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1. ABSTRACT

The endometrial response to the varying levels
of ovarian steroids is exhibited as alterations in its form and
function. These changes in endometrial morphology and
physiology, especially those observed during the
implantation window are prerequisites to support embryo
attachment and invasion. However the state of endometrial
receptivity to embryo results from an operative network of
several molecular events triggered by estrogen,
progesterone and probably some other factors, yet to be
discovered. It is well established that estrogen and
progesterone are the critical endocrine determinants
of endometrial functions. However the precise delineation
of hormone driven events and their interaction is yet to be
ascertained. Several attempts have been made to understand
these cascades, however most of these studies have been
conducted in vitro using one or the other component of
endometrial tissues. We have attempted to investigate in
vivo morphological and biochemical/molecular changes in
endometrium in response to neutralization of progesterone
synthesis/ function in two primate animal models. In one of
the models, ovariectomized rhesus monkeys, artificial
menstrual cycles were simulated and subsequent effects on
the expression of various genes were investigated in
presence and absence of sufficient progesterone levels. The
results coincided with those observed in the endometrium
of the other model, bonnet monkeys presenting normal
hypothalamus-ovarian-pituitary function but displaying
retarded endometrial growth due to blocked progesterone
receptor. A significant decline was observed in the
expression of transforming growth factor Dbeta,
transforming growth factor beta receptor, leukaemia
inhibitory factor, whereas no remarkable changes were
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observed in the expression of estrogen receptor and
progesterone receptors in response to neutralization of
progesterone synthesis/function in these two animal models.
Taking support from the inferences drawn from previously
published in vitro studies and our data from in vivo studies
conducted in these two models, we propose a hypothesis
supporting a potential link between the expressions of
transforming growth factor beta, leukaemia inhibitory factor,
cyclooxygenases and integrins.

2. INTRODUCTION

Endometrium has been a focus of extensive
research investigations because of its crucial functional
relevance in various female reproductive events i.e.
menstruation, implantation and maintenance of pregnancy.
It has attracted the attention of not only those investigators
who are interested in deciphering the causes of various
endometrial pathologies and infertility but also of those
engaged in developing the new strategies for female
fertility regulation.

The endometrium undergoes several structural
and biochemical changes in every menstrual cycle to
facilitate embryo implantation. Implantation is a precisely
coordinated but highly intricate, multifactorial and
multistep process mediated via bi-directional molecular
signaling between a receptive endometrium and a healthy
embryo (1). This state of receptivity by the endometrium is
achieved during the mid-secretory phase of menstrual cycle
and is called the “implantation window” or “window of
receptivity”. In humans, endometrial receptivity lasts for
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only 5-6 days i.e. from day 19 to 24 of a normal menstrual
cycle (2,3). During this period, endometrium displays a
distinct morphological and functional profile.

It has been now unequivocally established that
ovarian steroids — progesterone and estrogen are the major
determinants of morphological and functional maturation of
endometrium. Both estrogen and progesterone are known to
play a critical role in regulating the endometrial growth and
development in a cyclic manner. While estrogen induces
growth and proliferation of endometrium, progesterone
induces endometrium to undergo differentiation and
maturation. Any aberration in hormonal availability
resulting from pituitary-hypothalamus/ovarian disorders or
their functional activity due to target refractoriness
adversely affects endometrial functions. There exists
enough clinical data to support an association between
insufficient hormonal levels and implantation failure (4,5).
Conception rate is often lower in the women presenting
luteal phase defect with normal follicular maturation than
in the women with normal progesterone levels (6). Poor
progesterone surge during the luteal phase may cause
impaired endometrial receptivity and subsequent infertility.
Progesterone also plays a crucial role in the co-ordination
of endometrial breakdown, regulation of menstrual blood
loss and endometrial transudation of fluid (7). Progesterone
supplementation is routinely used in the treatment of
various endometrial disorders like secondary amenorrhea
and dysfunctional premenopausal bleeding (8).

