL2 from uNK cells in response to 

estrogens is also believed to have an autocrine impact on uNK cells function 

and promote persistence/survival in the decidua. 

CCL2 is immunolocalized to perivascular cells in first trimester human 

decidua (150), and in vitro studies suggest that its expression in human 

endometrial stromal cells is inhibited by estradiol and progestins [151]. CCL2 

is reported to decrease apoptosis and increase proliferation of decidual 

leukocytes (the majority of which are uNK cells) [141]. 

Estradiol is an established regulator of network formation in human 

umbilical vein endothelial cells (HUVEC) [152], but recent studies using an in 

vitro model suggest that direct stimulation of human endometrial endothelial 

cells (HEEC) with E2 has no significant effect on HEEC network formation 

[153] stimulation of human endometrial endothelial cells. 

Recent research [136] into the impact of estrogen-regulated uNK cells on 

HEEC suggests that indirect stimulation of the vasculature by E2, relayed via 

uNK cells, may prevent excessive activation of angiogenesis and lead to 

controlled, site-specific vascular remodeling in areas of tissue with high local 

bioavailability of E2 and associated accumulation of uNK cells. Dysregulation 

of uNK cell function has been implicated in the etiology of early implantation 

disorders and pregnancy disorders.  

The growth factors with receptors expressed specifically in the 

endometrial epithelia are progesterone-responsive and mediate epithelial- 

mesenchymal interactions which are crucial for pregnancy support. All these 

synthesized products have been shown to inhibit trophoblast invasiveness, and 

to activate the arachidonic acid pathway for the synthesis of vasoactive 

compounds, such as prostaglandins (PGs), whose synthesis is regulated by the 

cyclooxygenase enzyme (COX), with two isoforms: COX-1 and COX-2. PGs 

play a pivotal role in angiogenesis, mitogenesis, cell proliferation and 

differentiation, and exert an important influence during the early stages of 

pregnancy [154]. The concentrations of PGE2 and PGF2α in human uterine 

fluid have recently been proposed as biomarkers for embryonic implantation 



Manuela Cristina Russu 54 

[155]. The cytokines and growth factors enhance the decidual reaction in 

response to embryo invasion [156]. 

It has been demonstrated that endometrial epithelial production of PGF2α 

is abrogated by IFN-tau, the pregnancy recognition hormone produced by the 

trophoblast cells from days 10 to 21 (in sheep), and that it acts in a paracrine 

manner on the PR-negative endometrial luminal epithelial cells and superficial 

glandular epithelial cells to inhibit transcription of ER-α and oxytocin receptor 

genes [79]. 

Fas ligand (FasL) is a member of the TNF family which, by binding to 

Fas receptor of the target cells, induces apoptosis and restricts immigration of 

activated lymphocytes into the immunologically privileged sites such as the 

testis and the anterior chamber of the eye. In mice, FasL is primarily expressed 

in endometrial glandular and decidual cells between days 6 and 10 of 

pregnancy, and in placental trophoblast cells bordering maternal blood spaces 

and fetal endothelial cells between days 12 and 14. [157]. 

Immune response is modified by the privileged sites through anti-

inflammatory cytokine release of TGF-β, which suppresses immune responses 

that may cause tissue damage. Local production of TGF-β is one of  

the common features of immunologically privileged sites. In humans,  

TGF-β2 controls apoptosis in endometrial stromal cells in vitro by an 

autocrine/paracrine mechanism [158], and protects against any damages that 

might occur by invasion of hostile immune cells 

An international and multidisciplinary research team [24] has 

demonstrated that an affected human embryo may elicit an endoplasmic stress 

response in human decidual cells similar to that observed in mouse uteri [159], 

and fundamentally different to the event seen in developmentally competent 

embryos.  

Pre-implantation competent human embryos actively induce a supportive 

uterine environment by releasing trypsin, a serine protease, which activates 

epithelial Na+ channel expressed on luminal epithelial cells [160] triggering 

short-lived oscillatory Ca2+ fluxes in endometrial epithelial cells, and induction 

of genes involved in implantation and post-implantation embryo development. 

Low-quality embryos, on the other hand, caused excessive protease activity 

and a heightened and prolonged Ca2+ response, which down-regulates the 

expression of molecular chaperones in surrounding decidual cells, leading to 

accumulation of misfolded proteins and an endoplasmic stress response. This 

response compromises decidual cell functions and triggers tissue breakdown 

and early maternal rejection. The research team [24] considers this event to be 

“the uterine active selection of human embryos implantation”.  
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Certainly, many other factors, such as oil, air bubbles, concanavalin A, 

deciduomata [161], and ectopic pregnancy, can do this in the embryo’s 

absence. In humans menstruation is a process initially triggered by 

“spontaneous” decidualization of the endometrium in an embryo-independent 

manner [162; 163]. It has been observed that a developing embryo has no 

significant effect on decidual secretions, other than a low reduction in IL-5 

levels, in contrast to the arresting embryos triggering a strong response, 

characterized by selective inhibition of IL-1β, -6, -10, -17, -18, eotaxin, and 

heparin-binding EGF-like growth factor (HB-EGF) secretion [25]. 

 

 

Hormones Involved in Normal/Abnormal Implantation/ 

Decidualization and Recurrent Early Pregnancy Loss 
 

Endocrine disorders are involved in approximately 17%-20% of  

RPLs [164], and the prevalence of endometrial abnormalities is 20%  

among women with RPL [165]. Internationally, over recent years, luteal  

phase deficiency (LPD), hyperandrogenia from polycystic ovarian syndrome 

(PCOS), subclinical hypothyroidism and thyroid autoimmunity (TAI), 

hyperprolactinemia, obesity, and poorly controlled diabetes mellitus have been 

the most frequent endocrine discussed causes of RPL.  

Sexual steroid hormones – estrogens, progesterone and androgens – 

human chorionic gonadotropin with trophoblastic origin, Gh- RH, and 

associated hormonal specific disorders play a part in shedding new light on the 

pathological pathways that underpin RPL [118]. 

Endocrine disorders are connected by two hallmarks: direct effects of 

altered concentrations of estradiol and progesterone on the endometrium, 

and/or indirect effects on the ovarian cyclic phases through hypothalamic- 

pituitary axis disturbances, with fewer developed granulose cells in the corpus 

luteum, potentially leading to luteal phase deficiency [166] and interferences 

with the maternal immune system in the tolerance of the semi-allogeneic fetus. 

