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Abstract

Purpose Based on the reported tocolytic action of the hor-
mone relaxin (RLX) in rodents, locally produced in repro-
ductive tissues and the corpus luteum in mammals, the
present study aimed to evaluate the influence of RLX on
contraction-mediating cyclooxygenases-1 and -2 (COX)
and the contractile prostaglandin PGE, in human myometrial
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and decidual cells. Primary cultured cells were obtained
from uteri and placentas of term and preterm women under-
going elective caesarean section.

Methods In vitro culture of primary myometrial and
decidual cells, immunocytochemistry, reverse transcription
and real-time PCR, Western blot, ELISA.

Results We demonstrate for the first time an activating
effect of RLX for human COX-1 and COX-2 in primary
myometrial and decidual cells in vitro.

Conclusions These effects might potentially contribute to
birth-associated induction of contractions in vivo.

Keywords Relaxin (RLX) - Insulin-like growth factor
family (IGF) - Cyclooxygenases (COX) - Preterm birth -
Labour - Contraction

Introduction

Preterm birth is the main cause for perinatal morbidity and
mortality with an incidence up to 12% in the industrial
nations [1]. The precise reasons for premature labour and
delivery in humans are still unknown [2]. Efficient tocolyt-
ics with low risks for mother and foetus and long-term uter-
ine quiescence for more than 7 days are not available to
date [3].

The 6-kDa polypeptide hormone relaxin (RLX) belongs
to the insulin-like-growth factor family (IGF) and was first
described in 1926 by Frederick L. Hisaw [4]. This preg-
nancy associated peptide is built from a single chain precur-
sor and the major protein consists of 57 amino acids and
two polypeptide chains (A and B). One intra- and two inter-
chain disulfide bridges stabilize the structure of the protein
in analogy to insulin [5]. Furthermore, according to the
maturation of insulin the C chain is removed during
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processing of the pre-hormone [6]. In 2002, the orphan
receptors LGR (leucine-rich G-protein-coupled receptor) 7
and 8 were detected [7], renamed in 2006 to RXFP1
(relaxin family peptide receptors) and 2, respectively [8].
The human genome contains three distinct genes for RLX
(H1, H2 and H3) located on chromosome 9 (H1, H2) [9]
and chromosome 19 (H3) [10], presumably as a result of
evolutionary gene duplications [8]. RLX 1 is expressed
locally in human decidua, placenta and prostate [11], while
RLX 2, produced in the ovary, is the circulating form [12]
and RLX 3 is predominantly expressed in the brain [13].
The expression of RXFP1 on human endometrial and myo-
metrial cells was verified by immunostaining [14]. RXFP2
is in particular expressed on male reproductive tissues (e.g.
testis) [15].

Relaxin has numerous effects on the reproductive system
including endometrial vascularization and remodelling of
connective tissue leading to structural changes, regarding
loosening of joints and tendons as well as softening of the
cervix in preparation for birth. In pregnant rodents and pigs,
RLX also causes uterine relaxation during pregnancy even
after OT-stimulated labour [16, 17], while its role in uterine
quiescence of higher mammals including humans still
remains unclear. However, Weiss et al. [18] reported that
elevated serum RLX concentration in pregnant women
after ovarian stimulation in the first trimester predicts a risk
of preterm labour.

During human pregnancy, RLX is mainly produced sys-
temically by the corpus luteum with the highest serum con-
centrations (~1 ng/ml) during the first trimester [19, 20]. It
is noteworthy that peripherally measured RLX (H2 relaxin)
is only produced by the corpus luteum of pregnancy,
whereas RLX produced by myometrium, decidua and pla-
centa is likely to act locally.

In myometrium, RLX induces cyclic AMP (cAMP) pro-
duction by adenylate cyclase (AC) activation. This results
in the stimulation of potassium (K*) channels with K*
transport to the extracellular space and activation of protein
kinase A (PKA) as well as inhibition of phosphatidylinosi-
tol bisphosphate (PIP,) turnover [21, 22] by a specific phos-
pholipase C-f3 (PLC) (Fig. 1) [22-25]. Inhibition of PIP,
turnover leads to diminished release of Ca®* from the sarco-
plasmic reticulum as well as Ca>* entry from the extracellu-
lar space, stabilizing the membrane potential of the cells
[26].