Although the estrogen-progesterone relationship
needs to be investigated in detail, the relative
concentrations of these two hormones appear to have
important effects on endometrial physiology. It has been
shown that the long term exposure to estrogens unopposed
by progesterone leads to increased mitotic activity of
endometrial cells, increased number of DNA replication
errors, and somatic mutations resulting in malignant
phenotype or carcinomas (9). It has also been shown that
high serum estradiol levels associated with controlled
ovarian hyper-stimulation in IVF patients are detrimental to
embryo implantation as evident by a threefold increase in
implantation rates in donor IVF programs as compared to
standard IVF programs (10,11). Further, endometria of
women using antiprogestins as a fertility regulating
measure are often devoid of the characteristics secretory
features observed in normal mid secretory endometrium
(12). These observations are suggestive of the well
orchestered functional co-ordination between estradiol and
progesterone and also of the regulatory role of progesterone
in estradiol induced endometrial growth.

Progesterone induces differentiation and maturation
by acting on the estrogen-primed endometrium through
progesterone receptors. This results in switching on of several
progesterone dependent genes. Genes, negatively regulated in
the estrogen dominant phase of menstrual cycle, may also be
expressed. This results in synthesis of a number of endometrial
proteins and other factors and consequently alters the structural
and molecular profiles of endometrium (13-17). There may
occur number of such events in response to a common trigger
i.e. progesterone and these events may regulate one another.
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However the number, nature, sequence, inter or intra
relationship of the progesterone induced molecular events are
yet to be elucidated.

3. ROLE OF PROGESTERONE IN ENDOMETRIAL
GROWTH AND DEVELOPMENT

3.1. Structural Remodelling of Endometrium

The primate endometrium has been characterized
by Bartelmez (18), using histological criteria, as composed
of four horizontal zones: the transient functionalis is
composed of zone I, the luminal epithelia (ciliated and
secretory) and densely packed stroma, and zone II, the
upper third segment of the glands; the germinal basalis is
composed of zone III, the middle third of the glands, and
zone IV, the deepest portion of the glands adjacent to the
myometrium. In addition, the endometria’s complexity is
further defined by the number of different cell types that it
harbors. These cell types include: luminal and glandular
epithelia, stromal fibroblasts, vascular smooth muscle cells
and cells of the lymphocytic system (19,20). Different cell
types in the uterus have been shown to respond differently
to the same hormonal stimulation (21,22). Therefore, a
differential cell type response to hormonal stimuli is likely
to play an important role in the coordination of hormonal
signals that permits the endometrium to achieve appropriate
endpoints in reproduction.

Previous studies in the primate endometrium
have shown different zonal patterns of proliferation, during
estrogen versus progesterone dominance in both natural
menstrual cycles (23,24) and artificial menstrual cycles
(25,26). These studies showed that different zonal patterns
of proliferation under the same hormonal milieu are a
property of the primate endometrium. Of particular
importance was the observation that the deepest glandular
portion of the basalis (adjacent to the myometrium)
increased 10-fold in proliferation during the secretory
phase (24). Concomitant with this increase in proliferation
in zone IV of the basalis, proliferation was dramatically
reduced in epithelial cells in the upper zones of the
endometrium as serum progesterone rises during the
secretory phase of the menstrual cycle. Thus, zone IV of
the endometrial basalis becomes the dominant proliferating
tissue during progesterone dominance.

In concert with these cell-type and zonal changes
in proliferation there are also concomitant changes in
endometrial estrogen receptor expression.
Immunohistochemical analysis of the estrogen receptor
showed a dramatic down-regulation in zones I, II and III
during peak serum progesterone levels whereas strong
positive immunoreactive staining for estrogen receptor is
retained in the glandular epithelium of zone IV (25,26).
These results show that there is a zonal-dependent regulation
of the estrogen receptor by progesterone in the primate
endometrium and provide further support for a cell-type
specific and zonal-dependent regulation of the estrogen
receptor during the secretory phase.