There is evidence that immune-immune interactions, as well as immune-

endocrine interactions, build up a complex network of immune regulation that 

ensures fetal survival within the maternal uterus [118]. 

The conceptus acts by signaling its presence to the mother through its 

hormones in a paracrine manner in order to maintain the lifespan of the corpus 

luteum, necessary for successful pregnancy in humans, domestic animals, and 

laboratory rodents. This is the “maternal recognition of pregnancy”, an aspect 
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first described by Roger Short (1969) and cited by Spencer and Bazer (2004) 

[167]. 

In early pregnancy the conceptus produces the pregnancy recognition 

signal, interferon tau (ITF γ), which is transported across the LE cell layer or 

moves passively into the underlying endometrial stroma during the “maternal 

recognition” process that prevents increases in epithelial ERα gene expression, 

which are estrogen responsive by directly inhibiting transcription of the ERα 

gene and maintaining secretion of progesterone by the corpus luteum. 

Progesterone plays a critical role in oocyte maturation, embryo implantation, 

and placenta maintenance in early gestation [168]. 

 

 

The Role of Estrogens and Progesterone in Decidualization. 

Estrogen Receptor (ER). Progesterone Receptor (PR) 
 

The ovarian hormones estrogen and progesterone modulate uterine events 

in a spatiotemporal manner from the midsecretory phase, and prepare the 

endometrium to become receptive to the blastocyst signals. Decidualized 

stromal cells are seen from the late-secretory phase of the menstrual cycle [55, 

57, 169]. 

Estrogen is essential for luminal epithelium (LE) proliferation and for the 

initiation of implantation and implantation responses, while the stromal cells 

are primarily dependent on progesterone, estrogen being dispensable for 

signaling leading to the decidual response [170]. 

Abnormal endometrial development could be a result of an aberrant 

follicular phase resulting in inadequate priming of the endometrium, 

subnormal progesterone production by the corpus luteum, or an abnormal 

response of the endometrium to progesterone [171, 53]. 

Estrogens (estrone and estradiol) are essential also for uterine receptivity, 

LIF induction, and blastocyst activation. The nidatory estrogen effects in the 

progesterone-primed uterus for implantation are considered to be mediated via 

LIF signaling. It has been observed [172] that LIF can only partially resume 

implantation in progesterone-primed, delayed-implant mice in the absence of 

estrogen, suggesting that LIF induction is one of many functions executed by 

estrogen for implantation. 

The stromal decidualized cells are actively involved in biosynthesis and 

metabolism of estrogens, which alters the function of human uNK cells and 

endometrial endothelial cells [136]. During decidualization the estrogens 

directly regulate the function of human uNK cells by increasing uNK cell 
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migration and secretion of uNK cell-derived chemokine (C-C motif) ligand 2 

(CCL2) which critically facilitates uNK-mediated angiogenesis [136, 141]. 

This is considered a novel key process/mechanism of gestational uNK-

dependent endometrial angiogenesis, and regarded as a target for future 

therapeutic strategies [136]. The effect of progesterone is to reduce natural 

killer (NK)-cell activity [173], increase HLA-G production in trophoblast cells 

[174], increase suppressor-cell levels [175], inhibit cytotoxic T-cell activity 

[176], induce the production of lymphocyte-blocking proteins [177], and 

modify the cytokine response from the Th-1 to the pro-pregnancy Th-2 pattern 

[178]. 

 

 

Figure 3. Regulation of endometrial function in early pregnancy. Stromal cells and 

uNK cells interact with endometrial arterioles to promote vascular remodeling. 1. In 

the decidua, stromal cells secrete estrogens such as E1 and E2. 2. E2 increases uNK 

cell motility and migration both directly and by increasing the expression of the 

chemokine receptor CXCR4. This action of E2 may promote localization/recruitment 

of uNK cells in the perivascular niche. 3. E2 acts directly on uNK cells to promote 

secretion of pro-angiogenic factors, including CCL2. 4. ER-dependent secretion of 

CCL2 promotes endothelial cell angiogenesis and modulation of vascular function. 

From: From Gibson DA, Greaves E, Critchley HOD, Saunders PTK: Estrogen-

dependent regulation of human uterine natural killer cells promotes vascular 

remodelling via secretion of CCL2. Hum Reprod 2015, Jun;30(6):1290-301. doi: 

10.1093/humrep/dev067. Epub 2015 Mar 27. 
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Estrogen Receptor in Menstrual Cycle and Decidualization 
 

Endometrial biopsies obtained from non-conception cycles during the 

luteal phase of the cycle (days 15± 28) have shown a decrease in the 

expression of ER from a mid-cycle peak in both stroma and glandular 

epithelium [171], with wide regional variation in the intensity and pattern of 

staining of ER by immunohistochemistry in cases with a retarded development 

of >2 days (luteal phase defect- LPD) in comparison to the normal (in-phase) 

gland epithelium. 

During pregnancy, the induced decidualization with normal sensoring 

embryos is an ER expansion and acquisition of a secretory phenotype [179] in 

the stroma. 

 

 

Progesterone Receptors in Menstrual Cycle and Endometrial 

Decidualization 
 

There are three nuclear receptors – PR-A, PR-B, and PR- C – (thought to 

be generated by the initiation of translation from further downstream AUG 

start sites, and usually is not recognised), and two membrane progesterone 

receptors, all identified by immunohistochemistry on endometrial samples 

collected during the mid- to late luteal phase of the cycle. PR-A and PR-B 

belong to a family of ligand-activated transcription factors and share common 

structural and functional elements (e.g., regulatory region). 

The human nuclear PRs are encoded by a single gene located on 

chromosome 11 (11q22-q23). The expression of PR is controlled by two 

promoters to produce two major mRNA transcripts that encode two proteins: 

the full-length PR-B (116 kDa) controlled by the distal PR-B promoter region 

and initiated from the first AUG translational start codon, and PR-A (94 kDa), 

controlled by the proximal PR-A promoter region and initiated from the 

second AUG (492 bases upstream) translational start codon. It is now 

generally accepted that response to progesterone is determined by the 

combined actions of PR-A and PR-B, which, upon ligand binding, form 

homodimers or heterodimers which have distinct transcriptional activities at 

specific sets of gene promoters. 

