THE UNIVERSITY
of EDINBURGH

This thesis has been submitted in fulfilment of the requirements for a postgraduate degree
(e.g. PhD, MPhil, DClinPsychol) at the University of Edinburgh. Please note the following
terms and conditions of use:

This work is protected by copyright and other intellectual property rights, which are
retained by the thesis author, unless otherwise stated.

A copy can be downloaded for personal non-commercial research or study, without
prior permission or charge.

This thesis cannot be reproduced or quoted extensively from without first obtaining
permission in writing from the author.

The content must not be changed in any way or sold commercially in any format or
medium without the formal permission of the author.

When referring to this work, full bibliographic details including the author, title,
awarding institution and date of the thesis must be given.



THE UNIVERSITY
of EDINBURGH

The effect of statin treatment on preterm
labour

Ashley K Boyle

Thesis submitted to the University of Edinburgh for
the Degree of Doctor of Philosophy
July 2017

Doctor of Philosophy - The University of Edinburgh - 2017



Abstract

Preterm labour (PTL) is defined as labour before 37 completed weeks of gestation.
Despite advances in medical research, PTL remains a major clinical problem. Preterm
birth (PTB) rates range from approximately 5-18% worldwide. Importantly, PTB is
the leading cause of childhood morbidity and mortality. PTL is difficult to predict and
the aetiology is poorly understood but infection and inflammation are believed to be
major factors. It has been suggested that the presence of intrauterine infection or
inflammation may initiate the pathological, preterm activation of the inflammatory
cascade associated with term labour. Therefore, PTL therapeutics should aim to inhibit
these inflammatory pathways. Statins, 5-hydroxy-3-methylglutaryl-coenzyme A
(HMG-CoA) reductase inhibitors, are potent inhibitors of cholesterol biosynthesis,
which act on the mevalonate pathway. In addition to their lipid-lowering effects, statins

also have anti-inflammatory and anti-contraction properties.

The hypothesis of this thesis was that statins will prevent PTB by reducing
inflammation. The aims of this thesis were firstly to investigate the effect of the statins,
simvastatin and pravastatin, on inflammation and contractility in a pregnant human
myometrial cell line. Secondly, to determine whether simvastatin and/or pravastatin
can prevent PTB or improve neonatal outcome in a lipopolysaccharide (LPS)-induced

mouse model of PTB.

Myometrial cells were either co-treated with LPS and simvastatin/pravastatin, pre-
treated with simvastatin/pravastatin or treated with simvastatin/pravastatin post-LPS
stimulation. The effect of statin treatment on the mMRNA expression and the release of
inflammatory mediators was then investigated. Simvastatin treatment reduced LPS-
induced inflammation by both lowering the expression of pro-inflammatory mediators
and increasing the expression of anti-inflammatory mediators. Pravastatin treatment

did not alter the expression of inflammatory mediators following LPS stimulation.

The effect of simvastatin on the contraction of myometrial cells was investigated by
embedding the cells in rat tail collagen to form gels. As these are smooth muscle cells,
basal contraction was observed causing the gel size to reduce. When LPS was
introduced, this caused the gels to contract further than the vehicle treated gels.



Simvastatin attenuated the contraction of the myometrial cells, both alone and in the
presence of LPS. These effects were reversed by the addition of mevalonate pathway
metabolites, mevalonate and geranylgeranyl pyrophosphate (GG-PP) but not by
farnesyl pyrophosphate (F-PP). Simvastatin also lowered levels of phosphorylated
myosin light chain (pMLC) in the myometrial cells, which is essential for smooth
muscle contraction. Again, this effect was abolished by mevalonate and GG-PP but
not F-PP. It is hypothesised that simvastatin attenuated myometrial cell contraction by
inhibiting Rho isoprenylation by GG-PP, preventing Rho-associated kinase (ROCK)
activation, which then prevented the phosphorylation of MLC.

A mouse model of intrauterine LPS-induced PTB was utilised to investigate the effect
of statin treatment on PTB and fetal survival. Mice received an intraperitoneal
injection of pravastatin (10p.g) or simvastatin (20g or 40p1g) on gestational day (D)16.
This was followed by ultrasound-guided intrauterine injection of LPS (1ug) on D17
and another pravastatin/simvastatin treatment two hours later. When mice were treated
with LPS, 77.8% of mice delivered preterm. When mice received LPS and 20ug
simvastatin, 50% delivered preterm. However, when mice were treated with LPS and
40ug simvastatin, 40% delivered preterm, more pups were born alive and uterine pro-
inflammatory mRNA expression was downregulated. Conversely, pravastatin did not

prevent PTB or improve the percentage of live born pups.

In summary, simvastatin treatment exerted anti-inflammatory and anti-contraction
effects on human myometrial cells in vitro. The anti-contractile properties were likely
due to the inhibition of the Rho/ROCK pathway. Furthermore, in our LPS-induced
mouse model of PTB, fewer mice delivered preterm with simvastatin treatment,
simvastatin attenuated LPS-induced pup mortality and reduced uterine inflammatory
gene expression. These results suggest that statin therapy may be a novel treatment for
PTL.



Lay summary

Preterm labour is when labour begins before 37 weeks of pregnancy. Premature babies
are not fully developed, which can lead to a number of health complications. Common
causes of preterm labour are infection and inflammation. Statins are drugs that are used
for the prevention of heart disease, as they lower cholesterol. However, they are also

believed to have other beneficial effects, such as reducing inflammation.

The hypothesis of this thesis was that statins will prevent early birth by reducing
inflammation. This thesis investigated the effect of two statins, simvastatin and
pravastatin, on inflammation and contraction in human myometrial cells. Furthermore,

the effect of these statins was investigated in a mouse model of preterm birth.

The myometrium is the smooth muscle tissue found in the uterus. This tissue contracts
during labour. Myometrial cells, donated from a woman at the end of pregnancy, were
given lipopolysaccharide (LPS), which is a bacterial component that causes
inflammation. These cells were treated with simvastatin and pravastatin. Simvastatin
reduced the expression of genes that are linked to promoting inflammation.
Simvastatin also increased the expression of genes that are associated with reducing
inflammation. Conversely, pravastatin treatment did not increase or decrease genes

associated with inflammation.

To study the contraction of the myometrial cells, the cells were mixed with collagen
to form a solid gel. As the cells contracted, this caused the gel to shrink in size. When
the cells were treated with simvastatin, the gel did not reduce in size suggesting that

simvastatin stopped the contraction.

The effects of simvastatin and pravastatin were also investigated in a mouse model
where preterm birth was induced by causing inflammation in the uterus with LPS.
Simvastatin prevented preterm delivery in some mice, as well as increasing the number
of pups that were born alive. Simvastatin treatment also reduced inflammation in the
uterus of the mouse. Pravastatin treatment did not prevent the mice delivering early,

nor did it increase the number of pups born alive.



In summary, simvastatin treatment may be a novel therapy for preterm labour as it
reduced inflammation and prevented the contraction of human myometrial cells. In
addition, simvastatin treatment prevented preterm birth in some mice, increased pup

survival and reduced inflammation in the uterus.
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The effect of statin treatment on preterm labour

Chapter 1: Literature review

1.1 The role of inflammation in labour

Inflammation is a highly coordinated process, which is characterised by the infiltration
of leukocytes and plasma proteins into affected tissues. The major cells of the immune
system, such as monocytes, macrophages, neutrophils, basophils, dendritic cells, mast
cells, T-lymphocytes (T-cells) and B-lymphocytes (B-cells), are involved in the
complex regulation of inflammation (Turner et al. 2014). In the instance of microbial
infection, inflammation is triggered by receptors, such as Toll-like receptors (TLR).
This results in the production of a range of inflammatory mediators, for example
chemokines and cytokines (Medzhitov 2008).

Human labour is an inflammatory process, associated with the influx of immune cells
into the utero-placental compartment and the increase of mediator production locally
(Bollapragada et al. 2009). Labour is initiated by the shift from a quiescent to a pro-
inflammatory environment. This instigates a three-step process, characterised by
myometrial contractility, cervical ripening and fetal membrane rupture (Romero et al.
1994; Rinaldi et al. 2011). Cytokines are essential for the initiation and regulation of

this process (Bowen et al. 2002).

1.1.1 Inflammation of maternal tissues

1.1.1.1 Myometrium

The association between myometrial inflammation and labour was recognised in the
1980s and there is a significant body of work reporting that spontaneous term labour
is associated with the large influx of inflammatory cells into the myometrium
(Junqgueira et al. 1980; Azziz et al. 1988). For example, macrophages and neutrophils
are abundant in the human myometrium during labour, compared to women not in
labour. These cells are present predominantly in the glandular epithelium of the lower
uterine segment (Thomson et al. 1999; Kemp et al. 2002a). Infiltrating leukocytes are
the source of interleukins (IL), such as IL-6 and IL-8, as well as tumour necrosis factor
(TNF) and the leukocyte enzymes, matrix metalloproteinases (MMP)-8 and MMP-9,
in the human labouring myometrium (Osmers et al. 1995; Elliott et al. 2000; Young et
al. 2002).
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A transcriptional profile of human myometrial samples, comparing women
experiencing spontaneous labour at term and women not in labour, was determined by
gene microarray analysis. A wide range of genes linked to inflammatory signalling
were upregulated with labour, many of which were chemokines. For example,
chemokines with the C-X-C motif, such as CXCL3, CXCL5, CXCL8/IL-8, and CCL2
and CCL20 with the C-C motif, were upregulated. CXCL8/IL-8, which plays an
important role in neutrophil chemotaxis, was the most highly expressed gene
(Bollapragada et al. 2009).

During labour, the endothelial cell adhesion molecules, E-selectin and vascular cell
adhesion molecule 1 (VCAM-1), are upregulated in the blood vessels of the human
lower uterine segment. These molecules mediate leukocyte adhesion to cytokine-
activated vessel endothelium during inflammation. This suggests that the increase of
these molecules may be an important step in stimulating the infiltration of leukocytes
into the lower uterine segment during labour (Winkler et al. 1998). Intercellular
adhesion molecule 1 (ICAM-1) mRNA expression is upregulated in the myometrium
during labour. This expression has been localised to the vascular endothelium and in
leukocytes. Platelet endothelial cell adhesion molecule (PECAM) mRNA expression
is also significantly upregulated in myometrium during pregnancy, compared to non-
pregnant samples, but this expression does not change at labour onset. PECAM has
been localised to the vascular endothelium and has been identified on leukocytes.
Therefore, these molecules may facilitate the infiltration of leukocytes into the

myometrium prior to the onset of labour (Ledingham et al. 2001).

During pregnancy in the mouse, leukocytes also infiltrate the myometrium prior to the
onset of labour. This is accompanied by the mRNA upregulation of inflammatory
mediators, such as Tnf, Il-74, 11-6, Cxcll and Cxcl2, during labour (Shynlova et al.
2013).

1.1.1.2 Peripheral circulation

Monocytes and neutrophils are primed in the peripheral blood in both term and preterm
labour (PTL) (Yuan et al. 2009). Specifically, there is an increase in

nonclassical/intermediate monocytes in the peripheral blood of pregnant women
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compared to non-pregnant women (Melgert et al. 2012). These cells are thought to
replenish tissue-resident macrophages and produce pro-inflammatory mediators, such
as IL-1pB, IL-8, chemokine ligand (CCL)-2 and CCL5 (Gordon and Taylor 2005;
Ancuta et al. 2009; Hamilton et al. 2013). Total leukocyte counts were found to be
significantly higher in women who had a spontaneous preterm birth (PTB), compared
to those who did not (Heng et al. 2014).

In a study performed on pregnant rats, the chemotactic responsiveness of peripheral
leukocytes increased later in gestation, prior to the onset of labour. These leukocytes
had increased Ccl2 mRNA expression (also referred to as monocyte chemotactic
protein 1; Mcp-1). The chemotactic activity of the uterus increased at term, with an
upregulation of Ccl2 mRNA expression. This suggests that peripheral leukocyte
responsiveness increases prior to term to facilitate their infiltration into the uterine

tissues in order to stimulate the labour process (Gomez-Lopez et al. 2013b).

Interestingly, when neutrophils are depleted before term in the mouse, the timing and
success of labour are unaffected (Timmons and Mahendroo 2006). Specifically,
female mice with a null mutation in transcription factor CCAAT/enhancer binding
protein ¢ (C/EBPe), which is expressed in lymphoid cells and granulocytes such as
neutrophils, eosinophils and basophils, cannot generate functional neutrophils but they
can reproduce normally (Yamanaka et al. 1997). Furthermore, gestational length is not
affected by blocking chemokine receptor 2 (CCR2) in mice, suggesting CCR-
dependent leukocyte recruitment is not essential for successful labour (Menzies et al.
2012). Therefore, neutrophil infiltration does not appear to be essential for the

induction of labour in mice.

Alternatively, studies have looked at the importance of immune cells in the context of
PTB in mouse models. Shynlova et al. (2014) targeted the activation of mouse
peripheral maternal immune cells with a broad spectrum chemokine inhibitor. A
reduced incidence of lipopolysaccharide (LPS)-induced PTB was reported in addition
to reducing both immune cell infiltration into maternal tissues and inflammatory
mediator secretion. Rinaldi et al. (2014) found that neutrophil depletion did not delay
delivery in an LPS-mediated PTB mouse model despite having an important role in
the inflammatory response in the intrauterine tissues. Filipovich et al. (2015) further
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corroborated this finding by reporting that the depletion of all granulocytes in an
Escherichia coli (E. coli) model of PTB did not prevent early birth. Therefore,
neutrophil infiltration is not essential for the induction of infection-induced PTB in the
mouse. However, macrophage depletion was found to successfully prevent PTB in a
mouse model induced by LPS (Gonzalez et al. 2011). This suggests that macrophages
play a crucial role in PTB in the mouse. This may also relate to term labour.

1.1.1.3 Amniotic fluid

IL-1B, IL-6, IL-8, granulocyte-colony stimulating factor (G-CSF) and interferon
gamma (IFN-y) concentrations are all increased in the amniotic fluid during labour
(Romero et al. 1990; Romero et al. 1991; Olah et al. 1996; Kemp et al. 2002b). The
bioavailability of chemokine macrophage inflammatory protein 3o (MIP-3a)/CCL20,
which is involved in the chemotaxis of immune dendritic cells, effector/memory T-
cells and B-cells, is also increased in the amniotic fluid with spontaneous term and
PTL (Hamill et al. 2008). The abundance of these mediators is further elevated by
intrauterine infection. The presence of IL-1p in amniotic fluid, in particular, has been
associated with PTB (Saito et al. 1993). Elevated IL-6 levels in the amniotic fluid can
be indicative of chorioamnion microbial colonisation, even if an amniotic fluid culture

is negative (Andrews et al. 1995).

1.1.1.4 Amnion/chorion

Cytokine abundance is increased in the fetal membranes during both term and PTL
(Keelan et al. 1999). There is a significant increase in leukocyte recruitment to human
fetal membranes during parturition, with an increase in IL-1p, IL-6, IL-8, MIP-1a and
TNF release (Elliott et al. 2001b; Young et al. 2002; Gomez-Lopez et al. 2009). 1L-8
has been specifically localised to leukocytes in the chorion but was not detected in the
amnion of the membranes (Young et al. 2002). Furthermore, in vitro studies with fetal
membrane explants from labouring women suggested that chemotaxis is selective for
specific leukocyte subpopulations, such as monocytes, T-cells, B-cells and natural
killer (NK) cells (Gomez-Lopez et al. 2009). Normal and premature rupture of
membranes differ in regional chemotactic activity and related chemokine/cytokine
production, which may suggest differential mechanisms of rupture. For example, the

rupture of membranes during term labour is associated with an increase in T-cell
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attraction, exhibiting elevated levels of IL-8. Conversely, during the premature rupture
of membranes there is an increase in CXCL10 and granulocyte-macrophage colony-
stimulating factor (GM-CSF), which is linked to granulocyte attraction (Gomez-Lopez
et al. 2013a).

1.1.1.5 Choriodecidua

An important role for decidual activation in the initiation of labour was first suggested
in the 1980s (Casey and MacDonald 1988). The choriodecidua is reported to be
responsible for granulocyte, T-cell, monocyte and NK cell chemoattraction (Gomez-
Lopez et al. 2011). Leukocytes infiltrate the decidua during term labour and PTL and
play a role in stimulating inflammatory mediators involved in decidual activation
(Osman et al. 2003; Hamilton et al. 2012). Macrophage numbers are increased in term
and PTL but neutrophil abundance is only significantly increased in the decidua in
PTL with infection (Hamilton et al. 2012). Elevated IL-6 and IL-8 concentrations have

been identified in the chorionic-decidual tissues with labour (Keelan et al. 1999).

In a study of human choriodecidual samples there was an increase in the production of
chemokines, such as IL-8, CCL2, CCL4, CCL5 and CXCL10, with term labour. The
expression of chemokines was most commonly observed in the decidual stromal cells.
IL-8, CCL2, CCL5, and CXCL10 were identified in the immune cells within the
decidual stroma. In PTL, CCL4, CCL5, CXCL1 and CXCL6 mRNA concentrations
were upregulated. The upregulation of these mediators suggests that chemokines may
regulate decidual leukocyte recruitment during labour (Hamilton et al. 2013).

1.1.1.6 Placenta

There is limited evidence of placental inflammation. Cytokine concentrations were not
altered in placental tissues collected from women following term labour (Keelan et al.
1999). However, an in vitro study investigating the effect of bacterial products on
placental explants found an elevation of IL-1B, IL-6, IL-8 and IL-10 release
(Griesinger et al. 2001).

In summary, labour is associated with an influx of leukocytes into the maternal-fetal

tissues, such as the myometrium, amnion/chorion and the choriodecidua. There is also
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an increase in inflammatory cytokines and chemokines in these tissues, as well as in

the peripheral circulation and the amniotic fluid.

1.1.2 Inflammatory mediators
Extracellular molecular regulators, for example cytokines and chemokines, are
responsible for immune cell recruitment as well as controlling the intracellular

signalling that characterises inflammation (Turner et al. 2014).

1.1.2.1 Cytokines

Cytokines work through a network of interactions to modulate both acute and chronic
inflammation. Cytokines can be classified by whether they act on cells of the innate or
adaptive immune response, or promote or antagonise inflammation. Furthermore, they
can be classified depending on their signalling receptors. Pro-inflammatory cytokines
include IL-1B, IL-6, TNF and the interferon (IFN) subsets of cytokines, whereas IL-
10, IL-19 and IL-20 are considered anti-inflammatory cytokines (Turner et al. 2014).
Examples of cytokines associated with adaptive immunity include IL-2, IL-3, IL-4,
IL-5, IL-13, IL-15 and GM-CSF. The inflammatory mediators most commonly
associated with labour include IL-1, IL-6, IL-8 and TNF (Farina and Winkelman
2005).

Key pro-inflammatory cytokines, such as IL-1 and TNF, signal through type 1
cytokine receptors, which are structurally divergent from other cytokine receptors
(Turner et al. 2014). IL-1p and TNF are early responders to infection, followed by IL-
6 and later, IL-10 to reduce inflammation (Arango Duque and Descoteaux 2014,
Friedrich et al. 2015). IL-1p is mainly produced by macrophages, B-cells and dendritic
cells and targets B-cells, NK cells and T-cells. This pro-inflammatory cytokine
promotes the proliferation and differentiation of cells (Turner et al. 2014). TNF is

produced by and acts on macrophages to activate phagocytosis (Turner et al. 2014).

IL-6 production is stimulated by TNF and IL-1p release (Friedrich et al. 2015). IL-6 is
produced by many cells, including T helper cells (Th) cells, macrophages, endothelial
cells and fibroblasts. This inflammatory cytokine targets activated B-cells and plasma
cells, causing immunoglobulin G (IgG) production and the differentiation of B-cells
into antibody-producing plasma cells. Classical IL-6 receptor signalling takes place
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via the IL-6 receptor (IL-6R) a chain (gp80, CD126) and the signal transducing
component, gpl130 (CD130). Gp130 is ubiquitously expressed but the IL-6R is
restricted to lymphocytes and hepatocytes (Peters et al. 1998; Turner et al. 2014). The
IL-6R can also be released from the cell surface in a soluble form to bind IL-6 and this
complex then signals through gp130. This trans-signalling allows IL-6 to target cells
that do not have the IL-6R. Gp130 activates Jak kinase (Jak)-1, Jak2 and tyrosine
kinase (Tyk)-2 to activate the signal transducer and activator of transcription (STAT)
and p38 mitogen-activated protein kinase (MAPK) signalling cascades (Hunter and
Jones 2015). IL-6 is generally considered to be a pro-inflammatory cytokine, although
it can also have anti-inflammatory effects (Tilg et al. 1997). The pro-inflammatory
activities of IL-6 are mediated by the more common trans-signalling, while the anti-

inflammatory effects of 1L-6 are mediated by classical signalling (Scheller et al. 2011).

The anti-inflammatory cytokine IL-10 can inhibit the activation and function of T-
cells, B-cells, monocytes and macrophages. IL-10 can also mediate the differentiation
and function of regulatory T-cells (Tregs), which are key to controlling immune
responses (Moore et al. 2001). IL-10 inhibits cytokine production and mononuclear
cell function to exert anti-inflammatory effects (Turner et al. 2014). IL-10 signals
through a type Il cytokine receptor, which is a heterotetrameric receptor complex
composed of two a and two P subunits. The binding of IL-10 to this receptor activates
the JAK/STAT signalling pathway (Shouval et al. 2014).

1.1.2.2 Chemokines

Chemokines are small proteins (8-12kDa), which are sub-divided by the position of
N-terminal cysteine residues. The most well-known are the C-X-C family, where the
cysteine residues are separated by an amino acid, and the C-C family, with adjacent
cysteine residues (Turner et al. 2014). The primary function of chemokines is to recruit
leukocytes to the site of infection or injury but these mediators can also play a role in
homeostatic functions (Turner et al. 2014). Signal transduction of chemokines is via
members of the seven-transmembrane, G-protein-coupled receptor (GPCR) family
(Moser et al. 2004). Chemokines act by inducing the expression of integrins, such as
B2-integrin lymphocyte function-associated antigen 1 (LFA-1), which stimulate the

diapedesis of leukocytes through the vascular endothelium (Constantin et al. 2000).
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The migration and tissue specificity of leukocytes is due to the expression of particular

chemokines, receptors and adhesion molecules.

CXCLS/IL-8, in particular, has been extensively studied. The primary role of I1L-8 in
inflammation is the recruitment of neutrophils and it is the most highly expressed
chemokine in the myometrium during labour (Bollapragada et al. 2009; Turner et al.
2014). Excessive signalling of cytokines and chemokines can result in chronic
conditions and autoimmune diseases, such as rheumatoid arthritis, type | diabetes,
psoriasis and asthma (Pope et al. 2005; Park and Pillinger 2007; Rosa et al. 2008;
Portugal-Cohen et al. 2012).

1.1.2.3 Prostaglandins

Prostaglandins, such as PGE> and PGF»,, are another class of inflammatory mediators
that play an important role in the initiation of labour and the stimulation of uterine
contractions (Crankshaw and Dyal 1994; Gibb 1998). Prostaglandins are synthesised
by the release of arachidonic acid by phospholipase A2, which is then converted to
PGH: by cyclooxygenase 1 and 2 (COX-1, -2). COX-2 expression is upregulated in
the human myometrium and fetal membranes prior to the onset of labour, suggesting
a role for this enzyme in the initiation of parturition (Slater et al. 1999a; Slater et al.
1999b). Specific prostaglandins are then produced from the conversion of PGH:
(Simmons et al. 2004; Sykes et al. 2014).

Prostaglandin synthesis can be stimulated in the myometrium by inflammatory
cytokines. However, prostaglandins themselves also have pro-inflammatory actions
(Hertelendy et al. 1993; Molnar et al. 1993; Pollard and Mitchell 1996). PGF,,, which
is produced by the decidua, can activate the decidua as well as directly stimulating
myometrial contractions and upregulating decidual MMP-2 and MMP-9 expression.
This action of PGF,, may then enhance leukocyte migration into the decidua and
stimulate the release of IL-1p (Schonbeck et al. 1998; Ulug et al. 2001). PGE: plays a
role in cervical remodelling by reducing collagen concentration, as well as increasing
the synthesis of proteoglycans in the cervix (Ekman et al. 1986; Norman et al. 1993).
PGE: also stimulates IL-8 release from the cervix (Denison et al. 1999). Furthermore,
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PGE: has been linked to the rupture of fetal membranes by stimulating an increase in
MMP-9 (McLaren et al. 2000).

1.1.2.4 MMPs

MMPs are a family of zinc-dependent proteinases (Nagase and Woessner 1999). They
are secreted into the extracellular matrix as proenzymes and their activity is tightly
regulated by a range of mechanisms, such as proteolytic activation, the action of
inducers and direct inhibition by tissue inhibitors of metalloproteinases (TIMPs) (Van
Wart and Birkedal-Hansen 1990; Qin et al. 1997; Riley et al. 1999; Ulug et al. 2001).
MMPs play an important role in the remodelling of the myometrial extracellular matrix
to allow for uterine contraction (Roh et al. 2000). For example, MMP-9 is upregulated
by IL-1B and TNF in the remodelling of the human myometrium during labour (Roh
etal. 2000). MMP-2 and MMP-9 activity increase dramatically during labour and their
activity is even higher in cases of PTL (Xu et al. 2002; Yonemoto et al. 2006). MMPs
also facilitate both normal and pathological fetal membrane rupture (Tsatas et al.
1999).

To summarise, inflammatory mediators, such as cytokines, chemokines,
prostaglandins and MMPs, are responsible for the shift from an anti-inflammatory to
pro-inflammatory environment. Therefore, these mediators are implicated in the

initiation of labour and stimulation of myometrial contractions.

1.1.3 Transcription factors in labour

1.1.3.1 NF«B

A key regulator of the inflammatory pathways associated with labour is the
transcription factor nuclear factor kappa-B (NF-kB). A multitude of inflammatory
mediators, such as IL-1p, IL-6, IL-8 and TNF, contain NF-kB recognition elements in
their promotor regions (Lindstrom and Bennett 2005). NF-kB dimers are anchored in
the cytoplasm by the IkB inhibitory proteins. The NF-kB canonical pathway is
triggered by microbial products as well as pro-inflammatory cytokines, such as IL-1
and TNF. This causes rapid phosphorylation of IkBa and IkBp, followed by
polyubiquitination and degradation through the 26S proteasome. The NF-xB dimer is

Chapter 1: Literature review



The effect of statin treatment on preterm labour
then free to translocate to the nucleus, where it activates gene transcription (Zandi et
al. 1997).

NF-xB activity has been identified in both the upper and lower myometrium, as well
as the amnion, prior to the onset of term labour (Khanjani et al. 2011; Lim et al. 2012).
NF-kB activity is associated with an increase of COX-2 and MMP-9 production in
term human myocytes (Choi et al. 2007). In addition, NF-«B is crucial for increased
expression of the IL-8 gene in cells of the human amnion and cervical epithelium
(Elliott et al. 2001a).

1.1.3.2 AP-1

The activator protein 1 (AP-1) family of transcription factors also play a role in the
regulation of inflammation. AP-1 is made up of dimeric basic leucine zipper (bZIP)
proteins consisting of Fos (cFos, FosB, Fra-1, Fra2) and Jun (cJun, JunB, JunD)
activating transcription factor subunits (Karin et al. 1997; Shaulian and Karin 2002).

In a study of the rat myometrium, c-fos, fosB, fra-1, fra-2 and junB were upregulated
during labour. AP-1 transcription factor mRNA levels were also upregulated when
labour was induced with progesterone receptor antagonist, RU486 (Mitchell and Lye
2002). AP-1 activation occurs at labour onset in the mouse and drives the production
of pro-inflammatory mediators in an LPS-induced mouse model of PTB (MaclIntyre et
al. 2014).

The role of AP-1 in human parturition has recently emerged. TNF stimulated an
increase in AP-1 activity in human myometrial cells. In addition, cFos and JunB
MRNA and protein expression were increased in the human myometrium at term (Lim
and Lappas 2014). Mechanical stretch of human myometrial cells and amnion
epithelial cells has also been associated with AP-1 activation (Shynlova et al. 2002;
Mohan et al. 2007).

1.1.4 Steroid hormones

1.1.4.1 Progesterone

Progesterone, a steroid hormone acting through nuclear progesterone receptors (PR),

is crucial for myometrial quiescence during pregnancy. Administration of the PR
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antagonist RU486 causes pregnancy loss in both humans and mice. In humans,
progesterone is initially produced by the corpus luteum and then by the placenta. In a
number of species, such as the mouse, the withdrawal of progesterone initiates the
labour process. However, a systemic drop in progesterone levels is not observed in
humans. Although, it has been proposed that there is a functional progesterone
withdrawal, which may be mediated by a shift in the ratio of PR subtypes (Allport et
al. 2001; Condon et al. 2003; Merlino et al. 2007).