In rodents, Sanborn et al. [24] showed that RLX was
able to stimulate the production of cAMP with subsequent
inhibition of PIP, turnover followed by a reduced produc-
tion of IP; and DAG; both second messengers of the OTR
signalling cascade promoting uterine relaxation [26].

In summary, RLX is proposed to decrease PIP, turnover
by inhibiting PLC-f3, thus blocking OT action [24].
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Fig. 1 Schematic illustration of the RLX signalling cascade in the
uterine smooth muscle cell. Arachidonic acid (AA), adenylate cyclase
(AC), adenosine-triphosphate (ATP), cyclic adenosine-monophosphate
(cAMP), calcium (Ca®"), calcium - calmodulin-complex (CaM),
cyclooxygenases (COX), diacylglycerol (DAG), gap junction (GJ),
G-protein-coupled receptor (Gp), inositol-triphosphate (IP;), potassium
(K*), myosin-lightchain kinase (MLCK), phosphatidylinositol-4,5-bis-
phosphate (PIP,), protein kinase A (PKA), phospholipase C (PLC),
prostaglandins (PGs), relaxin (RLX), RLX-receptor 1 (RXFP1), sarco-
plasmic reticulum (SR) black arrow stimulation, red arrow inhibition

Although clinical studies in humans could not prove its
labour-inhibiting tocolytic effects reported in rodents [27],
RLX seems to play a key role in controlling ion contents of
muscle cells and therewith, modulating uterine cell contrac-
tility.

COX-1 and -2 catalyze the central formation of prosta-
glandin H, from AA pivotal for mechanisms of inflamma-
tion, tumorogenesis and neurological diseases. Further
prostaglandins result from isomerization, mainly supported
by synthetases and oxidases. COX-1 and COX-2 reveal a
similar structure with 65% identity in their amino acid
sequence [28, 29]; an important difference is the amino acid
exchange of isoleucine in position 523 to valine resulting in
a larger catalytic center in COX-2 and therewith a greater
variety of substrates (e. g. for the catalytic conversion of
endocannabinoids). COX-1 and -2 are differently regulated
and distributed in tissues. A possible induction of COX-1,
being for a long time considered as a housekeeping gene,
has been reported in tumorigenesis and in normal mouse
gestation and preparation for birth [30, 31].

The objective of the present study was to evaluate if
RLX might activate COX-1 and COX-2 in cells from
human myometrial and decidual cells in vitro, therefore
possibly acting similar to IL-1f [32, 33] by down-regula-
tion of the OTR and simultaneously activating the synthesis
of PGs.
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Materials and methods
Study population and tissue preparation

Parts of the upper margin of the lower uterine segment and
decidua were obtained within 20 min of delivery from term
(37+0 to 41 + 6 weeks of gestation) pregnant women
(aged between 22 and 42) (n =4 different patients) under-
going elective caesarean section before labour.

Informed consent was obtained from all patients in
accordance to the admission of the ethics committee of the
Heinrich-Heine-University Duesseldorf.

Primary cultures of human myometrium cells (MC) were
established as previously described [32]. Briefly, cells were
maintained at 37°C in humidified 5% CO,, and medium
was changed every other day. Subculturing was performed
after short trypsinization [cell-culture agents from Biowest
(Nuaillé, France)].