Studies have demonstrated a functional feedback interaction between  

the progesterone and estrogen hormonal systems. This is crucial for  

normal endometrial differentiation/decidualization, a key step toward the 

establishment of pregnancy, and for balancing the often-opposing actions of 
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the progesterone/PR and estrogen/ER systems [180]: PR expression in uterine 

cells is stimulated by estrogens via estrogen receptor-α (ERα), and 

consequently progesterone responsiveness is dependent on the presence of an 

estrogenic drive [181]. Low levels of estrogen are required for progesterone 

responsiveness throughout the luteal phase, and conversely, ERα expression in 

uterine cells is inhibited by progesterone via PRs [182]. 

It is known that continuous exposure of the endometrium to progesterone 

down-regulates PR expression in the endometrial epithelium [183], the PR 

being detected only in stroma and myometrium throughout most of the 

gestation in the ovine uterus [184].  

       Endometrial biopsies from the luteal phase (days 15 ± 31) of normal, 

fertile subjects have detected a steady decrease in expression of stromal cell 

PR (both isoforms A and B) immunostaining from a mid-cycle maximum, and 

a more rapid decrease in expression of PR in epithelial cells, particularly 

between days 22 and 24, including from the maximal at mid-cycle [171, 185]. 

Distinct from these patterns of positive stroma and negative glandular 

epithelium seen in the normal control biopsies during the mid to late luteal 

phase of the cycle, PR-positive gland epithelial cells were identified in some 

biopsies (27%) obtained on days LH + 7 to LH + 10 from RPL cases.  

PRs are necessary for embryo implantation and for decidualization, and 

the changes in their expression in endometrial structures during the ovarian 

cycle, during precocious and early stages of pregnancy, have been extensively 

studied in mouse models by progesterone receptors’ ablation/destruction. 

Linked to these facts, it is not just PR target genes, but also mediators of PR 

action, that are important for correct PRs action in the normal progression of 

early pregnancy [169].  

Some data from animal models have shown a preparation of LE and 

glandular epithelia (GE) by the loss of progesterone receptors (PR) prior to the 

stages of uterine receptivity and implantation. In sheep, PR expression 

becomes undetectable in the endometrial LE after day 11 and later in the GE, 

after day 13. Loss of PR in the GE appears to be required for the onset of 

differentiated functions in terms of production of secretory proteins, such as 

uterine milk proteins in some mammalians, such as sheep, and osteopontin 

[79]. 

The actions of progesterone on endometrial epithelia for the majority of 

the gestation period appear to be mediated by the endometrial stroma which 

remains PR-positive throughout pregnancy [79].  

Progesterone (P4) regulates cell decidualization, and provides balance to 

ensure that sufficient, but not excessive, invasion of the embryonic 
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trophectoderm occurs. P4 also modulates the maternal immune system locally, 

so the histocompatibly distinct embryo can survive and suppresses myometrial 

contractions during pregnancy [187]. 

The paradigm of loss of PR in uterine epithelia immediately prior to 

implantation is common to mammals such as sheep, cattle, pigs, western 

spotted skunks, baboons, rhesus monkeys, mice, and humans [188]. It is 

understood that regulation of endometrial epithelial function during the peri-

implantation period must be directed by specific factors produced by PR-

positive stromal cells in response to progesterone [189], and this is possible by 

a paracrine pathway [36]. 

PR-A is known to repress PR-B, ER, glucocorticoid, androgen, and 

mineralocorticoid receptor activity, and the discovery of an inhibitory domain 

within PR-A that is masked by PR-B suggests that the two PR isoforms may 

react with different cellular proteins [190], and that a subgroup of P4 

reproductive actions are mediated by PR- B [191]. Recent investigations [192] 

using a dual immunofluorescence technique have shown that whilst PR-A 

predominates in secretory stroma, PR-B alone may persist in mid-secretory 

gland epithelium. PR-B directly regulates the expression of PR-A [180]. 

PR-A is both necessary and sufficient to elicit the progesterone-dependent 

reproductive responses necessary for female fertility [193]. PR-A and PR-B 

are functionally distinct mediators of progesterone action in vivo, and should 

provide suitable targets for generation of tissue-selective progestins. 

PRs regulate implantation, and aberrant PR function may therefore be 

involved in RPL; PRs likely regulate key immunogenic factors involved in 

RPL [194]. 

The initial investigations into levels of ER and PR in the human 

endometrium by radioactive binding assays have produced conflicting results 

in respect of the relationship between ER and PR expression and LPD [195]. 

An immunocytochemical study [196] in cases with LPD showed an 

association between LPD, failure of PR glandular down-regulation and 

aberrant αVb3 integrin expression, leading to the conclusion that 

establishment of normal endometrial receptivity appears to be tightly 

associated with the down-regulation of epithelial PR. 

Change in PR isoforms profile seems to be responsible for decidual 

activation. Decidua without contractions show a consistent profile, with PR-B 

being the dominant isoform. PR-A, PR-C and two additional truncated 

isoforms are also detected, but in significantly smaller concentration. After 

initiation of contractions, a sharp decline in PR-B shifts the PR-A/PR-B ratio 

toward PR-A dominance. This shift in the decidua toward increased 
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expression of progesterone receptor isoform A and decrease in PR isoform B 

plays a pivotal role in decidual activation and initiation of labor when 

pregnancy is near term, or when in preterm delivery, and we can suppose that 

miscarriage has a similar mechanism to that of functional progesterone 

withdrawal [197]. 

The effect of progesterone on its receptors [198] has been analyzed. The 

PR mediates the activation of cytoplasmic signaling pathways, participating in 

the induction of the signal transduction pathway in the cytoplasm. P4 induces 

major changes in the proteins’ conformation of PR, resulting in dimerization, 

increased receptor phosphorylation and binding of receptor dimers to specific 

hormone responsive DNA elements in the promoter of target genes. 

De novo motif analysis has indicated that, although the two isoforms bind 

to the same DNA sequence motif, there are both common and unique 

neighboring motifs where other transcription factors, such as FOSL1/2, JUN, 

C/EBPβ, and STAT3, bind and dictate the transcriptional activities of these 

isoforms. Chromatin immunoprecipitation-sequencing, in combination with 

gene expression profiling, has revealed that PGR-B controls a substantially 

larger cistrome and transcriptome than PGR-A during HESC differentiation. 

