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Chapter 1
Physiology of Progesterone

Edi Vaisbuch, Offer Erez, and Roberto Romero

1 Introduction

The corpus luteum was first discovered in 1672 by Reinier de Graaf and named in
1689 by Marcelo Malpighi. Malpighi proposed that the corpus luteum produces the
ovarian follicles and that the yellow substance, like egg yolk, serves to nourish the
ovum. In 1903, Fraenkel demonstrated that excission of the corpora lutea of rabbits,
before implantation, prevented implantation. Moreover, lutectomy in early preg-
nancy (<14 days) resulted in pregnancy loss. In 1929, Corner and Allen reported
that injecting extracts of the corpus luteum into castrated adult female rabbits
induces a characteristic alteration of the endometrium identical to progestational
proliferation, previously shown to be due to the presence of corpora lutea in the
ovaries. Allen and Corner subsequently demonstrated that in ovariectomized rabbits
(at the 18th hour of pregnancy), the presence of progestational proliferation induced
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by corpus luteum extracts may sustain normal implantation as well as embryo sur-
vival and growth; whereas in the absence of progestational proliferation, the
embryos never survived beyond the fourth day. Therefore, the extracts of corpus
luteum were essential for both implantation and early pregnancy maintenance.

In 1930, Allen proposed the name “progestin’ to refer to the hormone responsible
for these biological effects. In 1934 four different groups reported purification and
characterization of “progestin”. Each group suggested a different name to refer to
the main corpus luteum hormone, and the name “progesterone” came by consensus
after a meeting of the League of Nation’s Health Organization in 1935.

The major target organ of progesterone is the reproductive tract; however,
progesterone has a systemic effect and influences other organs including, but not
limited to, the mammary glands, the nervous system and brain, the heart, the bones,
and the endocrine and immune systems (Fig. 1.1) [1, 2]. In the reproductive system,
progesterone, in association with estrogen, is involved in the development and sex-
ual maturation of the reproductive organs and orchestrates the menstrual cycle [3—
5]. This chapter describes the specific effects of progesterone on the uterus
(myometrium and endometrium) and the cervix during the normal menstrual cycle
and pregnancy. Detailed discussion on the effect of progesterone on organs outside
the female reproductive tract is described in other chapters of this book.

2 The Mechanisms of the Cellular Action of Progesterone

Progesterone can evoke genomic or non-genomic responses upon its interaction
with target cells. The term “genomic actions” refers to the cellular (nuclear) response
involved in the activation of the genetic machinery, resulting in modulation of DNA
expression. The genomic actions of progesterone (the Classical pathway) are
largely, but not only, mediated by the progesterone receptor (PR) [6]. The term
“non-genomic actions” (the Non-Classical pathways) indicates the cellular
responses to progesterone that involve alternative pathways, such as the activation
of signal-transduction cascades, the generation of intracellular second messengers,
and the modulation of protein kinases and ion fluxes (Fig. 1.2) [7, 8].

2.1 Genomic Actions of Progesterone and the Cytosolic
Progesterone Receptor

The classical cytosolic PR, [6] a member of the steroid/nuclear receptor superfamily
of ligand-activated nuclear transcription factors is a mediator of the genomic actions
of progesterone. In resting conditions, this receptor is localized in the cytosol,
within a large complex of proteins, including heat shock proteins and FK506-
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Fig. 1.1 Tissue and cell types expressing progesterone receptors. (Modified from Graham JD,
Clarke CL [185])

binding proteins, contributing to maintaining it in a transcriptionally inactive state
(Fig. 1.3) [9].

The cytosolic receptor can be activated by ligand-dependent [9] and ligand-
independent mechanisms [10]. In the ligand-dependent pathway, progesterone gains
access into the cell through passive diffusion or facilitated transport, and binds to
the receptor, which changes its conformation (including dimerization and shedding
of the heat shock proteins) [11]. This process allows the dissociation of the PR from
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Fig. 1.2 Central Paradigm for genomic and non-genomic progesterone actions on myometrial
cells. Reproduced with permission from Thieme Publishers: Mesiano S. Myometrial progesterone
responsiveness [186]
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Fig. 1.3 Progesterone activation of the cytosolic progesterone receptor. Reproduced with
permission from Elsevier: Leonhardt SA, Boonyaratanakornkit V, Edwards DP. Progesterone

the chaperone complex, its translocation into the nucleus, and finally its interaction
with the DNA, where binding in a homodimeric form to cis-acting DNA progesterone
response elements (PREs) modulates the transcription of target genes [9]. The
ligand-independent activation of the PR, instead, is the result of cross-talk between
membrane receptors and intra-cellular kinases, including a cAMP-dependent
kinase, the cyclin A/cyclin-dependent kinase-2 (Cdk2), the mitogen-activating pro-
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tein kinase (MAPK), the stress-activated p38 MAPK, and the protein kinases A
and C [12].

The progesterone receptor gene (PGR) encoding the human nuclear PR is located
on chromosome 11g22.1 and has eight exons. Alternative splicing allows for the
synthesis of different isoforms of the receptor [13]. The two major isoforms of the
PR are progesterone receptor-A (PR-A) and B (PR-B). These isoforms, although
characterized by a different length, do not differ in their amino acid sequence: PR-B
is 933 amino acids in length, while PR-A lacks 165 amino acids at the N-terminal
[14]. In vitro, PR-B is a stronger trans-activator than PR-A, whereas PR-A acts as a
trans-repressor of PR-B and of other steroid receptors [15, 16]. Structurally, both
isoforms consist of an amino-terminal region, a centrally located DNA binding
domain, and a carboxy-terminal hinge region containing nuclear localization sig-
nals as well as the ligand-binding domain. Three transcription activation function
(AF) domains have been identified within the PR amino acid chain. AF-1 is located
upstream of the DNA-binding domain, while AF-2 is located in the ligand-binding
domain [17]. AF-3 is unique to the PR-B isoform and is located within the N-terminal
region [15, 18]. In addition, an inhibitory function region, located between the AF-1
and AF-3 domains, has been proposed to be responsible for the auto-inhibition and
trans-repression of the PR [19]. Interestingly, most of the evolutionary changes in
the human PR took place in this region [20]. (For more information on the structure
of the Human Progesterone Receptor gene, see http://www.ncbi.nlm.nih.gov/
gene/5241).