Tissue culture of decidual cells (DC) was modified after
Delvin et al. [34]. Briefly, the decidua, separated from foe-
tal membranes, was stored on ice for 20 min in phosphate
buffered saline solution (PBS) supplemented with 100 U/ml
penicillin/streptomycin and 2.5 pg/ml amphotericin B.
Digestion was performed in PBS with 0.2 mg/ml Ca’*,
5 mM Mg?* and 1 mg/ml collagenase type III (Sigma-Ald-
rich, Taufkirchen, Germany), 200 pg/ml DNAse type I
(Invitrogen, Karlsruhe, Germany) for 4 h at 37°C on an
orbital shaker. Digested cells were filtered serially and cen-
trifuged (2.200 rpm, 10 min at 4°C). The cell pellet was
resuspended and layered over a discontinuous 10-50% Per-
coll gradient (Sigma-Aldrich). After centrifugation for
30 min at 3,000 rpm and 4°C, the cells at the 20-30 and 30-
40% interface were collected, washed and the cell pellet
resuspended in culture medium supplemented with 2 mM
glutamine, 1x non-essential amino acids, 1 mM pyruvate,
26 mM NaHCO;, 10% FBS, 100 U/ml penicillin/strepto-
mycin, 2.5 pg/ml amphotericin B and 40 pg/ml gentamycin
and plated on gelatinized culture dishes. For subculture, DC
were harvested with 0.05% trypsin/0.53 mM EDTA and
transferred to culture plates.

Experimental conditions

The culture medium was changed after 24 h and then every
other day. All experiments were performed on passages 5—8
at 90% confluence. In all studies, recombinant human RLX
H2 (rth RLX) (R&D Systems, Wiesbaden-Nordenstadt,
Germany) was used.

The cells were incubated with th RLX (0-100 ng/ml) for
24 h. Incubations with indomethacin (30 M), N-[2-(cyclo-
hexyloxy)-4-nitrophenyl]-methanesulfonamide =~ (NS-398)
(10 uM) and OT (100 nM) (Sigma-Aldrich) were con-
ducted in order to prove the sensitivity of the cells. Cells

incubated with medium alone served as control. Medium
for incubations of myometrial cells did not contain insulin,
which was added to the medium to support cell-growth in
the first four passages.

The chosen concentration of RLX refers to Longo et al.
[35] and Vogel etal. [36], who used between 10710
(~0.6 ng/ml) and 107°M (~6 pg/ml) for their stimulation
protocols.

Immunocytochemistry

The total number of cells were determined by staining with
4,6-diamidino-2-phenylindol (DAPI), the purity of isolated
primary myometrial cells by staining with monoclonal
mouse anti-smooth muscle a-Actin (Santa Cruz Biotech-
nology, Santa Cruz, CA, USA) and for decidua cells with
monoclonal mouse anti-vimentin (Dako Cytomation, Ham-
burg, Germany) [37].

At 90% confluence, myometrial cells were centrifuged
and passed on Lab-Tek™ Chamber Slides™ (Nunc, Kar-
Isruhe, Germany). After 3 days of culture, cells were
washed, fixed and permeabilized in —20°C methanol for
5 min as described [34]. Briefly, after incubation and wash-
ing with PBS, cells were incubated with the fluorescence
coupled Alexa® Fluor 488 monoclonal rabbit anti-mouse
IgG F(ab’), antibody (Molecular Probes, Karlsruhe, Ger-
many, 1:400) for 1 h at room temperature (RT). Cells were
then embedded in VECTASHIELD® Mounting Medium
with DAPI (1.5 pg/ml) (Vectorlabs, Burlingame, CA,
USA) and stored at 4°C to stabilize fluorescence. As a neg-
ative control, mouse monoclonal anti-von Willebrand fac-
tor (Dako Cytomation) was used.

Decidual cells were treated similarly except for staining
procedure [positive staining with mouse anti-vimentin
(Dako Cytomation) and negative control using mouse anti-
pan cytokeratin (Dako Cytomation) (each 1:5,000)].

For evaluation, a Leica microscope (Leica, DC 300 F)
and the Leica IM500 Image Manager program were used.

RNA isolation and reverse transcription-real-time PCR

Total RNA was isolated from myometrial and decidual
cells after the single-step method described by Chomczyn-
ski and Sacchi [38]. Cells were homogenized according to
the manufacturer’s protocol (PEQLAB Biotechnologie
GmbH, Erlangen, Germany). Equal amounts of RNA
(1.5 pg) were used to perform reverse transcription (RT)
and real-time PCR.

