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Abstract
OBJECTIVE—Clinically, vaginal progesterone (VP) and 17 alpha-hydroxyprogestreone caproate
(17P) have been shown to prevent preterm birth (PTB) in high risk populations. We hypothesize
treatment with these agents may prevent PTB by altering molecular pathways involved in uterine
contractility or cervical remodeling.

STUDY DESIGN—Using a mouse model, on days E14-E17 CD-1 pregnant mice were treated
with either 1) 0.1cc of 25 mg/ml of 17P subcutaneously, 2) 0.1cc of castor oil subcutaneously, 3)
0.1 cc of 10 mg/ml of progesterone in Replens vaginally, or 4) 0.1cc of Replens vaginally, with
four dams per treatment group. Mice were sacrificed six hours after treatment on E17.5. Cervices
and uteri were collected for molecular analysis.

RESULTS—Exposure to VP significantly increased the expression of Defensin 1 compared to
Replens (p<0.01) on E17.5. Neither VP nor 17P altered the expression of uterine contraction-
associated proteins, progesterone mediated regulators of uterine quiescence, microRNAs involved
in uterine contractility, or pathways involved in cervical remodeling. In addition, neither agent had
an effect on immune cell trafficking or collagen content in the cervix.

CONCLUSION—Neither VP nor 17P had any effect on the studied pathways known to be
involved in uterine contractility or quiescence. In the cervix, neither VP nor 17P altered pathways
demonstrated to be involved in cervical remodeling. Administration of VP was noted to increase
the expression of the antimicrobial protein Defensin 1. Whether this molecular change from VP
results in a functional effect and is a key mechanism by which VP prevents PTB requires further
study.
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Background
Preterm birth remains the leading cause of neonatal morbidity and mortality in the United
States.1 In high risk populations, 17 alpha-hydroxyprogesterone caproate (17P)2 and vaginal
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progesterone (VP)3,4 have been shown to prevent preterm birth (PTB). However, the
molecular mechanisms by which progesterone supplementation prevents preterm birth
remain poorly understood.

While the precise pathways that govern preterm parturition remain to be discovered, an
increase in uterine activity and premature cervical remodeling are believed to be critically
involved in the pathogenesis of spontaneous preterm birth.5 Recent data suggests the use of
progesterone may be important in maintaining uterine quiescence in the latter half of
pregnancy by limiting the production of stimulatory prostaglandins and inhibiting the
expression of contraction-associated protein genes (ion channels, oxytocin and prostaglandin
receptors, and gap junctions) within the myometrium.6,7 While contraction-associated
proteins have long been associated with myometrial activity, recent work has demonstrated
the role of microRNAs in uterine activity. A conserved family of micro-RNAs (miRNAs),
the miR-200 family, has been found to be significantly induced at term in both mice and
humans. Additionally, two down-regulated targets ZEB1 and ZEB2 in this pathway act as
transcriptional repressors and are downregulated at term.8 ZEB1, which has been shown to
be up-regulated by progesterone in vivo, and ZEB2 inhibit the expression of the contraction
associated genes oxytocin receptor and connexin-43.8 While human and mouse data support
the role of these targets in uterine contractility, the effect of progesterone supplementation
on these pathways has not been explored as a possible mechanism by which these agents
prevent preterm birth.

In addition to uterine activity, premature cervical remodeling is believed to be an obligatory
step in the pathogenesis of PTB.5 Clinical studies have shown a short cervix is a risk factor
for preterm birth.9 Cervical remodeling and eventual cervical ripening is a biomechanical
process that involves the gradual change of the connective tissue in the cervix throughout
pregnancy.10,11 Maintenance of cervical integrity and appropriate timing of cervical
remodeling is critical to maintain a pregnancy.

While similar pathways must be involved in the final phases of cervical ripening (to allow
passage of the fetus), the inciting events that trigger cervical remodeling appear to differ in
the preterm compared to term period.12-14 Preterm cervical remodeling pathways involve
changes in immune cell trafficking, complement activation, and an altered collagen
structure.12,15 In addition to these pathways, changes in the epithelial barrier have also been
implicated in preterm cervical remodeling. Claudins, which in part regulate cell-cell
adhesion and the permeability of the epithelial barrier, undergo changes in expression during
cervical remodeling.16,17 Microarray data has also shown epithelial cell differentiation
pathways are up-regulated with cervical remodeling as well.13

In other biological systems, such as the gastrointestinal system, there is a greater
understanding of the pathways by which the immune system and the epithelial cell barrier
interact leading to pathophysiological states.18,19 Once the epithelial barrier becomes a
target for bacterial pathogens and/or their by-products, the mucosal immune response
becomes essential in preventing disruption of the underlying stroma.15,16 In the epithelial
barrier, mucosal immunity consists of antimicrobial proteins,20,21 along with immune cells
and their related cytokines.22 Disruption of the cervical epithelial barrier from inflammation
may lead to premature cervical remodeling and ultimately preterm birth.