A third isoform of the PR, the PR-C, was also described [21, 22]. The PR-C is
a 60kD N-terminally truncated isoform, lacking the DNA-binding domain, but
containing the hormone-binding region with the sequence for dimerization and
nuclear localization [21, 23]. The cytoplasmatic PR-C has been suggested to
inhibit PR-B activity by sequestrating the locally available progesterone [23]. The
nuclear PR-C can form heterodimers with PR-B, therefore interfering with its
binding to the response elements in the DNA [23]. In contrast, PR-C can enhance
the progestin-induced transcriptional activity of the PR-A and PR-B isoforms,
either by sequestrating the co-repressors and/or by increasing the capacity of the
heterodimers of PR-A or PR-B with PR-C to recruit co-activators [21]. In this
manner, PR-C could be involved in the modulation of the transcriptional activity
of PR-A and PR-B, contributing to the pleiotropic effects of progestins [21].
Additional isoforms of the PR, such as PR-S [24] and PR-M [25] have also been
identified and partially characterized. It has been proposed that the tissue responses
to progesterone may be affected by changes in the expression ratio of the different
isoforms [22].

Importantly, the validity of the immunoassay used in the identification of some
of the PR isoforms, such as PR-C and PR-M, has been questioned, [26, 27] as the
nuclear PR antibodies used may cross-react with cytoskeletal proteins (a-actinin,
desmin and vimentin). Hence, these antibodies are not specific for these PR iso-
forms [27].
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2.2 The Role of Co-Regulators in Progesterone Signaling

The activity of the nuclear PR is regulated not only by the hormone itself but also
by co-regulators (co-activators and co-repressors) as well as by chromatin modifiers
[28]. Co-regulators can enhance or inhibit gene transcription by creating a func-
tional link between the ligand-activated receptors, the DNA and the transcription
factors [29]. The existence of “intermediary factors” in the PR nuclear signaling
was described more than four decades ago by the group of B.W. O’Malley [30].
Since then, the interest in co-regulators has increased, given their possible involve-
ment in the “transcriptional interference” in the tissue-specific responses, evoked by
nuclear receptor ligands and selective receptor modulators (i.e., Tamoxifen and
Raloxifene), and their roles in the pathogenesis/progression of neoplastic disease
[31]. Thus, the possible involvement of progesterone co-regulators in the modula-
tion of myometrial progesterone action should be taken into account [32, 33].

Progesterone co-activators include members of the “Steroid Receptor
Co-activator” (SRC/p160) family, [34] such as SRC-1, SRC-2, and SRC-3, which
share a strong sequence homology [34, 35]. The involvement of these progesterone
co-activators in normal growth, puberty, and female reproductive function, as well
as in mammary gland development, is supported by studies of genetically modified
animals. SRC-1 [36, 37] is an important co-activator in the uterus, whereas SRC-3
is in the mammary gland, [37, 38] and SRC-2 is in both organs [32, 33]. Of note,
SRC-1 and SRC-2 knockout mice manifest a deficient uterine response to proges-
terone stimulation. However, SRC-1 knockout mice preserved their fertility, [36]
whereas SRC-2 knockout mice had an early block of embryo implantation [32].
Progesterone receptor co-activators share an NRbox (also called the LXXLL motif)
necessary for binding to the “co-activator binding groove” in the receptor [35, 39].

Co-repressors of the progesterone receptors inhibit transcription factor
recruitment and down-regulate the receptor-dependent gene expression. This is
accomplished preferentially by recruiting histone deacetylases, [40] which enhance
tight nucleosome-DNA interactions and increase chromatin compaction [35].
However, the molecular basis of the interactions between steroid receptors and
co-repressors is not well-defined [35].

2.3 Non-genomic Actions of Progesterone

The identification of steroid receptors on cells lacking a functional nucleus, (i.e.,
spermatozoa, erythrocytes and platelets) suggests non-genomic steroid actions.
This is a fast-track rapid response system, in contrast to the long response time (i.e.,
hours/days) of the “genomic” pathways [7, 8]. The first evidence in support of the
existence of non-genomic progesterone actions came from the study of progester-
one responses in germ cells (oocytes and spermatocytes). Some of the non-genomic
actions exerted by progesterone on these germ cells include changes in intracellular



1 Physiology of Progesterone 7

calcium concentrations, [41, 42] promotion of Na* [43] and Cl17[44] fluxes, inhibi-
tion of adenylate cyclase activity with a consequent decrease in intracellular cAMP
levels, [45] and the involvement in G proteins-phospholipase C- inositol trisphos-
phate, and diacylglycerol signaling [46, 47]. Fig. 1.3.

“Membrane-initiated steroid signaling” defines the non-genomic activities of
progesterone that are secondary to the activation of membrane-bound progesterone
receptors (mPRs) [7, 8]. Evidence supporting the idea that at least some of the non-
genomic actions of progesterone are mediated by mPRs includes: (1) progesterone
application outside the cell is more effective in decreasing intracellular cAMP con-
centrations than upon its cytoplasmic microinjection; [48] (2) progesterone activity
is sustained after conjugation with synthetic polymers [49, 50] or its covalent bind-
ing to large molecules, such as albumin, [46, 51] which prevent progesterone access
into the cytosol; (3) progesterone effects are reduced in the presence of antibodies
directed toward progesterone membrane-binding proteins; [42] and (4) the non-
genomic activities of progesterone, such as Ca?* influx, are not affected by inhibi-
tors of genomic progesterone responses, including RU38486 and RU486 [41, 52]
Fig. 1.4.

Progesterone high-affinity binding proteins and receptors have been identified on
the cellular membranes of a variety of cells such as spermatozoa, [41, 42, 52]
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Fig. 1.4 The effect of progesterone and progesterone induced blocking factor (PIBF) on maternal
immune system during pregnancy. Reproduced with permission from Elsevier: Walch KT, Huber
JC, Progesterone for recurrent miscarriage: truth and deceptions. Best Pract Res Clin Obstet
Gynaecol, 2008. 22:375-89 [59]
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porcine liver microsomes, [53, 78] and porcine vascular muscle cells [54] as well as
in the brains of female mice knocked out for the classical PR [55]. Some researchers
have previously argued that the existence of a progesterone-binding site does not
necessarily indicate that the receptor is functionally active in terms of cellular sig-
naling, and that a characterization of non-classical receptors is still required [7].