The  maintenance of  strong  positive
immunoreactive staining for the estrogen receptor in zone IV
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of the basalis in combination with the maintenance of cellular
proliferation might suggest that estrogen continues to exert a
proliferative stimulus on glandular epithelial cells in this
endometrial zone. Although glandular estrogen receptor in
zone IV escape progesterone-induced down-regulation, no
direct evidence to date supports a role for estrogen as the
mitogenic stimulus in this zone. Indeed, proliferation of
glandular epithelia in zone IV increases during P-dominance
and this proliferation was shown to be independent of
secretory estrogen (25). These data suggest a potential role
for progesterone either directly or indirectly as a mitogen for
glandular epithelia in zone IV. Overall, these latter studies
together with recent studies wusing laser capture
microdissection/differential display further underscore the
complex cell-type and spatial-temporal regulation of gene
expression that appears to be a hallmark of the primate
endometrium (27,28).

The precise role of progesterone in structural and
functional maturation of endometrium can only be
understood by blocking progesterone action. This can be
achieved by inhibiting either its synthesis or its function.
Since it is not feasible and ethical to curtail the
progesterone action in humans without compromising other
systemic processes, nonhuman primates serve as an ideal
model to carry out such studies under controlled
experimental conditions. Two such models-rhesus and
bonnet monkeys have been developed to gain an insight
into the molecular events associated with the structural and
functional maturation of endometrium.

In one model (rhesus monkeys), synthesis of
endogenous progesterone is shut off by ovariectomy and
exogenous progesterone at different doses is administered
to evaluate the effect on endometrial growth, development
and differentiation. In second model (bonnet monkeys),
endometrial progesterone receptors are blocked using an
antiprogestin at specific doses. This selectively renders the
endometrium refractory to progesterone action, without
causing any adverse effect on pituitary, ovarian and adrenal
functions.

The ability to artificially program a menstrual
cycle in ovariectomized rhesus monkeys offers an added
advantage to evaluate the endometrial response/sensitivity
to subtle changes in peripheral hormonal levels. Menstrual
cycle can be artificially stimulated in ovariectomized
rhesus monkeys by controlled administration of estradiol
followed by progesterone using silastic implants. The
artificially stimulated cycles mimic the natural cycles and
are usually of 28-day duration with peak estrogen and
progesterone levels in serum reaching 250-350 pg/ml and
5-12 ng/ml respectively (29,31). Hormonal replacement
approach in these ovariectomized monkeys is effective in
supporting implantation, gestation and full term delivery
(30).

Endometrial biopsies are collected on days 9, 11
and 13 of adequate proliferative phase (Estrogen dominant-
proliferative phase), days 21 and 23 of adequate secretory
phase (PcDNA) and days 21 and 23 of progesterone
inadequate secretory phase (IcDNA). These biopsies are
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then evaluated for their morphological and biochemical
profile in response to varying amounts of estradiol and
progesterone during different phases of the cycle (29,32).

Neutralization of progesterone actions in
normally cycling ovulatory bonnet monkeys is achieved by

treating the animals with antiprogestins. These
antiprogestins, 19-norsteroids, block progesterone action by
binding to progesterone receptor (PR). Several

antiprogestins have been developed to regulate female
fertility by virtue of their ability to disrupt pituitary-
hypothalamic-ovarian functions. These antiprogestins are
of two types — type I and type II showing different modes
of action. Type II antiprogestins such as mifepristone
(RU486) promote dimerization of PR and its binding to
DNA (34). This class of antiprogestins acts as agonist as
well as antagonist. Type I antiprogestins i.e. onapristone
(ZK 98.299) impairs binding of progesterone-PR
complexes to progesterone responsive elements of DNA
and act as pure antagonists (35). In our study model,
onapristone was used as a tool to block the progesterone
action on endometrium.

Our previous studies demonstrated an early
decline in the progesterone concentration and premature
menstruation following treatment with ZK 98.299 or ZK
98.734 in bonnet monkeys (36,37). Treatment with these
antiprogestins induced early menstruation during HCG
induced pseudopregnancy in bonnet monkeys (37).
Treatment of bonnet monkeys with high doses of
onapristone for 7 consecutive cycles led to decreased LH
secretion, impaired folliculogenesis, anovulation and
endometrial retardation (38).