TagMan® primers for human Cox-1 (prostaglandin G/H
synthase and cyclooxygenase; Ptgs-1; Hs00377721_m1)
and Cox-2 (Ptgs-2; Hs00153133_m1) (Applied Biosys-
tems, Hercules, CA, USA)-cDNAs were used. These
primers amplify a 123-bp fragment of the Cox-1
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(NM_080591.1) transcript and a 75-bp fragment of the
Cox-2 (NM_000963.1) transcript verified by separation of
the real-time-PCR products with a 2.5% agarose gel elec-
trophoresis. TagMan® primers for 18S ribosomal RNA
(rRNA) amplifying a 187-bp fragment were used as con-
trol.

Prior to reverse transcription, DNA-free RNA was gen-
erated by a desoxyribonuclease I (DNase I) (Fermentas,
St. Leon-Rot, Germany) digestion (3 U DNase/1.5 pg RNA)
as described before [39].

All samples were assayed in duplicate. The linearity of
the real-time-PCR products was established as described by
Applied Biosystems guidelines for performing relative
quantitation of gene expression using the comparative Cy
method (AC; method) (Applied Biosystems, 2004).

Western blot

Protein extracts were prepared from incubated myometrial
and decidual cells and resuspended with a 1% SDS-solu-
tion. Protein concentration was measured with a Bradford
protein assay (Bio-Rad Laboratories).

Proteins (1.5-3 pg) were resuspended in sample loading
buffer, heated to 95°C for 10 min and separated by discon-
tinuous SDS (12%)-PAGE. The proteins were transferred
electrophoretically to nitrocellulose membranes (What-
man® Schleicher and Schuell, Dassel, Germany). Non-spe-
cific binding was blocked by Tris-buffered saline/0.1%
Tween®20/5% fat-free dry milk solution for 1 h at RT. For
immunodetection, membranes were incubated with mouse
anti-human COX-1 (~72kDa) and COX-2 (~70kDa)
monoclonal IgGs (COX-1 1:100 and COX-2 1:200 dilu-
tions; Santa Cruz Biotechnologies) over night at 4°C. The
membranes were washed and incubated with sheep anti-
mouse antibodies conjugated to horseradish peroxidase
(HRP) (1:500 dilution) for 2 h at RT. Proteins were visual-
ized by enhanced chemiluminescence (ECL Western blot-
ting; Amersham Biosciences, Freiburg, Germany). Protein
band sizes were determined using Prestained Protein
Molecular Weight Marker (Fermentas). A control sample
was included on each blot.

PGE, ELISA

PGE, was measured in culture supernatants of myometrial
and decidual cells by enzyme-linked immunosorbent assay
(ELISA) according to the manufacturer’s instruction (R&D
Systems). The minimum detectable PGE, dose ranged from
8.5-13.9 pg/ml and the inter- and intra-assay coefficients of
variation were <11 and <8%, respectively. All cell-culture
supernatants were diluted threefold according to the manu-
facturer’s recommendation. The experiments were per-
formed in duplicate with supernatants of all cells incubated.

@ Springer

Statistical analysis

Different measures of experiments were evaluated by
parameters of probability distribution and dependent Stu-
dent’s ¢ test with equal sample size and variance against
media controls. Significance was considered for P < 0.05.

Results
Immunocytochemistry

The isolated myometrial and decidual cells were observed
under fluorescence or confocal microscopes to evaluate the
purity of the preparation procedure by immunocytochemi-
cal staining (Fig. 2). More than 95% of cultured cells were
identified as smooth muscle or decidual cells by specific
staining with anti-smooth muscle o-actin or anti-vimentin,
which displays one of the two major cellular filaments in
decidual cells [40], respectively.

Figure 2a—d show primary myometrial cells observed
with transmitted light (a), the same cells stained with DAPI
to visualize the corresponding nuclei under fluorescence
(b), the staining with anti-smooth muscle «-actin (c) and the
merge of all 3 photos (d). Figure 2e shows a phase contrast
of decidual cells and Fig. 2f the merge of vimentin and
DAPI under a confocal microscope.

Cox-1 and Cox-2 mRNA analysis

First, primary cultures of human myometrium and decidua
(n =4) were incubated with different RLX concentrations
ranging from 0-100 ng/ml for 24 h.