At the University of Illinois at Urbana-Champaign, and Department of 

Obstetrics and Gynecology at Wake Forest University School of Medicine, 

North Carolina, it was discovered [180] that PR-A and PR-B regulate 

overlapping as well as distinct sets of genes, many of which are known  

to be crucial for decidualization and establishment of pregnancy. When  

PR-A and PR-B were coexpressed during HESC differentiation, PR-B  

played a predominant role, although both isoforms influenced each other's 

transcriptional activity. The study revealed that the gene networks that operate 

downstream of each PR isoform mediate critical functions, such as regulation 

of the cell cycle, angiogenesis, lysosomal activation, insulin receptor 

signaling, and apoptosis, during decidualization in humans.  

The P4 non-genomic mechanism of action through SRC tyrosine kinase 

activity and subsequent activation of the MAPK pathway [199] is mediated at 

uterine level by both progesterone membrane receptors [200]. This extensively 

discussed mechanism of P4 action is also known as non-classical progesterone 

receptor signaling, as cells that completely lack expression of nuclear PRs  

are still able to respond to P4, and non-classical actions of P4 are historically 

well-documented in general terms in relation to meiotic maturation [201,  

202], sexual behavior [203], and the acrosome reaction [204], as well as 

regulating ion flux in epithelial cells [205], neurons [206], and vascular 

smooth muscle [207]. 
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PRMC-1 and its binding partner, plasminogen activator inhibitor 1 RNA 

binding protein [PAIRBP1 – also known as serpine binding protein 

(SERBP1)] – which mediates the antiapoptotic actions of P4 in granulosa cells 

of developing follicles and acts in luteal cells to maintain their viability [208], 

and PRMC-2 are members of the heme-binding protein family. Studies have 

been carried out on genomic and non-genomic PR in bovine endometrium 

during the oestrous cycle and first trimester pregnancy [209].  

Endometrial expression of PRMC1 in menstrual cycling mammals is most 

abundant during the proliferative phase of the cycle. Because PRMC2 

expression shows the most consistent cross-species expression, with highest 

levels during the secretory phase, PRMC2 may serve as a universal non-

classical P4 receptor in the uterus. 

If the estrogens are not necessary for the development of the secretory 

endometrium [210] the duration of the window of receptivity is critically 

determined by estrogen [211], and estrogen increases PR expression in the 

endometrial epithelia. Estrogens have inhibitory effects on the epithelial 

expression of certain genes, such as the αvβ3 integrin, interfering with  

the stimulatory effects of EGF or HB-EGF, and increase the rate of  

infertility [212]. 

 

Figure 4. Progesterone action on the endometrium. Progesterone has both a direct 

influence on endometrial epithelium via progesterone receptor-B (PR-B) which 

stimulates osteopontin (OPN) production and an indirect influence via the endometrial 

stromal cells. Stromal cells produce heparin-binding epidermal growth factor (HB-

EGF) which in turn stimulates β3 integrin subunit production. (From Groll J, Lessey B, 

2009 for Glob. libr. women’s med: Implantation. GLOWM – Global Library of 

Women’s Medicine FIGO; December 2009, (ISSN: 1756-2228) 2009; DOI 

10.3843/GLOWM.10318. 
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Low estrogen levels induce inadequate priming of proliferating 

endometrium and production of progesterone receptors, and if ovulation 

occurs, a subnormal progesterone production by the deficient corpus luteum 

will abnormally transform the epithelial and stromal cells in the secretory 

phenotype endometrial phase, with dysfunctional decidualization, or will drive 

to an abnormal response of the endometrium to progesterone, which are 

followed by a defective implantation, which is considered a primary cause of 

RPL [53].  

 

 

The Role of Androgens in Decidualization.  

Androgen Receptors (AR) 
 

Androgens – testosterone and dihydrotestosterone – are the most abundant 

steroids in areas of the tissue at early stages of pregnancy, and especially of 

decidualization, and their time-dependent metabolism and biosynthesis have 

been demonstrated. The intracrine mechanism that enhances decidualization 

and modulates the expression of endometrial receptivity genes, since 

endometrial stromal cells have androgen receptors (AR) [213], has also been 

demonstrated. The blockade of intracrine androgens’ mechanism inhibits and 

delays the expression of proteins involved as markers of decidualization and 

endometrial receptivity for the conceptus. 

Immunocytochemical analysis of AR staining in biopsies from normal, 

fertile women has shown its expression mainly in the stroma, which did not 

change during the cycle. Staining in biopsies from RPL patients was largely 

similar to biopsies from normal, fertile women [22]. 

 Primary human ESCs were treated in vitro for 1-8 days with progesterone 

and cAMP (decidualized) in the presence or absence of the AR antagonist 

flutamide, a selective antagonist. The fibroblastic stromal cells did not 

experience a complete change to the aspect of round “epithelioid” decidualized 

cells after flutaminde; the markers of endometrial receptivity [IGFBP1, 

prolactin (secreted by ESC)] were quantitatively reduced, and the 

concentrations of mRNAs encoding AKR1C3 (the enzyme that converts 

androstendion in T) were increased after four days of progesterone and cAMP, 

but the expression of the enzyme SRD5A1 (which reduces T at DHT) and 

biosynthesis of dihydrotestosterone were reduced. Osteopontin/Secreted 

Phosphoprotein 1 (SPP1) and the endothelin receptor type B (EDNRB) which 

binds members of the endothelin family of proteins that regulate endometrial 
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blood flow, and which is dynamically regulated during decidualization of 

ESC, were reduced after four days from flutamide addition. 

These results confirm that the blockade of the intracrine androgen action 

with flutamide inhibits decidualization, limiting the morphological 

transformation of ESC and inhibiting the production of decidualization 

(IGFBP1 and prolactin) and receptivity factors (SPP1, EDNRB). Inadequate 

T/DHT biosynthesis may result in a transcriptional profile that is “out of 

phase”, which may impact on the establishment and maintenance of 

pregnancy. 

 

 

The Role of Human Chorionic Gonadotropin (hCG)  

in Decidualization 
 

hCG is a primate-specific heterodimeric placental glycoprotein. Four 

different hCG variants – total hCG, hyperglycosylated hCG (hCG-H), free β-

subunit, and pituitary hCG – have been reported, each produced by different 

cells with separate biological functions [214]. hCG is produced by 

differentiated syncytiotrophoblasts, and its main function is to stimulate P4 

production by the corpus luteum [215]. Moreover, hCG supports pregnancy by 

facilitating trophoblast invasion [216, 217], promoting angiogenesis, and 

ensuring nourishment of the fetus [218, 219]. Recent years have seen 

increasing evidence that hCG and LH are involved in immune tolerance 

mechanisms leading to fetal survival. Both gonadotropins have been shown to 

affect immune cells by binding to the LH/CG receptor expressed by several 

immune cell types.  

hCG acts through the mannose receptor, and through this pathway induces 

human uNK cell proliferation [220]. 