In our study model, regularly cycling bonnet
monkeys were administered with low doses- 2.5 mg and
5.0 mg of onapristone dissolved in vehicle [benzoyl
benzoate: castor oil (1:15)], on every third day of the
menstrual cycle. Endometrial biopsies from control and
treated bonnet monkeys were collected on day 8 when the
serum progesterone levels reached a value of 3-5 ng/ml
after the mid cycle peak in estradiol levels. However,
pituitary-hypothalamo-ovarian functions remained
unperturbed in the animals treated with low doses of
onapristone as evident by normal histomorphology and
functions of the adrenals, ovary and corpus luteum (39).
Nonetheless, endometria from these animals exhibited
delayed morphological maturation and subsequent non-
receptivity, which could contribute to infertility (40).

In contrast to the characteristic histological
features of a control mid-secretory phase endometria i.e.
large and tortuous corkscrew shaped secretory glands, an
increased edema, vascularity, coiled spiral vessels and
stromal predecidual reaction, edema, mitosis, endometria
from the animals treated with 5.0 mg onapristone displayed
retarded growth with drastic reduction in diameter and
height of glandular epithelial cells. Lumen of the
endometrial glands had scanty secretions. Increase in
vacuolization and glandular volume fraction was frequently
observed. Pseudo stratification was also observed. Presence
of mitotic figures in glandular epithelial cells reflected a
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Figure 1. Histomorphologmal ana1y51s of representative
endometrial tissues from bonnet monkeys treated with vehicle (a)
or onapristone - 2.5 mg (b) and 5.0 mg (c) onapristone. Mitoses
(arrow) leading to pseudostratification were observed in
endometrial glands in 2.5 mg treated animals (b). No mitoses were
observed within shrinking glands in endometria from 5.0 mg
treated animals (c). However, secretory material (arrows) was seen
in glandular cells (original magnification X1250).
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Flowchart: A Cascade of One of the Endometrial Events
Facilitating Implantation: A Hypothesis

delay in endometrial maturation. Stromal cells also
demonstrated retarded histological features. Predecidual
reaction, edema, mitosis in the stromal cells were reduced
significantly in the treated animals (Figure 1).

However the endometria from animals treated with
2.5 mg onapristone presented no signs of drastic alterations in
histological features. All the morphological parameters like
gland cell height, amount of secretions in the glandular lumen
remained unchanged, although the gland diameter was
reduced. However this did not rule out the possibility of
antiprogestin  induced changes in endometrium at
ultrastructural level.

Ultrastructural analysis of receptive endometria
from control animals revealed the presence of a well-defined
nucleus with prominent nucleoli, well-developed nuclear
envelope-endoplasmic reticulum system and golgi apparatus.
Rough endoplasmic reticulum (RER), represented by short and
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dilated cisternae enclosed the electron lucent material. RER
was surrounded by numerous small and large mitochondria
with well-organized internal structure with transverse cristae.
The endometrial stroma also showed well developed RER.
Lipid droplets were also seen within the large mitochondria in
the stromal cell cytoplasm (Figure 2). However these
ultrastructural features of secretory endometrium were
significantly altered in 2.5 mg treated animals thereby
indicating an adverse effect of antiprogestins on subcellular
organelles of both epithelial and stromal compartments. A
general loss of cell organelles such as cell nuclei, endoplasmic
reticulum, mitochondria, golgi system, vacuoles and glycogen
bodies was observed. Increased intercellular spaces were
observed. The desmosomes were absent. The stromal cells
showed degeneration with vacuolated appearance and
edematous intercellular space (Figure 3). Endometria from the
animals treated with 5 mg onapristone showed a total
degeneration of cellular architecture. Indented nuclei showed a
segmented appearance without nucleoli. The stromal cells also
showed degeneration and accumulation of secretory material
in the intercellular spaces. These observations support a
significant role of progesterone in maintaining the
cytoarchitecture of endometrial tissue (Figure 4) (41).