Cox-1 mRNA was activated statistically significant in
primary myometrial cells in the samples incubated with 5,
15 and 60 ng/ml RLX (Fig. 3a) compared to the expression
of the housekeeping gene 18S ribosomal RNA. Cox-2
mRNA was slightly activated with up to 15 ng/ml RLX, but
only statistically significant with 60 ng/ml RLX compared
to control (Fig. 3a).

For primary decidual cells (Fig. 3b), we detected an acti-
vation of Cox-2 mRNA expression using 5 ng/ml RLX and
only negligent effects for Cox-1 mRNA.

Western blotting for COX-1 and COX-2

COX-1 and COX-2 protein expression (Fig. 3c—f) were
determined after incubation with various RLX concentra-
tions in order to prove the observations on the mRNA level.

As shown in representative blots (Fig. 3c, e), the expres-
sion levels of COX-1 and COX-2 in primary myometrial
cells corresponded to the activation of mRNA expression
(Fig. 3a).
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Fig. 2 Immunostaining of pri-
mary myometrial (a—d) and
decidual (e, f) cells with either
smooth muscle a-actin (¢, d) or
vimentin (f), DAPI (b, d, f) and
fluorescence coupled secondary
antibody to evaluate the purity of
the cultured cells. a Myometrial
cells observed under x400,
phase contrast. b Staining of
myometrial cells with DAPIL.

¢ Staining of myometrial cells
with anti-smooth muscle a-actin
and fluorescent secondary anti-
body. d Merge of B and C to
evaluate purity of myometrial
cells. e x200, phase contrast of
decidual cells. f Merge of
vimentin, DAPI and fluores-
cence staining of decidual cells
under x400 under a confocal
microscope

Figure 3d, f show a slight activation of COX-1 using
5-75 ng/ml RLX (Fig. 3d) and a significant increase for
5ng/ml RLX for COX-2 compared to media control
(Fig. 31).

PGE, ELISA

As the synthesis of contraction-mediating prostaglandins is
a direct consequence of an activation of COX enzymes in
human myometrium, we performed a PGE, ELISA with
culture supernatant of primary myometrial (Fig. 3g) and
also decidual cells (Fig. 3h) after incubations with different
concentrations of RLX. The highest secretion of PGE, was
seen in myometrial cells using 5 ng/ml RLX (Fig. 3g). Con-
cerning the primary decidual cells, we detected a significant
peak of PGE, secretion after incubation with 100 ng/ml
(Fig. 3h).

Discussion and conclusions

The multifunctional peptide hormone RLX plays important
roles in growth and remodelling during implantation, preg-
nancy and birth in mammals [41, 42]. So far a growing
body of evidence focused on the ability of RLX to inhibit
myometrial contractions by activation of cAMP in a phos-
phoinositide-3-kinase-dependent manner [43].