Based on recent clinical studies demonstrating progestational agents can prevent preterm
birth in high risk populations, we hypothesize these agents are modifying pathways that are
critically involved in uterine activity and/or premature cervical remodeling. These studies
sought to assess if supplementation with VP or 17P upregulated crucial aspects of these
pathways as potential mechanisms by which they prevent preterm birth in clinical trials.
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Materials and Methods
Mouse Model

All procedures were performed with Institutional Animal Care and Use Committee approval
from the Perelman School of Medicine at the University of Pennsylvania. In this study,
CD-1 out-bred, timed pregnant mice were used (Charles River Laboratories, Wilmington,
Massachusetts). 17P (Boothwyn Pharmacy, Boothwyn PA) injections were prepared by
diluting 0.1cc of 250 mg/ml in 0.9cc castor oil (Sigma Chemical Co, St. Louis, MO).
Vaginal progesterone was prepared by diluting 40 mg of progesterone (Sigma Chemical Co,
St Louis, MO) in 4ml of Replens. On days E14-E17, pregnant CD-1 mice were treated daily
with either 1) 0.1cc of 25 mg/ml of 17P subcutaneously, 2) 0.1cc of castor oil
subcutaneously, 3) 0.1 cc of 10 mg/ml of progesterone in Replens vaginally, or 4) 0.1cc of
Replens vaginally. After administration of either VP or Replens, the mice were returned to
their cages and none of the progesterone solution was noted to be leaking from the vagina.
Prior work from our laboratory has demonstrated that administration of castor oil to mice
does not induce preterm birth. Hence, an additional control group of mice exposed to castor
oil was deemed unnecessary for these studies.23 The dose of VP and 17P represent a 25 and
17 fold increase compared to human dosing basing on 70 kilograms of body weight,
respectively. Four dams per treatment group were used. A murine gestation lasts 19-21 days,
and treatment on days E14-E17 would mimic late second and third trimester
supplementation in humans. The same experiment was repeated twice with four dams per
group for each set of experiments. The first set of experiments provided tissue for molecular
analysis of uterine and cervical tissues. The second set provided cervical tissues for
histological assessments as described below. On day E17.5, 6 hours after the last treatment,
dams were euthanized. By harvesting tissue on E17.5, the uterine and cervical tissue could
be analyzed prior to the progesterone withdrawl that occurs with term parturition in the
murine model. Whole blood was collected from the aorta using a 25-gauge syringe. The
blood was allowed to clot at room temperature for 2 hours and then spun-down for 20
minutes at 2,000 × g. The serum was collected and flash frozen in liquid nitrogen. Uterine
tissue was harvested. Gestational sacs were removed and the decidua was left in situ.
Cervical tissues were carefully dissected from the surrounding organs (bladder and bowel)
and adjacent adipose tissue was removed. Tissues were rinsed in sterile saline solution and
placed immediately in liquid nitrogen. Samples were stored at -80°C until processed for
experiments described below.

Quantitative Polymerase Chain Reaction
Total RNA was extracted from the cervix and uterus with Trizol (Invitrogen) according to
product protocol. Complementary DNA (cDNA) was generated from 2 μg of RNA/sample
using a high capacity cDNA reverse transcription kit (Applied Biosystems, Foster City,
California). To assess expression, quantitative polymerase chain reaction (qPCR) was
performed using equivalent dilutions of each sample on the Applied Biosystems Model 9700
sequence detector PCR machine. Primer sets, conjugated to Taqman MGB probes, were
used for qPCR (Applied Biosystems). Uterine targets analyzed were contraction-associated
proteins: connexin-43, oxytocin receptor and cyclooxygenase-2; and progesterone mediated
regulators of uterine quiescence: stat 5b, zeb 1, zeb 2, and 20-aphahydroxysteroid
dehydrogenase. Cervical targets analyzed included IL17, IL22, IL22R, Defensin 1, Defensin
3, Defensin 4, and SLP1. QPCR reactions were carried out with equivalent dilutions of each
cDNA sample on the Applied Biosystems Model 7900 sequence detector PCR machine, as
previously reported from our laboratory.24,25 The relative abundance of the target of interest
was divided by the relative abundance of 18S in each sample to generate a normalized
abundance for the target of interest. All samples were analyzed in duplicate. Statistical
analyses were performed comparing means or medians depending on whether the data were
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parametric (student's t test) or non-parametric (Mann-Whitney). Analysis was performed by
SigmaStat 3.5(Aspire Software International, Asburn, Virginia).