Histomorphological and ultrastructural analysis of
non-receptive endometria from antiprogestin treated animals
clearly indicated that blocking the progesterone action induces
retardation in endometrial development. However it still
remained to be ascertained whether this retardation in
endometrial development was because of the change in
expression profiles of specific genes. This prompted us to
analyze the expressions of molecular markers that could play a
significant role in endometrial growth, development and
thereby receptivity.

3.2. Biochemical Remodelling of the Endometrium

The attachment of the blastocyst to the extracellular
matrix, followed by its invasion to endometrial stroma is
mediated through extracellular matrix proteins, adhesion
molecules and prostaglandins. It is speculated that endometrial
receptivity is the outcome of expression and function of several
factors, which play significant role in the synthesis of
extracellular matrix proteins, cell adhesion molecules,
prostaglandins and probably several other proteins (42-45).
Here we propose a hypothesis to explain one of such
progesterone driven events, which may endow the
endometrium with receptivity. This hypothesis is based on our
findings obtained using two nonhuman primate models and
also on those reported by others (Flowchart).

3.2.1. Steroid Hormone Receptors

Ovarian hormones, estradiol and progesterone,
mediate their activity via specific receptors on
endometrium. Estradiol is known to induce the synthesis of
both estrogen (ER) and progesterone receptors (PR) while
progesterone down-regulates the expression of ER and PR
(46). The expressions of these receptors are downregulated
in the endometrium during the mid-secretory phase as
compared to that in the proliferative phase. This is
supported by a report demonstrating PR upregulation in the
endometria of females with luteal phase defect (47).
However, there seems more consensus on these receptors
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Figure 2. Electronmicrographs showing ultrastructural
features of representative peri-implantation endometria
from control bonnet monkeys showing well developed
organelles. A and B: Apical positions of the.gland cell
show glycogen (g) extend into the lumen (LU). e Golgi
apparatus (G)and  mitochondria (M) are abundant.
Secretory vesicles (SV) and granular endoplasmic
reticulum (ER) are seen in the cytoplasm. Basal cells show
prominent nuclei (N) with nucleolus (NC). 1 =
desmosomes, BL = basal lamilla, s = secretory materials (X
1,400). C: Giant mitochondria (M) are seen in glandular
cell cytoplasm with organised cristac and desmosomes (d)
between two gland cells (X 3,000). D: Glandular epithelial
cell cytoplasm with mitochondria surrounded by rough
endoplasmic (RER) and lipid droplets (L) were also seen.
(X 3,000). E: Shows endometrial stromal cells with well
developed RER, several phagocytic vacuoles (v) with
cross-sectioned collagen fibres together with some small
glycogen particles (GL). Extracellular matrix is edematous.
M = Mitochondria ( X 2,400).

being better indicators of the change in hormonal levels
than that of endometrial receptivity. Studies conducted in
two primate models also support this view. The expressions
of both ER and PR remain unchanged during the peri-
implantation period in antiprogestin treated bonnet
monkeys showing normal hormonal levels but impaired
fertility (48). In ovariectomized rhesus monkeys also, no
change in the expressions of endometrial ER and PR was
observed in the E-dominant proliferative and P-adequate
secretory phases (29). Interestingly women with
endometriosis had normal downregulation of PR but still
failed to conceive (47). This again suggests that the
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expression of progesterone receptors during mid secretory
phase does not serve as a marker of endometrial receptivity.
Progesterone once bound to PR, initiates a series of events,
which leads to synthesis of various cytokines, growth
factors etc. Transforming growth factor beta is one of such
factors.