 

 

THE ENDOMETRIAL TRANSCRIPTOME IN THE “WINDOW” 

OF RECEPTIVITY. ENDOMETRIAL STEROID 

RECEPTORS’ DEFECTS 
 

The conflict between parent and offspring, which is thought to drive 

reproductive evolution and innovation [221, 222], has long been recognised. 

This hypothesis predicts that the embryonic genome evolves to extract as 

much as possible from the mother to ensure its propagation, whereas maternal 
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genes will adapt to safeguard the success of current as well as future offspring, 

using distinct positive and negative mechanisms that contribute to active 

selection of human embryos at implantation. Genetic factors are strongly 

associated with endocrine etiologies of RPL. Various studies have examined 

the notion that competent, developmental human embryos impact on the 

expression of uterine implantation genes in vivo to ensure their development 

[24], especially vis-à-vis human endometrial stromal cells (HESC) becoming 

sensitive to embryonic signals upon differentiation into decidual cells and 

responding selectively to low-quality human embryos by inhibiting the 

secretion of key implantation factors, including IL-1, heparin-binding EGF-

like growth factor, and LIF [25]. 

The focus of current discussions is on progesterone and its nuclear 

receptors, and on molecular genetic studies concerning receptivity markers. 

The endometrial transcriptome with ≥ 40 genes shows different expression 

levels between normal/RPL patients [223]. Specific microRNAs (miRNAs) – 

small noncoding RNAs collectively representing a novel class of regulators of 

gene expression – play important roles in the development/progression of early 

pregnancy via the regulation of a wide variety of signaling pathways  

inside decidua, including those mediating inflammation [224], local estrogen 

biosynthesis [225], progesterone resistance [226, 227] associated with 

abnormal expression and/or function of PRs or specific PRs’ polymorphism, 

endometrial stromal cell invasiveness [228], extracellular matrix remodeling 

[229], angiogenesis [230], and epigenetic regulation [231]. 

Discussions are currently focused on progesterone nuclear receptors and 

on molecular genetic studies regarding cytokines, chemokines, adhesion 

molecules, growth factors, and apoptosis involved in endometrial receptivity. 

The specific miRNAs expressed at conception might be involved in pregnancy 

establishment, and expression of let-7f-5p and let-7g-5p has been 

experimentally up-regulated or inhibited to assess the effect on the expression 

of IGF2BP-1 and IGF2R in vitro, respectively [232]. In general, miRNAs 

inhibit translation or induce mRNA degradation by binding to the 3’ 

untranslated region of the target mRNA. To date, over 2,000 human miRNAs 

have been registered in miRBase v19.0 [233, 234]. 

Abnormal expression and/or function of the PRs have been reported in 

cases of RPL, with decreased PRs expression in the endometrium [235] and by 

the embryo [236]. It has been proven that the specific PRs polymorphism may 

be the cause of idiopathic RPL [237] in the Taiwanese Han population when 

progesterone supplementation is inefficient. Of particular interest is a 306 base 
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pair insertion polymorphism in intron G of the PR gene that correlates with 

RPL, and is linked to implantation failure in in vitro fertilization cycles [238]. 

To define the molecular regulation of the processes of endometrial 

differentiation or decidualization, it has been proposed that PCR-based  

cDNA subtractive hybridization analysis of human chorionic villi from  

normal and RPL patients [223, 239, 240], micro RNA analysis for immunity, 

angiogenesis, and apoptosis-related genes involved in normal pregnancy will 

help to identify pregnancies with a high risk of RPL and how to manage those 

pregnancies [22, 24, 223].  

A number of genes have been identified as being involved in RPL, and 

there are classified into four groups:  

 

1) immunity-related genes: for glycodelin, known by various names, 

such as placental protein 14 (PP14), chorionic α2-microglobulin 

(CAG-2), progesterone-associated endometrial protein (PEP) and 

pregnancy-associated α2-microglobulin (α2- PEG); hCG, MUC- 1, 

MUC -2, MUC-3; 

2) angiogenesis-related genes: for MMP, fibronectin, plasminogen 

activator inhibitor (PAI), integrin, transforming growth factor- β, 

vascular endothelial growth factor (VEGF), and basic fibroblast 

growth factor (bFGF), which have been shown to have lower levels of 

gene expression in chorionic villi from RPL patients than in those of 

normal patients; 

3) apoptosis-related genes: anti-apoptosis-related genes (Bcl-2 and Bcl-

xL) revealed various expression levels among chorionic villi derived 

from normal and RPL patients. This indicates that gene products of 

apoptosis-related genes directly regulate embryonic development 

during pregnancy. Signaling pathways leading to apoptosis converge 

on a common machinery of cell destruction activated by a family of 

cysteine proteases that cleave proteins at aspartate residues (caspases), 

members of the tumor necrosis factor (TNF) receptor (TNF-R) 

superfamily, Fas and FasL. Protein p53-encoding by the p53 tumor 

suppressor gene (TP53), in turn, plays a critical role in regulating 

maternal reproduction and blastocyst implantation via regulation of 

the expression of the LIF and VEGF genes [241] 

4) other groups of genes: the globin family (at different ages, fetal and 

maternal). 
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Since the PCR-based cDNA subtractive hybridization analysis may not 

represent all genes differentially expressed, it is expected that there will be 

more genes involved in the process of establishing and maintaining pregnancy 

[223]. 

Overexpression or underexpression of genes that encode the proteins 

necessary for successful implantation may be a reason for decreased 

endometrial receptivity [242]. 

In a comparative analysis of the human microRNA (miRNA) profiles 

between spontaneous decidualized menstrual endometrium versus early 

pregnancy decidua by in-depth sequencing of miRNAs [232], the specific 

miRNAs expressed at conception which may be involved in pregnancy 

establishment and expression of let-7f-5p and let-7g-5p were experimentally 

up-regulated or inhibited to assess the effect on the expression of IGF2BP-1 

and IGF2R in vitro, respectively.  

The study identified 62 novel miRNAs, some in the menstrual endometria 

and some in decidua (see Table 1). Expression of four novel miRNAs (miR-1, 

miR-12, miR-18, and miR-110) was markedly altered in the decidua, but these 

miRNAs were expressed at low levels (data not shown). The expression of 

IGF2BP-1 and IGF2R declined and increased with overexpression and 

inhibition of let-7f-5p and let-7g-5p, respectively. Changes in the expression 

of particular miRNAs might play a role in the physiology of decidualization 

following successful embryo implantation, ultimately resulting in continuous 

decidualization. 