Progesterone responsiveness is mediated by the relative expression of PR-A and PR-
B receptor subtypes in the human myometrium at term and functional progesterone
withdrawal may result from an increase in the ratio of PR-A to PR-B (Mesiano et al.
2002; Merlino et al. 2007). Another study reported a reduction in PR coactivator
expression in the mouse and human uterus prior to term, which may impair PR

function causing a functional progesterone withdrawal (Condon et al. 2003).

The PR itself has an anti-inflammatory role by inhibiting NF-xB activation and
subsequent COX-2 gene expression, which leads to the inhibition of myometrial
contractility (Hardy et al. 2006). A mutual repressive action has been identified
between NF-«kB and the PR (Kalkhoven et al. 1996).

Progesterone also promotes uterine quiescence by affecting the electrical activity of
myometrial cells by increasing the expression of calcium (Ca?*) and potassium (K™)
voltage-gated channels. This dampens the electrical activity of the myometrial cells,
downregulating contraction-associated proteins, such as connexin 43 (CX43), and the
proteins involved in actin and myosin interactions (Zhao et al. 1996; Soloff et al.
2011).

1.1.4.2 Oestrogen
Pregnancy has been described as a hyperestrogenic condition. The concentration of
oestrogen increases with gestation and the placenta is the main source of this steroid
hormone (Kota et al. 2013). The increased expression of oestrogen receptor alpha
(ERa) in the term myometrium may induce functional oestrogen activation and may
also be linked to functional progesterone withdrawal (Mesiano et al. 2002). Oestrogens

induce a number of changes to the myometrium during pregnancy, such as increasing
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PGE: and PGF, synthesis, increasing oxytocin activity, increasing the synthesis of
CX43 and upregulating calmodulin, which is involved in the contraction of smooth
muscle (Pinto et al. 1964; Ham et al. 1975; Petrocelli and Lye 1993).

1.1.5 Myometrial contractions

Uterine contractility is a complex and dynamic process that occurs in both non-
pregnant and pregnant states. Contractions are a function of the myometrial layer of
the uterus, which is composed of smooth muscle cells. The non-pregnant myometrium
contracts to enhance the sloughing of the endometrium during menses and to assist the
passage of sperm. Throughout pregnancy the uterus remains quiescent until labour,
when the uterus contracts vigorously to expel the fetus. As the balance between
oestrogen and progesterone shifts, morphological changes to the myometrium initiate
active contractions. Contractions vary in frequency, amplitude and tone and are
predominantly regulated by intracellular Ca?* concentration ([Ca?*]i) (Pehlivanoglu et
al. 2013).

1.1.5.1 The role of inflammation

As previously discussed, labour is associated with the increase of pro-inflammatory
mediators, such as IL-1p, IL-6, 1L-8 and TNF, and an influx of leukocytes into the
myometrium (Young et al. 2002). These mediators play an important role in the

stimulation of myometrial contractions.

When mouse uterine strips were stimulated with LPS, the amplitude, but not the
frequency, of contraction increased (Mackler et al. 2003). Human myometrial cell
contraction was also enhanced in vitro by LPS. This effect was mediated by the Ras
homology (Rho)/Rho-associated kinase (ROCK) pathway (Hutchinson et al. 2014). In
a co-culture of human monocytes and myometrial cells, there was evidence of
synergistic pro-inflammatory cytokine secretion, while myometrial cell contraction
was enhanced (Rajagopal et al. 2015). IL-1p stimulation of human myometrial cells
increased Ca?* entry into cells in vitro, increasing their excitability. This suggests that
inflammatory mediators can affect Ca?* flux in myometrial cells, which may impact

on myometrial contractility (Tribe et al. 2003).
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The anti-inflammatory actions of both dexamethasone and IL-10 inhibited IL-1pB-
induced uterine contractions in pregnant rhesus monkeys. Specifically, oestradiol
concentration was reduced by dexamethasone treatment and IL-10 reduced the release
of the pro-inflammatory cytokine TNF and inhibited leukocyte migration (Sadowsky
et al. 2003).

Therefore, myometrial contractions can be stimulated by inflammatory mediators as
well as inhibited by anti-inflammatory agents. This suggests that inflammation is key

to the initiation of myometrial contractions.

1.1.5.2 Oxytocin

Oxytocin, a peptide hormone, is critical to the regulation of the myometrium during
pregnancy. The expression and production of the oxytocin receptor increases as
pregnancy progresses and peaks during labour (Fuchs et al. 1991; Kimura et al. 1996).
Oxytocin increases myometrial contractility by stimulating an increase in [Ca?']i
(Sanborn et al. 1998). Stimulation of human decidua explants with IL-1p has been
shown to indirectly increase the secretion of oxytocin via COX-2 and prostaglandin
production (Friebe-Hoffmann et al. 2007). Furthermore, oxytocin can activate NF-xB
in human myometrial cells, via the oxytocin receptor, and upregulate IL-8, CCLS6, IL-
6 and COX-2 gene expression (Kim et al. 2015). The production of these inflammatory

mediators will then contribute to the stimulation of contractions.

1.1.5.3 CX43

The formation of gap junctions allows for intercellular communication. These
junctions are composed of connexin (CX) proteins (Sohl and Willecke 2004). CX43
(43kDa) is a contraction-associated protein localised to smooth muscle cells and plays
a key role in the establishment of synchronous contractions (Oyamada et al. 1994;
Hutchings et al. 2009). Parturition is delayed when Cx43 is ablated in mouse
myometrial smooth muscle cells, emphasising the importance of intercellular
communication for uterine contractility (Doring et al. 2006). CX43 mRNA expression
increases with gestation in both the human and animal myometrium and increases
further during labour (Chow and Lye 1994; Orsino et al. 1996). CX43 abundance is
also increased in the human and mouse myometrium during PTL (Balducci et al. 1993;
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Chang et al. 2012). Therefore, CX43 is considered important for synchronous

contractions in both term and PTL.

1.1.6 Excitation contraction coupling
The excitation-contraction coupling of smooth muscle cells can be stimulated by two
main mechanisms: by the activation of Ca®* signalling cascades or by the Rho/ROCK

pathway, where Ca?* sensitivity of the cell is altered (Berridge 2008).

1.1.6.1 Ca?*signalling cascades

Myometrial cell contraction is facilitated by the cross-bridging of the myofilaments
actin and myosin. This is instigated by the increase of [Ca?*]i and completed by the
phosphorylation of myosin light chain (pMLC) (Figure 1.1). [Ca?*]i can increase by
the influx of Ca®* from the extracellular fluid via voltage-gated L-type Ca?* channels
and/or Ca* can be released from the sarcoplasmic reticulum (SR), which contains the
intracellular stores of Ca?* (Pehlivanoglu et al. 2013).

The main source of Ca®* in the myometrium is by extracellular entry through voltage-
gated L-type Ca?* channels (Shojo and Kaneko 2001; Kupittayanant et al. 2002). Ca?*
can also be released from the SR by the binding of a uterine agonist to a specific GPCR
anchored to the plasma membrane (Phaneuf et al. 1993). This stimulates membrane
phospholipase C (PLC), which cleaves phosphatidylinositol 4,5-bisphosphate (PIP2)
to diacylglycerol (DAG) and inositol trisphosphate (IP3). This causes the release of
Ca?* from the SR into the cytoplasm (Taylor et al. 1991; Luckas et al. 1999). The
increase in [Ca?*]i generates an action potential, of which two have been detailed in
the myometrium. Simple action potentials are characterised by depolarisation followed
by rapid repolarisation. More complicated action potentials involve depolarisation
with a sustained plateau (Khan et al. 2001; Bursztyn et al. 2007). Alternatively, a feed-
forward loop has also been identified in the myometrium whereby increasing [Ca®*]i
sensitises other Ca?* channels to open (Shojo and Kaneko 2001; Kupittayanant et al.
2002; Wray et al. 2003).

When there is a substantial increase in [Ca®']i this activates calmodulin, a protein
located in the cytosol. Calmodulin forms a complex with four Ca* ions, which leads
to the activation of the enzyme myosin light chain kinase (MLCK) (Johnson et al.
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1996). MLCK then phosphorylates 20kDa MLCs, leading to actin and myosin cross-
bridge formation (Hai and Murphy 1989; Shojo and Kaneko 2001).

K* channel L-type Ca?*
channels

Figure 1.1. The molecular pathways in smooth muscle contraction. Actin and myosin cross-bridge
formation is essential for smooth muscle contraction. This relies on the phosphorylation of myosin light
chains (MLC) by myosin light-chain kinase (MLCK). G protein-coupled receptors (GPCR) activate the
contractile pathways. Ca?* enters the cytosol from either the extracellular space, through voltage-gated
Ca?* channels, or by IPs-dependent release from the sarcoplasmic reticulum (SR). A Ca?*/calmodulin
(CaM) complex forms and activates MLCK. Relaxation is favoured by myosin light-chain phosphatase
(MLCP) as the active subunit removes the phosphoryl group from the MLC. When MLCP is inhibited,
this allows contraction. MLCP can be repressed via direct inhibition by PKC-dependent CPI-17 or
inhibitory phosphorylation of the myosin phosphatase target subunit (MYPT) by Rho kinase (ROCK).
PLC, phospholipase C; PIP;, phosphatidylinositol 4,5-bisphosphate; DAG, diacylglycerol; IPs, inositol

trisphosphate. Reprinted from Reddi et al. (2015) under a Creative Commons license.

1.1.6.2 Calcium sensitisation and the Rho/ROCK pathway

Rho proteins are members of the small GTPase family, which includes the three
isoforms RhoA, RhoB and RhoC. RhoA is the most studied of the isoforms as it has
an important function in smooth muscle contraction (Figure 1.1) (Wheeler and Ridley
2004). The inactive form of RhoA is bound to guanosine diphosphate (GDP) and found
in the cell cytosol. Active RhoA is bound to guanosine trisphosphate (GTP) and is
located in the cell membrane. GTPase-activating proteins (GAPs) facilitate the binding
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of GDP to RhoA, whereas guanine nucleotide exchange factors (GEFs) regulate
RhoA-GTP binding (Van Aelst and D'Souza-Schorey 1997; Moon and Zheng 2003).
Guanine nucleotide dissociation inhibitors (GDIs) form a complex with RhoA
facilitating its diffusion between the cytosol and the cell membrane (Michaelson et al.
2001).

ROCK is a serine/threonine-specific kinase that is found in the cell cytoplasm. It has
two isoforms, ROCK | and ROCK I1, which are both expressed in smooth muscle cells
and ROCK 11 has been the most implicated in contraction. ROCK is an effector of
RhoA. When RhoA becomes activated, ROCK migrates to the cell membrane to form
a complex with the active RhoA-GTP, causing autophosphorylation and ROCK
activation (Leung et al. 1995; Matsui et al. 1996; Nakagawa et al. 1996).

It is well established that RhoA/ROCK is a key molecule in GPCR-mediated Ca?*
sensitisation, leading to smooth muscle contraction (Kureishi et al. 1997; Uehata et al.
1997; Puetz et al. 2009). Ca®* sensitisation takes place when an agonist, such as
oxytocin or PGF,q, induces an increase in [Ca?*]i (McKillen et al. 1999; Woodcock et
al. 2004; Woodcock et al. 2006; Shmygol et al. 2007). Following the stimulation of
GPCRs by an agonist, the Rho/ROCK pathway is activated. ROCK phosphorylates
myosin light chain phosphatase (MLCP), inhibiting this enzyme from having a
relaxation effect on MLC (Kitazawa et al. 1989; Noda et al. 1995; Aguilar and Mitchell
2010; Aguilar et al. 2012). ROCK inhibits MLCP by phosphorylating its myosin
phosphatase target subunit 1 (MYPT1) or via the inhibitory protein CPI-17.
Alternatively, ROCK can phosphorylate MLC directly, by MLCK-like activity, to
induce contraction (de Godoy and Rattan 2011).

1.1.7 Initiation of labour

1.1.7.1 Uterine stretch

As pregnancy progresses, the uterus must remodel and increase dramatically in size
while maintaining quiescence. Intrauterine pressure increases but the uterus must adapt
to counteract any wall tension. It has been hypothesised that labour is initiated when
this adaptive mechanism is overcome. A study inducing mechanical stretch to rat

myometrial cells caused an increase in CCL2 release. This effect was attenuated by
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progesterone pre-treatment, suggesting antagonism between mechanical stretch and

progesterone on cytokine release in the uterus (Shynlova et al. 2008).

An in vitro study investigating the effect of human myometrial cell mechanical stretch
found an elevation in the release of the inflammatory mediators IL-6, IL-8 and
CXCLL1. There was also an increase in leukocyte adhesion to the endothelium of
vessels in the uterus. This suggests that mechanical stretch can lead to leukocyte
recruitment to the myometrium (Lee et al. 2015).

Uterine overdistension was modelled in non-human primates by the inflation of an
intra-amniotic balloon. There was a significant increase in IL-13, TNF, IL-8, CCL2,
PGE2 and PGF», in the amniotic fluid preceding labour. When this stress on the uterus
IS very great, it can cause PTL (Adams Waldorf et al. 2015). Therefore, uterine stretch
may stimulate the initiation of the labour process by increasing immune cell infiltration

into the uterus and increasing the production of pro-inflammatory mediators.

1.1.7.2 Fetal signalling

It has also been proposed that the fetus produces signals that initiate the labour process.
Surfactant protein-A (SP-A) is secreted by the fetal lungs into the amniotic fluid. In
mice, SP-A abundance increases in the amniotic fluid as term approaches and this is
thought to signal parturition. However, in relation to humans, reports in the literature
disagree on the concentration of SP-A in the amniotic fluid towards term and at the

onset of labour (Chaiworapongsa et al. 2008; Reinl and England 2015).

In SP-A deficient mice, labour is only delayed for approximately 12 hours
(Montalbano et al. 2013). Gao et al. (2015) investigated the effect of steroid receptor
coactivators 1 and 2 (SRC-1, -2), which are transcriptional regulators of SP-A. It was
found that labour was substantially delayed in dams with SRC-1/2-deficient fetuses.
These mothers exhibited reduced NF-xB activation, reduced PGF», levels and a
reduction in contraction-associated genes. Therefore, the fetal lung production of SP-
A, mediated by SRC-1/2, is essential for parturition to progress normally in mice. The
results from this model highlight the importance of fetal signalling for the initiation of
parturition in the mouse, which may be relatable to humans (Gao et al. 2015).
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1.2 Preterm labour

1.2.1 Epidemiology

The World Health Organisation definition of PTB is delivery before 37 completed
weeks of gestation. This can be further subdivided into extremely preterm (<28
weeks), very preterm (28-32 weeks) and moderate to late PTB (32-36 weeks) (WHO
1977). PTB is a serious public health problem, which accounts for 11.1% of births
worldwide. This rate varies from approximately 5% of births in European countries to
18% in some African countries (Blencowe et al. 2012). Furthermore, PTB is currently
the leading cause of mortality in children under five years of age (Harrison and
Goldenberg 2015). In England and Wales, the economic burden of neonatal intensive
care followed by ongoing health and educational support is estimated to be >£2.9
billion (Mangham et al. 2009; Howson et al. 2013).

In high income countries, approximately one third of PTBs are medically indicated.
This occurs when there is risk to the mother or fetus that outweighs the benefit of
continuing the pregnancy. For example, in conditions such as preeclampsia and
diabetes. The remainder of PTBs are spontaneous, where women can present with PTL
with cervical dilation or preterm premature rupture of membranes (pPROM) (Rubens
et al. 2014).

Spontaneous PTL is very difficult to predict. Maternal risk factors include previous
PTB, extremes in maternal age and body mass index (BMI), multiple gestation, use of
assisted reproductive technologies and low socioeconomic status (Rubens et al. 2014).
Race is also an important risk factor as women classified as black, African-American
or Afro-Caribbean are at greater risk of PTB than other racial groups (Goldenberg et
al. 2008).

The aetiology of PTL is poorly understood. It can be initiated by multiple mechanisms,
such as infection, decidual senescence, uterine overdistension, cervical disease, stress
or the breakdown of maternal-fetal tolerance (Romero et al. 1994; Goldenberg et al.
2008; Romero et al. 2014).
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1.2.2 Infection and inflammation as a cause of PTB
Intrauterine infection is believed to be present in 25-40% of PTBs. However, this is
likely to be an underestimate as infections are often sub-clinical and cannot be detected
by conventional culturing techniques (Goldenberg et al. 2008). Chorioamnionitis is the
most common presentation of intrauterine inflammation and is characterised by
inflammation of the chorion, amnion and placenta. This inflammatory condition is

usually a result of bacterial infection (Goldenberg et al. 2008).

Exposure to intrauterine infection and/or inflammation can cause fetal inflammatory
response syndrome (FIRS), which is responsible for fetal organ injury, resulting in
neonatal morbidity and mortality (Gotsch et al. 2007). Bacteria or inflammatory
mediators may reach the fetal circulation by placental transmission into the umbilical
cord or indirectly via the amniotic fluid, causing damage to multiple fetal organ
systems (Figure 1.2) (Adams Waldorf and McAdams 2013). Chorioamnionitis is
associated with an increased risk of respiratory distress syndrome, bronchopulmonary
dysplasia (BPD), intraventricular haemorrhage, patent ductus arteriosus and
necrotising enterocolitis in exposed neonates (Been et al. 2013; Galinsky et al. 2013;

Seliga-Siwecka and Kornacka 2013).

The most common route of infection is via microbial ascension from the vagina. The
microbes proliferate in the amniotic fluid and invade the chorioamniotic membranes
(Kim et al. 2009). However, it is also possible that there could be a haematogenous
dissemination of infection or microorganisms could be introduced during an invasive
procedure or originate in the fallopian tubes (Bastek et al. 2011). Various bacterial
organisms, and in rare cases viral and fungal organisms, are associated with the
pathogenesis of chorioamnionitis. Examples of bacteria found in the amniotic fluid are
species of Ureaplasma, Mycoplasma, Fusobacterium, Streptococcus, Bacteroides and
Prevotella. (DiGiulio et al. 2010; DiGiulio 2012). Genital mycoplasmas, Ureaplasma
urealyticum and Mycoplasma hominis, are the most frequent microbes in cases of
culture-confirmed chorioamnionitis (Waites et al. 2005). Chorioamnionitis is

polymicrobial in most cases (DiGiulio 2012).
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PTL may be triggered by a fetal and/or maternal response to chorioamnionitis. The
invading bacteria release endotoxins and exotoxins, which are recognised by TLRs
presented on the surface of cells such as leukocytes and epithelial cells (Holmlund et
al. 2002). This leads to the activation of transcription factors, such as NF-xB and AP-
1, which in turn stimulate the production of the cytokines and chemokines IL-1f, IL-
6, IL-8 and TNF, leading to the production of prostaglandins and leukocyte chemotaxis
to the uterine tissues (Goldenberg et al. 2000). Infection prevents prostaglandin
dehydrogenase from inactivating prostaglandins, allowing the bioactive
prostaglandins to prematurely initiate contractions (van Meir et al. 1997). These events
initiate the labour process, whereby prostaglandins stimulate myometrial contractions
and MMPs assist in cervical ripening and fetal membrane rupture. PTL has been
associated with a shift from an anti-inflammatory to a pro-inflammatory state at the
maternal-fetal interface. It has also been suggested that an imbalance between innate
and adaptive immune cells occurs at this interface prior to PTL (Arenas-Hernandez et
al. 2016).
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Figure 1.2. Intrauterine inflammation and fetal injury. Human parturition is an inflammatory
process stimulated by mediators such as cytokines, chemokines and prostaglandins. However, the
presence of inflammation earlier in gestation can cause PTL and exposure of the fetus to an adverse
environment. Inflammatory mediators may reach the fetal circulation by placental transmission into the
umbilical cord or indirectly via the amniotic fluid. Amniotic fluid-exposed tissues, such as the fetal skin
and lung, can drive the fetal inflammatory response. Prolonged exposure to inflammatory mediators can
result in fetal injury. The fetus is susceptible to lung injury and bronchopulmonary dysplasia (BPD), as
well as brain white matter lesions and neurological conditions, such as cerebral palsy. Reprinted from

Boyle et al. (2017) under a Creative Commons license.

1.2.3 Fetal injury
Premature neonates are at risk of a number of health complications due to the
immaturity of multiple organ systems (Rubens et al. 2014). The severity of these health
problems inversely correlate with gestational age at birth (WHO 1977). Premature
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babies have an increased risk of cognitive and neurological impairment, for example
cerebral palsy, as well as an increased risk of respiratory and gastrointestinal
complications (Marlow et al. 2005; Goldenberg et al. 2008). Prematurity also
predisposes to chronic diseases in adulthood such as obesity, diabetes and hypertension
(Rubens et al. 2014). Interestingly, there are also sex-specific differences as male sex
is an independent risk factor for adverse pregnancy outcome, including PTB (Di Renzo
et al. 2007; Ferrero et al. 2016). It has been suggested that this could be due to the
larger size and birthweight of males. Furthermore, factors associated with male sex
may predispose to infection-mediated PTB (MacGillivray and Davey 1985; McGregor
etal. 1992). Premature males are at greater risk of morbidity and mortality, with poorer
neurological and respiratory outcomes than females at two years (Peacock et al. 2012).

As previously mentioned, fetal injury can result from the exposure of the fetus to
inflammatory mediators. Brain white matter lesions have been associated with the
presence of pro-inflammatory mediators in the amniotic fluid. Elevated levels of IL-
1B and IL-6 in the amniotic fluid have been used to identify premature neonates at risk
of these lesions (Yoon et al. 1997a). TNF signalling has been described as toxic to
developing oligodendrocytes in vitro (Li et al. 2008). In a mouse model of intrauterine
inflammation, fetal brain injury was reported even in the absence of PTB, with altered
fetal neuronal morphology and neurotoxicity identified following this in utero insult
(Burd et al. 2011; Elovitz et al. 2011). Intrauterine inflammation also causes long term
changes to the mouse brain, with morphological alterations identified by MRI and
effects on behaviour observed into adulthood (Dada et al. 2014). Inflammation may
cause brain injury by direct insult to oligodendrocytes and neurons or as secondary
injury via microglial cell activation. This would result in the secretion of pro-

inflammatory cytokines, causing damage to the surrounding cells (Burd et al. 2012).

Fetal lung injury can also be caused by elevated levels of inflammatory mediators in
the amniotic fluid. For example, high levels of TNF, IL-1p, IL-6 and IL-8 have been
found in the amniotic fluid of women who had babies with the chronic lung disease,
BPD (Yoon et al. 1997b; Ambalavanan et al. 2011). However, a meta-analysis found
only a modest association between chorioamnionitis and BPD (Hartling et al. 2012).
Infection-induced fetal lung injury has been studied in some detail in the sheep. In a
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chronically catheterised sheep model of the extreme preterm period, intra-amniotic
LPS exposure caused fetal skin and lung inflammation, as well as systemic
inflammation (Kemp 2014; Kemp et al. 2016). The fetus rapidly generated a robust
inflammatory response driven by amniotic fluid-exposed tissues, such as the lung.
Fetal blood cells responded to the systemic inflammation but these cells did not
contribute to the acute production of inflammatory mediators (Kemp et al. 2016).
Furthermore, a primate model of transient choriodecidual infection confirmed indirect
lung injury as a result of elevated inflammatory mediators. This led to the
downregulation of pathways for angiogenesis, morphogenesis and cellular growth and

development in the fetal lung (McAdams et al. 2012).

1.2.4 Prevention and treatment of PTL

1.2.4.1 Tocolytics

As PTL is very difficult to predict, treatments have focussed on tocolytic therapies that
aim to temporarily inhibit myometrial contractions. Tocolytic administration increases
the likelihood of completing a 48 hour corticosteroid treatment to accelerate fetal lung
development (Alston et al. 2016). However, tocolytic treatments are largely ineffective
at substantially delaying PTB and fail to improve the outcome of the premature
neonates (Haas et al. 2012; Haas et al. 2014). Commonly used tocolytics include
betamimetics, calcium channel blockers, oxytocin receptor antagonists and COX
inhibitors. Magnesium sulphate may also be administered as it is thought to have

neuroprotective properties (Haas et al. 2014).

Calcium channel blockers, such as nifedipine, inhibit contractions by blocking the
influx of Ca?* into myometrial cells, preventing the phosphorylation of MLC. They
are superior to treatment with betamimetics due to their ability to prolong pregnancy
and are associated with fewer neonatal and maternal adverse effects. These drugs may
also offer some benefit over magnesium sulphate and oxytocin receptor antagonists
(Flenady et al. 2014a; Flenady et al. 2014b). Overall, calcium channel blockers are
considered the preferred first-line tocolytic in terms of multiple key outcomes (Haas
et al. 2009; Haas et al. 2012). A recent Cochrane review found that magnesium
sulphate did not postpone delivery nor did it have any beneficial neonatal or maternal

outcomes. This was despite a previously pooled analysis of five trials, with 6145
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infants, finding a statistically significant neuroprotective effect (Doyle et al. 2009;
Crowther et al. 2014). Therefore, this treatment is not currently recommended for
tocolysis as further trials are needed to establish optimal dosing and treatment
regimens for any potential beneficial effects (McNamara et al. 2015). Another recent
Cochrane review did not find a benefit for the use of COX inhibitors, in comparison
to other tocolytics, despite this treatment having some benefit in postponing birth
compared to placebo (Reinebrant et al. 2015). Importantly, tocolytic treatments do not
target the underlying cause of PTL and there is no benefit of prolonging a pregnancy

if the in utero environment is adverse for the fetus (Haas et al. 2012).

1.2.4.2 Antibiotics

As intrauterine infection is a common cause of PTB, antibiotics can be administered.
Two randomised clinical trials investigated the short and long term effects of certain

antibiotics.

The ORACLE I randomised trial investigated the effect of broad spectrum antibiotics
on women with pPROM. Treatment with erythromycin was associated with prolonged
pregnancy and neonatal health benefits, such as fewer cerebral abnormalities prior to
discharge. However, co-amoxiclav was associated with neonatal necrotising
enterocolitis (Kenyon et al. 2001a). The children from the ORACLE 1 trial were
followed up at seven years of age. There was little effect of antibiotic treatment on the
health of these children at this age (Kenyon et al. 2008a). Due to the prolongation of
pregnancy and improvements of short-term neonatal morbidities, the routine
prescription of antibiotics was recommended for the treatment of pPROM in the 2013

Cochrane review, with the exception of co-amoxiclav (Kenyon et al. 2013).

The ORACLE Il randomised trial investigated the effect of erythromycin and co-
amoxiclav on women with spontaneous PTL with intact membranes but with no
evidence of clinical infection. Antibiotic treatment was associated with a lower
occurrence of maternal infection but this treatment did not lower the rates of the
primary outcome measures, which included neonatal death, chronic lung disease and
major cerebral abnormality. It was concluded that antibiotics should not be prescribed

for spontaneous PTL without infection (Kenyon et al. 2001b). The seven year follow-
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up study for ORACLE Il presented adverse outcomes in the children from mothers
treated with antibiotics. Erythromycin treatment was associated with an increased risk
of functional impairment in these children. Furthermore, both erythromycin and co-
amoxiclav treatment increased the risk of cerebral palsy (Kenyon et al. 2008b). The
results of this review highlight the need for the assessment of long term
neurodevelopmental outcome. This is particularly important in cases of intrauterine
infection as delaying delivery could cause additional harm by prolonging exposure of
the fetus to an adverse, infectious/inflammatory environment leading to increased fetal

injury.

1.2.4.3 Progesterone

Progesterone is crucial for the maintenance of pregnancy. The potential of
progesterone as a treatment for threatened PTL was first suggested in 1960 (Fuchs and
Stakemann 1960). A multitude of clinical trials have investigated the effects of several
progesterone derivatives, routes of administration and dosage regimens, with variable

outcomes.

Vaginal progesterone was reported to reduce uterine contractions in high risk women
and reduce PTB incidence (da Fonseca et al. 2003). Intramuscular injection of
progesterone was also shown to reduce PTB in a trial of women who had a history of
PTB (Meis et al. 2003). Trials have also reported that vaginal progesterone reduces
PTB in women with a short cervix (Fonseca et al. 2007; Hassan et al. 2011; Romero
et al. 2012).

In contrast, the administration of vaginal progesterone to women at high risk of PTB
attenuated cervical shortening but did not prolong gestation compared to the placebo
group (O'Brien et al. 2007; O'Brien et al. 2009). A small randomised trial for the use
of weekly progesterone treatment in women with pPROM did not prolong gestation
(Briery et al. 2011). Furthermore, neither vaginal nor intramuscular injection of
progesterone prevented PTB in multiple gestations (Briery et al. 2009; Norman et al.
2009; Combs et al. 2010; Combs et al. 2011; Rode et al. 2011).