3.2.2. Transforming Growth Factor beta 2 and its
receptor

Transforming growth factor betas (TGF betas)
are a family of multifunctional growth factors that regulate
many aspects of cellular growth and differentiation. Any
aberrations in the expression of this growth factor may
cause cells to function erratically. Women with
endometriosis show increased secretion of TGF beta in the
peritoneal fluid, which may be one of the major causes of
infertility in these patients (49). The expression of ebaf
(endometrial bleeding associated factor), a member of the
TGF beta super family, is found downregulated in secretory
phase endometria of a subset of women with infertility
(50). These reports support the role of TGF betas in
endometrial physiology. The human endometrium has been
shown to express TGF beta 1, TGF beta 2, TGF beta 3 and
TGF beta type II receptors maximally in the secretory
phase, thereby indicating the expression of these proteins is
progesterone dependent (51). This was corroborated by our
studies in two animal models. TGF beta 2 was found up
regulated in P adequate secretory endometria than in the
progesterone  inadequate  secretory endometria  in
ovariectomized rhesus monkeys (32). Further TGF beta 2
expression was found downregulated in onapristone treated
animals (52). Progesterone is also required for functional
maturity of TGF betas. Progesterone is known to regulate
the expression of plasminogen activator, which acts on
plasminogen to produce plasmin, that in turn converts
inactive latent TGF beta 2 to active TGF beta 2 (53-55).

TGF beta 2 actions are mediated via its receptor
(TGF beta 2R). The expression of TGF beta 2R is
downregulated in bonnet monkeys following onapristone
treatment (52). Studies conducted in ovariectomized rhesus
monkeys also demonstrate higher expression of TGF beta
2R in P adequate secretory endometria as compared to that
in P inadequate secretory endometria (32). This suggests
the possibility of impaired TGF beta functions in absence
of an optimal primary inducer (progesterone). Endometrial
maturation may be affected because of suboptimal
synthesis or inefficient maturation of TGF betas.
Modulation in the synthesis of TGF betas may also affect
the pathways, which promote embryo-endometrial
interactions.

The above data suggest that appropriate
progesterone action is required for the expression of TGF
beta 2 and its receptor. Because proliferation generally
ceases as differentiation begins, the decreased expression of
TGF beta 2 and its receptor as a result of inadequate
progesterone action could potentially lead to retarded
endometrial differentiation.

There exists enough data to demonstrate the
differential pattern of gene expression for various
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Figure 3. Electronmicrographs showing ultrastructural

features of representative peri-implantation phase
endometria from the bonnet monkeys treated with 2.5 mg
dose of ZK 98.299 for multiple cycles.A and B: There is
general loss of cell organelles with scattered lipid droplets
(L). Apical ends of gland cells show fewer microvilli. I =
desmosomes (X 1,400). C: show the nuclei of glandular
cells showing prominent nucleoli NC) and myelin bodies
(MY) in the cytoplasm (X 3,000). D and E: show the
degenerative stromal cell with myelin bodies (MY) and
collagen fibres (c). (X 2,400).

cytokines, growth factors and secretory proteins in the peri-
implantation endometria under the influence of rising
progesterone levels. It is obvious that none of these factors
function in isolation. These factors act in concerted manner.
However, the key players in these progesterone induced
events need to be identified.

In vitro studies have demonstrated upregulation
of leukaemia inhibitory factor (LIF) in human stromal cells
on supplementation with TGF beta 2. Interestingly
progesterone alone failed to cause an upregulation of LIF in
stromal cells (56). Our preliminary studies have also
revealed up regulation of LIF expression in endometrial
explants on supplementation with recombinant TGF beta 2.
This suggests that progesterone regulates LIF expression
via TGF beta 2. Further there have been reports to
demonstrate TGF beta 2 induced expression of alpha v beta
3 expression in glioma cells (57). However the possibility
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of similar interactive relationship between alpha v beta 3
and TGF beta 2 in endometrium needs to be validated.

3.2.3. Leukaemia Inhibitory Factor

Leukemia inhibitory factor (LIF) is a cytokine
involved in hematopoiesis, neuropoiesis, embryogenesis
and embryonic stem cell differentiation. Normal embryo
development but failed implantation in LIF knockout mice
demonstrated a critical role of LIF in implantation (58).
LIF expression was found deregulated in endometria of
majority of the infertile women whose eggs did not implant
despite their oocytes having undergone a successful IVF
(59). LIF concentration in uterine flushings was found low
in women with unexplained infertility (60).