The cloning of these genes is currently underway, and the characterization 

of these gene products needs to be investigated in order to better understand 

their cellular functions for maintaining normal pregnancy. In addition, the 

identification of differentially expressed genes in maternal endometrium and 

decidua derived from RPL patients is under investigation. 

We may therefore speculate that a single gene mutation is not the only 

cause of reduced endometrium receptivity, which can result in implantation 

failure, but rather that a combination of mutations in the different genes 

involved in the implantation process could increase the risk of RPL.  
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Table 1. The 62 novel miRNAs expressed in the human decidua  

and menstrual endometrium 
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From: Wang Y, Lv, Y, Gao S, Zhang Y, Sun J, Gong C, Chen X, Li G - MicroRNA 

Profiles in Spontaneous Decidualized Menstrual Endometrium and Early 

Pregnancy Decidua with Successfully Implanted Embryos. PloS One, 2016; 11(1): 

e0143116. Copyright © 2016 Wang et al. 

 

 

LUTEAL PHASE DEFECT (LPD) 
 

LPD is defined as retarded endometrial development in the peri- 

implantation period [243]. It is usually a controvert entity, based on 

morphological study of a precisely timed luteal phase endometrial biopsy 

according to the classic method of  Noyes RW, Hertig MD, Rock MD (1950) 

[244]. 

The incidence of LPD was reported as 17.4% (245) and 28% (165); the 

median number of miscarriages in women with RPL with delayed 

endometrium was four, compared to a median of three in women with an in-

phase endometrium [243]. These data were compared with the results of other 

studies, showing a significant decrease in the frequency of abnormal 

embryonic karyotypes and a significant increase of cases with normal 

embryonic karyotypes [2]. 

This enabled the formulation of a hypothesis regarding subnormal 

progesterone production by the corpus luteum, which may result in inadequate 

stimulation and development of the endometrium, but plasma progesterone 
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measurements in the mid- luteal phase in cases with RPL found only 33% 

cases with suboptimal plasma progesterone (<30nmol/l) [243]. An old 

explanation of LPD’s role in RPL is hypothalamo-pituitary dysfunction, which 

can be associated to LPD, as it is in cases with extremes of reproductive life, 

extremes of weight, strenuous exercise, and stress [246]. 

Decidualization of stromal cells is a time-dependent process associated 

with changes in synthesis of bioactive steroids, and from early gestation it is a 

complex servomechanism involving the ovarian hormones and the conceptus, 

to regulate endometrial glands differentiation and decidualization. 

In a comparison [247] of the different expressions of a number of 

endometrial molecules and leukocytes CD45+, CD56+, CD3+ and CD4+ cells, 

LIF, IL-6, and ERs and PRs in precisely timed endometrial biopsies obtained 

between days LH + 6 and LH + 11 from recurrent miscarriage women with in-

phase and retarded showed a significantly lower number (P < 0.05) of CD56+ 

cells in peri-implantation endometrium. A decreased mid-cycle estrogen level 

(P < 0.05) was observed in women with LPD compared to in-phase 

endometrium. 

A comparison has also been carried out on certain molecular markers for 

maternal immune response, in particular glycodelin A (placental protein PP14) 

from endometrial flushing, to identify the endometrial defect, and it was 

proved to be of prognosis value [248]. 

Endometrial leukocyte populations such as stromal CD56+ uterine natural 

killer cells (uNK, or large granular lymphocytes) [249], and various other 

stromal leukocyte populations have been examined in RPL, and found to be of 

prognostic value 

 

 

Polycystic Ovarian Syndrome (PCOS), Aberrant Follicular 

Phase and Hyperandrogenemia 
 

In this entity, suboptimal estrogen production and subsequently an 

inadequate priming of the endometrium were considered to explain the 

delayed development in the luteal phase and RPL [22]. It has been shown that 

only a relatively small number of women with retarded endometrial 

development in the luteal phase had significantly lower FSH levels in the 

follicular phase of the same cycle [250] and abnormal endometrial biopsies in 

the mid-luteal phase. The majority had normal levels of estradiol, LH, and sex 

hormone-binding globulin [243]. 
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There is an interesting relationship between hyperandrogenemia of PCOS 

and RPL. Comparison between fertile women and those with RPL showed 

higher androgen levels in the serial blood samples obtained on days LH ± 7, 

LH ± 4, LH + 0, LH + 7 or LH + 10 in the follicular phase of RPL cases than 

in fertile controls [251]. On the other hand, androstendione (not testosterone) 

is the androgen which makes this characteristic of PCOS in inducing RPL 

[252]. In some cases the testosterone levels are increased from the theca cells’ 

origin [253]. Hyperandrogenemia is increased when PCOS is associated with 

BMI > 30 and/or hyperinsulinemia due to insulin resistance. Insulin also acts 

indirectly to increase serum-free testosterone by inhibiting the hepatic 

production of sex hormone-binding globulin [254]. 

In both of these studies the presence of hyperandrogenemia appeared to be 

independent of the association with polycystic ovarian syndrome (PCOS). 

Hyperandrogenemia may be a result of increased androgen production either 

in the ovary (e.g., polycystic ovary) or the adrenal gland [255]; it may also be 

an indirect consequence of low SHBG, associated with follicular phase 

defectuous levels of circulating estrogen.  

High androgen levels have been negatively correlated with the 

concentration of glycodelin/PP14, a biochemical marker of endometrial 

function, in uterine flushings [251]. In vitro studies have revealed an 

association between hyperandrogenemia and an increase in epidermal growth 

factor receptor concentration in stromal cells, and a reduction in the secretory 

activities of epithelial cells, resulting in a dose-dependent reduction of PP14 

production [247], which is consistent with an adverse effect of androgens on 

endometrial glandular cell function.  

DHEA is a potent inhibitor of the pentose phosphate pathway, decreasing 

endometrial decidualization both in vitro and in vivo [256]. 

There are known to be a number of abnormalities of the endometrium in 

cases with PCOS, linked to altered estrogen and/or progesterone responses. 

Progesterone resistance at the level of gene expression (HOXA10 and HOXA11 

mRNA- [257] has been associated in vitro with an aberrant decidualization of 

endometrial stromal fibroblasts and concomitant changes in pro- inflammatory 

cytokine, chemokine, MMP release, and immune cell chemoattraction. In vivo 

these aberrations induce suboptimal implantation [138]. 