Meta-analyses have concluded that prophylactic progesterone treatment may reduce

the incidence of PTB in women at high risk but there is limited information on long
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term neonatal outcome. Therefore, larger randomised controlled trials investigating
long term outcomes are required (Dodd et al. 2005; Mackenzie et al. 2006; Rode et al.
2009). The 2013 Cochrane review further emphasised the need for longer term
childhood outcomes and to refine the timing, dosage and administration of

progesterone treatment (Dodd et al. 2013).

The most convincing results thus far come from a recent, large, double-blind,
randomised, placebo controlled trial of prophylactic vaginal progesterone treatment.
The outcome of this trial was that the risk of PTB was not reduced by progesterone
nor was neonatal outcome improved in women who were at high risk. The trial did not
find any long term benefit of this treatment in children at 2 years of age (Norman et al.
2016). This is the largest study to date comparing the obstetric, neonatal and childhood
outcomes of vaginal progesterone treatment in women at high risk of PTB. The results
of the trial have instigated an update to the NICE guidelines regarding the use of

prophylactic progesterone for the prevention of PTB.

1.2.4.4 Anti-inflammatory agents

Targeting the inflammation commonly associated with PTL may be an ideal approach
to delay delivery and, importantly, prevent fetal injury. Inflammatory cascades are
most commonly activated as a result of bacterial invasion. Bacteria activate pattern
recognition receptors, such as TLRs, leading to the activation of NF-xB and MAPK
signalling pathways, which initiates an inflammatory cascade. These steps promote the
pathological, preterm initiation of labour (Ng et al. 2015). Below is a summary of some
inhibitors of these pathways, which may be novel treatments for the prevention of
PTB.

Non-specific NF-kB inhibitors

Antioxidant, N-acetyl cysteine (NAC) inhibits the activity of NF-xB (Zafarullah et al.
2003). In an LPS-induced mouse model of PTB, NAC reduced PTB rates, reduced
uterine inflammation and prevented white matter injury (Chang et al. 2011). NAC also
attenuated NF-xB activation in the mouse uterus and reduced the expression of
contraction-associated protein COX-2 (Chang et al. 2012). NAC inhibited NF-xB
DNA-binding activity as well as reducing the release of inflammatory mediators, such
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as IL-6, IL-8 and TNF, in LPS-stimulated human fetal membranes in vitro (Lappas et
al. 2003). NAC has also been tested clinically in women with a previous PTB who had
been treated for bacterial vaginosis. Oral NAC treatment reduced the recurrence of
PTB in this small cohort (Shahin et al. 2009). Further human trials are required to

validate these results.

NF-kB activation can also be blocked by directly inhibiting the activity of the IxB
kinase (IKK) complex. Sulfasalazine (SSZ) is a salicylate drug that is commonly used
to treat the pain and swelling associated with rheumatoid arthritis (Weber et al. 2000).
SSZ is safe for use in pregnancy (Rahimi et al. 2008). SSZ treatment reduced rates of
early delivery in an E. coli-induced mouse model of PTB, as well as increasing the
litter size and weight of the pups (Nath et al. 2010). Co-treatment of human fetal
membranes with LPS and SSZ ex vivo inhibited the nuclear translocation of NF-xB
and attenuated LPS-induced cytokine accumulation in both the maternal and fetal
compartments. However, chronic apoptosis and loss of function of the tissue was
observed following SSZ treatment, raising concerns of prolonged treatment with this
drug (Keelan et al. 2009).

Novel cytokine suppressive anti-inflammatory drugs (CSAIDs)

CSAIDs inhibit cytokine production by directly targeting the signalling molecules of
the NF-xB and p38 MAPK pathways. This makes these agents more specific for
reducing inflammation in the context of PTL than other anti-inflammatory drug

classes, such as non-steroidal anti-inflammatory drugs (NSAIDs).

The p38 MAPK inhibitor, SKF-86002, reduced PGE> gene and protein expression,
reduced IL-1pB production and reduced COX-2 expression in LPS-stimulated human
fetal membranes in vitro (Sullivan et al. 2002). A more specific p38 MAPK inhibitor,
SB202190, which acts by competitively inhibiting adenosine triphosphate (ATP)
binding, reduced LPS-induced IL-6, TNF, PGE> and PGF,, release from human
placenta and fetal membranes (Lappas et al. 2007). Another inhibitor, SB239063,
inhibited y-irradiation-killed E. coli-induced IL-6, TNF and PGE: release from both
the maternal and fetal compartments of human fetal membranes (Stinson et al. 2014).

However, MAPKSs are also involved in cellular functions, such as motility, and
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inhibiting this pathway may affect trophoblast migration and differentiation in the
placenta (Qiu et al. 2004; LaMarca et al. 2008; Vaillancourt et al. 2009). Furthermore,

these drugs are not yet approved for human use.

For classical NF-xB activation, the regulatory subunit NF-kB essential modulator
(NEMO) is required in addition to the IKKa and IKKf subunits. IKKa and IKK( have
NEMO-binding domains, which allows regulation of the IKK complex assembly (Solt
et al. 2009). A NEMO-binding domain inhibitor (NBDI) peptide can disrupt the
binding of IKKf and NEMO. In an ovine model, NBDI has been shown to prevent
both LPS and Ureaplasma parvum-induced production of PGE; by the fetal
membranes. However, there was no effect of NBDI on inflammatory mediator release
from human fetal membranes stimulated by y-irradiation-killed E. coli (Stinson et al.
2014).

Other specific IKKP inhibitors include TPCA-1 and parthenolide, which were found
to inhibit cytokine production in the human choriodecidua when stimulated with LPS
with no cytotoxicity side effects (De Silva et al. 2010). Intra-amniotic administration
of TPCA-1 in an ovine model of chorioamnionitis reduced PGE> production in the
amniotic fluid but did not reduce the systemic fetal inflammation induced by LPS
(Ireland et al. 2015).

TLR4 antagonists

TLRs are key recognition components of pathogen-associated molecular patterns
(Poltorak et al. 1998). TLR4 antagonism is only applicable in cases of PTL that have
been induced by Gram-negative bacteria. For example, TLR4 plays a role in LPS-
induced PTB in mice and antagonism of this receptor delays PTB and prevents
perinatal death in mice (Elovitz et al. 2003; Li et al. 2010; Chin et al. 2016). A TLR4
antagonist also attenuated LPS-induced uterine contractility, as well as reducing IL-8,
TNF, PGE2 and PGF,, release in the amniotic fluid of rhesus monkeys (Adams
Waldorf et al. 2008). TLR4 can be antagonised by molecules such as eritoran
tetrasodium and TAK-242 (resatorvid) but neither of these have been studied in the
context of PTL (Hawkins et al. 2004; Matsunaga et al. 2011). TLR antagonists may be

a novel treatment of PTL, in association with antibiotics, to treat intrauterine infection.
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TNF biologics

TNF inhibitor drugs are routinely used to treat inflammatory conditions such as
rheumatoid arthritis, psoriasis and ulcerative colitis. There are conflicting reports
regarding the efficacy of using antibodies against TNF to prevent LPS-induced PTB
and improve neonatal outcome in mice (Fidel et al. 1997; Holmgren et al. 2008). There
is little evidence of congenital abnormalities following anti-TNF treatment in
pregnancy. However, clinical cases suggest that anti-TNF treatments can cross the
placenta after the second trimester, reaching the fetal circulation, and are detectable in
the neonatal system for weeks after birth. This may increase the risk of infection in
theses infants and alter their response to vaccines (Djokanovic et al. 2011; Nielsen et
al. 2013). Small levels of anti-TNF drugs have also been detected in breast milk
(Gisbert and Chaparro 2013). Therefore, antagonising TNF may not be an ideal

method of reducing inflammation in cases of threatened or active PTL.
IL-1 receptor antagonists

IL-1B is a key inflammatory cytokine associated with PTL. It is produced in gestational
tissues and is linked to the local upregulation of proteins associated with myometrial
contraction. Administration of IL-1 to pregnant mice has be shown to induce PTB
(Romero and Tartakovsky 1992). Therefore, a number of studies have investigated the
effect of IL-1 receptor antagonists on infection-induced PTB, with varying outcomes.

An early study demonstrated that pre-treatment with an IL-1 receptor antagonist (IL-
1Ra) prevented IL-1-induced PTB in mice (Romero and Tartakovsky 1992). However,
the IL-1Ra did not prevent PTB in an LPS-induced mouse model (Fidel et al. 1997).
In addition, PTB was not prevented in transgenic mice overexpressing the IL-1Ra
when labour was induced by IL-1B or LPS (Yoshimura and Hirsch 2005).

Although the IL-1Ra has been unable to prevent PTB in a number of mouse models,
there is evidence to suggest that this antagonist has neuroprotective effects. For
example, the IL-1Ra prevented LPS-induced fetal mortality, white matter damage and
motor behavioural alterations in rats and reduced neurotoxicity in a mouse model of

intrauterine inflammation (Girard et al. 2010; Leitner et al. 2014).
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Recently, a novel, small, non-competitive IL-1R-biased ligand (rytvela/101.10) was
found to delay PTB in mouse models induced by IL-1B, LPS or lipoteichoic acid,
without inhibiting NF-xB. This treatment lowered the expression of pro-inflammatory
and contraction-associated genes in the uterus. This specific IL-1R-biased ligand
reduced the expression of c-jun, a component of the AP-1 transcription factor, and
inhibited the Rho/ROCK pathway (Nadeau-Vallee et al. 2015).

These studies emphasise the complexity of cytokine signalling during pregnancy and
labour. It is unlikely that the inhibition of one cytokine will be sufficient to inhibit
preterm delivery and reduce adverse effects to the fetus. Shynlova et al. (2014) targeted
the activation of maternal peripheral immune cells with a broad spectrum chemokine
inhibitor in an LPS-induced mouse model of PTB. This treatment reduced immune
cell infiltration into maternal tissues, reduced inflammatory mediator secretion and
attenuated PTB. This strategy may hold more promise than targeting specific pro-

inflammatory mediators.
IL-10 treatment

IL-10 may be a useful therapeutic for reducing the inflammation associated with PTL.
It is well documented that IL-10 is an anti-inflammatory cytokine that is capable of
suppressing the production of pro-inflammatory mediators, such as IL-1p, IL-6, IL-8,
TNF and CCL2 (Couper et al. 2008). IL-10 is expressed at the maternal-fetal interface
and is thought to have an immunoregulatory role during pregnancy (Lin et al. 1993;
Bennett et al. 1997).

IL-10 has an important role in labour and neonatal outcome, as evidenced by a study
using 1L-10 null mice. Fetal loss was elicited in IL-10 null mice using a 10-fold lower
dose of LPS compared to wild-type mice (Robertson et al. 2006). Fetal growth
restriction was observed in more of the surviving fetuses of IL-10 null mice, in
comparison to wild-type mice, and an increase in pro-inflammatory mediators was
identified in the maternal serum, uterus and placenta. These effects were reversed in
the IL-10 null mice by the administration of exogenous IL-10. Interestingly, when IL-
10 was administered to the wild-type mice, this prevented LPS-induced fetal loss
(Robertson et al. 2006).
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In a rat model of LPS-induced fetal growth restriction and fetal loss, IL-10 treatment
reduced fetal death, protected against growth restriction and reduced TNF release in
the uterus (Rivera et al. 1998). IL-10 treatment prevented PTB and normalised pup
weight in another rat model stimulated by LPS. This treatment was effective when
given simultaneously with LPS and also when given 24 hours after LPS (Terrone et
al. 2001). This anti-inflammatory cytokine may also have neuroprotective effects as
IL-10 treatment prevented white matter lesions in pups born to rats inoculated
intrauterine with E. coli (Rodts-Palenik et al. 2004). This may have been as a result of
IL-10 suppressing the activation of microglia or by suppressing macrophage
infiltration (Pang et al. 2005). In non-human primates, IL-10 attenuated IL-1B-induced
uterine contractions by reducing prostaglandin production and TNF levels were also
reduced in the amniotic fluid (Sadowsky et al. 2003). Therefore, exogenous IL-10
treatment may be useful for reducing inflammation in cases of threatened or active

PTL. However, additional studies are required to validate these findings.

An alternative to supplementing with just one anti-inflammatory cytokine would be to
administer a mediator that is specific to resolving inflammation. Rinaldi et al. (2015a)
investigated the use of a key anti-inflammatory and pro-resolution mediator, 15-epi-
lipoxin A4, in an LPS-induced mouse model of PTB. Although PTB was not prevented,
15-epi-lipoxin A4 reduced rates of fetal death. Therefore, promoting the resolution of

inflammation may be a novel method to prevent fetal injury.

As well as effective treatments, improved methods of identifying at risk mothers and
fetuses are also required. One strategy that shows promise is the use of new ultrasound
techniques, such as Tissue Doppler Imaging (TDI), to identify signs of fetal
inflammation (Di Naro et al. 2010; Stock et al. 2016). Genotype may influence the
therapeutics used for PTB prevention and treatment and although the evidence to date
is limited, there is increasing indication that pharmacogenomics may play a role in
PTB. By integrating clinical information, environmental influences and genotype, a
more comprehensive strategy to personalised medicine could be optimised (Manuck
2016).

In summary, tocolytic therapies are useful for delaying labour to allow for the
administration of corticosteroids but these treatments do not treat the underlying cause
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of PTL and there is no benefit to delaying birth if it does not improve neonatal
outcomes. Recent clinical trial reports have questioned the efficacy of vaginal
progesterone treatment, which did not delay PTB in high risk women or improve the
long term health of the premature offspring when assessed at two years of age. In cases
of intrauterine infection, it may be appropriate to treat women with antibiotics.
However, the addition of an anti-inflammatory therapeutic or CSAIDs may help to
reduce the local inflammation and prevent fetal injury. Effective therapies for the
prevention and treatment of PTL are urgently required. These must target the
underlying mechanisms, such as inflammation. Importantly, they must prevent

neonatal morbidity and mortality.

1.2.5 Animal models of PTB

Animal models are crucial for exploring the underlying mechanisms of spontaneous
PTB and for the development of therapeutics as it is difficult to perform such studies
in humans. As animals rarely experience natural spontaneous PTB, models must be
created where PTB is induced, usually by the administration of bacterial agents.
Animal models of PTB vary in their physiology, the methods of labour induction and
fetal physiology. The advantages and disadvantages of different animal models have
been extensively reviewed (Elovitz and Mrinalini 2004; Mitchell and Taggart 2009;
Nielsen et al. 2016). This information is summarised below.

1.2.5.1 Sheep

Sheep are a useful model due to their large size. The uterine cavity is similar to that of
a human, as is the fetal weight at birth and the gestational length (144-152 days) is
more comparable to human gestation than in other animal models, such as rodents.
There has also been substantial development of surgical techniques that allow catheters
to be implanted into to the fetus in utero so that both maternal and fetal serum levels
can be monitored during a study. Myometrial contractility can also be assessed directly
(Elovitz and Mrinalini 2004). During pregnancy in the sheep, the primary source of
progesterone is the corpus luteum, before the placenta takes over, which is comparable
to humans. However, sheep do experience progesterone withdrawal, which humans do

not, and the placental morphology is very different between these species (Mitchell
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and Taggart 2009). Furthermore, sheep are expensive, which means group numbers

for studies may be limited (Elovitz and Mrinalini 2004).

In the sheep, the fetus plays a critical role in the timing of parturition. Glucocorticoid
concentrations increase exponentially in the fetal plasma in the last month of gestation
(Poore et al. 1998). The initial studies highlighting the importance of the fetal
pituitary—adrenal axis in pregnancy were performed by Liggins in the 1960s. These
studies confirmed that the administration of cortisol or glucocorticoids could induce
labour in the sheep (Liggins 1968; Liggins 1969). However, glucocorticoids do not

have a major role in parturition in humans and do not induce labour in women.

In recent years, interest has changed from the role of hormones to the role of
inflammation in studies of PTB. Consequently, many studies have investigated the
effect of intra-amniotic infection on the ovine fetal inflammatory response using
inflammatory and infectious agents such as LPS, E. coli, Ureaplasma parvum and
Candida albicans (Kallapur et al. 2001; Kramer et al. 2002; Collins et al. 2010; Kemp
2014; Stock et al. 2016). Therefore, the ovine model is very useful for the
understanding of fetal response to infection and fetal maturation but this is not

considered an ideal model for the study of parturition.

1.2.5.2 Rodents

Rodents are useful models as they are inexpensive and tolerate surgery well (Elovitz
and Mrinalini 2004). Unlike humans, they have a very short gestation but this allows
for a number of experiments to be performed in a shorter period of time (Mitchell and
Taggart 2009). Mice can also be genetically manipulated, which is useful when
investigating the mechanisms associated with parturition. In contrast to humans, the
corpus luteum is a continuous source of progesterone in rodents and both rats and mice
experience progesterone withdrawal, which precedes labour (Mitchell and Taggart
2009). Another dissimilarity with the human physiology is that rodents have a
bicornuate uterus. In terms of fetal differences, myelination occurs later in rodents than
in humans (Elovitz and Mrinalini 2004). Rodent offspring are less mature than humans
at birth and based on some parameters, the murine neonatal period is used to model

the third trimester of human fetal development (Clancy et al. 2001). Rats are also more
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resistant to inflammatory insult than humans and some studies have failed to reliably
induce PTB with LPS or E. coli in these animals (Fang et al. 2000; Hirsch et al. 2009).

A number of bacteria and bacterial components have been utilised in the study of
infection-induced PTB in mice. For example, LPS, E. coli, lipoteichoic acid,
Chlamydia, Fusobacterium, Ureaplasma, ligands for TLR2 and TLR3 and bacterial y-
D-glutamyl-meso-diaminopimelic acid (iE-DAP) (Nielsen et al. 2016). The anti-
progesterone agent RU486 has also been used to induce PTB and investigate non-
infectious mechanisms of PTB (Dudley et al. 1996). Other methods of PTB induction
in mice include PGF.,, SF-A and fetal fibronectin (Nielsen et al. 2016).

1.2.5.3 Non-human primates

As the most similar to humans, non-human primates are very useful when modelling
human parturition. Gestational length is similar to that of humans and there is no
progesterone withdrawal in maternal serum (Mitchell and Taggart 2009). The placenta
is the source of progesterone during pregnancy, as it is in humans, and fetal maturation
is also comparable. Catheters can be implanted for continuous monitoring of the fetus

and myometrial contractions can be assessed directly (Elovitz and Mrinalini 2004).

Primates are useful for the study of potential tocolytic treatments, as well as
investigating the effect of inflammatory cytokines and infectious agents (Gravett et al.
1994; Sadowsky et al. 2003; Sadowsky et al. 2006). For example, PTL can be induced
in rhesus monkeys by LPS, IL-1B or TNF. PTL can be inhibited by dexamethasone,
IL-10 and TLR4 antagonists in these models (Sadowsky et al. 2006; Adams Waldorf
et al. 2008). Although primates are the most relatable to humans, these experiments
are costly, they come with difficulties regarding ethics and can be impractical due to

the housing and professional care that these animals require.

1.2.5.4 Routes of administration of agents to induce PTB

Infectious or inflammatory agents can be administered systemically or locally in
models of PTB. The main systemic route is by intraperitoneal injection to the mother.
Intraperitoneal administration of LPS can induce PTB in mice (Robertson et al. 2006;
Salminen et al. 2008; Shynlova et al. 2014). However, this model is more

representative of conditions such as sepsis or pneumonia. Women experiencing PTL
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do not normally have symptoms or evidence of systemic infection. Therefore, animal
models of localised infection or inflammation more accurately mimic the human

condition.

The administration routes of localised infection/inflammation include intra-amniotic,
intrauterine and intravaginal (Gravett et al. 1994; Elovitz et al. 2003; Gonzalez et al.
2011). Elovitz et al. (2004) have discussed the advantages and disadvantages of these
methods in some detail. Mouse models of intrauterine infection have been widely
utilised in the last decade. This involves a laparotomy procedure where the uterus is
removed from the dam and an intrauterine injection of a bacterial agent or an
endotoxin, such as LPS, is performed between two amniotic sacs. This procedure has
recently been refined by the use of ultrasound to guide the intrauterine injection,
establishing a less invasive model (Rinaldi et al. 2015b). This new procedure has now
been utilised for the intra-amniotic administration of inflammatory agents (Gomez-
Lopez et al. 2016). To date, there have been mixed reports regarding the reliability of
intravaginal LPS administration to induce PTB in mice and it is unknown how LPS
could circumvent the strong physical and immunological barrier of the cervix
(Gonzalez et al. 2011; Gonzalez et al. 2014; Rinaldi et al. 2015b).

In conclusion, PTB is still a significant public health problem. Despite huge
advancements in medical research, PTL remains difficult to predict and treatments are
ineffective. PTB, in many cases, results in neonatal mortality or a lifetime of varying
degrees of morbidity for the offspring. Useful and relatable animal models will be key
to development of much needed novel therapeutics that must target the inflammation

associated with PTL and thus, prevent fetal injury.

1.3 Statins

Statins are 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) reductase inhibitors. These
drugs are potent inhibitors of cholesterol biosynthesis and reduce the risk of
cardiovascular events. Statins also have antioxidant, immunomodulatory, anti-
inflammatory and anti-contraction properties. As a result of these pleiotropic effects,
statins may be ideal candidates for the treatment for pregnancy disorders. In the
following section the development of statins, their pharmacokinetics and their
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pleiotropic effects will be discussed. In addition, their application in pregnancy

disorders to date and their safely profile will be covered.

1.3.1 Cholesterol
Cholesterol is defined as an alicyclic, unsaturated alcohol, which is present in all cells
and is essential for the functioning of all human organs. Cholesterol is a precursor of
bile acids, as well as the precursor to many adrenal and steroid hormones. The liver is
the principal site of endogenous cholesterol production but cholesterol can also be
absorbed from foods that are high in fat (Cornforth and Popjak 1958).

Following its production in the liver, cholesterol is released into the circulation.
Lipoproteins transport cholesterol in plasma, delivering it to cells around the body
(Fredrickson et al. 1967). Lipoproteins are categorised by density: very low-density
lipoprotein (VLDL), intermediate-density lipoprotein (IDL), low-density lipoprotein
(LDL) and high-density lipoprotein (HDL) (Olson 1998). Two types of lipoproteins
are predominantly responsible for carrying cholesterol to and from cells, LDL and
HDL. High levels of LDL particles or “bad cholesterol” increase the risk of developing
atherosclerosis, which is the leading cause of cardiovascular disease. The LDL
receptor is found in coated pits in most cells and is responsible for the endocytosis of
LDL into the cell. Free cholesterol is released into the cytoplasm, which inhibits the
synthesis of new LDL receptors and inhibits the synthesis of more cholesterol by
preventing the production of HMG-CoA reductase (Goldstein and Brown 1977; Olson
1998). In contrast, HDL is anti-atherosclerotic and anti-inflammatory. HDL is often
referred to as “good cholesterol” as this particle removes free cholesterol from cells

and delivers it to the liver for excretion (Elshourbagy et al. 2014).

1.3.2 Cholesterol biosynthesis: The mevalonate pathway
The mevalonate pathway is a key metabolic pathway that produces isoprenoids. These
naturally occurring, organic chemicals are crucial for a multitude of cellular functions,
such as cholesterol biosynthesis and electron transport, as well as the synthesis of
glycoproteins, intracellular molecules and steroid hormones (Goldstein and Brown
1990).
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The main stages of cholesterol biosynthesis are detailed as follows (Figure 1.3).
Acetoacetyl-Coenzyme A (CoA) condenses with acetyl-CoA to form HMG-CoA. The
enzyme HMG-CoA reductase catalyses the conversion of HMG-CoA into mevalonate,
as three acetate units condense to form this six-carbon intermediate. This is the rate-
limiting step of the pathway and thus the common site of therapeutic intervention with
drugs, such as statins. Mevalonate is then converted into activated isoprene units
(Goldstein and Brown 1990). Isoprenoid precursors include isopentenyl
pyrophosphate (1-PP), geranyl pyrophosphate (G-PP), farnesyl pyrophosphate (F-PP)
and geranylgeranyl pyrophosphate (GG-PP) (Buhaescu and l1zzedine 2007). F-PP is
the last compound in the isoprenoid metabolic pathway with the potential to be
incorporated into either sterol or non-sterol end products (Bradfute and Simoni 1994).
F-PP is converted and dimerised to form squalene. Finally, cyclisation of squalene then
forms a steroid nucleus, with a final series of changes, including oxidations, removal
or migration of methyl groups, to produce cholesterol (Cornforth and Popjak 1958;
Bloch 1965; Buhaescu and Izzedine 2007).

Statins also have cholesterol-independent effects due to their inhibition of F-PP and
GG-PP synthesis. F-PP and GG-PP play important roles in the post-translational
modification of intracellular signalling molecules, such as the small GTPases. This
includes Rho, Rac and cell division control protein 42 homolog (Cdc42), which are
associated with superoxide production, cell proliferation, cell growth, gene expression,
protein glycosylation and remodelling of the actin cytoskeleton (Buhaescu and
Izzedine 2007; Wang et al. 2008).
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Figure 1.3. The mevalonate pathway. The pathway begins by acetoacetyl-CoA condensing with
acetyl-CoA to form HMG-CoA. The conversion of HMG-CoA to form mevalonate, catalysed by HMG-
CoA reductase, is the rate-limiting step of this pathway. Statins are competitive inhibitors of HMG-CoA
reductase. Cholesterol is synthesised from the isoprenoid component F-PP. F-PP is also the precursor
to GG-PP. F-PP and GG-PP are involved in the isoprenylation of small GTPases, such as Rho, Rac and
Ras. These intracellular molecules regulate cellular processes, such as proliferation, migration and

oxidative stress. eNOS: endothelial nitric oxide synthase. Adapted from Costa et al. (2016).

1.3.3 The discovery of statins

Akira Endo first identified inhibitors of cholesterol biosynthesis in 1976. He derived
two compounds, ML-236A and ML-236B, from the Penicillium citrinum mold that
infects certain Japanese oranges (Endo et al. 1976b). Endo reported that ML-236B
competitively inhibited HMG-CoA reductase, the enzyme that is the rate limiting step
in cholesterol biosynthesis. ML-236B was capable of inhibiting the activity of HMG-
CoA reductase at nanomolar concentrations (Endo et al. 1976a). This compound was
later named compactin or mevastatin (Endo 2008).

Endo et al. (1977) reported that cholesterol synthesis was reduced in rodents by the

uptake of compactin by the liver. However, compactin did not lower plasma
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cholesterol levels in rodents as most circulating cholesterol in these animals is not in
the LDL form. In addition, compactin treatment increased hepatic HMG-CoA
reductase abundance 8-10 fold, which counteracted the inhibitory effect of the drug.
Although, compactin did lower the plasma levels of LDL cholesterol in hens, rabbits
and dogs (Endo et al. 1979).

In 1978, Brown et al. demonstrated that compactin could inhibit the activity of HMG-
CoA reductase in fibroblasts collected from patients with familial
hypercholesterolemia (Brown et al. 1978). In the first human application of compactin,
the drug reduced serum cholesterol levels by an average of 27% in 11 patients with
primary hypercholesterolemia, over a period of 4-8 weeks (Yamamoto et al. 1980).
However, the clinical development of compactin was discontinued later that year. This
was due to toxicity concerns following a study in dogs where the drug was believed to

have caused lymphomas, albeit at exceptionally high doses (Endo 2010).

Merck Research Laboratories also began screening HMG-CoA reductase inhibitors
and isolated a compound with a similar structure to compactin from the fungus
Aspergillus terreus. This compound was called mevinolin but would later be renamed
lovastatin (Alberts et al. 1980; Endo 2010). When lovastatin was given to dogs there
was an increase in liver LDL receptors, which subsequently led to a marked reduction
in plasma LDL levels (Brown and Goldstein 1981). Further studies by Merck Research
Laboratories demonstrated that circulating LDL cholesterol concentration was reduced
by lovastatin treatment in healthy men, while HDL concentration was unaffected
(Tobert et al. 1982).

Large scale clinical trials administering lovastatin to high risk patients began in 1984.
The results demonstrated a dramatic reduction in LDL cholesterol levels with limited
side effects. US Food and Drug Administration (FDA) approval was given to
lovastatin in 1987 (Endo 2010).

Following the development of lovastatin, six additional statins have been introduced.
This includes two semi-synthetic statins, simvastatin and pravastatin, and four

synthetic statins, fluvastatin, atorvastatin, rosuvastatin and pitavastatin. Another
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synthetic statin, cerivastatin, was discontinued due to reports of myopathy (Endo
2008).

The landmark clinical trial, the Scandinavian Simvastatin Survival Study (1994),
established the association between statin-reduced cholesterol levels and the reduction
in cardiovascular events. The results of this trial and others have consistently reported
that statins lower plasma LDL cholesterol levels by 25-35% and reduce the risk of
cardiovascular events by 25-30% (Shepherd et al. 1995).