Non-genomic progesterone receptors display different affinities, binding
capacities, and dose response/competition curves for progesterone and other
molecules sharing progestin structure. For example, the recombinant human mPRy,
produced in an E. coli expression system, has a high-affinity, saturable, single
binding site for progesterone and several of its hydroxylated derivatives; however,
recombinant human mPRYy does not bind and has no affinity for synthetic progestins
and anti-progestins [56]. Similarly, there is evidence indicating the presence of at
least two distinct membrane-surface progesterone receptors in capacitated human
spermatozoa: a high-affinity site specific for progesterone and a low-affinity site
that binds with equal affinity to 11p-hydroxyprogesterone  and
17a-hydroxyprogesterone [41].

3 The Physiologic Effects of Progesterone

3.1 The Effect of Progesterone on the Immune System

The immune system in the female reproductive tract faces two opposing challenges:
the consistent exposure to infectious pathogens and, in contrast, the need to be toler-
ant to both the allogenic spermatozoa and the semi-allogenic fetus. To overcome
these challenges, the female sex steroids (i.e., estrogen and progesterone) control
the function of the innate and adaptive immune systems in the reproductive tract
according to the changes occurring through the menstrual cycle and during preg-
nancy [57, 58]. Indeed, in the rat uterus, major histocompatibility complex (MHC)
class II positive cells, macrophages, granulocytes, and dendritic cells were more
abundant in the endometrial stroma and around the uterine glandular epithelium in
the estrus stages of the menstrual cycle relative to the diestrus stages in which pro-
gesterone is the dominant hormone [59]. Moreover, ovariectomy in mice results in
a decrease in the number of uterine macrophages that can be restored by hormonal
treatment [2].

The uterine/decidual natural killer (uNK) cells, which are different from the
peripheral NK cell population, [1] are also affected by progesterone. uNK cells have
a role in promoting blastocyst implantation and maintenance of pregnancy [60, 61].
During the mid-late luteal phase, the numbers of this unique population of NK cells
is elevated [62, 63] as a result of the increased decidual concentrations of interleu-
kin (IL)-15, and IL-15 mRNA [64]. Their number further increases during the early
stages of pregnancy and decreases from mid-gestation to term [62]. The immuno-
logic recognition of pregnancy also leads to a higher expression of PR on the
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membrane of uterine NK cells [65] and decreased cytotoxic activity in comparison
to the non-pregnant state [66].

During normal pregnancy, progesterone diverts the T-cell response toward Th-2
rather than Th-1, leading to higher secretion of IL-6 and IL-10, as well as supporting
B-cell antibody production [67-69]. During pregnancy, there is also a change in the
antibody population and a shift toward asymmetric “blocking” antibodies (i.e.,
those glycosylated by mannose-rich oligosaccharide on only one of the Fab regions;
although asymmetric antibodies can combine with antigens, they poorly activate
phagocytosis, complement fixation, and cytotoxicity). The prevalence of asymmet-
ric antibodies increases from 9% in the non-pregnant state to 29% in pregnant
women [70]. Yet, they can compete with symmetric and competent antibodies hav-
ing the same specificity and thus block the actions of symmetric antibodies.
Asymetric antibodies may be a mechanism to reduce the antibodies’ mediated
response against the invading trophoblast during pregnancy and to control the equi-
librium of maternal anti-fetal immune responses [71].

It has been reported that the effects of progesterone on the T-cell response, B-cell
activity, generation of asymmetric antibodies, and NK cytotoxicity are mediated by
a progesterone-induced blocking factor (PIBF) (Fig. 1.4), a 34 kDa immunoregula-
tory protein synthesized by PR-positive lymphocytes and CD56+ decidual cells
[72]. The actions of PIBF include: (1) enhancement of the production of asymmet-
ric antibodies; [73] (2) diverting the T-helper response toward Th-2 activity, result-
ing in increased concentrations of IL-3, IL-4, and IL-10 as well as decreased IL-12
production; [74] and (3) the latter, combined with the inhibition of perforin secre-
tion by PIBF in a dose-dependent manner, reduces the cytotoxic activity of NK cells
[74,75]. In summary, progesterone affects all arms of the immune system and prop-
agates maternal tolerance to the semi-allogenic fetus.

3.2 The Role of Progesterone in Non-pregnant Women
3.2.1 Progesterone and the Menstrual Cycle

Progesterone participates in the control of ovulation, the preparation and stabilization
of the endometrium before implantation, the regulation of the implantation process,
and the maintenance of pregnancy [76]. During the follicular phase of the menstrual
cycle, estrogen predominates and has a major role in the proliferation of the
endometrium while progesterone concentration is relatively low. Progesterone
predominates during the secretory phase (maximal concentrations occur in the mid-
luteal phase), inhibits the endometrial proliferation induced by estrogen, and
changes the endometrial morphology to the secretory type [77]. However, the glan-
dular and vascular elements continue to grow, resulting in progressive tortuosity
[77]. Progesterone stimulates glycogen vacuole formation within glandular cells,
resulting in the active secretion of glycoproteins and peptides by the glands into the
endometrial cavity as well as in edema of the endometrial stromal tissue [78]. In the
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mid-luteal phase, progesterone is responsible for the transformation of stromal cells
into decidual cells, which is critical for the establishment of pregnancy. In the
absence of conception, the degeneration of the corpus luteum exerts a physiological
progesterone withdrawal resulting in menstruation [76].

Previous exposure to estrogen is essential to stimulate synthesis of PR in
endometrial cells. Progesterone can then exert its anti-estrogenic effect on the
endometrium [79] through several proposed potential mechanisms, such as the
down regulation of estrogen receptor expression, [80] the conversion of estradiol to
a less active form (estrone sulphate) via the stimulation of 17-hydroxysteroid
dehydrogenase and sulfotransferase, and the suppression of estrogen-mediated
synthesis/secretion of specific proteins (e.g., transcription of the proto-oncogene
c-fos mRNA) [81].