The hyperandrogenism affects the “window of implantation” by 

decreasing gene expression of HOXA10 and WT1 and by affecting 

endometrial decidualization. 

Homeobox, or HOX, are developmental control genes essential for 

endometrial differentiation and receptivity. Both HOXA10 and HOXA11 
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mRNA are expressed in human endometrial epithelial and stromal cells, with 

expression significantly higher during the window of implantation. 

HOXA10 is decreased by testosterone but not affected by 

dehydroepiandrosterone (DHEA), dehydroepiandrosterone sulfate, or insulin, 

testosterone being a novel regulator of HOXA10, with a negative impact on the 

expression of a gene essential for endometrial receptivity. 

Studies carried out on the insulin pathway in endometria from women 

with PCOS, with or without hyperinsulinemia, found that certain insulin 

receptor substrates, including pAS160T642 and SLC2A4, were decreased in 

hyperinsulinemic women with PCOS compared with those in controls and 

nonhyperinsulinemic patients with PCOS as assessed by Western blot [258]. 

Hypoadiponectinemia is related to insulin resistance in women with PCOS 

[259], and this state is also found at endometrial level, for which adiponectin 

receptors are highly expressed in the human endometrium during the 

timeframe of the window of implantation [260]. Analyses of the endometrial 

genes of women with PCOS have shown the alteration thereof during the 

window of implantation, in particular when obesity is involved [261].  

 

 

Thyroid Disorders. Hypothyroidism and Thyroid Autoimmunity 
 

Thyroid dysfunction and thyroid autoimmunity (TAI) are prevalent 

among women of reproductive age, and are associated with adverse pregnancy 

outcomes. Current discussions on the subject relate to three issues: women’s 

increasing age, thyroid autoimmunity, and hypothyroidism. Data on thyroid 

hormones receptors (THR- TRα1, TRβ1) and THS receptors (THSR) in 

ovaries, endometrium, and trophoblast, are changing the paradigm regarding 

the role of plasma levels of TH and TSH over different tissues. TH, either 

directly or through effects on the synthesis and activity of implantation-

mediating molecules, are involved in early pregnancy failure, differential 

expression of TR isoforms, heterodimeric receptor partners, interacting 

cellular proteins, and regulating enzymes. TH are recognized as having a 

crucial local action on female reproductive organs, regulating proliferation and 

apoptosis of human maternal-derived decidual cells, known to exert paracrine 

regulation upon trophoblast behavior and vascular development at the utero-

placental interface in a paracrine manner (as was demonstrated for T3 [262]), 

and the control of the endometrial- embryo molecular synchronization during 

implantation. Imbalance in the spatio-temporal expression of factors involved 
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in TH activity is thought to induce early arrest of pregnancy in women 

considered as euthyroid based on their hormonal blood concentration [263]. 

Hypothyroidism, overt and/or subclinical, has a negative influence on 

ovarian function by low sex-hormone-binding globulin and high prolactin. 

Thyroid autoimmunity does not interfere with implantation, but the risk of 

early miscarriage is substantially increased in conjunction with T, B, and NK 

lymphocytes. Studies have demonstrated an increase of >15% of NK cells, NK 

hyperactivity, reduced cytotoxicity Tcells(Tc) with significant increase of 

Th/Tc ratio, and Th-1/Th-2 ratio, associated with TAI, and subclinical 

hypothyroidism. High Th-1 is correlated with increased IFN-gamma, IL-4, and 

TNF-alfa. 

uNK cells enable the diagnosis of reproductive failure, with a possible 

association between NK cell levels and thyroid dysfunction in TAI and non-

autoimmune thyroid disorders.  

Preconception or early pregnancy screening for thyroid dysfunction has 

been proposed, but is not widely accepted because the association between 

RPL and TAI is recognized by many investigators in various different 

countries across the world [264, 265, 266, 267, 268], especially with regard to 

women of an advanced age [269, 270, 271], but it is not always associated 

with hypothyroidism [272, 273]. 

T3 regulates the proliferation and apoptosis of fetal-derived trophoblasts, 

and promotes the invasive capability of extravillous trophoblasts (EVT). T3 

also has a direct impact on human maternal-derived decidual cells, which are 

known to exert paracrine regulation on trophoblast behavior and vascular 

development at the uteroplacental interface. 

When hypothyroidism is untreated, compared with euthyroid controls (OR 

5.78, 95% CI 2.4–14) [274] there is an increased risk of miscarriage, but it is 

not always recognized that subclinical hypothyroidism increases the risk of 

early miscarriage (OR 0.69, 95% CI 0.10–5.0) [275]. 

In contrast to spontaneous pregnancy, there is no evidence of an increased 

risk of miscarriage in IVF pregnancies in women with antibodies compared 

with women without antibodies (OR 1.6, 95% CI 0.76–3.5) [276]. 

Thyroid autoimmunity (TAI) is a T helper (Th)1-cell-mediated 

autoimmunity to thyrocytes, associated with the presence of autoantibodies 

against thyroid peroxidase (TPO) and/or thyroglobulin (TG), being the most 

prevalent autoimmune state that affects up to 4% of women of reproductive 

age, and some investigators consider the TPO antibody to be a marker for 

recurrent miscarriage [277]. In these conditions the Th1/T helper-2 (Th2) ratio 
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may shift to a Th1-type response, and these activated T lymphocytes may lead 

to implantation failure.  

There are quantitative and qualitative changes in the profile of endometrial 

T cells, and reports differ according to different studies, with reduced secretion 

of IL-4 and IL-10 [266] and higher levels of IL-2 and IL-17 [279], along with 

hypersecretion of interferon-γ [266], in women with thyroid autoantibodies, 

independently of euthyroid or hypothyroid status or TSH status (>2.5 

mIU/liter) [276]. 

Studies from Sheba Medical Center in Tel Hashomer, Israel [266], have 

shown a 2-3 times more frequent activation of polyclonal B cells in TAI 

associated with increased titers of non-organ specific autoantibodies. In these 

conditions, the cytotoxic natural killer cells have 40% increased migration and 

activation which alter the immune and hormonal response of the uterus.  

Another multicenter study, from China [280], has demonstrated the 

association between TAI and decreased cytotoxicity T cells in women with 

RPL, and shown that the Th/Tc ratio is significantly increased.  