Statins are the largest selling class of drug worldwide (Endo 2010). The initiation of
statin use in the UK increased rapidly from 1995 (0.51 per 1,000 person-years at risk)
peaking in 2006 (19.83 per 1,000 person-years). This declined by 2013 (10.76 per
1,000 person-years). The prevalence of prescriptions increased hugely from 1995 (2.36
per 1,000 person-years) to 2013 (128.03 per 1,000 person-years) (O'Keeffe et al.
2016).

1.3.4 Pharmacokinetics of statins

Due to uncertainties regarding the efficacy of lovastatin, semi-synthesised statins were
developed. Lovastatin had an additional methyl group added to its structure to create
simvastatin (Figure 1.4). This increased the hydrophobicity of the molecule, leading
to more potent inhibition of HMG-CoA reductase (Mol et al. 1986). The differences
in chemical structures of statins influence their absorbance, distribution, metabolism
and their excretion from the body (Schachter 2005). Lovastatin and simvastatin are
both inactive prodrugs due to their closed lactone ring structures. These molecules are
mainly activated in the liver or, occasionally, in the gastrointestinal tract (Sirtori 2014).
Then came the development of the semi-synthetic molecule, pravastatin, which was
the first statin to have an open ring structure (Yoshino et al. 1986). The synthetic
statins, fluvastatin, atorvastatin, rosuvastatin and pitavastatin, also have open ring
structures that are all in the classical position of the mevalonic acid-analog moiety
(Sirtori 2014).
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Figure 1.4. Statin structures. The original statins, compactin and lovastatin, were modified to produce
the semi-synthetic statins, pravastatin and simvastatin. The synthetic statins, fluvastatin, atorvastatin,
pitavastatin and rosuvastatin, were created later. Lovastatin and simvastatin have closed lactone ring
structures (red circles), whereas the other statins have open ring structures. Pravastatin contains a polar
hydroxyl group (blue rectangle), which makes this compound very hydrophilic. The other statins are

more lipophilic. Adapted from Sirtori (2014).

Statins inhibit the activity of HMG-CoA reductase by binding to its active site,
sterically preventing HMG-CoA from binding to the enzyme. The hydrophobic
compounds of statins block the HMG-binding pocket, as well as a portion of the CoA-
binding site. Statins bind tightly to HMG-CoA reductase due to a larger number of van
der Waals interactions, with a much higher affinity than HMG-CoA (Istvan and
Deisenhofer 2001). The binding properties of the individual statins may account for
their potency. For example, rosuvastatin has the most binding interactions with HMG-
CoA reductase. Clinical trials have suggested that rosuvastatin is the most effective

statin for reducing LDL cholesterol, followed by atorvastatin, simvastatin then
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pravastatin. Simvastatin and pravastatin are the most effective statins for increasing
the percentage of HDL cholesterol, which they increase by an average of 12%
(Schachter 2005).

Statins have both hydrophilic and hydrophobic components to their structure.
Simvastatin, fluvastatin and atorvastatin are highly lipophilic and can readily enter
cells by directly interacting with the plasma membrane. Rosuvastatin exhibits
intermediate behaviour, due to a hydrophilic methane sulphonamide group. Pravastatin
is hydrophilic, as it contains a polar hydroxyl group, and requires selective uptake into
cells by a sodium-independent organic anion transporter protein-1B1 (OATP1B1).
This transporter protein is exclusively expressed in the liver and so entry into other
cells types is limited (Hamelin and Turgeon 1998; Corsini et al. 1999). The most
important property of statins is their hepatoselectivity given that most endogenous
cholesterol production takes place in the liver. The hydrophilic statins, pravastatin and

rosuvastatin, are more hepatoselective than lipophilic statins (Schachter 2005).

Most of the statins are metabolised initially in the liver, lowering systemic
bioavailability. These statins are metabolised by the cytochrome P450 (CYP) system,
most commonly by the highly active CYP3A4 enzyme. In contrast, pravastatin and
rosuvastatin undergo minimal metabolism due to their hydrophilic structure (Sirtori
2014). Pravastatin is degraded in the stomach, independently of the CYP enzymes, and
is excreted by the kidneys and liver (Schachter 2005).

The bioavailability of statins differs widely. Lovastatin and simvastatin have low
bioavailability of 5%. Pitavastatin’s bioavailability is much greater at 60%. Pravastatin
has a bioavailability of 18%. All statins, with the exception of pravastatin, have high
binding affinity to plasma proteins. Therefore, systemic exposure to unbound,
pharmacologically active drug is low. Active pravastatin levels in the circulation are
higher than the other statins but uptake into other tissues is limited, due to its
hydrophilic structure. The elimination half-life of lovastatin and the semi-synthetic
statins, pravastatin and simvastatin, range from 1-3 hours. The half-lives of the
synthetic statins, atorvastatin, fluvastatin, pitavastatin and rosuvastatin, range from 1

hour for fluvastatin to 19 hours for rosuvastatin (Schachter 2005).
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Therefore, the differing chemical structures and hydrophobicity of statins can
influence their potency, as well as their absorbance, distribution, metabolism and their
excretion from the body. These factors should be considered when selecting a statin

for therapeutic use.

1.3.5 Pleiotropic effects of statins
Over the last decade, clinical trial outcomes have suggested that statins have benefits
beyond their lipid lowering properties. Statins have been shown to be
immunomodulatory, anti-inflammatory, anti-proliferative, apoptotic and can reduce
oxidative stress (Kavalipati et al. 2015). These effects have been widely reviewed
(Liao and Laufs 2005; Wang et al. 2008; Zhou and Liao 2010; Kavalipati et al. 2015).

As the lipophilic statins are more likely to enter non-hepatic cells than the hydrophilic
statins, it could be hypothesised that these statins may have more pleiotropic benefits
than the hydrophilic statins. However, studies suggest that the hydrophilic statins, such
as pravastatin, also exert similar pleiotropic effects. Therefore, it has now been
proposed that these effects may be mediated by HMG-CoA reductase inhibition in the
liver, which subsequently reduces circulating isoprenoid levels. This hypothesis may
explain how hydrophilic statins can have beneficial effects in cells that these drugs can
not directly enter (Zhou and Liao 2010).

1.3.5.1 Prevention of endothelial dysfunction and oxidative
stress

The endothelium, the inner lining of blood vessels, responds to environmental factors
and maintains haemostatic balance by regulating blood vessel contraction and
leukocyte trafficking. Endothelial dysfunction is characterised by the increase of
reactive oxygen species (ROS), which leads to a reduction in the protective molecules,

endothelial nitric oxide synthase (eNOS) and nitric oxide (NO).

Statins reduce endothelial dysfunction and oxidative stress in patients with
hyperlipidaemia and metabolic syndrome (Thallinger et al. 2005; Alber et al. 2007;
Murrow et al. 2012). Statins have this effect independently of LDL cholesterol
reduction. This was addressed in patients with chronic heart failure who were

prescribed simvastatin or ezetimibe, a cholesterol absorption inhibitor. Both treatments
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lowered LDL cholesterol levels to a similar degree. However, simvastatin treatment
increased the number of functionally active endothelial progenitor cells and increased
the activity of the enzyme that catalyses the dismutation of superoxide radicals, which
was examined as a marker of oxidative stress (Landmesser et al. 2005). In a similar
comparison study, simvastatin and ezetimibe again lowered LDL cholesterol levels to
the same extent in patients with coronary artery disease but simvastatin also improved

vasodilator function (Fichtlscherer et al. 2006).

The antioxidant effect of statins may be due to the inhibition of the small GTPase Rac.
Statins can reduce oxidative stress and vascular remodelling in the context of cardiac
hypertrophy by inhibiting the isoprenylation of Rac (Brown et al. 2006). Atorvastatin
treatment reduced ROS production in rat aortic vascular smooth muscle cells that had
been stimulated with angiotensin 11, a peptide hormone that causes vasoconstriction.
The mRNA expression and abundance of the angiotensin receptor was also reduced.
Atorvastatin inhibited the activity and membrane translocation of Racl (Wassmann et
al. 2001). Simvastatin treatment inhibited angiotensin Il-induced rat cardiomyocyte
hypertrophy, reduced Racl activity and lowered the production of the superoxide
anion, suggesting simvastatin was having an antioxidant effect via Racl inhibition.
This effect was reversed by supplementation with mevalonate and GG-PP but not by
F-PP or cholesterol (Takemoto et al. 2001). Both pravastatin and atorvastatin inhibited
Racl activity in myocardial explants from patients with chronic heart failure (Maack
et al. 2003). These studies highlight the importance of statin-induced Rac inhibition

for reducing oxidative stress.

Statins regulate eNOS through multiple pathways, for example the Rho/ROCK
pathway as RhoA negatively regulates eNOS expression and activity. Statins increase
the stability of eNOS mRNA, by inhibiting Rho geranylgeranylation, which leads to
increased expression of eNOS (Laufs and Liao 1998). Statins can also regulate eNOS
through the serine-threonine protein kinase, Akt. Statins activate this protein in
endothelial cells by upregulating phosphatidylinositol-3 kinase (PI3K) signalling,
which promotes the phosphorylation of eNOS and also increases angiogenesis
(Kureishi et al. 2000). The inhibition of the Rho/ROCK pathway also activates the
PI13/Akt pathway (Wolfrum et al. 2004). Alternatively, statins can promote eNOS
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activity by reducing the expression of caveolin-1, which is a membrane protein that

directly binds to eNOS in caveolae and inhibits its activity (Pelat et al. 2003).

Statins induce the production of heme oxygenase 1 (HO-1), which is a stress response
protein that is essential for heme catabolism. HO-1 cleaves heme to form biliverdin
and carbon monoxide. Biliverdin is then converted to the antioxidant, bilirubin. As
well as having antioxidant effects, HO-1 has anti-inflammatory effects, it can prevent
the development of atherosclerosis in mice and has been upregulated by statin
treatment in mouse models of preeclampsia and PTB (Juan et al. 2001; Hinkelmann et
al. 2010; Leung et al. 2011; Gonzalez et al. 2014; Ramma and Ahmed 2014).

1.3.5.2 Immunomodulation

Previous studies have suggested that statins may mediate their anti-inflammatory and
anti-atherosclerotic effects by inhibiting CCL2 expression, which could consequently
affect monocyte chemotaxis (Martinez-Gonzalez et al. 2001; Kleemann et al. 2003;
Veillard et al. 2006). Atorvastatin, simvastatin and fluvastatin suppressed human
monocyte chemotaxis and these statins also reduced CCL2 expression in human aortic
endothelial cells by inhibiting JAK/STAT signalling cascades. These effects were both
blocked by mevalonate and GG-PP but not F-PP, suggesting they were cholesterol-
independent (Jougasaki et al. 2010). Conversely, in animal models of inflammatory
skin conditions and wound healing, the topical application of simvastatin has been
shown to reduce inflammation by promoting macrophage infiltration to the site of
injury (Adami et al. 2012; Asai et al. 2012). This suggests that statins have complex

effects on immune regulation.

Simvastatin treatment can inhibit major histocompatibility complex class Il (MHC 11)
expression and subsequent T-cell activation. MHC 11 is upregulated in inflammatory
conditions such as myocarditis, multiple sclerosis and rheumatoid arthritis. For
antigens to be presented on cell surfaces, changes in the actin cytoskeleton are required
to facilitate endocytosis of the antigen, internal processing and presentation of the
MHC 11 molecules. Small GTPases control the actin cytoskeleton and statins inhibit
the isoprenylation of these proteins (Kwak et al. 2000; Kwak et al. 2001). Other small
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GTPases, Cdc42 and Rac, play a role in dendritic cell antigen presentation to T-cells
(Nobes and Marsh 2000).

Statin treatment mediates a shift from Thl to Th2 phenotype, producing anti-
inflammatory effects. This Th2 bias is characterised by an increase in Th2 cytokines,
such as IL-4, IL-5 and IL-10, and an inhibition of Th1 cytokine secretion, such as IFN-
vy and TNF (Youssef et al. 2002; Aprahamian et al. 2006). In a mouse model of
inflammatory arthritis, simvastatin suppressed Thl-related immune responses and
IFN-y release from mononuclear cells (Leung et al. 2003). In another study,
atorvastatin stimulated the differentiation of Th2 cells, reduced immune cell
infiltration into the central nervous system and inhibited the expression of MHC I1 in
mice with autoimmune encephalomyelitis. This work highlights the potential for statin
treatment for other Thl-mediated autoimmune diseases (Youssef et al. 2002). Th17
cells have also been identified as an important target of statins when modulating
Immune responses in autoimmune diseases such as multiple sclerosis. Simvastatin had
a Thl7-polarising effect on cytokine secretion from dendritic cells isolated from

multiple sclerosis patients (Zhang et al. 2013).

Statins alter circulating Tregs in humans, with simvastatin and pravastatin increasing
Treg circulation in hyperlipidaemia patients (Mausner-Fainberg et al. 2008).
Atorvastatin increased the frequency and modulation of Tregs in a mouse model of
acute allergic asthma, which was associated with reduced immune cell infiltration into
the lungs and increased 1L-10 production (Blanquiceth et al. 2016). Statins have also
been found to have inflammation-independent immunomodulatory effects as
lovastatin and atorvastatin increased the frequency of circulating CD4+ FOXP3+
Tregs in heathy males (Rodriguez-Perea et al. 2015). Overall, these

immunomodulation properties aid the anti-inflammatory effects of statins.

1.3.5.3 Anti-inflammatory properties

The anti-inflammatory effects of statins were first identified in cases of atherosclerosis
and cardiovascular disease. Atherosclerosis is an inflammatory process, which is
characterised by leukocyte recruitment, excessive pro-inflammatory mediators and

lipid accumulation. Statins have been shown to exert anti-inflammatory effects on the
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vascular wall in cases of atherosclerosis and the resulting cardiovascular diseases
(Libby 2002).

C-reactive protein (CRP) is a non-specific marker of inflammation and is also an
independent predictor of cardiovascular disease. The PRINCE trial was an important
development in the recognition of statin-mediated anti-inflammatory effects. This trial
investigated the effect of pravastatin treatment on plasma levels of CRP. After 24
weeks of treatment, CRP levels had reduced both in patients with cardiovascular
disease and in the control subjects who had no history of cardiovascular disease (Albert
et al. 2001). The JUPITER randomised trial concluded that rosuvastatin treatment
reduced CRP levels and reduced the overall incidence of major cardiovascular events
in healthy individuals with elevated CRP but without hypercholesterolemia (Ridker et
al. 2008). This anti-inflammatory effect was observed in a number of other studies
performed in subjects with type 2 diabetes, carotid artery plaques and
hypercholesterolemia (Crishy et al. 2001; Kalela et al. 2001; Solheim et al. 2001;
Sommeijer et al. 2004). Furthermore, in hypercholesteraemic patients, serum IL-6, IL-
8 and CCL2 were all reduced following 6 weeks of simvastatin treatment (Rezaie-
Majd et al. 2002).

To investigate the anti-inflammatory effects of statins further, healthy volunteers
inhaled LPS to induce acute lung inflammation. Pre-treatment with simvastatin
attenuated LPS-induced TNF, MMP-7, MMP-8, MMP-9 and CRP production in the
bronchoalveolar lavage fluid of the volunteers. LPS-induced CRP levels were also
reduced in the plasma of simvastatin-treated subjects. LPS stimulated the nuclear
translocation of NF-xB in monocyte-derived macrophages, which was inhibited by

simvastatin pre-treatment (Shyamsundar et al. 2009).

Arguably, the quintessential example of an excessive innate immune response is
sepsis. In a cecal ligation and puncture (CLP) mouse model exhibiting polymicrobial
sepsis, both pre-treatment and post-treatment with statins substantially prolonged
survival and reduced the adhesion of leukocytes to endothelial cells (Merx et al. 2004;
Merx et al. 2005). Simvastatin pre-treatment also improved CLP-induced acute kidney
injury, prevented renal vasculature damage and hypoxia, as well as reducing systemic

inflammation (Yasuda et al. 2006). Randomised, controlled trials have not found a
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reduction in pro-inflammatory markers with acute statin treatment of patients with
sepsis compared to placebo (Kruger et al. 2011; Kruger et al. 2013). However,
previous statin treatment is associated with lower baseline IL-6 concentration and
continued statin treatment improves survival rates in patients with sepsis (Kruger et al.
2013). Previous statin therapy is also associated with a reduced risk of bacterial
infections and statin users who do develop bacterial infections have a reduced hospital
stay and a lower mortality rate compared to non-statin users (Nassaji et al. 2015). Statin
therapy has also been associated with reduced mortality in patients with viral
infections, most likely because statins reduce their inflammatory response
(Vandermeer et al. 2012). However, it has been argued that these results reflect bias
from “healthy user” effects as statin users are less likely to have co-morbidities and
may practice more healthy behaviours (van den Hoek et al. 2011). Recent meta-
analyses and systematic reviews have reported that the effects of statins on infection
are still inconclusive (Tralhao et al. 2014; Shrestha et al. 2016).

A multitude of in vitro studies have investigated the anti-inflammatory effects of
statins. Simvastatin treatment reduced the synthesis of inflammatory mediators from
various cell types in culture, such as human umbilical vein endothelial cells, human
primary macrophages, vascular smooth muscle cells and synoviocytes collected from
patients with rheumatoid arthritis (Rezaie-Majd et al. 2002; Dichtl et al. 2003; Veillard
et al. 2006; Xu et al. 2006). Simvastatin lowered the pro-inflammatory cytokine TNF
and increased IL-10 production from macrophages, as well as significantly reducing
IxkBo degradation and NF-kB translocation in vitro (Leung et al. 2011). Pravastatin
significantly reduced LPS-stimulated IL-6, IL-8 and GM-CSF protein production in
human bronchial epithelial cells (lwata et al. 2012). Pravastatin concentration-
dependently reduced CRP, IL-6 and TNF at the gene and protein level in rat vascular
smooth muscle cells. Pravastatin also downregulated the release of pro-inflammatory
mediators, TNF and CCL2, from human monocytes (Grip et al. 2000).

Statins have differential effects on the inflammatory response. For example, an in vitro
study assessed the ability of six statins to inhibit LPS-induced NF-«B binding activity
in human monocytes. All statins reduced the phosphorylation and degradation of IkB

with cerivastatin being the most potent, followed by atorvastatin, simvastatin,
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pravastatin, lovastatin then fluvastatin. This should be taken into account when

selecting a statin with the aim of anti-inflammatory benefits (Hilgendorff et al. 2003).

Statin administration has also been associated with the induction of pro-resolving lipid
mediators with strong anti-inflammatory properties, such as 15-epi-lipoxin-A4.
Atorvastatin increased the production of 15-epi-lipoxin-A4 levels in the rat
myocardium (Birnbaum et al. 2006). In a mouse model of airway mucosal injury and
inflammation, lovastatin treatment increased the production of 15-epi-lipoxin-A4 and
consequently, reduced lung inflammation (Planaguma et al. 2010). Lovastatin and
simvastatin also stimulated the biosynthesis of 15-epi-lipoxin-A4 during interactions

between human neutrophils and airway epithelial cells in vitro (Planaguma et al. 2010).

Although the mechanisms by which statins have anti-inflammatory effects are not fully
elucidated, they are thought to involve the inhibition of protein isoprenylation in the

mevalonate pathway (Wang et al. 2008).

1.3.5.4 Anti-contraction properties

Recent studies have demonstrated that statins have anti-contractile effects. Most of
these studies have focused on the cardiovascular system, where statins have been
shown to reduce the contractile response of vascular smooth muscle cells in vitro
(Kuzuya et al. 2004; Mraiche et al. 2005; Perez-Guerrero et al. 2005; Nasu et al. 2009;
Gonzalez et al. 2014). Statins also have a relaxant effect on rat aortic rings (Mraiche
et al. 2005; Sonmez Uydes-Dogan et al. 2005; Rossoni et al. 2011; Alp Yildirim et al.
2016; Chen et al. 2016).

This anti-contractile effect has been reported in other cell types, such as endometriotic
stromal cells and lung fibroblasts (Nasu et al. 2009; Ra et al. 2011). In addition, organ
bath studies have reported anti-contractile effects of simvastatin. For instance, pre-
treatment with simvastatin reduced the frequency of spontaneous and C5a-induced
contraction of human myometrial samples, as well as in myometrial tissue collected
from simvastatin-treated mice (Gonzalez et al. 2014). Rosuvastatin induced relaxation

in cardiac veins isolated from calf hearts (Nurullahoglu-Atalik et al. 2015).
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These properties have been associated with mevalonate-related pathways, more
specifically, the inhibition of Rho geranylgeranylation and the subsequent inhibition
of ROCK activation (Mraiche et al. 2005; Sonmez Uydes-Dogan et al. 2005; Nagaoka
et al. 2007; Alp Yildirim et al. 2016). The anti-contraction effect has also been
demonstrated further downstream of the Rho/ROCK pathway as statin treatment
reduces the phosphorylation of MLC, which is crucial to facilitate smooth muscle
contraction. Zeng et al. (2005) reported that simvastatin inhibited the contraction of
glomerular endothelial cells by preventing RhoA activation and subsequent MLC
phosphorylation. Lovastatin treatment prevented endothelial cell motility in vitro due
to Rho inactivation and actin depolymerisation (Xiao et al. 2012). Similar studies have
been performed in multiple cell types, which have demonstrated that the mechanism
by which statins exert their anti-contraction pleiotropic effects is by inhibiting
Rho/ROCK, thus preventing MLC phosphorylation (Alvarez de Sotomayor et al.
2001; Mraiche et al. 2005; Kuhlmann et al. 2006; Nagaoka et al. 2007; Kidera et al.
2010; Wu et al. 2011; Xiao et al. 2012; Alp Yildirim et al. 2016).

Furthermore, statins can alter Ca?* flux, which may be another mechanism by which
statins affect contractility. Simvastatin altered the excitation-contraction coupling of
rat skeletal muscle fibres by increasing cytosolic Ca®* levels (Pierno et al. 1999).
Fluvastatin and atorvastatin impaired the release of Ca?* from the SR in rat skeletal
muscle fibres resulting in elevated resting cytosolic Ca* concentration, which altered
Ca?* homeostasis (Liantonio et al. 2007). One study found that simvastatin impaired
vascular contractility by modifying the influx of Ca®* and disturbing RhoA activity
(Kang et al. 2014). Simvastatin relaxed rat superior mesenteric artery rings in vitro,
which was associated with the opening of voltage-dependent K* channels and the
blocking of extracellular Ca?* influx (Chen et al. 2016). Simvastatin, atorvastatin,
fluvastatin and rosuvastatin also had antagonistic effects on voltage-gated Ca?*
channels, inhibiting the contraction of gastrointestinal tissue in an organ bath study
(Ali et al. 2016).

1.3.5.5 Anti-proliferative and pro-apoptotic properties

Statins can inhibit cell proliferation and induce cell apoptosis. These pleiotropic affects

have proved beneficial in the development of cancer therapies. Recently, it was
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reported that long term statin use is associated with a reduced risk of many
haematological malignancies (Pradelli et al. 2015). A large scale study assessing the
relationship between statin use and cancer-related mortality in the Danish population
found reduced cancer-related mortality with statin use (Nielsen et al. 2012). Statin
users also have a lower risk of breast cancer recurrence and there is a reduced risk of
malignancy-related death in post-menopausal women (Sakellakis et al. 2016; Wang et
al. 2016). Furthermore, statin treatment is associated with reduced cancer-related

mortality in prostate cancer patients (Raval et al. 2016).

Statins  exert  pro-apoptotic,  anti-proliferative,  anti-inflammatory  and
immunomodulatory effects, which may prevent tumour growth and metastasis (Pisanti
et al. 2014). Statins have pro-apoptotic effects in cancer cell lines, but some cell lines
are more sensitive than others. This treatment can affect angiogenesis by
downregulating vascular endothelial growth factor (VEGF) and preventing endothelial

cell proliferation (Vallianou et al. 2014).

Studies have demonstrated anti-proliferative and pro-apoptosis effects in cancer of the
breast, colon, prostate, lung and liver with statin treatment. These effects were
attributed to statins inhibiting small GTPases, such as RhoA, and pathways such as
PI3K/Akt. Anti-invasion and anti-migration effects have been reported in breast,
prostate, renal and colon cancer. In addition, atorvastatin and lovastatin were
associated with overcoming drug resistance to chemotherapeutic drugs in lung cancer

xenograft models (Pisanti et al. 2014).

To summarise, statins have a number of properties in addition to lowering LDL
cholesterol concentration. They can treat endothelial dysfunction, they have anti-
oxidative stress properties as well as immunomodulatory, anti-inflammatory and anti-
contraction properties. Furthermore, they have recently been investigated as a
treatment for a multitude of cancers as a result of their anti-proliferative and pro-

apoptotic properties.

1.3.6 Statin treatment for obstetric complications
Of late, animal and human studies have described the use of statins to prevent

pregnancy complications, such as intrauterine growth restriction (IUGR),
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antiphospholipid syndrome, recurrent miscarriage, preeclampsia and PTB (Redecha et
al. 2008; Redecha et al. 2009; Gonzalez et al. 2014; Costantine et al. 2016; Lefkou et
al. 2016).

Simvastatin and pravastatin treatment prevented fetal loss and IJUGR in a mouse model
of antiphospholipid-induced pregnancy loss. The expression of tissue factor, a crucial
mediator in antiphospholipid-induced pregnancy loss, was downregulated on
neutrophils collected from statin treated mice. Statin treatment also prevented
neutrophil activation and reduced ROS production, preventing placental oxidative
damage (Redecha et al. 2008).

Pravastatin treatment also prevented pregnancy loss in a model of recurrent
spontaneous miscarriage generated by mating CBA/J and DBA/2 mice. Pravastatin
prevented fibrin deposition in the placentas of these mice and reduced tissue factor
expression, which led to reduced plasma levels of the angiogenic molecule soluble
fms-like tyrosine kinase (sFlt-1) in these mice. This restored placental blood flow and
prevented oxidative stress by increasing NO levels (Redecha et al. 2009). This CBA/J
x DBA/2 mouse model has also been suggested as a model of preeclampsia (Ahmed
2011).

Preeclampsia is one of the major causes of maternal and neonatal morbidity. Factors
contributing to this syndrome are thought to include an imbalance of angiogenic
factors, such as VEGF, placental growth factor (PGF), sFlt-1 and soluble endoglin
(SENG), resulting in insufficient trophoblast invasion into the uterus and remodelling
of the spiral arterioles. This causes placental hypoxia, endothelial dysfunction and the
release of inflammatory mediators and vasoactive factors that induce maternal effects,

such as hypertension and proteinuria (Costantine et al 2010).

One study reported that simvastatin reduced VEGF-induced sFlt-1 release from
normal, term placental villous explants. Simvastatin also reduced VEGF-induced sFlt-
1 release and upregulated HO-1 in human umbilical vein endothelial cells in vitro. This
suggested a potential role for statins in the treatment of preeclampsia (Cudmore et al.
2007). Brownfoot et al. (2016) investigated the effect of simvastatin, rosuvastatin and

pravastatin on sFlt-1 and SENG secretion on primary human umbilical vein endothelial
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cells, trophoblast cells and preterm preeclamptic placental explants. Simvastatin was
the most effective inhibitor of sFlt-1 secretion in these three models. All statins
increased SENG secretion from endothelial cells and upregulated HO-1. This increase
in SENG is concerning as SENG contributes to the pathogenesis of preeclampsia.
However, reassuringly, SENG secretion was not increased in the placental explants

following statin treatment (Brownfoot et al. 2016).

In a sFIt-1 overexpression mouse model of preeclampsia, pravastatin lowered serum
sFIt-1 levels and improved vascular function when the carotid arteries of these mice
were subjected to in vitro reactivity experiments (Costantine et al. 2010). Kumasawa
et al. (2011) developed a unique model of preeclampsia by transplanting blastocysts
transduced with a lentiviral vector expressing human sFLT-1 into pseudopregnant
mice, producing a placenta-specific expression system. This model exhibited
hypertension, proteinuria and IUGR. Pravastatin ameliorated these preeclampsia-like
symptoms and induced both placental and non-placental Pgf expression, which may
have aided the prevention of endothelial dysfunction (Kumasawa et al. 2011).

Pravastatin treatment also has fetal protective effects in mouse models of
preeclampsia. The offspring from a sFlt-1 overexpression model displayed poor
vestibular function, balance and coordination. These side effects were prevented when
preeclamptic mothers received pravastatin during gestation (Carver et al. 2014). In this
model, offspring also exhibited delayed growth and pravastatin normalised this
(McDonnold et al. 2014).

Two clinical trials have investigated the effect of pravastatin for the prevention and
treatment of preeclampsia; one trial involved women at high risk of preeclampsia and

the other trial was assessing women with early onset preeclampsia.