In addition, progesterone increases the expression of tissue factor (TF) and
plasminogen activator inhibitor-1 during decidualization [82]. It has been suggested
that an increase in decidual TF concentration is needed to secure rapid hemostasis
during blastocyst implantation and placentation as well as the control of postpartum
hemorrhage [82]. The association between the decidual expression of TF and pro-
gesterone was established by the differences in TF expression in confluent stromal
cell cultures derived from proliferative phase endometrium. Stromal cell cultures
treated with mifepristone did not increase their TF expression; moreover, adminis-
tration of mifepristone to cell cultures previously exposed to estradiol+MPA
(medroxyprogesterone acetate) or estradiol+progesterone decreased their TF con-
tent and TF mRNA expression [83]. Therefore, a low progesterone concentration
could contribute to less-effective decidual hemostasis, which may lead to increased
decidual bleeding, and a subsequent spontaneous miscarriage or preterm delivery.

3.2.2 Progesterone and the Myometrium in the Non-pregnant Uterus

Uterine contractile activity throughout the menstrual cycle is partially regulated by
estrogen and progesterone [84, 85]. This process has been proposed to be mediated
by cyclic changes in estrogen and progesterone receptor expression in the endome-
trium and sub-endometrium [86]. The decrease in the progesterone concentration in
the transition from the luteal phase of one menstrual cycle to the follicular phase of
the subsequent cycle is followed by increased uterine contractility, which aids in
clearing menstrual contents [85]. The rise in estrogen concentration during the late
follicular phase further increases uterine contractility, preparing the uterus to facili-
tate sperm motility toward the Fallopian tube [85]. During the luteal phase, follow-
ing an increase in progesterone concentration, the uterus is relatively quiescent
[84, 85].

Of note, studies in non-pregnant women demonstrated that plasma progesterone
concentrations do not reflect the actual progesterone concentrations in the myome-
trium. Akerlud et al. [87] measured the estrogen and progesterone concentrations in
the non-pregnant uterus of women with normal menstrual cycles, demonstrating
that there is no correlation between plasma and tissue progesterone concentrations
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in the same individual, although the progesterone concentrations in the plasma and
myometrial tissue change during the menstrual cycle. The authors reported that in
peri- and postmenopausal women, the myometrial concentration of progesterone
remains comparable to those in menstruating women, despite a substantial decline
in the plasma concentration of progesterone, suggesting that the myometrial uptake
of ovarian hormones may be saturated even if plasma concentrations are relatively
low. Moreover, the myometrial/plasma ratio of progesterone decreases significantly
during the luteal phase [87]. This decrease may be due to down-regulation of the
myometrial progesterone receptors following accumulation of progesterone in the
myometrium [88].

3.2.3 The Effect of Progesterone on the Uterine Cervix during
the Menstrual Cycle

The uterine cervix is a primary end organ that is responsive to pubertal hormonal
action, cyclical changes in sex hormones during the menstrual cycle, pregnancy,
labor, and menopause [8§9-91]. The expression of PR changes significantly in the
glandular epithelium of the cervix, reaching its peak in the early secretory phase and
declining sharply afterward [92]. Progesterone has a dramatic effect on the constitu-
ents of the cervical mucus and, hence, on the function of cervical secretions [93,
94]. The cervical mucus becomes thick and sticky under the influence of progester-
one. Indeed, one of the suggested mechanisms by which progestins exert their con-
traceptive effect is through changes in the chemical properties of mucus [95, 96].

The available data suggest that progesterone has an effect on the cervix in the
non-pregnant state; however, how and to what extent this effect is important in phys-
iologic and pathologic conditions have yet to be determined.

3.3 Progesterone and Pregnancy

3.3.1 The Role of Progesterone in the Maintenance of Normal Pregnancy
and Parturition

Estrogen and progesterone play a central role in pregnancy [97]. The corpus luteum
is the main source of progesterone until the seventh week of gestation; then the
placenta takes over as the main source of progesterone between 7 and 9 weeks of
gestation, a transition termed the “luteal-placental shift” [98, 99] (Fig. 1.5). Indeed,
ovariectomy before 8 weeks of gestation results in abortion, but the procedure has
no effect on the pregnancy if performed after 9 weeks of gestation. Maternal plasma
progesterone concentrations rise during pregnancy from 40 ng/mL in the first tri-
mester to 160 ng/mL in the third trimester [99]. At term, the placenta produces
approximately 250 mg of progesterone per day, of which 90% is secreted to the
maternal circulation and only 10% into the fetal circulation. However, the fetal
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Fig. 1.5 The luteal-placental shift in progesterone production during pregnancy. Reproduced with
permission from Elsevier: Yen SSC. Endocrine-metabolic adaptation in pregnancy, in Reproductive
endocrinology, Yen SCC Jaffe RB, Editors. 1991, W.B. Saunders: Philadelphia. p. 936-971 [188]

plasma progesterone concentration is seven-fold higher than the maternal concen-
tration, probably due to the differences in their volume of distribution [100].
However, neither parturition at term [101] nor preterm [102] are associated with
significant changes in amniotic fluid progesterone concentrations.

During pregnancy, progesterone is thought to maintain myometrial quiescence
and inhibit cervical ripening, while estrogens have been implicated in increasing
myometrial contractility and excitability as well as in the induction of cervical rip-
ening prior to the onset of labor [103, 104]. However, before spontaneous parturi-
tion, the changes in sex-steroid serum concentrations differ between different
species. In many species, a fall in maternal serum progesterone concentration occurs
prior to the onset of parturition.

Luteolysis is a crucial component in the mechanism of parturition in the rat,
mouse and rabbit [105, 106]. An increase in local progesterone metabolism in both
the uterus [107] and cervix [108] was associated with the onset of labor in mice. In
sheep and goats, an increase in fetal plasma cortisol induces the placental produc-
tion of P450 C17 enzymes (17a-hydroxylase and C17-20 lyases), which catalyze
the conversion of progesterone to androstenedione, which is transformed into estro-
gen by aromatases [109]. However, in primates (including humans) and guinea pigs,
there is no apparent change in the circulating maternal progesterone concentration
before parturition. The human placenta, lacks P450 C17 enzymes and, therefore,
cannot synthesize estrogen and androstenedione from C21-progestins; thus, proges-
terone is the final product of the human placenta.