Other explanations are the alterations of zona pellucida, human chorionic 

gonadotropin receptors and other placental antigens, and lack of vitamin D – 

the latter being a predisposing factor. 

The Cochrane review on treatment of (sub)clinical hypothyroidism in 

pregnancy was limited to women with a single miscarriage and only included 

three trials studying different treatment options, and a meta-analysis could not 

be performed [281]. Research on treatment with levothyroxin in TPO-Ab 

positive women showed a reduction in preterm birth and a non-significant 

trend toward a reduction in miscarriages [282; 267]. 

 

 

Obesity. Diabetes Mellitus 
 

Obese women (BMI > 30) are three times more likely to suffer infertility 

than women with a normal BMI, and also have bad prognosis in oocyte 

donation from normal weight donors, suggesting a uterine receptivity 

explanation for the implantation failure and poor reproductive outcomes in 

obese women [283, 284]. 

Defective endometrial preparation for implantation is associated with 

hyperinsulinemia/insulin resistance and hyperandrogenemia when polycystic 

ovarian syndrome is associated with obesity. Endometrial stromal cells 

decidualization is dependent on increasing expression of glucose and 

facilitative glucose transporter (GLUT) [256, 285], and centered on the 
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mitochondrial dynamics/function, mainly in cholesterol transporter 18-kDa 

translocator protein, the potential regulator of steroid biosynthesis [286] 

associated with abnormally low concentrations of estradiol and progesterone. 

It has been demonstrated that adequate glucose flux through the pentose 

phosphate pathway is essential for proper endometrial decidualization, and that 

DHEA, a potent inhibitor of the pentose phosphate pathway, decreases 

endometrial decidualization both in vitro and in vivo [286]. This finding 

provides mechanistic evidence that hyperandrogenism affects endometrial 

decidualization, as discussed in the PCOS subchapter.  

Hyperinsulinemia and insulin resistance have been shown to inhibit 

markers of endometrial receptivity such as insulin-like growth factor (IGF) 

type 1 receptors, and cause hyperandrogenism [288]. 

This recognition was one of the first suggestions that physiological levels 

of insulin play homeostatic roles in energy metabolism in the endometrium. 

This led to the belief that hyperinsulinemic states perturb the normal metabolic 

state of the endometrium and could contribute to the poor implantation and 

increased miscarriage rates.  

Obese women suffer from hypoadiponectinemia, which is increased by 

treatment with either metformin or pioglitazone, with a reduction in insulin 

secretion and improvement of insulin action on glucose metabolism and lipid 

oxidation [289, 290]. 
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8. Manuela Russu. Injectables, in Manual of Contraceptive Technology. 

Editors: Mihai Horga, Frank Lüdike, Aldo Campana, HUG Geneva 

and Eastern European Institute of Reproductive Health, Tg Mureş, 

2000. 

 

II. Selected published articles  

 

1. Manuela Russu, Simona Svasta, D Dobritoiu, Anca Tudor, A 

Crảciun (2016) Neonatanal and maternal outcomes in intentional 

delayed delivery of the second fetus in dizygotic pregnancy. Case 

report. Literature Review. European Journal of Pharmaceutical and 

Medical Research 2016, 3 59-63; (1) (EJPMR) IF: (ISI) 2,026; 

www.ejpmr.com  
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C.I. International programs 

C.I.1. Surveillance of Birth Defects in Low and Middle Income Countries  

Project Director: Manuela Russu 

 

SUMMARY STATEMENT  

Objective Review of Application Received for Funding Opportunity 

Announcement (FOA) No. DD11-1104: Surveillance of Birth Defects in Low 

and Middle Income Countries  

Applicant: “Carol Davila” University of Medicine & Gynecology  

Country: Romania  

Application No: U50/DD000857  

Recommendation: Approved  

Average Score: 53.42. Date: August 5, 2011  

 

C.II National Programs 

C.II.1 “UMF” Partner (Manuela Russu) to the research project: 

“Protocol for diagnosis in incipient HPV dependent cervical cancer; evaluation 



Abnormal Endometrial Decidualisation in Endocrine Disorders … 109 

of E6 and E7 oncogenes interdependences with regulator markers of cellular 
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Project Director: Stănculescu Ruxandra, Conferenţiar Universitar, 

UMF “Carol Davila”, Bucureşti, Spital Clinic de Urgenţă “Sfântul 

Pantelimon” 
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Project 

1. “A randomized double blind placebo-controlled phase 2 study 

to assess the efficacy, safety and dose-response relationship of 
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leuprorelin acetate treatment group on bone mineral density 

assessment” 

Source: Astellas (USA, the Netherlands) 

Principal investigator: Manuela Russu 

Research team: Serban Nastasia, Alina Ursuleanu 

2013-2015 
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cu grupe paralele, care evaluează eficacitatea analgezică şi 
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Principal investigator: Prof D. Hudiţă 

Sub-investigators: Manuela Russu, Iuliana Ceauşu, S. Nastasia  

April 

2006- 
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Source: Schering, Germany 

Principal investigator: Prof D. Hudiţă, MD, PhD 
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Investigators: Manuela Russu, Iuliana Ceauşu 
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9. “A prospective, randomized, between balanced groups, 

placebo-controlled clinical study on the assessment of tolerability 

and of therapeutic efficacy of Libiam®, Libiam 1,25® or placebo 

administered orally in 120 postmenopausal women”  

Source: BT/03.002 - LIBBS Farmaceutica LTDA 

Principal investigator: Prof D. Hudita, MD, Ph D 

Sub-investigators: Manuela Russu, C. Posea, Iuliana Ceauşu 
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2003 
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Investigators: Manuela Russu, S. Nastasia 
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placebo-controlled clinical study on the assessment of tolerability 

and of therapeutic efficacy of Libiam® , Libiam 1,25® or placebo 
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Source: BT/03.002 - LIBBS Farmaceutica LTDA 

Director: Prof D. Hudita, MD, Ph.D 

Investigators: Manuela Russu, C. Posea, Iuliana Ceauşu 
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2003 
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Principal investigator: Manuela Russu;  

Program Director : Terzea Dana Cristina 

2000-
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13. “The Epidemiology of Menopause Disturbances in Romania” 

Source: Romanian National Academy 

Principal investigator: Prof. D. Hudiţă 

Program Director : Acad Constantin Bălăceanu Stolnici 

Subinvestigators: Manuela Russu, Anne-Marie Dima, Cristiana 
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