In the present study, the purpose was to examine RLXs’
effects on COX-1 and -2 in human primary myometrial and
decidual cells isolated from term and preterm pregnancies,
which was based on RLX’s lacking tocolytic effects in
humans [44] shown in clinical studies and being in contrast
to its relaxing effect in even OT-stimulated labour in
rodents [27]. Upfront we examined RLX’s “relaxing effect”
by activating the production of cAMP via stimulation of the
adenylate cyclase by a cAMP-ELISA (data not shown).
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Fig. 3 Expression of Cox-1 and -2-mRNA (a, b) and protein (c—f) for
primary myometrial and decidual cells incubated for 24 h with differ-
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(g, h) concentration in cell-culture supernatants. a, b Expression of
Cox-1 and -2 mRNA normalized with 18S ribosomal RNA shown as
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Here we detected a clear contraction-inhibiting effect in
human myometrium similar to Kuznetsova et al. [45]. In
general, the nonapeptide hormone oxytocin (OT) has sev-
eral physiological functions involved in parturition and
feeding the progeny. The physiologic response to OT is
mediated by the oxytocin receptor (OTR), a typical seven
transmembrane G-protein-coupled receptor linked to the
inositol-triphosphate protein kinase C (IP;—PKC) signal
transduction pathway [46]. In myometrium, OT binding to
the receptor exerts the ligands dual role in stimulating cell
contractility by activating specific phospholipase C (PLC)
to produce (1) IP;, leading to the release of intracellular cal-
cium (Ca”*) and (2) diacylglycerol (DAG), stimulating the
liberalization of arachidonic acid (AA) with subsequent
activation of cyclooxygenases (COX) and production of
contractile prostaglandins (PG) [47]. High Ca”* concentrations
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contribute to activation of calcium calmodulin (Ca’*CaM)
and myosin-lightchain kinase (MLCK) resulting in myome-
trial contractions. OT expression in human myometrium
and decidua obviously increases around the time of parturi-
tion [48] as does the expression of the OTR [47]. Gross
et al. [49] and Zhao et al. [50] found that the formerly as
constitutively expressed known COX-1 is induced on
mRNA level, 4-5 days before parturition in mice and there-
fore shown to be necessary at least for normal termed birth.
Based on these findings, we decided to investigate not only
the expression of the inducible COX-2, but also COX-1
under the influence of RLX and found a significant activa-
tion of Cox-1 and Cox-2 mRNAs in human primary myo-
metrial cells in vitro. We were also able to confirm this
activation on protein level showing a concentration-dependent
increase in COX-1 and -2 protein. Regarding the production
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of PGE,, also produced by feto-maternal tissues during par-
turition, this tends to be inhibited by the non-specific COX-
inhibitor indomethacin, whereas there was no obvious
inhibition with the COX-2 specific inhibitor NS-398 (data
not shown). These results confirm earlier findings of
Sparey et al. [51] implicating an important role for COX-1
in birth mechanisms in human myometrium. Due to the
incapability to measure transcripts of cyclooxygenases or
activity in humans in vivo, we refer to studies in mice
reporting an increasing COX-1 transcription and activity in
uterus [52] and fetal membranes [53] during late gestation.
It was shown that COX-1 activity in the uterine epithelium
of mice is the important source of parturition-mediating
prostaglandins [30] similar to our results with a concentra-
tion-dependent activation. Therefore, we suppose that most
of the activation of PGE, secretion in primary myometrial
cells is mediated by COX-1.

COX-17'~ female mice experienced parturition failure,
while addition of contractile prostaglandins reduced dura-
tion of gestation, sometimes exceeding 21 days in COX-1~/~
mice, and improved pup survival [30]. At last, our first
results of incubation of primary decidual cells with RLX in
vitro provide evidence that there might also be an activating
and concentration-depending cross-talk between maternal
tissues enforcing parturition-mediating processes as COX-2
could be activated significantly in decidual cells using 5 ng/
ml RLX in vitro, too. Furthermore, we could detect a sig-
nificant increase in PGE, release using 100 ng/ml RLX in
decidual cells.

In previous studies of our group, we could show that
RLX down regulates OTR mRNA- and protein-expression
favouring uterine relaxation [33].

The results of the present study now seem to explain
why there still has been a lack of tocolytic effects in human
clinical studies [44]. This might be based on RLX’s effect
on COX-1 and -2 activation at the same time. Based upon
the down-regulation of OTR by RLX there might be an
increase in unbound OT leading to an activation of mito-
gen-activated protein kinase (MAPK) via NF-xB resulting
in a stimulation of COX and prostaglandin production
[54,55]. In former studies concerning the influence of
IL-1p in myometrial and decidual cells in vitro, we detected
a possible hint for the lack of effects of oxytocin antagonists
in the setting of infection-mediated labour [32, 56, 57];
IL-1p increased the expression of IL-6 and OT while reducing
the expression of the OTR.

The present study for the first time shows a stimulatory
effect of RLX on COX-1 and -2 expression on mRNA- and
protein level with subsequent production of contractile
PGE, while earlier results could show an inhibitory effect
of RLX on OTR-expression and herewith on the stimula-
tion of contractions [58]. This explains why RLXs’ toco-
Iytic effects seem to be limited to rodents and shows once

more the difference between animal models and human
physiology [59].

Our results also reveal the complexity of birth mecha-
nisms on cellular basis and give new insights into the regu-
lation of contraction and relaxation of the human uterus yet
helping to develop new tocolytic drugs more successful to
prevent preterm contractions and therewith decreasing the
risks of mother and foetus accompanying preterm birth.
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