A serum “progesterone withdrawal” has not been demonstrated in humans or
guinea pigs; yet, progesterone is considered important in pregnancy maintenance
because inhibition of its action could result in parturition in both species.
Administration of anti-progestins [i.e., mifepristone or onapristone] to pregnant
women, [110] primates [111] or guinea pigs [103] can induce abortion and/or labor.
[97, 127] Alternative mechanisms for the suspension of progesterone action without
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a serum progesterone withdrawal have been proposed, including: (1) binding of
progesterone to a high-affinity protein that reduces the functional active form; [112]
(2) an increase in cortisol concentration during late pregnancy, which may compete
with progesterone binding to the glucocorticoid receptors, resulting in a functional
progesterone withdrawal; [113] and (3) the conversion of progesterone to an inac-
tive form within the target cell before interacting with its receptor. Indeed, the
human amnion and chorion can convert progesterone to the inactive
20a-dihydroxyprogesterone, and this metabolite increases with gestational age and
around the time of parturition [114, 115]. However, none of these hypotheses have
been proven; [116] therefore, the focus of investigation has shifted to the abundance
and modulation of estrogen-progesterone receptor expression and to progesterone’s
binding capability to its nuclear response element.

3.3.2 The Nuclear Progesterone Receptor in the Myometrium during
Pregnancy and Parturition

Conflicting results have been reported regarding the role of the PR in the myometrium
during human pregnancy and parturition [116, 117]. The conflicting results may be
due to the existence of multiple receptor isoforms, whose myometrial expression is
spatially and temporally regulated throughout gestation [118]. Thus, it is likely that
the results of the studies may be affected by the sampling site and the specificity of
the assay. Of note, initial studies on PR expression in the human myometrium did
not distinguish between the different isoforms and were performed on biopsies
isolated from the lower uterine segment. In contrast, more recent studies tested the
expression of the different receptor isoforms and focused preferentially on the
fundal myometrium. The latter is more likely to reflect the molecular changes that
mediate uterine contractility than the lower uterine segment, which reacts in favor
of dilatation [22]. Finally, the non-genomic progesterone actions have broadened
the research on the mechanism of labor toward identification of membrane
progesterone receptors that may participate in the suspension of progesterone action.

The key mechanisms explaining the functional progesterone withdrawal include
either a reduction of the total number of progesterone receptors within the target
tissue or a relative increase of inhibitory PR isoforms. Rezapour et al. [119] investi-
gated the expression of progesterone receptors in the myometrium of women at
term not in labor and in the active phase of spontaneous labor, and found significant
changes in the distribution of receptors after the onset of labor. The active normal
labor group had a higher receptor concentration in the upper uterine segment as well
as a higher upper-to-lower uterine segment receptor ratio than the not-in-labor
group. Of interest, myometrial PR concentrations were lower in oxytocin-resistant
labor than in normal labor. Although progesterone is involved in labor-associated
changes in the myometrium through receptor-mediated processes, Rezapour et al.
[119] suggested that progesterone is not an inhibitor of myometrial contractility and
thus, not consistent with the progesterone withdrawal theory. However, there are
in vitro reports indicating that progesterone stimulates myometrial tonus and
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frequency of contractions [120] and that it has an anti-tachyphylactic effect on
oxytocin-induced myometrial contractions [121].

Pieber et al. [116] analyzed the labor-associated changes in the expression of
PR-A and PR-B in myometrial samples obtained during term cesarean deliveries
from women not in labor and in labor. While PR-A expression was detected only in
the presence of effective labor, PR-B was equally expressed in labor and not-in-
labor samples. Transient transfection of myometrial cells with PR-A and PR-B con-
firmed that the over-expression of PR-A has a dominant repressive effect on the
transcription of progesterone sensitive genes within human term myometrial cells.
The authors interpreted that the expression of PR-B occurs throughout gestation and
is required for pregnancy maintenance, whereas a higher expression of PR-A in the
presence of effective labor at term may contribute to “functional progesterone with-
drawal” [116]. The increase in the expression of the inhibitory PR-A, [116, 122] and
in the PR-A/PR-B ratio in the human myometrium, was interpreted as the possible
underlying mechanism of the “functional progesterone withdrawal”.

The change in the PR-A/PR-B ratio occurs at the mRNA level [123]. The
abundance of mRNAs encoding for PR-A and PR-B and estrogen receptors (ERa
and ) were compared in the lower uterine segment in women at term in labor and
not in labor. The mRNA levels of ERa and of the homeobox gene HOXAI0 were
used as markers of progesterone responsiveness. In the laboring myometrium, the
mean relative abundance of mRNAs encoding for PR-A, PR-B, and ERa was
significantly increased compared to non-laboring tissue, whereas ERf was low and
did not differ between the groups. There was a significant two- to three-fold increase
in the PR-A/PR-B ratio in laboring compared to non-laboring specimens. Of
interest, in non-laboring myometria, the PR-A mRNA levels and the PR-A/PR-B
mRNA ratio positively correlated with mRNA of ERa and HOXA 10 in the laboring
myometrium. These positive correlations were interpreted as an indicator that
progesterone responsiveness is inversely related to the PR-A/PR-B gene expression
ratio and decreases at the onset of labor. Moreover, ERa could be an early gene,
whereas HOXA10 may possibly be a late gene responding respectively to changes
in the PR-A/PR-B expression ratio. The positive correlation detected in non-laboring
myometria between ERe mRNA levels and those of contraction-associated genes,
such as cyclooxygenase-2 (COX-2), and the oxytocin receptor, suggests that the
process of human parturition is initiated within myometrial cells well before the
onset of active labor [123].

3.3.3 The Membrane Progesterone Receptor during Pregnancy
and Parturition

The first report on the existence of high-affinity membrane-associated progesterone
binding sites within the uterine tissue dates back to the 1984 study of Haukkamma
et al. [124]. It was noted that uterine membrane-associated receptors differ from
their soluble cytosolic counterparts, previously identified in the human uterus, in
terms of the specificity of their ligands.
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Labor and sex-steroids differentially modulate the mPRs. Karteris et al. [125]
reported the expression of two different functional mPRs (mPRa and mPRp) in the
myometrial cells of pregnant humans that are directly coupled to G-inhibitory pro-
teins. This expression results in the inhibition of adenyl cyclase, a subsequent
decline in cAMP concentrations and increased phosphorylation of the myosin light
chain, which facilitates myometrial contractions. The authors proposed that, during
labor, progesterone acts preferentially on its membrane receptors, a modus operandi
that promotes the shift from quiescence to a contractile state. This change results
from the altered PR-B/PR-A ratio, the changes in sex-steroids, and the existence of
complex cross-talk between the nuclear and membrane progesterone recep-
tors [125].