The first study performed a randomised controlled trial to investigate the safety and
pharmacokinetics of pravastatin treatment in 20 women; 10 treated with pravastatin
and 10 treated with placebo. Women at high risk of preeclampsia were treated with
10mg/day pravastatin between 12 and 16 weeks gestation until delivery. Four subjects
out of ten in the placebo group developed preeclampsia, whereas none of the ten

subjects in the pravastatin group developed preeclampsia. The placebo group also had
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five indicated preterm deliveries compared to only one in the pravastatin group.
Maternal cholesterol levels were reduced by the treatment but the levels of cholesterol
in the umbilical cord were unaltered and birthweights were not different between
groups. No differences in drug side effects or congenital malformations were found
between the pravastatin and placebo group. Overall, no safety risks were identified
with this treatment (Costantine et al. 2013; Costantine et al. 2016).

The second study, a proof of concept trial, investigated the effect of 40mg/day
pravastatin treatment on early onset preeclampsia when prescribed between 24 and
31+6 weeks gestation. This trial assessed the ability of pravastatin to restore
angiogenic balance by measuring adverse biomarkers associated with preeclampsia in
the maternal circulation, as well as collecting safety data. Recruitment of women for
this trial is complete. However, the results are still to be reported (Statins to Ameliorate
early onset Preeclampsia (StAmP); www.controlled-trials.com/ISRCTN23410175).

Pravastatin treatment also improves pregnancy outcomes in women with anti-
phospholipid syndrome. Eleven women who were receiving conventional
antithrombotic treatment for antiphospholipid syndrome were prescribed pravastatin
on the diagnosis of preeclampsia or IUGR. Women treated with both pravastatin and
antithrombotic treatment exhibited increased placental blood flow and preeclamptic
features were improved, compared to subjects receiving antithrombotic treatment only.
The addition of pravastatin treatment resulted in live births that occurred close to term
in all subjects. Importantly, there were no fetal abnormalities reported (Lefkou et al.
2016).

Statins have also demonstrated anti-inflammatory effects in a mouse model of
systemic maternal infection. When pregnant mice were treated with simvastatin prior
to an intraperitoneal injection of LPS, II-74 and 11-6 mRNA expression were reduced
in the uterus, as well as 11-6 and Tnf in the cervix, compared to LPS only treated mice
(Basraon et al. 2012). A wide range of LPS-induced inflammatory cytokines were also
reduced in the maternal serum by the simvastatin treatment. Pravastatin treatment
reduced LPS-induced Il-74 and 11-6 mRNA expression in the uterus and cervix,
respectively and serum levels of IL-1p and GM-CSF were also reduced (Basraon et al.
2012).
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Pravastatin and simvastatin treatment prevented PTB in a mouse model of ascending
infection. The authors described a reduction in MMP activity and collagen | content in
the cervix, indicating that statin treatment prevented cervical remodelling. They also
reported a reduction in complement-induced contraction of mouse and human
myometrial strips with simvastatin and pravastatin treatment (Gonzalez et al. 2014).
However, the total sample size of mice in this study was relatively small, with group
numbers of 5-7 mice per treatment, and the mechanisms of action of statins were not
fully elucidated. In addition, the key role of inflammation was not addressed in these
studies. A similar study using the same PTB model found that statins had
neuroprotective properties following fetal exposure to LPS. This treatment reportedly
prevented fetal brain cortical abnormalities, evidenced by a reduction in caspase-3
staining, and LPS-induced cortical neuron disruption was ameliorated. These effects

were associated with the Akt/PKB signalling pathway (Pedroni et al. 2014).

Pravastatin also displayed fetal protective effects in a mouse model of glucocorticoid
overexposure by treating placental vascular defects. In mice lacking 11B-
hydroxysteroid dehydrogenase type 2 (113-HSD2), there was a reduction in umbilical
blood velocity and the fetuses exhibited signs of cardiac dysfunction. Pravastatin
treatment increased the vascularisation, increased the placental fetal capillary volume
and improved umbilical cord velocity. These effects resulted in normalised fetal
weight and improved fetal cardiac function. This suggests that statin treatment may be
a useful therapeutic for fetal growth restriction as it may improve the development of

the placental vasculature (Wyrwoll et al. 2016).

1.3.7 The safety profile of statins
In general, statins have few serious side effects and are relatively well tolerated. The
most reported side effect of statin use is myalgia, in which rates vary from 1-10% of
users. The most serious side effect is rhabdomyolysis, which occurs in less than 0.1%
of users (Ramkumar et al. 2016). Some statin users report side effects such as muscle
weakness, muscle pain or aching, stiffness, muscle tenderness, cramps and arthralgia,
which implies that statins may induce myotoxicity. However, the prevalence of statin-

induced myotoxicity has been debated due to unclear definitions of the condition,
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clinical reports are hugely variable and large randomised clinical trials are not always

representative of clinical practice (du Souich et al. 2017).

The risk factors for statin-induced myopathy are hypothyroidism, drug-drug
interactions, reduced activity of liver membrane transporters and conditions such as
mitochondrial damage or increased ROS. Polypharmacy is an issue with statin
treatment due to a number of therapeutics interacting with the CYP enzyme group.
Inhibitors of CYP enzymes may lead to an elevation of statin levels, which increases
the risk of toxicity. Common causes of interactions include gemfibrozil, a fibrate that
also lowers lipids and interacts with CYP3A4 enzyme, and grapefruit juice, which
potently inhibits CYP3A4. Conversely, anti-epileptic drugs are inducers of the
CYP3A4 enzyme, which can reduce statin concentration and therefore, their
effectiveness. As pravastatin is metabolised independently of the CYP system, it does

not have many drug interactions (Ramkumar et al. 2016).

A recent meta-analysis concluded that while high doses of statins reduce the risk of
cardiovascular disease, they could increase the risk of type 2 diabetes. These
differential metabolic effects cannot currently be explained and further research must
be performed to fully understand these additional statin effects (Lim et al. 2014).
However, the benefits of cardiovascular protection and reduced mortality with statin
treatment outweigh the risk of developing type 2 diabetes (Castro et al. 2016).

Overall, statin treatment is considered to be safe for most people. Statins should be
prescribed with caution to those with multiple co-morbidities. In cases of

polypharmacy, pravastatin may be the ideal statin as it has fewer drug interactions.

1.3.7.1 Statin use in preghancy

Statins are defined as category X by the FDA for use in pregnancy and are generally
contraindicated for pregnancy use worldwide. Currently, safety data obtained during
pregnancy comes from women using statins during the early weeks of an unidentified

or unplanned pregnancy.
The FDA categorisation was based on early animal studies that demonstrated

teratogenic potential with the use of exceptionally high concentrations of statins
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(Minsker et al. 1983). However, the fetal skeletal abnormalities in these studies have
been attributed to maternal toxicity-induced nutritional deficiency rather than
teratogenic effects (Lankas et al. 2004). There are also concerns that statin treatment
may affect cholesterol biosynthesis in the developing fetus. In addition, the inhibition
of isoprenoids and other factors involved in intracellular signalling are associated with
the insulin-like growth factor system. This system is necessary for placental
development and its disruption could also contribute to adverse outcomes (Forbes et
al. 2008; Forbes et al. 2015).

Most teratogenic evidence is associated with the older, more commonly prescribed,
lipophilic statins lovastatin and simvastatin. There is limited information on the effects
of pravastatin and the newer statins, rosuvastatin and pitavastatin, in pregnancy
(Godfrey et al. 2012).

A retrospective observational study by Edison and Muenke (2004) reported that there
was an increase in fetal limb defects after simvastatin exposure during the first
trimester. The authors associated these defects with defective cholesterol metabolism.
However, these findings have since been criticised and challenged by larger studies,
which found that there was no greater risk when comparing to population baseline
levels of fetal malformations (Gibb and Scialli 2005; Petersen et al. 2008; Bateman et
al. 2015).

The most recent evidence comes from a well-designed epidemiological study
performed by Bateman et al. (2015). This study assessed pregnancy and childbirth in
data collected from a large cohort of 1152 women in the USA between 2000 and 2007.
They assessed the risk of major congenital malformations, as well as organ specific
malformations, in the offspring of women who used statins during the first trimester
of pregnancy. High density propensity scoring was used to control for confounding
factors, such as maternal medical condition, particularly diabetes, the use of other
medication, as well as demographic factors. The unadjusted results suggested a slight
increase in the risk of congenital malformation with first trimester statin use. However,
this risk disappeared once confounders were taken into account. There was no
increased risk of organ specific malformations found. This analysis was performed on

low income women and so cannot be generalised. However, as these women are at
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greater risk of poor pregnancy outcomes, these results can also be regarded as
reassuring for those from higher income surroundings (Haramburu et al. 2015). A
limitation of such a study is that it relies on treatment compliance, as the criteria of
“statin use” is based only on dispensed prescriptions. There was also no information
on issues during pregnancy, such as medical terminations and miscarriages, or long
term effects (Bateman et al. 2015).

As statins are not prescribed during pregnancy, there is no safety data on their use later
in gestation when treatments for pregnancy disorders are likely to be given.
Furthermore, absence of risk is more difficult to prove. Therefore, more safety
information is required. Pilot trials for pravastatin use in cases of preeclampsia are
beginning to address this on a small scale, with group numbers of 10-11 women in
these studies (Costantine et al. 2016; Lefkou et al. 2016). However, it is still too early
to assess the long term effects of this exposure. Obstetric complications, such as PTB
and preeclampsia, can result in life-long morbidity as well as maternal and neonatal
mortality. Therefore, it can be argued that the possible benefits of statin treatment

outweigh the risks in these instances.

In conclusion, statins are well-tolerated drugs that potently inhibit the synthesis of
cholesterol. These drugs also prevent the development of cardiovascular disease.
Statins vary in their structure and this affects their potency, absorption and metabolism.
All statins competitively inhibit the HMG-CoA reductase enzyme within the
mevalonate pathway, inhibiting cholesterol production, as well as the synthesis of
isoprenoids. This prevents the isoprenylation of small GTPases, which are intracellular
signalling molecules responsible for cellular processes, such as proliferation, cell
growth and remodelling of the actin cytoskeleton. Therefore, statins have anti-
inflammatory, immunomodulatory, antioxidant and anti-contraction effects. For this
reason, statin treatment has been suggested for a range of inflammatory and
autoimmune diseases and more recently as a cancer therapy. Statins show promise for
the treatment of pregnancy disorders, such as IUGR, miscarriage, preeclampsia and
antiphospholipid syndrome. One study has also suggested the use of statins to prevent

PTB. However, this requires further investigation. Statin use is currently
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contraindicated in pregnancy but large epidemiological studies have not found a

teratogenic effect. Further safety investigations are required to confirm these findings.

1.4 Summary

This chapter firstly addressed the role of inflammation in labour. Term labour is an
inflammatory process in which immune cells are primed in the circulation and infiltrate
the intrauterine tissues. There is an increase in pro-inflammatory mediators, such as
cytokines, chemokines and prostaglandins, at the maternal-fetal interface. These
mediators initiate labour by stimulating myometrial contractions, cervical ripening and
fetal membrane rupture. Uterine stretch and fetal signalling may also play a role in the
initiation of labour. However, when this inflammatory cascade begins earlier in
gestation this can lead to the pathological, preterm initiation of the labour process. PTL
is difficult to predict and current treatments are ineffective at preventing PTB. As PTB
is the leading cause of mortality in children, treatments must aim to protect the fetus
from injury and improve neonatal outcome. Although the aetiology of PTL is unclear,
the majority of cases have been associated with infection and inflammation. Tocolytic
drugs do not substantially delay delivery and they do not improve the outcome of the
premature babies. In addition, the efficacy of vaginal progesterone application has
recently been questioned. Anti-inflammatory agents may be key to the successful
prevention and treatment of PTL but many of these compounds are only at the early
stage of testing and are not approved for human use. Drug development is extremely
expensive and time-consuming and few drugs successfully complete the process.
Many of these limitations may be overcome by repurposing a drug that is already FDA-
approved. Thus, statin treatment, with its many pleiotropic effects, may be an ideal

therapeutic for PTL.

Statins are used to reduce cholesterol levels and prevent cardiovascular disease. By
inhibiting the mevalonate pathway, statins also inhibit the isoprenylation of small
GTPases, which are involved in a multitude of cellular functions. The result is that
statins are capable of regulating the immune system, reducing inflammation and also
inhibiting the contraction of cells. These properties suggest statins could potentially
target the underlying causes of PTL as well as inhibiting myometrial contraction.
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Human studies have already reported the success of statin treatment in cases of

preeclampsia. Therefore, statin therapy could be a novel approach for treating PTL.

1.5 Hypothesis and aims

The work presented in this thesis was based on the hypothesis that statins will prevent
PTB by reducing inflammation.

In order to address this hypothesis, the aims of the thesis were as follows:

e Toinvestigate the effect of statins on inflammation in the reproductive tract in
vitro

e To examine the effect of statins on the contractility of the myometrium in a cell
line

e To investigate the mechanisms by which statins affect either contractility or
inflammation in PTL

e To determine whether statins can delay/prevent PTB or improve neonatal
outcome in an LPS-induced mouse model of PTB.
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Chapter 2. Materials and Methods

2.1 Myometrial cell culture

2.1.1 Pregnant human myometrial 1-41 (PHM1-41) cell
line
PHM1-41 cells are commercially produced myometrial smooth muscle cells, which
were isolated from a pregnant, non-labouring woman at 39 weeks gestation. The cells
were immortalised and selected by resistance to Geneticin (G418) by Monga et al.
(1996). The cells were originally selected for smooth muscle cell morphology but they
were not derived by limiting dilution cloning. Therefore, this PHM1-41 myometrial
cell line may be a polyclonal population of cells. These cells are morphologically and
phenotypically similar to cultured primary myometrial cells and have previously been
used for studies investigating gene expression, ion channel activity, oxytocin
signalling pathways and contraction-associated pathways (Monga et al. 1996;
Hutchinson et al. 2014; Rajagopal et al. 2015; Makieva et al. 2016). The cell line was
purchased at passage 12 and used up to passage 22 (PHM1-41 ATCC® CRL-3046™,
LGC Standards, Teddington, UK). In the experiments outlined in this chapter, the
PHM1-41 myometrial cells were cultured in 4.5g/L high glucose Dulbecco's Modified
Eagle Medium (DMEM; BE12-709F, Lonza, Slough, UK) supplemented with 10%
fetal bovine serum (FBS; Gibco, Life Technologies, Paisley, UK), 1%
Penicillin/Streptomycin (P/S; Sigma-Aldrich, Poole, UK), 1% L-Glutamine (Sigma-
Aldrich) and 0.1mg/ml G418 sulfate (Geneticin, Gibco, Life Technologies). During
experiments, G418 sulfate was omitted from the culture medium. Partial serum
starvation was carried out in 4.5g/L high glucose DMEM supplemented with 5% FBS,
1% P/S and 1% L-Glutamine. All incubations were carried out at 37°C, in a

humidified, 5% carbon dioxide (CO2) atmosphere.

2.1.2 Sub-culturing myometrial cells
To sub-culture the PHM1-41 myometrial cells, medium was removed and cells were
washed twice with sterile phosphate buffered saline (PBS; Life Technologies).
Trypsin-Ethylenediaminetetraacetic acid (EDTA; Lonza) was added to the flask
(Sarstedt, Nimbrecht, Germany) and incubated for 2-3 minutes, until cells detached.
Cells were collected in 10% FBS DMEM, with 1% P/S, 1% L-Glutamine and

Chapter 2: Materials and Methods 61



The effect of statin treatment on preterm labour
0.1mg/ml G418, to neutralise the trypsin-EDTA and cells were counted using a
haemocytometer. The cell suspension was centrifuged at 300 x g for 5 minutes. Cells
were then resuspended in complete culture medium and seeded at 1-3x10° cells/T75
flask or 2-4x10° cells/T162 flask. Medium was changed every 2 days until the cells

were confluent.

2.1.3 Mycoplasma testing
Before beginning a new set of experiments, the myometrial cells were routinely
monitored for mycoplasma, using the MycoAlert™ Mycoplasma Detection Kit
(Lonza). This assay detects the presence of enzymes released from lysed mycoplasma,
which react with the MycoAlert™ substrate, catalyzing the conversion of adenosine
diphosphate (ADP) to adenosine triphosphate (ATP). The ATP level is measured
before and after MycoAlert™ substrate addition. Elevated ATP levels signify the
presence of mycoplasmal enzymes. Mycoplasma testing was performed by Dr Forbes

Howie (Specialised Assay Service, University of Edinburgh).

Cells were seeded at 1.5x10° cells/ml (3x10° cells in 2ml) in 6-well plates and cultured
in 10% FBS DMEM, omitting P/S and G418, for 48 hours. An aliquot of medium was
removed and centrifuged at 200 x g for 5 minutes, to remove cell debris and 100ul of
supernatant was collected for analysis. The MycoAlert™ reagent was then added in
an equal volume of 100ul and the samples were incubated for 5 minutes at room
temperature. The first luminescence reading was then taken on a FLUOstar OPTIMA
(BMG Labtech, Ortenberg, Germany). Then, 100ul MycoAlert™ substrate was added
to the sample, followed by a 10 minute incubation at room temperature. The
luminescence was then read again and the ratio between the two readings was

calculated. Ratios greater than 1.2 suggested mycoplasma contamination.

2.2 Treatment preparation

Pravastatin (P4498; Sigma-Aldrich) was dissolved directly in sterile PBS and stored
in a stock solution of 5mg/ml at 4°C for up to 1 month. A simvastatin (S6196-25MG;
Sigma-Aldrich) stock solution was prepared by dissolving 4mg of the drug in 100ul of
ethanol (EtOH) and 150ul of 0.1N sodium hydroxide (NaOH) and incubated at 50°C
for 2 hours. The stock solution was adjusted to pH7 with 5N hydrogen chloride (HCI).
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The volume was made up to 1ml using sterile PBS, which was filter sterilised using a
0.22um filter (Millipore, Billerica, MA, USA) and stored at 4°C for up to 1 month.
Lipopolysaccharide (LPS; E. coli 0111:B4, L3024, Sigma-Aldrich) was reconstituted
in sterile PBS, aliquoted and stored at -20°C. (+)- Mevalonolactone (M4667; Sigma-
Aldrich) was diluted 1 in 10 in EtOH to produce a stock solution, as required. Farnesyl
pyrophosphate ammonium salt (F-PP; F6892, Sigma-Aldrich) and Geranylgeranyl
pyrophosphate ammonium salt (GG-PP; G6025, Sigma-Aldrich) were purchased in
solutions of 2500uM and 2000uM, respectively, in methanol (CH3OH). Mevalonate,
F-PP and GG-PP were all stored at -20°C. All treatment dilutions were performed with

sterile PBS to achieve final treatment concentrations.

2.3 Pravastatin and simvastatin treatment of
myometrial cells

Cells were seeded at 1.5x10° cells/ml (3x10° cells in 2ml) in 6-well plates and then
partially serum-starved in DMEM containing 5% FBS, 1% P/S and 1% L-Glutamine,
for 24 hours at 37°C. Cells were stimulated with 100ng/ml LPS and treated in duplicate
either simultaneously with pravastatin (10uM) or simvastatin (0.1uM, 10uM, 50uM),
or pre-treated or post-treated with pravastatin/simvastatin (Figure 2.1) and incubated
for 24 hours at 37°C. Control wells were included with PBS only, LPS (100ng/ml)
only and pravastatin (10ptM) or simvastatin (L0uM) only, performed in duplicate.

Harvest cells
and
supernatants

I

0 6 18 24h

Pravastatin/Simvastatin + LPS

Co-treatment

Pravastatin/Simvastatin Pravastatin/Simvastatin + LPS

Pre-treatment

LPS Pravastatin/Simvastatin + LPS

Post-treatment

Figure 2.1. Statin and LPS treatments of myometrial cells. Cells received one of three treatment
regimens, each with a total incubation time of 24 hours. LPS and statins were either co-administered or
cells were first pre-treated with statins (6 hours) or received statin treatment 6 hours post-LPS

stimulation.
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2.4 Myometrial cell image capture

Images of the cells were captured following 24 hours of co-treatment, pre-treatment
and post-treatment of statins and LPS, to assess any effects on cell morphology. Image
capture was performed using a Leitz Labovert microscope with a x10 objective lens
and a Zeiss AxioCam ICcl camera. Imaging was performed using Zeiss ZEN (2011)

software.

2.5 MTT metabolic activity assay

Cell metabolic activity was assessed for all treatments by measuring the ability of
myometrial cells to metabolise 3-(4, 5-dimethylthiazol-2yl)-2, 5-diphenyltetrazolium
bromide (MTT; Sigma-Aldrich). The metabolism of yellow tetrazolium MTT by living
cells results in purple formazan, which can be solublised and quantified by a
spectrophotometer. The cells were seeded at 10* in a 96-well plate and treated with
pravastatin (1, 10, 100uM), simvastatin (0.1, 1, 10, 25, 50, 100uM), LPS (25,
100ng/ml), mevalonate (200uM), GG-PP (10uM) or F-PP (10uM) for 24-48 hours, in
triplicate. MTT solution was applied for the final 4 hours of the 24-48 hour treatments,
at 37°C. The medium was removed and 100pl acidified isopropanol was added for 20
minutes, then light absorbance was the measured at 540nm (LabSystems Multiskan
EX).

2.6 Collagen gel contraction assay

2.6.1 Collagen gel preparation
A collagen gel contraction assay was utilised to assess the effect of simvastatin on the
contraction of myometrial cells and was performed as previously described by our
laboratory (Hutchinson et al. 2014). The collagen utilised was a kind gift from Dr Alex
Henke (Shire Pharmaceuticals, Lexington, MA, USA), which was prepared from rat
tails, as previously described (Bell et al. 1979). Briefly, frozen rat tails were thawed in
70% EtOH for 20 minutes. The tendons were then removed, minced and placed in
dilute acetic acid (250ml/tail) for 48 hours, with gentle agitation, at 4°C. The resulting
solution was centrifuged at 14, 000 x g for 1 hour. The supernatant was removed and
this crude collagen solution was refined by the addition of 0.1M NaOH in a 6:1 ratio.

This neutralised the acetic acid and caused the collagen to precipitate. The mixture was
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centrifuged at 300 x g for 5 minutes, the supernatant was discarded and an equal
volume of fresh acetic acid was added to resolubilise the collagen. This solution was
stored at 4°C until required for the collagen gel contraction assay. Simvastatin
concentration response experiments used the remainder of this collagen solution.
Therefore, all other experiments were performed using commercially available Type |
rat tail collagen (2ml; A1048301, ThermoFisher Scientific, Hemel Hempstead, UK).

2.6.2 Collagen gel casting and contraction assay
Myometrial cells were washed twice in PBS and trypsinised, then resuspended in 10%
FBS DMEM with 1% P/S and 1% L-Glutamine at 1x10° cells/ml. Non-treated 24-well
plates were utilised, to prevent cell adherence (3738, Costar®, Corning, NY, USA).
NaOH (0.1M) was prepared in water (H20), sterile filtered using a 0.22uM filter and
syringe, and stored at 4°C until required. To seed a full non-treated 24-well plate, 2.4ml
of the cell suspension was transferred to a fresh, chilled tube on ice and 5.6ml medium
was added (10° cells/well). To the cells, 1.2ml 0.1M NaOH was added and the cell
suspension was divided evenly. The following steps were carried out quickly on ice.
Rat tail collagen (either the crudely extracted or commercially available type | rat tail
collagen) was added to each tube in a volume of 2ml, pipetting gently to mix, while
avoiding bubbling, to prevent polymerisation. The collagen cell suspension (500pul)
was added to a 24-well plate, working vertically, up and down columns for symmetric
distribution. The collagen gels were allowed to polymerise overnight, incubated at
37°C. The collagen gels were then partially serum-starved for 2 hours with medium
containing 5% FBS, 1% P/S and 1% L-Glutamine. The collagen gels were gently
detached and treatments were added in 6 technical replicates. Treatments included
simvastatin (0.1, 1, 10, 25, 50, 100uM), LPS (25, 50, 100, 200, 300, 400ng/ml),
mevalonate (100, 200uM), GG-PP (10, 20, 40uM) and F-PP (10, 20, 40, 80, 100uM).
The plates were incubated at 37°C and photographed at 0, 24 and 48 hours using a
Leica MZ6 light microscope/camera (Mayfair, UK) on the ICD and 2x2 colour binning
settings. Images were captured using Leica Firecam software (v3.4.1). Imagel
(National Institutes of Health, Bethesda, MD, USA) was used to measure collagen gel

area.
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2.7 In-Cell Western assay

In-Cell Western analyses (Figure 2.2) were performed to quantify pMLC in
myometrial cells, as previously described (Hutchinson et al. 2014). In brief, cells were
seeded at 2x10* cells/well in a volume of 200ul 10% FBS DMEM with 1% P/S and
1% L-Glutamine in black 96-well, clear base plates (6005225; Perkin EImer, Waltham,
MA, USA) and incubated overnight at 37°C. The cells were partially serum starved
with 5% FBS DMEM containing 1% P/S and 1% L-Glutamine for 2 hours, then
treatments (Figure 2.2) were applied in triplicate for 48h, at 37°C. Following
incubation, treatments were removed by inverting the plates and cells were fixed with
4% formaldehyde (Sigma-Aldrich) for 15 minutes at room temperature. The fixative
was removed and the cells were washed and permeablised 3 times with 0.1% Triton
X-100 (BDH Laboratory Supplies, Poole, UK) in PBS for 5 minutes on a rocker at
room temperature. Plates were blocked with Odyssey® blocking buffer (PBS) (P/N
927-40000; LI-COR Biosciences, Lincoln, NE, USA) for 1 hour at room temperature.
Primary antibodies of interest (Table 2.1) were diluted in Odyssey® blocking buffer
then applied in a volume of 50ul/well, followed by an overnight incubation at 4°C.
The plates were then washed in 0.5% PBS TWEEN® 20 (PBST), 3 times for 15
minutes, on a rocker at room temperature. The secondary antibodies (Table 2.1) were
diluted in Odyssey® blocking buffer and 50ul/well was added for 2 hours at room
temperature, in the dark. The plates were washed again, as before with PBST, in the
dark. The Odyssey® CLx Imaging System (LI-COR Biosciences) was used to read the
plates and measure the signal in each well. The intensity of pMLC fluorescence was

quantified relative to a-Tubulin within the same well.
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Figure 2.2. Schematic representation of the In-Cell Western assay. Cells were treated with
simvastatin (10uM, 50uM) and supplemented with LPS (25ng/ml), mevalonate (200pM), GG-PP
(10uM) or F-PP (10uM), then fixed and incubated with primary antibodies for pMLC and a-Tubulin,

secondary LI-COR antibodies and then fluorescence was read.

Target Primary Supplier Secondary Supplier
antibody antibody
a-Tubulin Monoclonal Sigma- Polyclonal LI-COR
mouse anti-a- | Aldrich donkey anti- | Biosciences
Tubulin (T9026) mouse (926-68072)
680RD
(1:5000)
(1:10,000)
pMLC Polyclonal Cell Polyclonal LI-COR
rabbit anti- Signaling donkey anti- | Biosciences
pMLC 2 Technology, | rabbit 800CW | (926-32213)
(Ser19) MA, USA
(1:10,000)
(3671)
(1:200)

Table 2.1. Primary and secondary antibodies for In-Cell Western analyses
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2.8 Mouse model of preterm birth

2.8.1 Animal studies
All animal studies were conducted under a UK Home Office licence to Professor J.E.
Norman (70/8927) in line with the Animal Scientific Procedures Act (1986). To carry
out procedures, all researchers were required to have a personal licence and maintain
up-to-date training records on procedures. All new practical work was reviewed with
the Named Training and Competency Officer (NTCO) and a Named Veterinary
Surgeon (NVS) prior to commencing any training. Practical training was carried out
under the supervision of an appropriate trainer until deemed competent to perform the
procedure unsupervised. All new experiments were reviewed by the NVS before mice
were ordered from Charles River Laboratories (Margate, UK). The principles of “the
three Rs”, reduction, replacement and refinement, were adhered to as far as possible.
Annual Returns of Procedures were completed and sent to the Home Office providing
details of procedures carried out, the severity of the procedures and the number of

animals used.

Animals were acclimatised for 10 days prior to timed-mating, while housed in groups
of 5 or 6 and provided with food and water. Timed-matings and plug checks were
carried out by animal house technician, Mike Dodds. Gestational day one (D1) was
designated when the vaginal plug was found. After procedures were performed, the
pregnant mice were housed separately and monitored for signs of delivery.
Temperature (19-23°C) and humidity (~55%) were tightly controlled, with constant
light/dark cycles (12 hours/12 hours).

Animals were sacrificed in accordance with Schedule 1 (Animals Scientific
Procedures Act, 1986). Dams were sacrificed by the inhalation of rising concentrations
of COz into a sealed chamber. Death was confirmed by cervical dislocation, using a
blunt instrument, or exsanguination, where the blood was drained. Pups were

sacrificed by cervical dislocation.