miRNA Quantitative Polymerase Chain Reaction
miRNA was isolated from mouse uterus using Trizol (Invitrogen) and the miRNeasy
Isolation Kit (Qiagen). cDNA was generated from the isolated miRNA using the miScript
Reverse Transcription II kit (Qiagen) and qPCR was performed on the 7900HT Real-Time
PCR System (Applied Biosystems) using the miScript SYBR Green PCR kit (Qiagen)
according to the manufacturers’ protocols. The ΔΔCT method was used for relative
expression quantification using the RQ manager software v2.4 (Applied Biosystems). The
endogenous reference gene RNU6B was used for miRNA quantification. All primer sets
were purchased from Qiagen: miR-200a (MS00001813), 429 (MS00002366), and RNU6B
(MS0001400). Statistical analyses were performed comparing means or medians depending
on whether the data were parametric (student's t test) or non-parametric (Mann-Whitney).
Analysis was performed by SigmaStat 3.5(Aspire Software International, Asburn, Virginia).

Staining of Cervical Tissue
For histological assessments of the cervix, after euthanizing the dam, the cervix was excised,
removing all adjacent tissues and adipose and fixed in 4% paraformaldehyde for 24 hours.
Samples were then immersed and stored in 20% sucrose at 4°C. Cervix were rehydrated in
phosphate buffered saline, a graded series of alcohols, then embedded in paraffin and
sectioned at 10 μm. As previously shown,13,26 longitudinal sections of cervix from each
mouse were stained with picrosirius red to assess collagen content and cross-linked
structure. Photomicrographs of birefringence of transmitted polarized light in sections were
taken (Zeiss AxioImager A1, 20× objective). Multiple defined fields of view were analyzed
for optical density using NIH Image J software (grey scale threshold determined with
uncalibrated Rodbard standard curve). The optical density of birefringent polarized
transmitted light is inversely related to the density of collagen content and structure. Thus,
low optical density is indicative of areas bright red birefringence with high collagen content
and complex dense crosslinking due to high transmittance of light. By contrast, areas with
low birefringence and low collagen content and diffuse structure were dark and had
proportionally high optical density values. Other sections were processed by
immunohistochemistry to stain macrophages and counterstained with methyl green to
identify cell nuclei. The BM-8 (F4/80) antibody was specific for macrophages because
reports of cross-reactivity with other immune cells are not a consideration due to their
absence or rare present in the murine cervix.27 Brightfield scans of sections were taken
(Aperio ImageScope). In a snapshot of a calibrated fields of view for each section
(approximately 1.251×106 μm3), cell nuclei and macrophages were counted. Data for
collagen and immune cell counts were normalized to cell nuclei density for each individual
to account for hypertrophy and hyperplasia of tissue. Data were evaluated by Levene's test
for homogeneity of variance and determined to be normally distributed (P> 0.05). An
unpaired Student's t-test was then used to assess statistical significance between control and
treated mice.

Detection of Serum Progesterone
Progesterone levels were assessed with an enzyme-linked immunosorbent assay kit (ELISA)
(USCN Life Science Inc., Houston TX). Four dams per treatment group were used. The
detection range was 1.23-100 ng/ml, and the minimal detectable dose of progesterone was
less than 0.48 ng/ml. Due to unknown levels of serum progesterone after VP and 17P
administration, initial ELISAs were performed to determine optimal performance. Based on
the detection range of the ELISAs and these initial experiments, maternal serum was diluted
(1:10). We chose to test serum levels to determine if the administration of either VP or 17P
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had a measurable increase on circulating levels of progesterone indicating an increase in
bioavailability at the cervix and uterus.

Results
Effect of Progestational Agents on Uterine Quiescence

Contraction Associated Proteins—Neither VP nor systemically administered 17P
significantly altered the signal transduction pathways regulating the contraction associated
proteins connexin-43, oxytocin receptor or cyclooxygenase-2 (Table 1).

Progesterone Mediated Regulators of Uterine Quiescence—Neither treatment
effected expression of recently discovered mediators of uterine quiescence: stat 5b, zeb 1,
zeb 2, and 20-aphahydroxysteroid dehydrogenase (Table 1).

miRNA—Neither VP nor 17P effected the production of the micro-RNA miR-200a or
mir-429 (Table 1).