LIF mRNA and protein expression were found
significantly more in the human endometrium during the
mid-secretory phase when progesterone levels are high
(61). In the majority of infertile women, LIF production
was downregulated in the endometrium during both the
proliferative and the secretory phases of the cycle (62). The
dysfunction of cytokine production was found more
profound in patients with multiple failures of implantation
(63). There are reports to suggest that heterozygous point
mutations in the LIF gene at receptor binding regions could
give rise to decreased availability or biological activity of
LIF in the uterus and cause implantation failure (64).

Further LIF expression was found significantly
low in peri-implantation endometria from our animal model
- antiprogestin treated bonnet monkeys (51). Rhesus
monkeys treated with low doses of RU486 also
demonstrated reduced intensity of LIF in peri-implantation
endometria (65). In addition, it has also been shown that
LIF expression is also greatly under-represented in rhesus
monkey endometria during an inadequate secretory phase
(32,33).

Endometrial glandular LIF expression declined
significantly in women using RU486 (66). In artificially
stimulated cycles of ovareictomized rhesus monkeys LIF
mRNA could only be detected in the P dominant phase
indicating again that the LIF expression is regulated by
progesterone (29).

The action of LIF is mediated through two
receptors-LIFR beta and gp130. However, LIF receptor
beta and gpl30 are constitutively expressed both in the
proliferative and secretory phases of the normal menstrual
cycle of humans (67). This suggested that LIFR beta and
gp130 expressions are not progesterone regulated. However
our studies in bonnet monkeys suggest that the
antiprogestin treatment leads to down regulation of LIFR in
the endometria during the peri-implantation phase (Figure
5).

Though LIF seems to play a role in implantation,
it may not be the sole determinant of endometrial
receptivity as evident by implantation failure in
cyclooxygenase-2 (COX-2) knockout mice showing normal
production of LIF. Interestingly, the expressions of both
LIF and COX-2 were found impaired in LIF knockout
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Figure 4. Electromicrographs showing ultrastructural
features of representative peri-implantation phase
endometria from the bonnet monkeys treated with 5.0 mg
of ZK 98.299 for multiple cycles. A: Glandular epithelial
cell shows disintegrated nuclei without nucleli with
increased inter and intracellular space. B: Shows the
accumulation of secretory materials with marked
vacuolation between glandular cells. C: Shows
degenerative stromal cells filled with large lipofuchsin
bodies (L). s = secretory material (X 1,400).

o e \ ; T R R L L. e - T
Figure 5. Immunohistochemical localization of leukaemia
inhibitory factor (LIFR) in the peri-implantation phase
endometria from control (B) and onapristone treated 2.5
mg (C) and 5.0 mg (D) bonnet monkeys. Negative control
is shown in A.
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mice, thereby implying that the LIF gene product may
regulate the synthesis of Cyclooxygenase-2, an enzyme
catalyzing  the rate limiting steps in prostaglandins
synthesis (68,71).

3.2.4. Cyclooxygenase-2

Cyclooxygenases are of two types: constitutively
expressed cyclooxygenase-1 (COX-1) and inducible
cyclooxygenase-2 (COX-2). COX-2 is induced by variety
of molecules like chorionic gonadotropins, cytokines or
tumor promoters (69). Expressions of COX-1 in glandular
epithelium and COX-2 in luminal epithelium decreased
significantly in peri-implantation phase endometria of
women using RU486 (70). Similar observations were noted
in onapristone treated bonnet monkeys. A downregulation
of COX-2 expression was observed in the peri-implantation
endometria of treated animals as compared to control
animals (Figure 6). This indicates that the expressions of
endometrial COX-1 and COX-2 may be progesterone-
regulated. Data supporting the critical role of COX-2 in
endometrial receptivity come from knockout studies.
Targeted disruption of COX-2 but not of COX-1 in female
mice resulted in multiple failures such as ovulation,
fertilization, implantation and decidualization (71). Further
LIF knockout mice showing implantation failure had also
impaired production of COX-2 (68).

Interestingly, human COX-2 gene contains a
TGF beta response element (72). It is likely that TGF beta
may have a regulatory role in the expression of COX-2.
This was indirectly supported by our studies demonstrating
downregulation of both TGF beta 2 and Cyclooxygenase-2
in the peri-implantation phase endometria of bonnet
monkeys treated with antiprogestin.