Fernandes et al. [126] combined bioinformatic analyses with the expression
profile of mPRs to define their role in cycling human endometrium and gestational
tissues. Sequence analysis suggested that these receptors belong to the “progestin
and adiponectin receptors” family. The onset of parturition was associated with a
marked reduction in myometrial mPRa and mPR transcripts. Of interest, the levels
of mPRa expression were high in the placenta, and inversely correlated with that of
the nuclear PR, indicating that mPRa may have an important functional role, par-
ticularly in reproductive tissues expressing low levels of nuclear PR [126].

3.3.4 Progesterone Oxytocin Responsiveness and Ca** Fluxes

Progesterone reduces the myometrial responsiveness to oxytocin through genomic
[127] and non-genomic [128, 129] pathways. However, the exact mechanisms by
which progesterone blunt uterine responsiveness to oxytocin is unclear. Three
potential mechanisms have been proposed: (1) progesterone represses oxytocin
receptor synthesis through its genomic action; [127] (2) direct interaction between
progesterone and its metabolites with the oxytocin receptor; [130] or (3) the con-
tinuous presence of intracellular high progesterone concentrations may alter the
responsiveness of the oxytocin receptor through non-genomic effects [131].

The oxytocin receptor needs a cholesterol-rich microenvironment to become
stable in its high-affinity state [132]. The intracellular binding of progesterone to the
multi-drug-resistant P-glycoprotein interferes with cholesterol transport to and from
the plasma membrane, and higher intracellular concentrations of progesterone
inhibit cholesterol esterification, [133] which reduces cholesterol concentrations in
the plasma membrane [134]. Additionally, progesterone also increases the activity
of 3-hydroxy-3-methylglutaryl (HMG-CoA) reductase, increasing the synthesis and
membrane concentrations of the cholesterol precursors that are less active in their
support of the high-affinity oxytocin receptor [135]. The depletion of active mem-
branous cholesterol forms leads to a low-affinity mode of the oxytocin receptor,
which may reduce its intracellular activity [136]. A decrease in the intracellular
progesterone concentrations restores the cholesterol transport, leading to an increase
in the active cholesterol concentration in the plasma membrane that supports the
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activity of the high-affinity oxytocin receptor, thus regaining its uterotonic
effect [137].

Some of the activities of progesterone on the myometrium may be mediated by
its effects on the activity and metabolism of cAMP [138] and the inhibition of trans-
membrane Ca?* entry [139]. Treatment of human myometrial smooth muscle cells
with MPA resulted in a significant reduction in the oxytocin-mediated increase in
intracellular Ca?* concentration [139].

3.3.5 The Interplay Between NFxB and Progesterone in Pregnancy
Maintenance and in the Onset of Labor

Nuclear factor kappa B (NFkB) is a transcription factor family classically associated
with inflammation. Data indicate that myometrial NFxB activity changes with labor
and its activation is regulated in a spatio-temporal fashion. It has been proposed that
NFxB is an upstream regulator of multiple labor-associated processes, including the
formation of contraction-associated proteins, inflammatory mediators (e.g.,
cytokines), uterotonic phospholipid metabolites (e.g., prostaglandins), and the
induction of extracellular matrix remodeling [140, 141]. The stimuli and mecha-
nisms responsible for NFxB activation in spontaneous labor have not yet been elu-
cidated. Increasing local concentrations of surfactant protein A, [142] accumulation
of advance glycation end-products, [143] the amnion cells’ mechanical stretch,
[144, 184] and the paracrine or autocrine pro-inflammatory effects of the
corticotrophin-releasing hormone [145] have been proposed as potential candidates.

NFxB activation favors the myometrial expression of inhibitory isoforms of the
PR. Evidence in support of this role includes: (1) a spatial correlation is suggested
by the enhanced expression of PR-B and PR-C along with NFxB activation during
labor, and these changes are selective to the fundal human myometrium; [22] (2) a
temporal correlation has been proposed given the correlation of PR isoform expres-
sion and local NFkB activation in the pregnant mouse uterus and in the human
fundal myometrium; [22, 142] (3) intra-amniotic injection of surfactant protein A to
pregnant mice promoted uterine NFxB activation and preterm labor as well as a
rapid increase in uterine levels of PR-B and PR-C; [22, 142] (4) intra-amniotic
injection of the NFkB inhibitor (SN50) caused a decrease in the uterine levels of
PR-B and PR-C; [22, 142] and (5) in vitro models demonstrated that the activation
of the NFkB pathway in response to IL-1f treatment is associated with an increased
expression of all three PR isoforms (PR-A, PR-B and PR-C) in myometrial
cells [22].

The PR-mediated activation of target genes that modulate uterine contractility
is antagonized by NFxB. Kalkhoven et al. [146] reported the existence of a mutual
trans-repression between the PR and the RelA(p65) subunit of NFkB in different
cell lines. This repression was independent from the PR isoforms and the cell type.
The authors suggested that the most likely mechanism involved is a direct interac-
tion between the two proteins that would result in an inactive heterodimeric com-
plex on the DNA, which prevents co-factors and members of the basal
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transcriptional machinery from initiating transcription [146]. Other possible
explanations for the mutual repression of RelA(p65) and PR include binding of
these transcription factors to their respective cognate DNA elements, or competi-
tion for the same co-activators or transcription intermediary factors (transcrip-
tional interference or squelching) [146]. A similar mutual negative interaction
between NFkB and PR activity was reported in human amnion cells [147].
Stimulation of these cells with IL-1f resulted in NFxB activation, followed by a
repression of progesterone-dependent transcription, even in the presence of excess
PR [147]. This may be the case during spontaneous labor in humans: indeed, the
constitutive activity of NFkB reported in human amnion cells in the presence of
labor may contribute to the loss of myometrial quiescence, both by repressing the
PR activity and increasing the expression of COX-2. The authors proposed that the
increase in NFkB activity, near to, or at the time of labor, may represent a “water-
shed point at which labor becomes inevitable” [147].