2.8.2 Ultrasound procedure
The ultrasound procedure was performed by Mr Adrian Thomson (Preclinical
Ultrasound Facility, University of Edinburgh, PIL: IC1IF2EA12), as described by
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Rinaldi et al. (2015b). On gestational D17, mice were randomly assigned to the
treatment groups, then anesthetised with inhalation of isoflurane (5% for induction,
1.5% for maintenance in oxygen) and positioned supine on the ultrasound stage.
Abdominal hair was first clipped, then removed with depilatory cream. Warm
ultrasound gel was then applied to the abdomen. Scans were performed with the Vevo
770 high-frequency ultrasound scanner (FUJIFILM VisualSonics, Inc., Toronto, ON,
Canada) with a RMV 707B probe (center frequency, 30 MHz). Temperature and heart

rate were monitored throughout all procedures (Figure 2.3).

Ultrasound probe Nose cone

Depilated mouse

Figure 2.3. Ultrasound-guided intrauterine LPS-induced PTB mouse model. (A) An example of a
CD1 mouse lying supine on the ultrasound stage, receiving isoflurane through the nose cone, as the
ultrasound probe guides the intrauterine injection. (B) An ultrasound image showing two amniotic sacs
and the injection point in the intrauterine space. (C) Contrast agent was injected into the intrauterine
space, between two amniotic sacs, to show feasibility. Images curtesy of Adrian Thomson or adapted
from Rinaldi et al. (2015b).
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2.8.3 LPS dose response trial for the ultrasound-guided
intrauterine LPS-induced PTB mouse model

Firstly, ultrasound was used to count the number of viable pups, then used to guide
injection of LPS (0.3pg, 1ug, 3ug, 10pg, 15ug, 20ug in 25ul PBS; from E. coli
0111:B4) or PBS (25ul) directly into the uterine lumen, between 2 gestational sacs,
using a 33-gauge Hamilton syringe (Figure 2.3). Care was taken not to enter the
amniotic cavity. Mice were kept at 30°C until recovered from surgery, then transferred
to individual cages to be continuously monitored using individual closed-circuit
television cameras and a digital video recorder. Time to delivery was recorded as the
number of hours from the time of intrauterine injection of LPS/PBS to the delivery of
the first pup. The number of live/dead pups was recorded within 24 hours of their
delivery. The percentage of live born pups per litter was calculated by dividing the
number of live pups found within 24 hours of delivery by the number of viable pups

counted via ultrasound on D17.

2.8.4 Statin treatment of the LPS-induced PTB mouse
model

On gestational D16, mice were restrained by grasping the scruff of the neck between
the thumb and forefinger, while maintaining a grip on the tail, and given an
intraperitoneal injection of simvastatin (20ug or 40ug in 200ul PBS), pravastatin
(10pg in 200ul PBS) or PBS (200pl), using a sterile 0.5ml BD Micro-Fine Ultra™
0.3mm x 8mm (30 gauge) pen needle (Oxford, UK). This was performed by
positioning the needle parallel to the line of the thigh, pushing through the centre of
the posterior quadrant of the abdomen into the peritoneal cavity. By positioning the
needle along the line of the leg, this avoids the bladder in the posterior abdomen and
the liver anteriorly. Penetration was shallow so that only the tip of the needle entered
the peritoneal cavity. These intraperitoneal injections were performed by Dr Heather
MacPherson (PIL: 127C06758). Mice were then anaesthetised on D17 of pregnancy
by the inhalation of isoflurane and ultrasound was used to confirm the number of viable
fetuses. Following this, ultrasound was utilised to guide injection of LPS (1jug or 20ug
in 25ul PBS) or PBS (25ul) into the uterus, between 2 gestational sacs. Two hours
later, the mice received another intraperitoneal treatment of pravastatin/simvastatin or

PBS, administered as on D16 (Figure 2.4). Animals were allowed to recover from the
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anaesthesia and were monitored for signs of labour and delivery of pups. All animals
were randomly assigned to each group. Cage cameras were used to monitor animals
remotely with time to delivery and the number of live/dead born pups recorded, as

described above.

Preterm labour
Overnight
~24h post IU inj

L

Day 16 Day 17 Day 18 Day 19

+2hours ﬁ
Intraperitoneal |:> Intrauterine ‘:> Intraperitoneal

injection (IP) injection (1U) injection (IP) Term labour

Overnight
~60h post IU inj

* PBS

* Pravastatin
(10pg)

* Simvastatin

(20pg/40ug)

* PBS

* Pravastatin
(10pg)

* Simvastatin

(20ug/40ug)

« PBS
« LPS
(1pg/20pg)

Figure 2.4. Statin and LPS treatments for the PTB mouse model. Gestational day one (D1) was
designated when the vaginal plug was found. On gestational D16, mice received an intraperitoneal
injection of PBS, pravastatin or simvastatin. D17, either PBS or LPS was administered, as a control or

to instigate PTB, respectively. This was followed by another intraperitoneal treatment 2 hours later.

2.8.5 Tissue collection and storage
In a separate cohort of mice, tissues and fluids were harvested 6 hours after intrauterine
injection of PBS/LPS (Table 2.2). Dams were sacrificed by the inhalation of CO.,
followed by exsanguination. Approximately 1ml of maternal blood was taken from the
vena cava using a 25 gauge needle and 1ml syringe and allowed to clot in a 1.5ml
Eppendorf for 1-2 hours at room temperature. The blood was then centrifuged at 2000
x g for 20 minutes and the serum aliquoted and stored at -80°C. Maternal serum was
also collected from another cohort of mice for liquid chromatography-tandem mass
spectrometry (LC-MS/MS) analysis. These mice received one intraperitoneal injection
of either 20ug simvastatin, 40pg simvastatin or PBS on gestational D17. Serum was

collected 1 hour and 2 hours after treatment.

Amniotic fluid was collected in a 1.5ml Eppendorf from each gestational sac using a
pasteur pipette and pooled, resulting in one sample per dam. The amniotic fluid was
stored on wet ice, then centrifuged at 8000 x g for 10 minutes at 4°C, aliquoted and
stored at -80°C.
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As the location of the intrauterine injection site was unknown due to the ultrasound
procedure, uterus, placenta and fetal membrane samples were collected from both the
left and right horn of each mouse. When analysing mRNA concentration, the average
of the right and left horn tissues was taken per mouse. The cervix was cut in half to
provide one sample for gene expression and one for histology. Fetal heart, lung and
brain samples were also collected. Fetal plasma was collected in capillary blood
collection tubes (Microvette® CB 300 pl, K2 EDTA, Sarstedt) and centrifuged at 2000
x g for 5 minutes. The plasma was stored at -80°C. Samples taken for mRNA
expression analysis were collected in RNAlater (Sigma-Aldrich). These samples were
kept at 4°C overnight, then the RNAlater was removed and the samples were stored at
-80°C until required. Samples for protein analysis were immediately frozen on dry ice,
then stored at -80°C until required. Samples taken for histology were collected in
neutral buffered formalin (NBF, Sigma-Aldrich) and then changed to EtOH (70%)
after 24 hours.
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Tissue/fluid Gene Protein production Histology

expression

(ELISA/Western (Immuno-

(QRT-PCR) blotting/LC-MS/MS) | histochemistry)
Maternal serum - v -
Fetal plasma - v -
Amniotic fluid - v -
Cervix v - P
Uterus left/right horn v v v
Placenta left/right horn v v v
Fetal membranes v v v
left/right horn
Maternal liver v v v
Maternal lung v v v
Whole fetus - - v
left/right horn
Fetal heart v v v
Fetal lung v v v
Fetal brain v v -

Table 2.2. Samples collected 6 hours after intrauterine injection of LPS/PBS (n=6/treatment

group)
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2.9 RNA extraction and reverse transcription

2.9.1 RNA extraction from cells

Cells were lysed using Buffer RLT (Qiagen Ltd., Maryland, USA) with beta-
mercaptoethanol (B-ME; Sigma-Aldrich) and further homogenised by repeated
passage through a blunt 20-gauge needle (0.9mm diameter; BD Microlance™) in an
RNase-free syringe (BD Plastipak™). An RNAeasy mini kit (Qiagen) was used to
extract total RNA with the solutions supplied. EtOH (70%) was added to the
homogenised lysate (v/v) and mixed well by pipetting. The sample was added to an
RNeasy spin column within a 2ml collection tube and centrifuged for 15 seconds at
8000 x g (10, 000 rpm). Columns were washed with 350ul Buffer RWI1 by
centrifugation for 15 seconds at 8000 x g (10, 000 rpm) to remove carbohydrates and
proteins. DNase digestion, to eliminate genomic DNA contamination, was performed
by adding 10ul DNase I stock, in 70ul Buffer RDD (Qiagen), directly onto the spin
column membrane for each sample and these were then incubated for 15 minutes at
room temperature. The columns were washed with RW1 as before. This was followed
by two Buffer RPE washes, to remove salts, at 8000 x g (10, 000 rpm) for 15 seconds
and 2 minutes, respectively. A further centrifugation was performed for 1 minute at
full speed to eliminate any possible Buffer RPE carryover. RNA was eluted from the
spin column membrane using 30ul RNase-free H>O by centrifuging for 1 minute at
8000 x g (10, 000 rpm). Extracted RNA was stored at -80°C until required.

2.9.2 RNA extraction from tissue
Tissue was lysed in 1ml TRI reagent® (Sigma-Aldrich) with one sterile 5mm stainless
steel bead (Qiagen) per Eppendorf/sample. The tissue was lysed at 25Hz using a Tissue
Lyser 1l (Qiagen), for 3 minutes, twice, with tubes rotated half way through. The
samples were then incubated for 15 minutes at room temperature, then centrifuged at
14, 000 x g for 10 minutes at 4°C. The supernatant was transferred to a 2 ml phase-
lock tube (5-PRIME, Hamburg, Germany) and 200l 1-bromo-3-chloropropane (BCP;
Sigma-Aldrich) added to each sample. The samples were vigorously shaken for 15
seconds, incubated for 10 minutes at room temperature, then centrifuged at 14, 000 x
g for 15 minutes at 4°C. The upper aqueous phase was transferred to a new 2ml
Eppendorf and 550l of EtOH (70%) added. The samples were then added to RNeasy
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mini spin columns and RNA extraction carried out as described in section 2.9.1. The

extracted RNA was again stored at -80°C until required.

2.9.3 RNA quantification
Nucleic acid concentration was quantified by measuring the absorbance of the sample
at 260nm on a NanoDrop 2000c (ThermoFisher Scientific). RNA absorbs at 260nm,
while contaminants, such as protein, absorb closer to 280nm. Therefore, the ratio of
the absorbance at 260nm and 280nm indicated RNA purity. Ratios of 1.8-2.1 were

considered acceptable.

2.9.4 Reverse Transcription (RT) — Complementary DNA
(cDNA) preparation

Total RNA was reverse transcribed using the High Capacity cDNA Reverse
Transcription kit (Applied Biosystems, Life Technologies) (Table 2.3). A 2X RT
mastermix was prepared on ice. This included the following reagents; 10X RT buffer,
25X deoxyribonucleotide triphosphates (dNTPs), 10X random primers, RNase
inhibitor, MultiScribe™ RT enzyme and RNA-free H,O. RNA (300ng/ul) was added
to the mastermix and pipetted gently to mix, then centrifuged at 10, 000 rpm for 30
seconds to remove any air bubbles. A “no reverse transcriptase” control was included,
omitting the enzyme, to control for genomic DNA contamination. A “no template”
control, omitting the RNA, was included to control for general contamination of
reagents. A G-Storm GS1 Thermal Cycler (G-Storm, Somerset, UK) was set to
perform the following cycles; 25°C for 10 minutes, 37°C for 120 minutes, 85°C for 5
minutes, then held at 4°C. Samples were stored at -20°C until required for quantitative

real time polymerase chain reaction (qQRT-PCR) analysis.
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Reagent Volume (ul) per sample
for 2X RT mastermix

10X RT Buffer 2

25X dNTPs 0.8

10X Random primers 2

RNase inhibitor 1
MultiScribe™ RT enzyme 1

RNA-free H20 3.2

RNA (300ng) 10

Table 2.3. RT reagent mixture

2.10 Quantitative real time polymerase chain reaction
(QRT-PCR)

gRT-PCR was carried out with predesigned gene expression assays from Applied
Biosystems, to quantify the mRNA expression of specific genes of interest. Details of
the reagent mixture and target genes are shown in Table 2.4 and Table 2.5,
respectively. gRT-RCR was performed in a 384-well plate (Applied Biosystems) with
all samples and controls added in duplicate. A reagent mixture was prepared and 14l
was added to each well, together with 1l of cDNA sample. In addition to the cDNA
samples, wells containing the following controls were included; “no reverse
transcriptase”, ‘“no template” and finally an H20 control, replacing cDNA, to
determine any reagent contamination. Plates were carefully sealed with optical
adhesive film (MicroAmp®, Applied Biosystems) and then centrifuged at 500 x g for
1 minute. All gqRT-PCR analyses were performed on an Applied Biosystems 7900HT
instrument set to perform the following cycles; 50°C held for 2 minutes, 95°C held for
10 minutes, then 95°C for 15 seconds and 60°C for 1 minute, repeated for 40 cycles.
Target gene expression was normalised for RNA loading using g-actin (ACTB VIC,
Human: 4326315E, Mouse: 4352341E, Applied Biosystems). Previous studies from
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our laboratory found this endogenous gene to be consistent during late pregnancy in
the mouse and consistent in the human myometrial cell line (Hutchinson et al. 2014;
Rinaldi et al. 2014; Rinaldi et al. 2015a; Rinaldi et al. 2015b). The expression in each
sample was calculated relative to a calibrator sample (vehicle control) using the 2744

threshold cycle (CT) method of analysis.

Reagent Volume (ul) per sample for

TagMan reagent mixture

TagMan Universal Master Mix Il 7.5
Primer/probe or -actin 0.75
RNA-free H.O 5.75

Table 2.4. TagMan® reagent mixture for a 384-well plate
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Gene Species Code

IL-6 Human Hs00985639_m1
IL-8 Human Hs00174103_m1
IL-10 Human Hs00961622_m1
IL-13 Human Hs00174379_m1
Ccl2 Mouse Mm00441242_ml
Cox-2 Mouse MmO00478374_m1
Cxcll Mouse Mm04207460_m1
Cxcl2 Mouse Mm00436450_m1
Cx43 Mouse Mm01179639 sl
l-18 Mouse MmO00434228 ml
11-6 Mouse MmO00446190_m1
11-10 Mouse MmO01288386_m1
Tird Mouse MmO00445273 m1l
Tnf Mouse Mm00443258 m1

Table 2.5. Pre-designed TagMan® gene expression assay 1Ds
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2.11 Enzyme-linked immunosorbent assay (ELISA)

To perform a sandwich ELISA, the plates are first coated with a specific monoclonal
capture antibody directed against the protein of interest (Figure 2.5). The standards,
samples and controls are then added to the plate and any protein recognised by the
monoclonal capture antibody will be bound. Unbound proteins are removed by
washing and a biotinylated detection antibody is added, which also detects the protein
of interest that is immobilised by the capture antibody. The enzyme streptavidin-
horseradish peroxidase (HRP) is applied, which binds to the detection antibody.
Following a further wash to remove unbound antibody-enzyme conjugates, a substrate
solution of hydrogen peroxide and tetramethylbenzidine (TMB) is added to detect
peroxidase activity. This induces a colour change which can be measured by
spectrophotometry. The colour intensity is proportional to the concentration of protein
present. A standard curve is used to extrapolate protein concentration. The specific
procedures performed are explained in detail below.
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DuoSet ELISA Development Systems Assay Principle
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Unbound capture
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Figure 2.5. DuoSet sandwich ELISA protocol. ELISAs were performed following the principles
described above. Figure edited from: (RnDSystems)

https://www.rndsystems.com/resources/technical/duoset-elisa-development-systems-assay-principle.

2.11.1 DuoSet ELISA solution preparation
Preservatives, required for the dry coat solution, ELISA buffer and substrate buffer,
were prepared with 2 methylisothiazolone (20%; 2g) and bromonitrodioxane (20%;
2g) dissolved in a 10ml solution of dimethylsulfoxide (DMSO; 5ml) and
dimethylformamide (DMF; 5ml) and stored in the dark at room temperature. The dry
coat solution, applied to plates to immobilise the primary antibody, was prepared by
adding polyvinyl pyrollidone (2%; 20g), bovine serum albumin (BSA; 0.5%), EDTA
(5mM; 1.68g), tris base (50mM; 6.05g) and preservatives (0.1%; 1ml). ELISA buffer
(1x) was prepared by adding Tris base (100mM; 12.11g), sodium chloride (NaCl)
(0.9%; 9g), EDTA (2mM; 0.744g), BSA (0.2%; 2g), phenol red solution (0.03%;
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300ul), TWEEN® 20 (0.03%; 300ul) and 1ml preservatives to 800ml deionized water
(dH20) and dissolved. The pH was adjusted to 7.2 with 5N HCI and the volume made
up to 1L. Wash buffer (20x) was prepared by adding NaCl (0.9%; 360g), Tris base
(10mM; 48.4g), TWEEN® 20 (0.05%; 20ml) to 1.7L dH20, adjusted to pH 7.5 and
made up to 2L. This was diluted 1 in 20 in dH20 for use. Substrate buffer was prepared
by adding sodium acetate anhydrous (100nM; 4.1g) and the above preservatives
(0.1%; 0.5ml) to 405ml dH-0, adjusting to pH6 using glacial acetic acid before making
the solution up to 500ml. Solution A, for adding to the substrate buffer, was TMB
(0.3%; 0.3g) dissolved in 100ml DMF and stored in the dark at room temperature.
Solution B was prepared by dissolving urea hydrogen peroxide (0.5%; 0.5g) in 100ml
50mM sodium acetate buffer. Directly before use, 1ml each of solution A and B were
added to 10ml stock substrate buffer and mixed well. ELISA stop solution (sulfuric

acid; 2N H.SO4) was prepared by adding 36N concentrated acid into dHO.

2.11.2 DuoSet ELISA plate coating
Mouse anti-human IL-6/IL-8 capture antibodies (Table 2.6; R&D Systems, Inc.
Abingdon, UK) were reconstituted in sterile PBS, aliquoted and stored at -20°C until
use. When required, each antibody was diluted in PBS and 100ul was added to each
well of a 96-well plate. The plate was then sealed and incubated overnight at 4°C. The
following day, the contents of the plate were removed and the plate blotted. Dry coat
(100pl) was added to each well and incubated for 1 hour at room temperature. The
contents were again removed, the plate blotted dry and then incubated for 3-4 hours at

room temperature to dry completely.
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Reagent Dilution Diluent
Capture antibody 1:120 PBS
Detection antibody 1:60 ELISA buffer
Streptavidin HRP 1:40 ELISA buffer

Table 2.6. IL-6 and IL-8 DuoSet Human ELISA reagents

2.11.3 Method for DuoSet human IL-6 and IL-8 ELISA
Plates were first washed 4 times with wash buffer and blotted dry. A 7-point standard
curve, diluted in ELISA buffer (IL-6: 600, 300, 150, 75, 37.5, 18.75, 9.375pg/ml, IL-
8: 2000, 1000, 500, 250, 125, 62.5, 31.25pg/ml) was added, with ELISA buffer as a
zero standard (Opg/ml). Experimental samples (myometrial cell supernatants) were
diluted as necessary in ELISA buffer and a quality control was added. All standards,
samples and controls were applied in duplicate. The plate was sealed and incubated
overnight at 4°C. The following day, the contents were flicked out and the plate
washed and blotted 4 times. The detection antibody (100ul) diluted in ELISA buffer
(Table 2.6) was added per well and incubated on a plate shaker for 1 hour at room
temperature. The contents were then flicked out and the plate washed and blotted 4
times, as before. DuoSet Streptavidin HRP solution (Table 2.6) was then diluted in
ELISA buffer and 100ul added to each well. Plates were incubated for 20 minutes at
room temperature on the plate shaker, protected from direct sunlight. The solution was
removed and the plate washed 4 times. Finally, 100ul of the substrate solution,
containing solutions A and B (described in section 2.11.1) was added to each well and
incubated for 20 minutes at room temperature. Then S0ul 2N H2SO4 stop solution was
added to quench colour development. The plates were read immediately at 450nm
using the absorbance mode of Thermomax Microplate Reader (Molecular Devices,
Sunnyvale, CA, USA) and Softmax® Pro software (v5.0, Molecular Devices). A
standard curve for each plate was generated and the sample concentrations were

determined from this curve using the Softmax® Pro software.
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2.11.4 Quantikine mouse IL-6 ELISA

An IL-6 ELISA (M6000B; Quantikine, R&D Systems) was performed using maternal
serum and amniotic fluid collected from mice. The 96-well plates were purchased pre-
coated with a monoclonal antibody specific for mouse IL-6. The mouse IL-6 positive
control was reconstituted in Iml dH2O. The wash buffer was prepared by adding 20ml
wash buffer concentrate to 500ml dH>O. The substrate solution was prepared by
combining equal volumes of colour reagents A and B, no more than 15 minutes prior
to use. The mouse IL-6 standard was reconstituted with Calibrator Diluent RD5T, to
produce a stock solution of 500pg/ml. The stock solution was then diluted to achieve
the dilution series; 500, 250, 125, 62.5, 31.3, 15.6, 7.8pg/ml. The Calibrator Diluent,
RD5T, acted as the zero standard (Opg/ml).

Following the preparation of the above reagents, 50ul of assay diluent, RD1-14, was
added to each well, followed by 50ul of the appropriate standard, control, maternal
serum or amniotic fluid sample. The plate was incubated for 2 hours at room
temperature and covered with an adhesive strip. The wells were then aspirated, washed
five times and blotted. The mouse IL-6 conjugate (100ul) was added to each well, an
adhesive strip applied and the plate was incubated for 2 hours at room temperature.
The plate was aspirated and washed 5 times. The substrate solution was then prepared
and 100ul was added per well. The plate was protected from light and incubated for
30 minutes at room temperature. The stop solution (100pl/well) was added and the
plate was tapped gently to ensure thorough mixing. The plate was then read within 30

minutes at 450nm, as described in section 2.11.3.

2.12 Western blotting

2.12.1 Protein extraction from tissue
Tissue was placed in a 2ml Eppendorf tube with one sterile, stainless steel
homogenising bead (Qiagen). RIPA lysis buffer was purchased in a ready-to-use
solution containing 150mM NaCl, 1.0% IGEPAL® CA-630, 0.5% sodium
deoxycholate, 0.1% SDS and 50mM Tris at pH8.0 (R0278; Sigma-Aldrich). On the
day of the experiment, the lysis buffer was prepared with 10ml RIPA buffer and one
protease inhibitor tablet (cOmplete™ Protease Inhibitor Cocktail Tablet,
04693132001, Roche, Basel, Switzerland) and 500-700ul was added per tube
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depending on tissue size and texture. Samples were homogenised using a Tissue Lyser
Il (Qiagen) at 25Hz for 3 minutes, twice. The samples were then incubated on ice for
5 minutes and centrifuged at 10, 000 x g for 10 minutes at 4°C. The supernatant was

aliquoted and stored at -80°C.

2.12.2 Protein quantification

The BIO-RAD DC™ protein assay (Bio-Rad Laboratories Ltd, Watford, UK) is a
colorimetric assay which measures protein concentration. It is a similar reaction to the
Lowry assay but it is more time-efficient (http://www.bio-rad.com/en-uk/product/dc-
protein-assay). The protein reacts with an alkaline copper tartrate solution and Folin
reagent. Protein first reacts with the copper in an alkaline solution and then reduces
the Folin reagent, causing a blue colour to develop. The intensity of colour is
proportional to the quantity of protein present. The absorbance can be measured at
650nm.

A 4 point standard curve (1.37, 0.685, 0.342, 0.171mg/ml) was prepared by performing
a two-fold dilution using the BIO-RAD DC™ top standard diluted in the protein
extraction buffer (RIPA buffer, see 2.12.1). The RIPA buffer was used as a blank
(Omg/ml). Working reagent A was prepared by the addition of 20ul reagent S
(surfactant solution) in 1ml of reagent A (alkaline copper tartrate solution). Standards
and samples were added to a 96-well plate, in duplicate, in a volume of 5ul, followed
by 25ul of working reagent A. Reagent B (200p, dilute Folin Reagent) was then added
to each well. The plate was incubated for 15 minutes at room temperature and then
read using a Thermomax microplate reader at 650nm. If the sample concentration was
higher than the top standard, the assay was repeated with samples diluted in RIPA
buffer.

2.12.3 Fluorescent Western blot
Fluorescent Western blot was performed to quantify CX43 in the mouse uterus. Protein
samples were mixed with NUPAGE® LDS Sample Buffer and NUPAGE® Sample
Reducing Agent (ThermoFisher Scientific) and heated to 70°C for 10 minutes to
denature the protein (G-Storm GS1 Thermal Cycler). Firstly, Precision Plus Protein™

Prestained Standard molecular weight marker (BIO-RAD) was loaded on a 4-12%
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(Imm, 12 well) Bis-Tris precast NUPAGE® gel in 1X NUPAGE® MOPS running
buffer (Table 2.7). Denatured protein samples were then loaded (20ug of
protein/sample) and the gel was run at 180 V for 70 minutes, to separate the proteins.
The proteins were transferred to Immobilon-FL PVDF membranes (Millipore) in 1X
transfer buffer, using a wet-transfer system, at 100 V for 90 minutes (Table 2.7). The
membranes were then blocked with 5% non-fat dry milk in 0.5% TWEEN® 20 tris
buffered saline (TBST; Life Technologies) to minimise non-specific binding. The
membrane was then incubated with primary antibodies against CX43 and a-Tubulin,
diluted in 5% non-fat dry milk in 0.5% TBST, overnight at 4°C (Table 2.8). The
following day, membranes were washed in TBST for 5 minutes, three times.
Membranes were then incubated with secondary antibodies (LI-COR Biosciences)
diluted in 5% non-fat dry milk in 0.5% TBST (Table 2.8) for 2 hours and washed again
for 5 minutes, repeated 3 times. Membranes were scanned using the LI-COR
Odyssey® Fc Imaging System. The intensity of each CX43 band (43kDa) was
normalised to a-Tubulin (50kDa), as a loading control, and then quantified using the

Odyssey analysis software.

2.12.4 Chemiluminescent Western blot
Chemiluminescence was performed to quantify IL-6 (23kDa) in the mouse uterus.
Western blot was performed as described in section 2.12.3, with minor alterations
which are outlined as follows. Subsequent to gel separation, the protein (45ug of
protein/sample) was transferred to Immobilon-P PVDF membranes (Millipore) and
blocked with 5% BSA (Sigma-Aldrich) in TBST. After primary and secondary
antibody incubation (Table 2.8), the membranes were incubated with Amersham ECL
Western blotting detection reagent (GE Healthcare Life Sciences, Marlborough, MA)
for 30 seconds (a-Tubulin) and 5 minutes (IL-6), then scanned and analysed as
described in 2.12.3. Recombinant Human IL-6 Protein (21kDa; R&D Systems) was

included as a positive control.
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Buffer Recipe
1X NuPAGE® MOPS SDS Running | 50ml 20X NuPAGE® MOPS SDS
Buffer Running Buffer
950ml dH20
10X Transfer Buffer 30g Tris
1449 Glycine
900ml dH20
1X Transfer Buffer 100ml 10X transfer buffer
800ml dH20
100ml CH3OH

Table 2.7. Buffers used for Western blotting
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Target Primary Supplier Secondary | Supplier
antibody antibody
a-Tubulin Monoclonal | Sigma- Polyclonal LI-COR
mouse anti- | Aldrich donkey anti- | Biosciences
(Fluorescence) o-Tubulin (T9026) mouse (926-68072)
680RD
(1:5000)
(1:10,000)
a-Tubulin Monoclonal | Sigma- Polyclonal Dakao,
mouse anti- | Aldrich goat anti- Agilent, CA,
(Chemiluminescence) | a-Tubulin (T9026) mouse HRP | USA
(PO447)
(1:5000) (1:1000)
CX43 Polyclonal Abcam, Polyclonal LI-COR
rabbit anti- Cambridge, | donkey anti- | Biosciences
(Fluorescence) CX43 UK rabbit (926-32213)
(ab11370) | 800CW
(1:5000)
(1:10,000)
IL-6 Monoclonal | Cell Polyclonal Dako
rabbit anti- Signaling swine anti- (P0399)
(Chemiluminescence) | IL-6 Technology | rabbit HRP
(12912)
(1:1000) (1:3000)

Table 2.8. Primary and secondary antibodies for Western Blot analyses

2.13 Liquid chromatography tandem-mass
spectrometry (LC-MS/MS)

LC-MS/MS involves

first

separating the

sample components by

liquid

chromatography, which occurs as a result of the interactions of the sample with the
mobile and stationary phases. The components are then introduced to the mass
spectrometer, which creates and detects charged ions. This technique can provide
information about the molecular weight, structure, identity and quantity of specific
sample compounds. In this case, it was used to quantify progesterone in the serum

collected from mice treated with simvastatin, with/without LPS.
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2.13.1 Extraction of progesterone from pregnant mouse
serum

The following protocol and analyses were performed by Mr George Just in the Mass
Spectrometry Core laboratory of the Clinical Research Facility, Edinburgh.