3.2.5. Prostaglandins

Prostaglandins are end products of arachidonic
acid metabolism catalyzed by the action of the rate limiting
cyclooxygenase (73). Prostaglandins act as inflammatory
mediators and therefore are important regulators involved
in the success of pregnancy (74). Prostaglandin F 2 alpha
(PGF2 alpha) is responsible for luteolysis whereas
prostaglandin E2 (PGE2) has luteoprotective action 69.
PGE2 regulates the production of prolactin that has been
shown to have a role in stromal cell differentiation (75).
The production of endometrial PGE2 and PGF2 alpha are
significantly higher during the mid-secretory phase as
compared to the proliferative phase (76). Defects in PGE2
production in the pre- and post implantation stages of
pregnancy are known to cause clinical miscarriage. Further
PGF 2 alpha concentration was found high in the peri-
implantation endometria from women using RU486 (77).
These reports suggest more significant role of PGE2 than
PGF?2 alpha in endometrial receptivity and implantation. It
has been noted that women using Nonsteroidal anti-
inflammatory drugs (NSAIDS), known inhibitors of
cyclooxygenases for the treatment of arthritis, are more
likely to develop infertility (78,79).

3.2.6. Cell Adhesion Molecules/Integrins
Integrins are a family of ubiquitous heterodimeric
glycoproteins involved in cell-cell and cell-substrate
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Figure 6. Immunolocalization of cyclooxygenase-2 (COX-
2) in the peri-implantation phase endometria from control
(B) and onapristone treated (2.5 mg, C; 5.0 mg, D) animals.
Negative control is shown in A.

adhesion by binding to a specific RGD (Arg-Gly-Asp) or
related sequences in their ligands (80). These integrins
display spatial and temporal expression in the endometrium
during the menstrual cycle and are required for attachment
of the embryo to the extracellular matrix (81). Various
integrins are cycle dependent i.e. these are expressed only
during the peri-implantation period. The alpha v beta 3
integrin/ vitronectin receptor appears in the human
endometrium on days 19-24 of the menstrual cycle i.e. the
peri-implantation period (82-84). This integrin is also
aberrantly expressed in women with luteal phase deficiency
thereby suggesting that alpha v beta 3 is progesterone
dependent (85). The integrin alpha 1 beta 1 is expressed in
Ishikawa cells (a cell line constitutively expressing PR) in
response to progesterone and this expression is blocked by
the anti-progestin RU4 (86), which indicates that this
integrin is progesterone dependent (86). Further decreased
expression of the integrin subunit alpha 1 in human
endometrial stromal cells during the late secretory phase
may be associated with poor fertility outcome in
unexplained fertility cases (43). Our study also showed
down-regulation of alpha v beta 3 and alpha 1 beta 1
integrins in the peri-implantation phase endometria from
onapristone treated animals (87).

However the exact mechanism by which the
expression of these integrins is regulated is not understood.
In vitro treatment of human tumor cells with LIF led to
upregulation in the expression of alpha v beta 1, suggesting
that LIF may be an important regulator of integrin
expression (87). The inhibition of COX-2 by NSAIDS also
suppressed the activation of alpha v beta 3 (88). Similar in
vitro studies in endometrial cells may help establish the
regulatory network between LIF, TGF beta 2, COX2 and
integrins.

4. PERSPECTIVE
Progesterone action is essential for maturation of

the endometrium into a receptive state for implantation in
humans and nonhuman primates. @~ We envisage that
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coordinated, steroid-induced activation and repression of
many genes during the changeover from E to P-dominance
during the secretory phase is essential for this process.
Many of these genes and gene networks that are involved are
likely to be induced or inhibited in a temporal, spatial, and
cell-type specific context within the endometrium.  The
orchestration of these latter events by progesterone is
essential for reproductive competence. Only continued
future research efforts will allow us to understand details of
the complex hormonal regulation of primate endometrial
function. Such studies are expected to serve as an
important basis for treatments of fertility/infertility in
women.
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