Effect of Progestational Agents on Cervical Remodeling
Mucosal Immunity—Exposure to VP significantly increased the expression of Defensin 1
compared to Replens (p<0.01) (Figure 1). Treatment with either 17P or VP did not have a
statistically significant effect on the production of IL22R or SLP1 (data not shown).
Baseline mRNA values of IL17, IL22, Defensin 3, and Defensin 4 were very low and
expression was not altered by either progesterone treatment.

Collagen Content—Characteristics associated with remodeling of the cervix in mice as
pregnancy nears term did not vary with respect to progestational treatment.28 The number of
methyl green stained cell nuclei per area of cervix section was not different in control mice
given Replens or castor oil, and unaffected by VP or 17P treatment (p>0.05, Student's t-test).
Picrosirius red- stained collagen fibers were loosely packed and disoriented in the stroma of
cervix sections of controls and treated mice. No significant differences were found in the
optical density of birefringent polarize light in sections of cervix between control groups and
progesterone-treated mice (Figure 2).

Census of Immune Cells—Macrophages stained brown by immunohistochemistry were
distributed in the subepithelial stroma, between smooth muscle cells in the perimetrium, and
around blood vessels in the cervix. The presence of macrophages did not change with
respect to type of progesterone treatment compared to respective controls (Figure 2).

Serum Progesterone
Exposure to VP significantly increased serum levels of progesterone when compared to
Replens (p<0.05), and treatment with 17P significantly increased progesterone levels when
compared to and CO (p<0.005) (Figure 3).

Discussion
Although both VP and 17P are used to prevent preterm birth in high-risk patients, the
mechanism of action for these agents has yet to be uncovered. We performed an exploration
to assess if supplementation with progestational agents up-regulated crucial aspects on
molecular pathways known to regulate uterine quiescence and cervical remodeling. Neither
VP nor 17P had any effect on pathways known to be involved in uterine contractility or
quiescence. In the cervix, neither VP nor 17P altered pathways demonstrated to be involved
in cervical remodeling. Specifically, neither progestational agent altered collagen content,
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immune cell trafficking, or pathways associated with mucosal inflammation. Thus, contrary
to the expectation that progesterone blocks pathways associated with structural remodeling
of the prepartum cervix, administration of VP was only noted to increase the expression of
the antimicrobial protein Defensin 1.

In many biological systems, epithelial cells serve as the first line of defense to bacteria.
Infection of epithelial cells in the oral pharyngeal or gastrointestinal tract is a classic
mechanism of disease in these systems.29 Similarly, infection of epithelial cells in the vagina
and cervix has been demonstrated to be a mechanism by which Gonorrhea infection
occurs.30 Human beta defensins are a component of the innate immune system and produced
by epithelial cells. The observed increase in Defensin 1 with VP may serve to enhance the
antimicrobial properties of the epithelial barrier, preventing a breakdown in the epithelial
barrier from infectious processes. However, progesterone treatment or antagonism of the
progesterone receptor does not appear to have an effect on Defensin 1 expression in vaginal
epithelial cells.31,32 Of note, since we performed in vivo studies, VP could be affecting both
vaginal and cervical epithelial cells. Thus, it is possible that VP could alter Defensin 1
expression in cervical cells, although no data regarding the effect of progesterone on these
cells and Defensin 1 has been reported. We recognize that while statistically significant, the
change in Defensin 1 mRNA expression may not have a biological effect. If progesterone
does indeed modify Defensin 1 expression, further functional work is needed to determine if
alterations in Defensin 1 levels in the cervicovaginal space is an essential mechanism by
which VP prevents PTB.

In a mouse model of preterm birth, both cervical collagen content and structure are reduced
as well as recruitment of macrophages are increased within six hours of treatment with
LPS.13 These changes in the cervix are blocked when medroxyprogesterone acetate (MPA)
is administered prior to LPS treatment.13 In this study, in normal murine pregnancy, neither
VP nor 17P altered collagen content, with similar levels of collagen in an unripened cervix
based on previous studies.33 While other work has demonstrated high levels of progesterone
does not change collagen content,34 no prior studies have investigated if exogenous
administration of progestational agents could alter collagen structure. By administering VP
or 17P on days E14-E17, we were seeking to assess if progestational agents modified the
cervix prior to term cervical remodeling in the absence of an inflammatory challenge.
Therefore, these results demonstrate that in a non-inflammatory late-gestation mouse cervix,
neither treatment served to fortify the cervix by increasing cervical collagen content or
mitigating recruitment of macrophages. These findings do not exclude the possibility that
progestational treatments affect activity of resident immune cells in the prepartum cervix .35

Whether these agents, similar to MPA, might limit inflammation-induced cervical
remodeling has not yet been studied.