The anti-inflammatory activity of progesterone may contribute to the prolongation
of pregnancy by direct or indirect attenuation of the NFkB-mediated inflammatory
cascade. Several observations support this view: (1) over-expression of the PR in
amnion cells was associated with significant repression of NFkB reporter expression;
[147] (2) the IL-1p induced up-regulation of COX-2 mRNA in immortalized human
fundal myometrial cells was suppressed by exogenous administration of progesterone
and associated with a rapid induction of the NFxB transactivation inhibitor, kBa;
[148] (3) progesterone down-regulates cytokine production by human leukemia cell
lines, mediated, at least in part, by suppression of NFkB activity; [149] and (4)
physiological concentrations of progesterone suppress both the spontaneous and the
IL-1(x and P)-mediated production of IL-8 by the uterine cervical fibroblasts in
pregnant rabbits [150].

In contrast, Vidaeff et al. [151] demonstrated that pre-treatment of HeLa cells
with progesterone before exposure to IL-1f resulted in a significant decrease in
NFxB protein subunit p65 in the cytoplasm. However, pre-treatment of HeLa cells
did not reduce the amount of nuclear p65 or affect the nuclear translocation of p65.
The authors suggested that any possible role played by progesterone in preterm
labor prevention is not exerted through anti-inflammatory mechanisms of NFkB
down-regulation [151].

3.3.6 Changes in Myometrial Progesterone Co-Regulators during
Pregnancy

The possibility that changes in the activity of co-regulators can contribute to the
functional progesterone withdrawal is currently an object of investigation. Condon
et al. [152] proposed that a decline in the levels of PR co-activators in the pregnant
uterus at term may antagonize PR function and contribute to the initiation of labor.
Analysis of the mRNA and protein expression of PR co-activators in the fundal
myometrium of 12 women in labor and 12 women not in labor revealed that the
laboring myometrium was associated with a lower mRNA and protein expression
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of SRC-2, SRC-3, and CBP (the cAMP-response element-binding protein) than
non-laboring myometrial samples, while SRC-1 expression was relatively
unchanged before and after the onset of labor.

Term gestation was associated with a decrease in the levels of histone H3
acetylation in the human and mouse uteri. Treatment of pregnant mice with
trichostatin, a histone deacetylase inhibitor, delayed the onset of labor by 24 to
48 hours. Altogether, these results suggested that reduced uterine expression of
progesterone co-activators at term would lead to a reduction in histone acetylation,
thus resulting in an impaired PR responsiveness and a functional progesterone
withdrawal [152].

In 2005, a novel progesterone co-repressor, polypyrimidine tract-binding protein-
associated splicing factor (PSF), was identified in the rat myometrium: [153] its
mRNA expression increased as term approached and was up-regulated prior the
onset of labor. PSF interferes with PR binding to its DNA response element and
enhances PR degradation. Within the human myometrium, PSF expression was sig-
nificantly up-regulated as pregnancy progressed, particularly within the upper uter-
ine region, and levels remained elevated in labor. Co-immunoprecipitations and
DNA-binding assays showed that PSF directly interacts with the nuclear PR and its
glucocorticoid receptor and specific co-regulatory proteins within the human myo-
metrium [154]. These findings are suggestive of a role for myometrial PSF as a
nuclear co-regulator and a potential contributor to functional progesterone with-
drawal [153-155].

3.3.7 Progesterone Receptor in Fetal Membranes, Decidua, Placenta

There is evidence that all three isoforms, PR-A, PR-B and PR-C, are expressed in
the decidua and fetal membranes, yet there is still controversy concerning the pre-
dominant isoform [156—159]. A Western Blot analysis conducted by Goldman et al.
[156] revealed that the major isoform in the human decidua is PR-B, whereas in the
human amnion, it is PR-C. In contrast, in a review on this subject, Taylor et al. [159]
reported that immunohistochemical, Western blotting and real-time reverse tran-
scription polymerase chain reaction techniques provide evidence that the major PR
isoform in the human decidua is PR-A, whereas in the human term fetal membranes
and syncytiotrophoblast, it is PR-C [159].

The quantitative and qualitative expression of the PR isoforms in the decidua and
fetal membranes may be subject to significant changes during labor [156, 157]. Our
group reported that, in fetal membranes obtained from women in labor, there is a
PR-A predominance and a higher PR-A/PR-B ratio than in women not in labor, in
which PR-B is the predominant isoform [157]. Similarly, Mesiano et al. [123]
reported that mRNA encoding for PR-A and the PR-A/PR-B expression ratio
increased significantly in the human myometrium at term in association with labor.
Although the role of progesterone receptors in the fetal membranes has not yet been
elucidated, it has been proposed that a shift in progesterone isoform expression may
be part of a “feto-maternal signaling pathway in the initiation of labor” [158].
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3.3.8 The Effect of Progesterone on the Cervix During Pregnancy

Progesterone exerts biological effects in the uterine cervix, and a withdrawal (in
rats, rabbits and sheep) or decline in progesterone action (guinea pigs and primates)
[109, 139] has been proposed as a key control mechanism for cervical ripening
[103, 150, 160, 161]. Evidence in support of this view includes the following: (1)
administrat ion of anti-progestins to women in the mid-trimester and at term induces
cervical ripening [162] but not labor, [103] which may not begin at all or may be
delayed by days or weeks after cervical ripening has been accomplished; and (2) the
administration of a PR antagonist to pregnant guinea pigs, [163, 164] and old-world
monkeys [165]. Cervical responsiveness to anti-progestins increases with advanc-
ing gestational age, and the effect of anti-progestins in the cervix is not always
accompanied by changes in myometrial activity. Indeed, Stys et al. [166] demon-
strated a dissociation between the effects of progesterone in the myometrium and
those in the cervix. Contrary to the acute nature of uterine contractions, the process
of cervical ripening is gradual in normal pregnancies and may start weeks before
labor and delivery [167].