D9-progesterone (1.5ng; C/D/N Isotopes Inc, Canada) was included as an internal
standard and was prepared at 1 mg/ml in CH3OH. To give a 10pg/mL stock internal
standard solution, 10l of Img/ml internal standard solution was added to a 3.5ml vial
with 970ul of 10mM ammonium acetate (pH 4.5). Then, 19.98ml of 10mM
ammonium acetate (pH 4.5) was added to 20l of each 10pg/ml stock internal standard
solution to give 20ml of 0.01pg/ml working internal standard solution. Progesterone
(Img/ml in CH3OH) was used to prepare a set of stock standards, as detailed in Table
2.9.

For extraction, standards were prepared as outlined in Table 2.10. The liquid was
evaporated using a flow of oxygen-free nitrogen in a dri-block set to 40°C (Techne,
Cole Parmer, UK) then 50ul of control plasma or biological serum/amniotic fluid
sample was added to individual 5ml glass centrifuge tubes. Working internal standard
solution was added in a volume of 150ul to each sample and standard. The tubes were
vortexed and the standards were transferred to a 96-well (200ul) Biotage SLE+ plate
(Biotage, Sweden) for liquid extraction. An Isolute vacuum manifold (Biotage) was
applied for 15 seconds to initiate loading. Once loaded, samples were incubated for 5
minutes to completely absorb. Samples were then eluted into a Waters 96-well (2ml)
collection plate (Manchester, UK) using 1ml of Methyl tertiary butyl ether (MTBE)
and then once again evaporated to dryness using a flow of oxygen-free nitrogen.
Precipitate was resuspended in 100ul of water/acetonitrile (50/50, v/v) and 10ul was
injected for LC-MS/MS quantification.
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Volume of each Stock Amount of Progesterone
stock standard standard CH3;OH concentration
added (ml) used added (ml)

0.01 1 mg/ml 0.97 10 pg/mi
0.5 10 pg/ml 0.5 5 pg/mi
0.2 10 pg/ml 0.8 2 pg/mi
0.1 10 pg/ml 0.9 1 pg/mi
0.1 5 pg/mi 0.9 0.5 pg/mi
0.1 2 ug/mi 0.9 0.2 pg/mi
0.1 1 pg/mi 0.9 0.1 pg/ml
0.1 0.5 pg/ml 0.9 0.05 pg/ml
0.1 0.2 pg/ml 0.9 0.02 pg/ml
0.1 0.1 pg/mi 0.9 0.01 pg/ml
0.1 0.05 pg/ml 0.9 0.005 pg/mi
0.1 0.02 pg/ml 0.9 0.002 pg/mi
0.1 0.01 pg/ml 0.9 0.001 pg/mi

Table 2.9. Preparation of stock standards
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Stock Volume of Stock Progesterone absolute amount
standard stock standard (ng)
identifier standard used (pug/ml)

added (ml)
SO N/A N/A 0
S1 0.01 0.001 0.01
S2 0.01 0.002 0.02
S3 0.01 0.005 0.05
S4 0.01 0.01 0.1
S5 0.01 0.02 0.2
S6 0.01 0.05 0.5
S7 0.01 0.1 1
S8 0.01 0.2 2
S9 0.01 0.5 5
S10 0.01 1 10
S11 0.01 2 20
S12 0.01 5 50

Table 2.10. Preparation of standards for extraction

2.13.2 LC-MS/MS guantification
Progesterone was measured by LC-MS/MS, using a Sciex QTRAP® 5500
(Warrington, UK), with a Waters Acquity™ UPLC (Manchester, UK). Mass spectral
conditions are demonstrated in Table 2.11.

Analyte separation was performed at 40°C on an Ace® Excel C18 (100x2.1mm,
1.7um) column (Advanced Chromatography Technology Ltd, Aberdeen, UK) using a
gradient solvent system (50:50 of water with 0.1% formic acid and acetonitrile with
0.1% formic acid) with a gradient run of 6.5 minutes as demonstrated in Table 2.12.
Analysis was performed using MultiQuant® Software provided by Sciex (Warrington,
UK).
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Molecular | Precursor | Production | Declustering | Collision energy | Cell exit potential
Weight ion (m/z) potential (V) V) V)
(Da) Quan; Qual
Quan; Qual Quan; Qual
Progesterone 314.462 315.0 97.0; 109.0 146 29; 37 10; 18
D9-Progesterone 323.52 324.1 100.0 151 31 38

Table 2.11. Mass spectral conditions for analysis of progesterone and the internal standard, D9-Progesterone, utilising positive and negative electrospray. Da

(Daltons), Quan (quantifier ion), Qual (qualifier ion), V (volts).
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Mobile Phase A: Mobile Phase B;
Time Water (0.1% Acetonitrile
(minutes) | formicacid, V) | g 104 formic acid,

A%

0 50 50

1 50 50

4 0 100

5 0 100

5.1 50 50
6.5 50 50

Table 2.12. Chromatographic conditions (Flow Rate 0.5 ml/min)

2.14 Statistical analysis

Data are presented as mean + standard error of the mean (SEM) and were analysed
using GraphPad Prism (Version 7; GraphPad Software Inc., San Diego, CA). For cell
studies, “n” denotes the number of individual experiments performed, with the
replicate number per experiment indicated in the figure legends. For mouse studies,
“n” represents the number of individual dams treated. Time to delivery data were
analysed using Kruskal-Wallis, with Dunn's post hoc test. The percentage data for live
born pups and collagen gel contraction were analysed by performing an arcsine
transformation on the proportions, followed by a one-way analysis of variance
(ANOVA), with either Dunnett’s or Holm-Sidak post hoc test. All gene expression,
ELISA, In-Cell Western and LC-MS/MS data were square root transformed, if
necessary, then analysed by one-way ANOVA, followed by Dunnett’s or Tukey’s post

hoc test. A p value <0.05 was considered statistically significant.
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Chapter 3: Investigating the effect of statin
treatment on inflammation in a pregnant human
myometrial cell line

3.1 Introduction

Labour is an inflammatory event, initiated by the shift from a quiescent to a pro-
inflammatory environment. This instigates a three step process, characterised by
myometrial contractility, cervical ripening and fetal membrane rupture (Romero et al.
1994; Rinaldi et al. 2011). Leukocytes, such as monocytes and neutrophils, infiltrate
the myometrium and cervix, stimulating an increase in inflammatory mediators
including cytokines and chemokines. Pro-inflammatory mediators, such as IL-1f, IL-
6, IL-8 and TNF are all upregulated in these tissues during active labour (Bokstrom et
al. 1997; Thomson et al. 1999; Osman et al. 2003). If these events occur earlier in
gestation, they can result in the pathological, preterm initiation of this labour cascade.
In addition, inflammatory mediators may reach the fetal circulation, resulting in fetal
injury (Adams Waldorf and McAdams 2013).

Approximately 70% of PTBs are spontaneous (Rubens et al. 2014). Intrauterine
infection is believed to be present in 25-40% of PTBs. However, this is likely to be an
underestimate, as infections are often sub-clinical and cannot be detected by current
culturing techniques (Goldenberg et al. 2008). Existing therapies are ineffective at
preventing PTB and do not treat the underlying causes (Romero et al. 2014). Ideally,
a treatment for PTL would target the local inflammation, having the dual benefit of

delaying the labour process and reducing fetal injury.

Statins are an established treatment for the reduction of LDL cholesterol synthesis and
subsequently, for the prevention of cardiovascular disease. In addition to lowering
lipids, statins also exert anti-inflammatory properties (Zhou and Liao 2010). As a
result, these drugs have been investigated for use in multiple inflammatory conditions
such as sepsis, rheumatoid arthritis and asthma (Zeki et al. 2013; Dobesh and Olsen
2014; Das et al. 2015). The anti-inflammatory properties of statins have been widely
investigated in vitro, mostly in vascular smooth muscle cells, where they have been
shown to mediate the reduction of IL-6 and IL-8 (Ito et al. 2002a; Ito et al. 2002b).
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Statins can also inhibit human neutrophil and monocyte chemotaxis, while reducing
the release of pro-inflammatory mediators such as IL-6, IL-8 and CCL2 (Rezaie-Majd
et al. 2002; Maher et al. 2009; Jougasaki et al. 2010).

The pharmacokinetics of statins vary. For example, pravastatin is hydrophilic and
requires selective uptake by the sodium-independent transporter protein, OATP1BL1.
This transporter protein is exclusively expressed in the liver and so, entry into other
cells types is limited (Hamelin and Turgeon 1998; Corsini et al. 1999). Simvastatin is

a lipophilic drug, which readily enters cells by passive diffusion (Schachter 2005).

As statins have anti-inflammatory properties, they may be an ideal therapeutic to target
the inflammation associated with PTL. Therefore, the hypothesis of this chapter was

that statins will reduce LPS-induced inflammation in human myometrial cells.

3.2 Methods

3.2.1 Myometrial cell culture and treatment

Myometrial cells were cultured as described in 2.1. They were seeded at 1.5x10°
cells/ml in 6-well plates and treated with LPS (100ng/ml) and pravastatin (10pM) or
simvastatin (0.1uM, 10uM, 50uM). For inflammatory mediator analysis, the cells
were either co-treated with LPS and statins (n=6), pre-treated with statins for 6 hours
before LPS (pravastatin only n=5, all other treatments n=6) or treated with statins 6
hours after LPS stimulation (n=6), as outlined in 2.3. All treatments lasted for 24 hours
and were performed in duplicate. Pravastatin and simvastatin experiments were
performed simultaneously. Therefore, the same vehicle and LPS treatment data were
utilised for both pravastatin and simvastatin analyses. For clarity, the results are
displayed separately for each statin, with the control group data represented in each
graph.

3.2.2 Myometrial cell image capture
Images of myometrial cells were captured following 24 hours of co-treatment, pre-
treatment and post-treatment with statins and LPS, to assess any effects on cell
morphology, as described in 2.4. Treatments were performed in duplicate and images

were captured from 3 individual experiments (n=3).
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3.2.3 MTT metabolic activity assay
The metabolic activity of the myometrial cells was assessed as a measurement of cell
viability, following statin and LPS treatment. This was performed using an MTT assay,
as detailed in 2.5. The co-, pre- and post-treatments were performed in triplicate for 24
hours (n=6).

3.2.4 gRT-PCR
The mRNA expression of the inflammatory markers IL-6, IL-8, IL-10 and IL-13 were
assessed by qRT-PCR analysis, following 24 hour statin and LPS treatment, as
described in 2.10. The MRNA expression of these genes of interest was normalised to
the endogenous control gene, g-actin, within each individual sample. Samples were
then compared to the vehicle control group (PBS) using the 2724 CT method of
analysis, as detailed in 2.10. The results are presented as fold change relative to the

vehicle control group.

3.2.5 ELISA
ELISAs were performed with myometrial cell supernatants to quantify the levels of
IL-6 and IL-8 secreted by these cells during treatment with statins and LPS. Details of
the assays are explained in 2.11.3. The supernatants were collected following 24 hour
incubation with statin and LPS treatments, at the same time as cells were harvested for
gRT-PCR analyses.

3.2.6 Statistical analysis
Data are presented as mean = SEM and were analysed using GraphPad Prism. In these
studies, “n” denotes the number of individual experiments performed, with the
replicate number per experiment indicated in the figure legends. Where data were not
normally distributed, they were square root transformed prior to analysis. Gene
expression (CT values) and ELISA data were analysed by one-way ANOVA, followed
by Dunnett’s post-hoc test. A p value <0.05 was considered statistically significant.
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3.3 Results

3.3.1 The effect of statin treatment on the morphology of
human myometrial cells

Myometrial cells are smooth muscle cells, which have a fibroblast-like, elongated,
spindle-shaped morphology. To investigate whether statin treatment may affect the
morphology of these cells, they were treated with pravastatin or simvastatin, with and
without LPS stimulation. The myometrial cells were either co-treated with LPS and
pravastatin/simvastatin, pre-treated with pravastatin/simvastatin or treated with
pravastatin/simvastatin post-LPS stimulation. Images were captured after the cells

were incubated for 24 hours with the treatments.

3.3.1.1 The effect of pravastatin treatment on myometrial cell

morphology

When cells were treated with 10uM pravastatin, there was no noticeable difference in
their morphology (Figure 3.1). LPS alone did not appear to have an effect on the shape
of these cells. Additionally, there was no apparent effect of treating with both
pravastatin and LPS. These results did not vary between the co-, pre- and post-

treatment group.
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Pravastatin
10uM
+LPS

Vehicle Pravastatin LPS
10uM 100ng/ml

Co-treatment

Pre-treatment

Post-treatment

Figure 3.1. Myometrial cell morphology following pravastatin and LPS treatment. Representative images show myometrial cells which were either co-treated with
pravastatin and LPS, pre-treated with pravastatin for 6 hours before LPS or given pravastatin 6 hours post-LPS stimulation. All incubations lasted for 24 hours. Spindle-
shaped myometrial smooth muscle cells are shown in the vehicle control images (arrows). n=3 (in duplicate), vehicle (PBS) and LPS data shared for
pravastatin/simvastatin experiments. Scale bar shows 50um. Arrows indicate examples of normal myometrial cell morphology. All images were taken with a x10

objective lens.
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3.3.1.2 The effect of simvastatin treatment on myometrial cell

morphology

When the myometrial cells were treated with 10uM simvastatin alone, the cells
appeared marginally more elongated (Figure 3.2). When the myometrial cells were
treated with 0.1uM simvastatin and LPS, there was no effect on cell morphology, when
compared to the cells treated with vehicle. However, when the cells were treated with
LPS and either 10uM or 50uM simvastatin, they again looked slightly more elongated.
This possible morphology change was visible in the co-, pre- and post-treatment

groups. However, this was not quantified.
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Simvastatin Simvastatin Simvastatin
Simvastatin LPS 0.1uM 10pM 50uM
Vehicle 10pM 100ng/ml +LPS +LPS +LPS

Co-treatment

Pre-treatment

Post-treatment

Figure 3.2. Myometrial cell morphology following simvastatin and LPS treatment. Representative images show myometrial cells which were either co-treated with
simvastatin and LPS, pre-treated with simvastatin for 6 hours before LPS or given simvastatin 6 hours post-LPS stimulation. All incubations lasted for 24 hours.
Myometrial smooth muscle cells are spindle-shaped, as evidenced in the vehicle control images (arrows). However, when given 10uM simvastatin treatment, in each
treatment regimen, the cells became slightly thinner (arrowheads). Treatments were performed in duplicate (n=3), vehicle (PBS) and LPS images shared for
pravastatin/simvastatin experiments. Scale bar shows 50pum. Arrows indicate examples of normal myometrial cell morphology. Arrowheads indicate more elongated
myometrial cells. All images were taken with a x10 objective lens.
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3.3.2 The effect of statin treatment on the metabolic
activity of a human myometrial cell line

MTT assays were performed to investigate the effect of pravastatin, simvastatin and
LPS treatment on cell metabolic activity. This was undertaken to give a preliminary
indication of the functionality and viability of the myometrial cells following
treatment. The myometrial cells were either co-, pre- or post-treated with
pravastatin/simvastatin and/or LPS for 24 hours. The metabolic activity per treatment

was made relative to the mean metabolic activity of the vehicle control (PBS).

Myometrial cell metabolic activity was unaffected by concentrations of up to 100uM
of pravastatin (Figure 3.3) and simvastatin (Figure 3.4), after treatment for 24 hours.
The inclusion of LPS had no additional effect on cell metabolism, irrespective of

whether the cells received, co-, pre- or post-LPS statin treatment.

Chapter 3: Investigating the effect of statin treatment on inflammation in a pregnant
human myometrial cell line 100



The effect of statin treatment on preterm labour

Co-treatment

A Pravastatin only B Pravastatin + LPS

1.59 1.5-

2 =

2.0 I T 240 I T

B 1 L s 1 L

1] (1]

£ g

E 0.5+ Eﬂ: 0.5-
0.0 0.0

Veh 1,M 10yM 100,M
Prav  Prav  Prav

Pre-treatment

Veh LPS 1M  10uM 100.M
(100ng/ml) Prav  Prav  Prav
+LPS +LPS +LPS

C Pravastatin only D Pravastatin + LPS
1.5+ 15
2 z
3 1.04 & 1.0
g 5
2 2
% 0.5 % 0.5
o @
0.0 0.0
Veh H,M 10}_|,M 100],1M E LPS 1],[M '10|,J,M 100uM
Prav Prav  Prav (100ng/ml) Prav  Prav  Prav
+LPS +LPS +LPS
Post-treatment
E Pravastatin only F Pravastatin + LPS
1.5+ 15
= Z
= - - > —_ I
g 1.0 - I E 1.0 —1— = =
H 2
T 0.5- © 054
] [0}
o '
0.0 T T 0.0 T T
Veh 1“M 1DHM 1OOHM Veh LPS 1],[M 10|,_|,M 100|,_|M
Prav  Prav Prav (100ng/ml) Prav  Prav  Prav

+LPS +LPS +LPS

Figure 3.3. Myometrial cell metabolic activity following pravastatin and LPS treatment (24
hours). (A-F) Myometrial cell metabolic activity was unaffected by 24 hours of up to 100uM
pravastatin and LPS (100mg/ml) co-, pre- and post-treatment. n=6 (in triplicate), vehicle (veh; PBS)
group shared for pravastatin only (prav) and pravastatin + LPS, mean + SEM.
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Figure 3.4. Myometrial cell metabolic activity following simvastatin and LPS treatment (24
hours). (A-F) Myometrial cell metabolic activity was unaffected by up to 200uM simvastatin and LPS
(100ng/ml) co-, pre- and post-treatment for 24 hours. n=6 (in triplicate), vehicle (veh; PBS) group

shared for simvastatin only (sim) and simvastatin + LPS, mean + SEM.

3.3.3 The effect of statin treatment on inflammatory
mediator mMRNA expression and protein production
in myometrial cells stimulated with LPS

To establish the effect of pravastatin and simvastatin treatment on the expression of
inflammatory mediators in myometrial cells, mMRNA expression and protein secretion
of the pro-inflammatory mediators IL-6 and 1L-8, were determined by gRT-PCR and
ELISA, respectively. In addition, the mRNA expression of anti-inflammatory
cytokines, IL-10 and IL-13, was also investigated. LPS-stimulated myometrial cells

were either co-, pre- or post-treated with pravastatin/simvastatin for 24 hours.
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3.3.3.1 The effect of pravastatin on pro-inflammatory mediator

expression and protein secretion in myometrial cells

LPS upregulated concentrations of IL-6 mRNA 6.7 fold in the co-treatment group
(p<0.0001 vs vehicle), which was validated at the protein level (mean 2207 + 489pg/ml
vs vehicle mean 88.3 + 18pg/ml; p<0.0001; Figures 3.5A, 3.6A). LPS also increased
IL-6 mRNA and IL-6 protein in comparison to pravastatin treatment alone (p<0.0001).
Co-treatment with pravastatin did not affect these LPS-stimulated levels of IL-6
MRNA or IL-6 protein. IL-8 expression was robustly upregulated 50.2 fold by LPS
(p<0.0001 vs vehicle), as was IL-8 secretion from the myometrial cells (mean 4704 +
893pg/ml vs vehicle mean 81.3 = 23pg/ml; p<0.0001; Figures 3.5B, 3.6B). The same
effect was observed in comparison to pravastatin treatment alone (p<0.0001).
However, co-treatment with pravastatin and LPS did not alter IL-8 expression or IL-8

protein levels compared with LPS alone.

In the pre-treatment group, LPS stimulated IL-6 to increase 11.5 fold (p<0.0001 vs
vehicle) and the IL-6 protein levels were increased (mean 2417 + 715pg/ml vs vehicle
mean 78.9 + 16pg/ml; p<0.0001; Figures 3.5C, 3.6C). These levels were also
significantly increased in comparison to pravastatin treatment alone (p<0.0001). Pre-
treatment with pravastatin before LPS did not impact on IL-6 mRNA or IL-6 secretion.
LPS induced an 87.6 fold increase in I1L-8 expression (p<0.0001 vs vehicle), which
was confirmed by an increase in IL-8 production by the myometrial cells (mean 6689
+ 1502pg/ml vs vehicle mean 105.4 + 42pg/ml; p<0.0001; Figures 3.5D, 3.6D). Again,
these levels were also significantly increased compared to pravastatin only treatment
(p<0.0001). However, pravastatin pre-treatment did not alter the levels of IL-8 MRNA
or IL-8 protein compared with LPS only.

In the post-treatment group, IL-6 expression increased 7.3 fold with LPS stimulation
(p<0.0001 vs vehicle) and IL-6 protein also increased (mean 2678 + 528pg/ml vs
vehicle mean 138.3 £ 32pg/ml; p<0.0001; Figures 3.5E, 3.6E). These levels were
significantly higher compared to pravastatin treatment alone (p<0.0001) but
pravastatin treatment post-LPS stimulation did not affect 1L-6 RNA or IL-6 protein
secretion. LPS stimulated a 51.5 fold increase in I1L-8 expression (p<0.0001 vs vehicle)

and robustly increased IL-8 protein secretion from the myometrial cells (mean 6161 +
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902pg/ml vs vehicle mean 164.1 + 31pg/ml; p<0.0001; Figures 3.5F, 3.6F). This
increase in IL-8 gene and protein production was also significantly higher than
pravastatin alone (p<0.0001). Again, post-treatment with pravastatin after LPS did not

induce any alteration of IL-8 MRNA or IL-8 protein levels compared with LPS alone.
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Figure 3.5. The effect of pravastatin treatment on pro-inflammatory mRNA expression in human
myometrial cells following LPS stimulation (24 hours). Co-, pre- and post-treatment regimens with
pravastatin and LPS in human myometrial cells. (A-F) LPS increased the expression of IL-6 and IL-8
from myometrial cells. This upregulation was unaltered by the co-, pre- or post-treatment with
pravastatin. n=5-6 (in duplicate), vehicle (PBS) and LPS data shared for pravastatin/simvastatin

experiments, ****p<0.0001, mean fold change + SEM, one-way ANOV A with Dunnett’s post hoc test.
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Figure 3.6. The effect of pravastatin treatment on pro-inflammatory mediator secretion from

LPS-stimulated human myometrial cells (24 hours). Co-, pre- and post-treatment regimens with

pravastatin and LPS in human myometrial cells. (A-F) LPS increased the secretion of IL-6 and IL-8

from myometrial cells. This increase was unaltered by the co-, pre- or post-treatment with pravastatin.

n=5-6 (in duplicate), vehicle (PBS) and LPS data shared for pravastatin/simvastatin experiments,

****n<0.0001, mean £ SEM, one-way ANOV A with Dunnett’s post hoc test.
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3.3.3.2 The effect of pravastatin on anti-inflammatory gene

expression in myometrial cells

Pravastatin treatment did not alter the pro-inflammatory mediators, I1L-6 and IL-8, so
the effect of pravastatin treatment on the anti-inflammatory genes, IL-10 and IL-13
was then investigated. LPS administration did not significantly alter IL-10 or IL-13
expression following any treatment regimen. Similarly, pravastatin treatment did not
alter the expression of these anti-inflammatory genes in the co-, pre- or post-treatment

groups (Figure 3.7).
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Figure 3.7. The effect of pravastatin treatment on anti-inflammatory gene expression in human
myometrial cells (24 hours). Co-, pre- and post-treatment regimens with pravastatin and LPS in human
myometrial cells. IL-10 and IL-13 expression were unaffected by pravastatin or LPS treatment. n=5-6

(in duplicate), vehicle and LPS data shared for pravastatin/simvastatin experiments, mean fold change
+ SEM.

Chapter 3: Investigating the effect of statin treatment on inflammation in a pregnant
human myometrial cell line 108



The effect of statin treatment on preterm labour
3.3.3.3 The effect of simvastatin on pro-inflammatory mediator
MRNA expression and protein production in myometrial
cells

Given the lack of effect of pravastatin on LPS-induced inflammatory mediator
expression, an alternative statin, simvastatin, was investigated. In the co-treatment
group, LPS alone stimulated upregulation of I1L-6 expression, in comparison to vehicle
and simvastatin only treated cells (p<0.0001; Figure 3.8A). This was validated by a
significant increase in the secretion of IL-6 into the cell supernatant, in comparison to
the vehicle group, as described in 3.3.3.1, and the simvastatin only group (p<0.0001,;
Figure 3.9A). When cells were co-treated with 50uM simvastatin and LPS, the IL-6
fold change was significantly lower compared to LPS alone (2.4 fold vs 6.7 fold,
p<0.0001) and IL-6 secretion was also significantly reduced, compared to when LPS
was given alone (mean 617.3 + 163pg/ml vs LPS mean 2207 + 489pg/ml; p=0.0015).
LPS stimulation increased IL-8 mRNA expression and IL-8 protein production
robustly, in comparison to the vehicle and simvastatin only groups (p<0.0001; Figures
3.8B, 3.9B). IL-8 mRNA was lower when the cells were co-treated with 50uM
simvastatin and LPS, compared to LPS alone (30.3 fold vs 50.2 fold, p=0.0312). IL-8
protein expression was also lower with 50uM simvastatin and LPS co-treatment,
compared to LPS alone (2295 + 266pg/ml vs LPS mean 4704 + 893pg/ml; p=0.0207).
Interestingly, co-treatment with 10uM simvastatin and LPS upregulated IL-8 mRNA
expression (p=0.0243 vs LPS) but this was not observed at the protein level.

In the pre-treatment group, again LPS stimulated a significant increase in IL-6
(p<0.0001) and IL-6 protein secretion was significantly increased by LPS, compared
to vehicle and simvastatin only treated cells (p=0.0001, p<0.0001, respectively;
Figures 3.8C, 3.9C). When the cells were pre-treated with 50uM simvastatin prior to
LPS stimulation, IL-6 mRNA expression was significantly lower, when compared to
LPS alone (5.5 fold vs 11.5 fold, p=0.0007). Although simvastatin pre-treatment
showed a trend to reduce IL-6 at the protein level, this was not statistically significant.
LPS also increased IL-8 mMRNA expression (p<0.0001) and IL-8 secretion from the
myometrial cells, in comparison to the vehicle and simvastatin only treated cells
(p<0.0017; Figures 3.8D, 3.9D). Pre-treatment with simvastatin did not alter IL-8
MRNA or IL-8 protein production, compared to the LPS group.
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In the post-treatment group, LPS induced IL-6 upregulation, compared to the vehicle
and simvastatin only treated cells (p<0.0001; Figures 3.8E, 3.9E). This was also
observed at the protein level for IL-6 (p=0.0004). When the myometrial cells were first
stimulated with LPS, then post-treated with 50uM simvastatin, IL-6 mMRNA was lower,
compared to LPS stimulation alone (2.8 fold vs 7.3 fold, p=0.0003). Although, IL-6
secretion was not significantly reduced. LPS stimulated a large increase in IL-8
expression and IL-8 secretion, compared to vehicle and simvastatin only treated cells
(p<0.0001; Figures 3.8F, 3.9F). When cells received 50uM simvastatin post-LPS
treatment, IL-8 mMRNA levels were significantly reduced (30.0 fold vs 51.4 fold,
p=0.041) and IL-8 secretion was significantly lowered, in comparison to LPS
stimulation alone (mean 3640 + 655pg/ml vs LPS mean 6161 + 902pg/ml; p=0.0427).
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Figure 3.8. The effect of simvastatin treatment on pro-inflammatory mRNA expression in LPS-
stimulated human myometrial cells (24 hours). Co-, pre- and post-treatment regimens with
simvastatin and LPS in human myometrial cells. (A-F) LPS robustly upregulated I1L-6 and IL-8
expression in human myometrial cells. (A, B) Co-treatment with LPS + 50uM simvastatin
downregulated IL-6 and IL-8. (C, D) Pre-treatment with 50uM simvastatin downregulated IL-6 but not
IL-8 expression. (E, F) Post-LPS treatment with 50uM simvastatin downregulated IL-6 and IL-8
expression. n=6 (in duplicate), vehicle (PBS) and LPS data shared for pravastatin/simvastatin

experiments, *p<0.05, ***p<0.001, ****p<0.0001, mean fold change £ SEM, one-way ANOVA with

Dunnett’s post hoc test.
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Figure 3.9. The effect of simvastatin on pro-inflammatory mediator secretion in LPS-stimulated
human myometrial cells (24 hours). (A-F) LPS treatment increased IL-6 and IL-8 secretion from
human myometrial cells. (A, B) Co-treatment with LPS + 50uM simvastatin reduced IL-6 and IL-8
secretion. (C, D) Pre-treatment with simvastatin did not affect LPS-induced IL-6 or IL-8 secretion at 24
hours. (E-F) Post-LPS treatment with 50uM simvastatin reduced IL-8 but not IL-6 levels. n=6 (in
duplicate), vehicle (PBS) and LPS data shared for pravastatin/simvastatin experiments, *p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001, mean = SEM, one-way ANOVA with Dunnett’s post hoc test.