A strength of our study is that we explored the effect of these two agents on several
pathways involved in uterine quiescence as well as those involved in cervical remodeling.
Our results indicated treatments with these two agents did, in fact, raise circulating
progesterone levels 3-4 fold compared to previously published murine progesterone E17
levels.36 This demonstrates the use of these agents resulted in a measurable increase in
progesterone, indicating these increased levels would be available to the cervix and uterus
for a biological effect. Although the ELISA used in this analysis measured total serum
progesterone and did not differentiate between the different progesterone metabolites, the
increase in levels with VP and 17P indicates these agents were well absorbed and resulted in
an increase in bioavailability at the cervix and uterus. Despite the increase in serum
progesterone levels, these agents appeared to have little effect on previously studied
pathways.
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A limitation of our study is the use of a mouse model. In mice, progesterone levels decrease
prior to delivery.37 In contrast, a systemic progesterone withdrawal is not evident in humans.
However, in humans, a functional progesterone withdrawal is believed to occur that
contributes to the onset of parturition. Since we studied mice in mid-late gestation, prior to a
systemic progesterone withdrawal, this difference in regards to progesterone withdrawal at
term between mice and humans should have little impact on the results from these
experiments. Thus, the studies remain of biological interest for our clinical use of
progestational agents. In addition, such studies are not feasible in human pregnancy. These
mouse studies provide insight into possible molecular mechanisms by which progestational
agents prevent PTB. While we explored many pathways known to be involved in uterine
contractility and/or cervical remodeling, these studies are limited as there are likely other
pathways, not yet discovered, that are involved in these processes. Recognizing this
limitation, our exploration was fairly comprehensive and investigated those pathways
reported to be of significance based on available evidence regarding cervical remodeling and
uterine contractility in term and preterm labor.

Since this work focused on the effect of progestational agents in normal pregnancy, we did
not study the effect of VP or 17P in the setting of an inflammation-induced preterm birth.
Clinically, the administration of exogenous progesterone may prevent PTB in women who
have active inflammatory processes in the uterus and/or cervix. If this is the mechanism by
which these agents prevent preterm birth, these studies herein are unable to address this
possibility. Future studies using models of inflammation-induced PTB can provide insight
into this possible mechanism.

In summary, these findings suggest neither VP nor 17P had significant effect on pathways
involved in uterine activity or cervical remodeling in a normal murine pregnancy. These
studies draw into question the mechanisms by which these agents prevent preterm birth in
high risk women. By continuing to increase our understanding of the pathways leading to
preterm parturition as well as the mechanisms by which progestational agents prevent PTB,
we may be able to further our therapeutic strategies to decrease this significant adverse
pregnancy outcome.
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Condensation

Neither vaginal progesterone nor 17 alpha-hydroxyprogestreone caproate had an effect
on studied uterine contractility pathways, although vaginal progesterone was noted to
increase the expression of the antimicrobial protein Defensin 1 in the cervix of CD-1
pregnant mice.
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Figure 1.
Bar graphs depicting the mean and standard error of the mean (SEM) (n=4 per treatment
group) demonstrating the effect of vaginal progesterone compared to Replens and 17P
compared to CO on the expression of Defensin 1 in the cervix. Exposure to VP significantly
increased the expression of Defensin 1 compared to Replens (*p<0.01), unpaired Student's t-
test.
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Figure 2.
Bar graphs depicting the mean and the SEM (n=3 per treatment group) of the number of cell
nuclei per area, optical density of birefringence of transmitted polarized light, and number of
macrophages in the cervix from mice receiving the four treatment groups, unpaired Student's
t-test.
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Figure 3.
Bar graphs depicting the mean and SEM (n=4 per treatment group) demonstrating the effect
of vaginal progesterone compared to Replens and 17P compared to CO on serum
progesterone levels. Exposure to VP significantly increased serum levels of progesterone
when compared to Replens (*p<0.05), and treatment with 17P significantly increased
progesterone levels when compared to CO (**p<0.005), unpaired Student's t-test. There was
no difference in circulating progesterone levels between Replens and castor oil with a p
value of 0.09, unpaired Student's t-test.
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