Cervical ripening is a multifactorial process affected by a myriad of factors [104,
168] and characterized by slow changes in the composition of the extra-cellular
matrix. The precise mechanisms by which a blockade of progesterone action may
induce cervical changes are poorly understood. Both in vitro and in vivo studies
have supported the key role of progesterone in this process. A decline in progester-
one action may induce cervical changes through pro-inflammatory mediators,
including IL-8, [169] nitric oxide, [161] prostaglandins [169] and matrix-degrading
enzymes [170]. Cervical remodeling and ripening may be influenced by NFkB,
which can oppose progesterone action, [22, 107, 146148, 151] thus providing a
link between inflammation, a decline in progesterone action and cervical ripening.
The effects of progesterone on cellular and extra-cellular components of the cervix
are discussed below.

3.3.8.1 Collagen Remodeling

The mechanical properties of the cervix are largely determined by collagen and
proteoglycans that comprise the extra-cellular matrix of the connective tissue.
Shortly before labor, the cervix’s collagen fibers become less densely packed and
the collagen concentration decreases [168]. These changes are mediated, in part, by
increased collagenase activity [171]. In pregnant women, there is a decrease of 30%
to 50% in the collagen concentration of the uterine cervix in comparison to the non-
pregnant state [172].

Winn et al. [173] have investigated the individual and combined effects of
relaxin, estrogen and progesterone on growth, softening and histological character-
istics of the cervix of ovariectomized non-pregnant gilts. When administered alone,
progesterone had no effect on cervical growth and only a modest effect on cervical
softening; when progesterone was administered with relaxin, there was an increased
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extensibility of the cervix in comparison to progesterone alone or to its combination
with estrogen. In addition, the combination of progesterone and relaxin maximally
decreased the collagen/amorphous ground substance [173]. The administration of
mifepristone to pregnant rats at mid-gestation was associated with marked cervical
changes, including decreased tensile strength, reduced collagen organization, and
increased matrix metalloproteinase-2 (MMP)-2 mRNA expression [174].
Additionally, the collagen fibrils in the cervix had a shorter mean length and smaller
mean diameter after mifepristone treatment. Collectively, this evidence suggests
that progesterone suppresses cervical collagenolysis, one of the major processes of
cervical ripening before labor [174].

3.3.8.2 Changes in Glycosaminoglycans

Glycosaminoglycans (GAGs) are an important component of connective tissues and
the extracellular matrix. Softening of the cervix is associated with changes in GAG,
[175] specifically, an increase in total GAGs, hyaleronic acid and water content,
while sulphated GAGs decrease [176, 177]. Carbonne et al. [167] determined the
effects of progesterone on PGE,-induced changes in GAG synthesis in human cervi-
cal cell cultures. Progesterone did not prevent changes in GAG production (usually
considered to reflect cervical ripening); moreover, a high concentration of this hor-
mone even favored these changes. The authors hypothesized that this paradoxical
finding may account for the early changes in the consistency of the cervix and for
the alteration in GAG content that can be observed as early as the first trimester
[177]. Another explanation for this counterintuitive finding is that progesterone has
a different effect on the cervix and on the body of the uterus. Increasing concentra-
tions of progesterone during pregnancy may play a key role in the gradual ripening
of the cervix and promote the myometrial quiescence and down-regulation of gap
junctions in the uterus.

3.3.8.3 Suppression of Metalloproteinases

The degradation of collagen in the cervix is mediated primarily by MMPs, and their
effects can be repressed by their endogenous inhibitors (TIMPs) [178]. In the cervi-
cal fibroblast of rabbits, progesterone decreases the levels of proMMP-1, proMMP-3,
and the steady-state levels of the respective mRNAs in the culture media, and
increases the concentrations of TIMPs more effectively than that of estradiol-17
beta [179]. Similarly, Imada et al. [178] reported that physiological concentrations
of progesterone suppressed IL-1-mediated production of proMMP-9 and its mRNA
in a dose-dependent manner. The authors concluded that, in the rabbit uterine cer-
Vix, progesterone is a physiological suppressor of the proMMP-9 production at the
transcriptional level [178]. However, the nature of the effect of progesterone may
vary according to its concentration.
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The effect of anti-progestins on cervical MMP expression has also been studied.
Onapristone augmented the expression of MMP-3 mRNA in rabbits [170]. In con-
trast, mifepristone increases the expression of MMP-2 mRNA, but not of MMP-9 or
MMP-3, [174] suggesting that the anti-progestins differ not only in their specificity
to progesterone but they may also differ in the mechanism by which their effect is
exerted.

3.3.8.4 Modulation of the Inflammatory Response in the Uterine Cervix

Macrophages, neutrophils and eosinophils are thought to play a central role in the
remodeling of the cervical connective tissue by production of cytokines and proteo-
lytic enzymes in response to inflammatory stimuli, and they have a regulatory role
in cervical ripening [180, 181]. Ramos et al. [182] investigated the mechanism
through which eosinophilic invasion is modulated during the second half of preg-
nancy in rats. Exposure to 17f-estradiol together with progesterone resulted in very
poor eosinophilic infiltration, but the progesterone inhibition of eosinophilic infil-
tration was reversed by co-administration of mifepristone. The authors suggested
that the progesterone effect is mediated through the progestin receptor [182].

Human cervical cells release IL-8, [ 183] a neutrophilic chemotactic and activating
agent, [184] which is thought to initiate cervical ripening by promoting neutrophils
chemotaxis to the cervix and their activation within the cervical stroma [183, 184].
Denison et al. [169] demonstrated that the release of IL-8 by cervical explants was
significantly stimulated by PGE, and inhibited by progesterone. The release of the
secretory leukocyte protease inhibitor (an inhibitor of neutrophil function) by
cervical explants was significantly stimulated by progesterone and inhibited by
PGE, [169].

4 Conclusions

Progesterone is the key hormone in pregnancy maintenance; it is involved in all
processes during pregnancy, from the preparation of the uterine decidua, myome-
trium and cervix during the menstrual cycle through blastocyst implantation, sus-
taining myometrial quiescence, cervical competence and modulation of the maternal
immune system. There is accumulating evidence that progesterone withdrawal dur-
ing parturition in humans is probably functional and involves a shift in the balance
between progesterone and cortisol as well as in the changes in the genomic and
non-genomic effects of progesterone at the cellular level.
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