3.3.3.4 The effect of simvastatin on anti-inflammatory cytokine

MRNA expression in myometrial cells

In the co-treatment group, 10uM simvastatin alone significantly upregulated IL-10
expression in the myometrial cells, compared to cells treated only with LPS (5.7 fold
vs 2.2 fold LPS, p=0.0003; Figure 3.10A). Co-treatment with 10uM and 50uM
simvastatin and LPS also upregulated I1L-10 expression (7.3 fold, p<0.0001; 5.7 fold,

p=0.0003 vs LPS, respectively). This co-treatment effect was also observed with IL-
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13 mRNA expression, where there was a 1.8 fold upregulation of IL-13 mRNA
concentration by 10puM simvastatin alone (p=0.0008 vs LPS; Figure 3.10B).
Additionally, co-treatment with LPS and 10uM simvastatin upregulated IL-13 1.5 fold
(p=0.0064) and 50uM simvastatin upregulated the gene 1.7 fold (p=0.0021), which

was significantly elevated in comparison to LPS treatment alone.

When the myometrial cells were pre-treated with 10uM and 50uM simvastatin before
LPS stimulation, I1L-10 was significantly upregulated (7.3 fold, p=0.0165; 7.1 fold
p=0.0027 vs LPS, respectively; Figure 3.10C). There was a modest 1.7 fold
upregulation of IL-13 expression by 10uM simvastatin alone (p=0.0235 vs LPS;
Figure 3.10D). IL-13 was also increased by 10pM and 50p.M simvastatin pre-treatment
(1.7 fold, p=0.0172; 1.9 fold, p=0.0031 vs LPS, respectively).

Treatment with 10uM simvastatin post-LPS stimulation upregulated IL-10 expression
4.5 fold (p=0.0018 vs LPS) but IL-13 was unaltered by post-treatment with simvastatin
(Figures 3.10E, F).
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Figure 3.10. The effect of simvastatin treatment on anti-inflammatory mRNA expression alone
and in combination with LPS stimulation of human myometrial cells at 24 hours. (A, B)
Simvastatin treatment alone significantly upregulated IL-10 and IL-13 expression. Co-treatment with
LPS and 10uM and 50uM simvastatin also upregulated IL-10 and 1L-13 expression. (C) Pre-treatment
with 10uM and 50uM simvastatin upregulated IL-10 expression. (D) Simvastatin alone and pre-
treatment with 10uM and 50uM simvastatin before LPS stimulation upregulated 1L-13 expression. (E)
Post-LPS treatment with 10uM simvastatin upregulated 1L-10. (F) IL-13 levels were unaltered by post-
LPS treatment with simvastatin. n=6 (in duplicate), vehicle (PBS) and LPS data shared for
pravastatin/simvastatin experiments, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, mean fold

change £ SEM, one-way ANOVA with Dunnett’s post hoc test.
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3.4 Discussion

3.4.1 The effect of statin treatment on myometrial cell
morphology

3.4.1.1 Pravastatin

Pravastatin is a commonly used statin, as it has limited side effects (del Sol and
Nanayakkara 2008). This drug is hydrophilic and requires selective uptake by a
specific transporter protein, which is exclusively expressed in the liver. Therefore,

pravastatin is highly hepatoselective (Ziegler and Hummelsiep 1993; Hatanaka 2000).

In these experiments, 10uM pravastatin did not affect myometrial cell morphology.
The inclusion of LPS did not have any additional effect on the cell shape. This was
true for co-, pre- and post-treatment groups. The cells, by appearance, seemed healthy,
implying that the treatment was not having an adverse effect. However, the appearance

alone cannot be relied upon for assessing cell function.

These results are in agreement with multiple studies which found that, even at high
concentrations, pravastatin did not alter the morphology of cells such as aortic smooth
muscle cells, mesenchymal stem cells and various cancer cell lines (Lee et al. 2004;
Martinet et al. 2008; Menter et al. 2011). However, pravastatin was found to have a
pronounced effect on hepatocyte morphology, due to its facilitated uptake into these
cells (Menter et al. 2011). It has been proposed, that while most lipophilic statins do
affect the morphology of certain cells, the reason pravastatin does not is because the
drug does not gain entry into the cells (Menter et al. 2011). It is highly possible that
these myometrial cells do not express the transporter protein required for pravastatin

to enter the cell.

The myometrial cells could be treated with higher concentrations of pravastatin to
further confirm that this treatment does not have an effect on cell morphology.
However, this effect may be due to pravastatin not actually being taken up by the cells.
As no one else has investigated statin treatment on these myometrial cells, it is
unknown if they possess the transporters required, particularly as they are
immortalised cells, which may not function and contain exactly the same machinery

as they would in vivo.
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3.4.1.2 Simvastatin

As a lipophilic drug, simvastatin readily diffuses across cell membranes and alters a
variety of genes, namely in the mevalonate pathway, affecting cell cycle progression,

DNA replication, apoptosis and cytoskeleton signalling (Gbelcova et al. 2017).

In this study, simvastatin treatment may have had a concentration-dependent effect on
cell morphology. There was no effect using 0.1uM simvastatin but at concentrations
of 10uM and 50uM, cell morphology appeared marginally altered, as evidenced by
the cells becoming slightly more elongated. However, there did not appear to be an
additive effect of LPS treatment. Although changes in cell shape are not ideal, as it
suggests the drug is affecting the regulation of the cell in some way, these possible
changes were only slight and were not quantified. Furthermore, morphology alone

does not give an indication of functionality.

It has been well documented that simvastatin is capable of altering the morphology of
cells. Simvastatin induced morphology changes in human endometriotic stromal cells
at concentrations equivalent to those used in this chapter, as well as inhibiting
proliferation and preventing the contraction of these cells (Nasu et al. 2009). Another
study on endometrial stromal cells also reported a disruption in the cytoskeleton of
cells, as a result of simvastatin treatment. F-actin fibres became disorganised and
disassembled after 24 hours of 10uM simvastatin treatment, which was believed to
have been caused by the inhibition of isoprenylation within the mevalonate pathway
(Sokalska et al. 2010).

One study investigated the effect of simvastatin on both normal and cancer cell lines.
Simvastatin caused morphology changes in prostate and colon cancer cells, where the
mitochondria redistributed to the cellular processes. In a pancreatic cancer cell line,
cellular processes began to extend just 1 hour after treatment with 10uM simvastatin.
In hepatocytes, simvastatin disrupted caveolae, small lipid rafts associated with actin
filaments, causing cytoplasmic process extension, resulting in morphology changes.
Again, these changes to the cytoskeleton were attributed to the inhibition of
isoprenylation (Menter et al. 2011). In contrast, 10uM simvastatin did not alter the

morphology of rabbit aorta smooth muscle cells. However, when these cells were
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treated with a high concentration of simvastatin (100uM), they began to detach,
changing from elongated to globular, spherical cells (Martinet et al. 2008).

This experiment could be repeated and quantified at different concentrations, to
determine if there is any true morphology change and to give an indication of the
concentration at which an effect is first observed. Further experiments could also be

performed to investigate the location or distribution of cytoskeletal proteins.

3.4.2 The effect of statin treatment on myometrial cell
metabolic activity

3.4.2.1 Pravastatin

When assessing cell metabolic activity as a measure of cell viability, there was no
effect of pravastatin treatment up to concentrations of 100uM, both alone and in
combination was LPS treatment. This implies that pravastatin treatment is not

negatively affecting the activity of the myometrial cells at 24 hours.

Many other studies looking at a variety of cell types, such as macrophages, smooth
muscle cells and multiple cancer cell lines, also found that pravastatin did not affect
cell viability (Guijarro et al. 1999; Sindermann et al. 2000; Martinet et al. 2008; Menter
et al. 2011). However, as mentioned previously, these studies highlighted the
possibility that pravastatin is perhaps too hydrophilic to enter into these cells.

3.4.2.2 Simvastatin

Simvastatin did not affect myometrial cell metabolic activity at concentrations up to
100uM. There was also no effect of adding LPS treatment, in the co-, pre- and post-
treatment groups, at 24 hours. This suggests that simvastatin treatment does not affect
the viability of the myometrial cells at the concentrations used in the experiments
outlined in this chapter, which is reassuring.

There is varying evidence regarding the effect of simvastatin on cell viability, which
appears to be cell-dependent (Morikawa et al., 2004). For example, simvastatin
induced concentration-dependent cell death in ovarian, endometrial and cervical
cancer cell lines but with limited or no cytotoxic effect on normal cells (Kato et al.,
2010). Menter et al. (2011) found that simvastatin was more effective at inducing cell
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death in poorly differentiated cancer cells, than those which were well differentiated.
Interestingly, these effects were observed using lower concentrations of simvastatin
than were used in the experiments within this chapter. Another study found that, while
30uM simvastatin treatment lowered the cell viability of the J774A.1 macrophage cell
line, primary mouse peritoneal macrophages and rabbit aortic smooth muscle cells
were virtually unaffected (Croons et al., 2010). In addition, 50uM simvastatin had no
effect on human macrophage cell viability at 24 hours, which agrees with the results
in this chapter (Tuomisto et al., 2008). Therefore, it appears that simvastatin can affect

cell viability but mostly in cancer cells, where this effect can be considered beneficial.

Other than cell type, other explanations for this differing effect of simvastatin propose
that cell culture environment could play a role. For instance, sub-confluent cells were
found to be less sensitive to simvastatin treatment, compared to cells seeded at a low
density (Sindermann et al., 2000). Reduction in cell viability was also more common
when cells were cultured in medium containing low serum concentration, which is a
common procedure to synchronise the growth phase of the cells for experimentation,
forcing them to enter the quiescent GO/G1 phase (Croons et al., 2010). The
experiments in this chapter were performed on sub-confluent cells, which were
partially serum-starved by reducing the serum concentration from 10% (v/v) to 5%
(v/v) FBS in DMEM. Other studies perform serum starvation at levels as low as 0.05%
(Pirkmajer and Chibalin, 2011). However, previous experimentation in our laboratory
found that these myometrial cells require a degree of serum at all times in order to

remain healthy and function consistently.

The focus of these experiments was to assess the viability of the cells, to ensure they
were alive and metabolically active at different statin concentrations, which was
confirmed. However, further experiments could be performed to assess the function of
the cells in more detail, such as looking at proliferation, caspase activity or DNA

fragmentation.
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3.4.3 The effect of statin treatment on inflammation in a
human myometrial cell line

3.4.3.1 Pravastatin

Pravastatin treatment did not affect the mRNA or protein encoded by either pro-
inflammatory mediators, IL-6 or IL-8, or the mRNA expression of anti-inflammatory
mediators, IL-10 or IL-13, in the co-, pre- or post-treatments of LPS-stimulated human

myometrial cells.

This is surprising, as there is extensive evidence from human studies that pravastatin
can reduce inflammation. A key study addressing the anti-inflammatory effect of
statins was the PRINCE trial. This trial assessed the effect of pravastatin on the plasma
levels of the inflammatory biomarker, CRP. Pravastatin lowered CRP levels in
subjects with cardiovascular disease, as well as in the subjects with no history of
cardiovascular disease, after 24 weeks. This effect was independent of LDL
cholesterol levels (Albert et al. 2001). Pravastatin also reduced the plasma levels of
CRP in a small cohort of patients with type 2 diabetes (Sommeijer et al. 2004). As well
as lowering inflammation in patients with carotid artery plaques and men with
hypercholesterolemia (Crisby et al. 2001; Kalela et al. 2001; Solheim et al. 2001).

Evidence of the anti-inflammatory effect of pravastatin is also available from a wealth
of in vitro studies. For instance, pravastatin significantly reduced LPS-stimulated IL-
6, IL-8 and GM-CSF protein production in human bronchial epithelial cells (Iwata et
al. 2012). Pravastatin concentration-dependently reduced CRP, IL-6 and TNF at the
gene and protein level in rat vascular smooth muscle cells. However, this affect was
only observed at pravastatin concentrations above 30uM (Guo et al. 2012; Lu et al.
2015). Pravastatin downregulated the release of pro-inflammatory mediators, TNF and
CCL2 but not IL-6, from human monocytes but only at very high concentrations of
100puM and 500uM (Grip et al. 2000).

The choice of pravastatin concentration (10M) was made initially as it is one of the
most commonly selected concentrations used for investigating the pleiotropic effects
of statins in vitro, albeit higher than therapeutically relevant concentrations
(Bjorkhem-Bergman et al. 2011; Iwata et al. 2012; Chang et al. 2014; Statt et al. 2015).
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Nevertheless, in this instance there was no effect of pravastatin treatment on LPS-
induced inflammation in myometrial cells. An important point to consider is that in
vitro conditions are not wholly representative of the in vivo environment. For example,
there are animal and human studies that suggest pravastatin could improve pregnancy
outcomes in women with anti-phospholipid syndrome (Redecha et al. 2008; Lefkou et
al. 2016). However, in a human trophoblast cell line, pravastatin treatment did not
reduce inflammation or inhibit anti-phospholipid antibody-mediated changes (Odiari
etal. 2012).

The experiments in this chapter could be repeated with a higher concentration of
pravastatin but it is likely that the concentration would need to be increased
substantially in order to see any affect. The presence of transport protein, OATP1B1,
which facilitates pravastatin uptake, could be investigated in these cells. As discussed
in the previous sections, the hydrophilic nature and hepatoselectivity of pravastatin
prevents it from acting on many cell types, particularly in vitro, when only one cell
type is present. Therefore, it is possible that pravastatin may still have anti-

inflammatory properties on the myometrium in vivo, which is worth investigating.

3.4.3.2 Simvastatin

Simvastatin treatment significantly reduced the mRNA expression and protein
production of IL-6 and IL-8, when cells were stimulated with LPS. Specifically, the
higher concentration of simvastatin (50uM) significantly reduced these mediators at
both the gene and protein level, when cells were co-treated with simvastatin and LPS.
Pre-treatment with 50uM simvastatin significantly reduced IL-6 mMRNA expression
but this didn’t reach significance at the protein level and there was no effect of pre-
treatment with simvastatin on IL-8 gene or protein expression. This was interesting, as
the pre-treatment group was incubated with LPS for the least amount of time (18
hours), while simvastatin was present for the whole 24 hours. However, there was also
a lot of variation between individual experiments, which may have prevented statistical
significance. Higher passage number, for example, could have affected the
responsiveness of these cells, as all other variables remained constant. Following 6

hours of LPS stimulation, post-treatment with 50uM simvastatin significantly reduced
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IL-6 gene expression, as well as IL-8 gene expression and IL-8 secretion from the

myometrial cells.

Interestingly, simvastatin alone was capable of increasing the expression of IL-10 and
IL-13, both of which are classed as anti-inflammatory genes. This increase in
expression was seen during co-treatment experiments, when the cells were exposed to
statins for the full 24 hour incubation. Simvastatin alone increased 1L-13 but not IL-10
in the pre-treatment group. Again, the variation between samples of the simvastatin
only group may explain why IL-10 was not significantly increased in comparison to
the LPS group. There was no effect of simvastatin alone on IL-10 and IL-13 in the
post-treatment group. This may be because simvastatin was only present for 18 hours
of the incubation, as the cells were being stimulated with LPS for the first 6 hours of
the 24 hour incubation. IL-10 gene expression was significantly upregulated after post-
LPS treatment with 10uM simvastatin but there was no significant effect on IL-13
expression. Ideally, it would helpful to have protein data for the anti-inflammatory
cytokines, to see whether this reinforces the changes observed at the gene level.
Unfortunately, as IL-10 is expressed in very low levels, the protein was undetectable
by our ELISA assay. Presumably IL-13, which is expressed at even lower levels, would

be difficult to measure other than perhaps by an especially sensitive assay.

These anti-inflammatory properties of simvastatin have been widely investigated in
human and animal studies, as well as in vitro (Schonbeck and Libby 2004; Jain and
Ridker 2005; Loppnow et al. 2011). For example, in hypercholesteraemic patients,
serum IL-6, IL-8 and CCL2 were reduced following 6 weeks of simvastatin treatment
(Rezaie-Majd et al. 2002). In mice, simvastatin significantly reduced the mRNA
expression of Il-74 and 11-6 in the uterus of a pregnant mouse that had received LPS
(Basraon et al. 2012). Treatment with simvastatin has also resulted in reduced
synthesis of inflammatory mediators from various cells types in culture, such as human
umbilical vein endothelial cells, primary human macrophages, vascular smooth muscle
cells and even synoviocytes obtained from patients with rheumatoid arthritis (Rezaie-
Majd et al. 2002; Dichtl et al. 2003; Veillard et al. 2006; Xu et al. 2006). In one study,
simvastatin lowered the pro-inflammatory cytokine, TNF and increased IL-10
production from RAW264.7 macrophages, at 10uM and 30M respectively, as well
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as significantly reducing IkBa degradation and NF-«xB translocation (Leung et al.
2011). As a future experiment, it would be interesting to investigate whether
simvastatin treatment is affecting the transcription factor, NF-«B, in these myometrial

cells.

The rationale for performing co-, pre- and post-treatments was to aid better
understanding of the potential clinical application of statin treatment; whether it be
used as a preventative measure for high risk patients or given at the onset of PTL. Co-
treatment with simvastatin had greater anti-inflammatory effects than either the pre-
treatment or post-treatment. However, this may not be a clinically relevant treatment
regimen. Pre-treatment induced a greater increase in anti-inflammatory genes and
post-treatment showed a greater reduction in the pro-inflammatory mediators. It is
important to note that variation within the groups perhaps prevented the trends
achieving statistical significance and also the slightly shorter incubation time with
simvastatin for the post-treatment group, may have affected the results. In a similar
study, simvastatin was shown to reduce the secretion of a range of pro-inflammatory
cytokines from LPS-stimulated human fetal membranes. In this study, pre-treatment
with simvastatin 6 hours before LPS stimulation appeared more effective at reducing
inflammatory cytokine release and soluble cytokine receptors than co-treatment or
post-treatment. Co-treatment was the least effective method, as it did not significantly
reduce IL-1B, IL-6 or TNF secretion, compared to the LPS group (Basraon et al. 2015).
Further experimentation is required to tease out the most effective statin treatment

protocol for reducing inflammation.

The anti-inflammatory effects described in some of the above studies were achieved
by lower concentrations of simvastatin than the experiments presented in this chapter.
For the current experiments, concentrations of simvastatin were chosen based on
previous studies which describe therapeutic concentrations (0.1uM), a common mid-
range concentration used in cell culture (10uM) and a higher concentration (50uM)
(Liljaetal. 1998; Dichtl et al. 2003; Leung et al. 2003; Bjorkhem-Bergman et al. 2011;
Chang et al. 2014; Basraon et al. 2015). It is possible that responsiveness to simvastatin
therapy may be influenced by the specific cell type. Interestingly, in these myometrial
cells, simvastatin only reduced pro-inflammatory mediators at 50uM but 10uM
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simvastatin was sufficient to increase the expression of anti-inflammatory genes. It
would be informative to treat the myometrial cells with lower concentrations of
simvastatin to gain a better understanding of the specific concentrations required to
see an effect. Importantly, despite these higher concentrations, the metabolic activity

of the cells was not compromised by 50uM simvastatin.

In summary, pravastatin treatment did not affect myometrial cell morphology or cell
metabolic activity. Pravastatin treatment also did not alter the expression of
inflammatory mediators, following LPS stimulation. However, it is likely that the
myometrial cells do not possess the transporter protein that pravastatin requires for cell
entry. Simvastatin may have induced some slight morphology changes in the
myometrial cells but cell metabolic activity was unaffected. In contrast to pravastatin,
simvastatin treatment was capable of reducing LPS-induced inflammation, by both
lowering the expression of pro-inflammatory mediators and increasing the expression

of anti-inflammatory mediators.
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Chapter 4. Determining the effect of simvastatin
treatment on human myometrial cell
contraction and the mechanisms contributing
to this effect

4.1 Introduction

Myometrial contractions are key to the labour process, as the uterus switches from
quiescent to active (Romero et al. 1994). These contractions are mainly regulated by
calcium flux (Figure 4.1). Briefly, a substantial increase in intracellular Ca?*
concentration activates calmodulin, a Ca?*-dependent protein found in the cytoplasm.
Calmodulin can bind four Ca?* ions. This complex subsequently activates MLCK,
leading to the cross-bridging of actin and myosin and a prominent increase in the
phosphorylation of MLC. This action determines the amplitude and duration of the
contraction (Haeberle et al. 1985; Csabina et al. 1986; Word et al. 1993). The small
GTPase, RhoA, is a major regulator of calcium sensitisation within cells. It acts
through its effector, ROCK, to inactivate the enzyme, MLCP, potentiating the
contractile effects of elevated intracellular Ca?* (Uehata et al. 1997; Hartshorne et al.
1998). Therapies to target PTL aim to inhibit biochemical reactions along this

pathway.
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Figure 4.1. The molecular pathways in smooth muscle contraction. Intracellular Ca* concentration
increases through Ca?* influx into the cells or by Ca?* release from intracellular stores, such as the SR.
The Ca?*/calmodulin complex forms and activates MLCK. MLCK phosphorylates MLC (20kDa),
causing smooth muscle contraction. MLCP dephosphorylates MLC to induce relaxation. RhoA-GTP
activates ROCK, which can inhibit the actions of MLCP directly or by protein phosphatase 1 regulatory
subunit 14A (CPI-17) phosphorylation. ROCK may also phosphorylate MLC directly, similarly to
MLCK. ROCK: Rho-kinase. MLC: Myosin light chain. MLCP: Myosin light chain phosphatase.
MLCK: Myosin light chain kinase. SR: sarcoplasmic reticulum Adapted from de Godoy & Rattan
(2011).

There is growing evidence to suggest that statins have anti-contractile actions. For
example, they reduce the contractile response of vascular smooth muscle cells and
endometriotic stromal cells (Kuzuya et al. 2004; Mraiche et al. 2005; Perez-Guerrero
et al. 2005; Nasu et al. 2009; Gonzalez et al. 2014).

Statins exert their effects by targeting the mevalonate pathway, a key metabolic
pathway, important in multiple cellular processes (Buhaescu and Izzedine 2007).
Statins competitively inhibit HMG-CoA reductase (Figure 4.2). This enzyme catalyses
the conversion of HMG-CoA to mevalonate, an early rate-limiting step in cholesterol
synthesis. Mevalonate is then converted to sterol isoprenoids, as well as non-sterol

isoprenoids, of which F-PP and GG-PP are components. These intermediate
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metabolites play important roles in the post-translational modification of proteins
involved in intracellular signalling, cell growth, gene expression, protein glycosylation
and cytoskeletal assembly (Buhaescu and lzzedine 2007). F-PP is the last product of
the isoprenoid metabolic pathway with the potential to be incorporated into either
sterol or non-sterol end products (Bradfute and Simoni 1994). Isoprenylation of GG-
PP is crucial for the activation of small GTPases, such as Rho, Rac and Cdc42. Many
studies have proposed that the mechanism by which statins exert their anti-contraction
effect is by inhibiting RhoA, which has an important role in the regulation of the actin
cytoskeleton. Inhibiting the prenylation of RhoA prevents the downstream
phosphorylation of MLC (Alvarez de Sotomayor et al. 2001; Mraiche et al. 2005;
Kuhlmann et al. 2006; Nagaoka et al. 2007; Kidera et al. 2010; Wu et al. 2011; Xiao
etal. 2012; Alp Yildirim et al. 2016).
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Figure 4.2. The mevalonate pathway. Statins inhibit HMG-CoA reductase from catalysing the
conversion of HMG-CoA to mevalonate. This inhibits the production of cholesterol, as well as non-
sterol isoprenoid components, such as F-PP and GG-PP, which are important for post-translational

protein modification.

Chapter 3 demonstrated that simvastatin could reduce LPS-induced inflammation in
human myometrial cells. Therefore, these results suggested that simvastatin treatment

could reduce the pro-inflammatory environment associated with PTL initiation. As
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myometrial contraction is a key process in term labour and PTL, and the tocolytic
drugs currently available are ineffective, this chapter investigated whether simvastatin
could inhibit myometrial contractile response. The hypothesis was that simvastatin
will prevent myometrial cell contraction in vitro. The aim of this chapter was to
investigate the effect of simvastatin on the contractile ability of a human myometrial
cell line. Furthermore, mevalonate, GG-PP and F-PP were supplemented to

simvastatin treatments to decipher a mechanism of action.

4.2 Methods

4.2.1 MTT metabolic activity assay
Analysis of myometrial cell metabolic activity was performed using an MTT assay, as
detailed in 2.5. Myometrial cells were treated with simvastatin (10, 50uM) and
supplemented with LPS (25ng/ml), mevalonate (200uM), GG-PP (10uM) or F-PP

(10uM), in triplicate. Cells were incubated with treatments for 48 hours (n=4).

4.2.2 Collagen gel contraction assay

Simvastatin concentration response experiments were performed using collagen,
which was extracted from rat tails, as described in 2.6.1. All other experiments were
performed using commercially purchased rat tail collagen. Collagen gel contraction
assays were performed by embedding myometrial cells in rat tail collagen and seeding
non-treated 24-well plates at 10° cells/well, as described in 2.6.2. The gels were
allowed to polymerise overnight and were then detached and treated with simvastatin
(10, 50uM), in the presence or absence of LPS (25ng/ml), mevalonate (200uM), GG-
PP (10puM) or F-PP (10pM). The plates were incubated at 37°C and photographed at
0, 24 and 48 hours using a Leica MZ6 light microscope/camera. Treatments were
added in 6 technical replicates. For treatment concentration selection, n=1-6:
simvastatin (0.1-100uM), LPS (25-400ng/ml), mevalonate (100, 200uM), GG-PP (10-
40uM) or F-PP (10-100uM). For final experiments, n=6-11. Results are presented as
a percentage of the vehicle mean gel size at baseline (0 hours or 24 hours, experiment
dependent).
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4.2.3 In-Cell Western

In-Cell Western analyses were performed to quantify pMLC in myometrial cells. Cells
were seeded at 2x10* cells/well, in black, clear base 96-well plates, as outlined in 2.7.
Cells were treated in triplicate with simvastatin (10, 50uM) and supplemented with
LPS (25ng/ml), mevalonate (200uM), GG-PP (10uM) or F-PP (10uM). The
treatments were removed after 48 hours and the cells were fixed in formaldehyde,
incubated with primary antibodies for pMLC and a-Tubulin, followed by secondary
LI-COR antibodies and then fluorescence was read on the Odyssey® CLXx Imaging
System (n=5). Results are presented as intensity ratios of a-Tubulin:pMLC, within the

same well.

4.2.4 Statistical analysis
Data are presented as mean = SEM and were analysed using GraphPad Prism. In these
studies, “n” denotes the number of individual experiments performed, with the
replicate number per experiment indicated in the figure legends. The percentage data
for collagen gel contraction were analysed by performing an arcsine transformation on
the proportions, followed by a one-way ANOV A, with either Dunnett’s or Holm-Sidak
post hoc test. In-Cell Western data were analysed by one-way ANOVA, followed by

Dunnett’s post hoc test.

4.3 Results

4.3.1 The effect of simvastatin, LPS, mevalonate, GG-PP
and F-PP treatments on myometrial cell metabolic
activity

As discussed in Chapter 3, simvastatin and LPS treatment did not affect the
metabolism of the myometrial cells at 24 hours. In this chapter, treatment incubations
for the collagen gel assay and the In-Cell Western assay lasted 48 hours. Therefore,
MTT assays were performed to investigate the effect simvastatin and LPS have on the
cells after 48 hours. In addition, MTT assays were carried out for the metabolites of
the mevalonate pathway, mevalonate, GG-PP and F-PP, which the cells were

supplemented with to investigate a mechanism of action.
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Following 48 hours of treatment, 10uM and 50uM simvastatin did not affect

myometrial cell metabolic activity (Figure 4.3). This was also true for LPS treatment

alone (25ng/ml) and when the cells were co-treated with LPS and 10uM and 50puM

simvastatin (Figure 4.3A). Furthermore, mevalonate (200uM), GG-PP (10uM) and F-

PP (10uM) did not affect cell metabolic activity, when given alone or in combination
with simvastatin, for 48 hours (Figure 4.3B-D).
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Figure 4.3. Metabolic activity of myometrial cells when treated with simvastatin, LPS,
mevalonate, GG-PP or F-PP for 48 hours. (A-D) Simvastatin (10, 50uM) treatment did not alter
myometrial cell metabolic activity. (A) LPS, (B) mevalonate, (C) GG-PP or (D) F-PP did not affect
myometrial cell metabolic activity when given alone or with simvastatin treatment. n=4 (in triplicate),
vehicle (veh): (A) PBS, (B) EtOH diluted in PBS, (C, D) CH3;OH diluted in PBS, mean + SEM.
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4.3.2 The influence of simvastatin treatment on
myometrial cell contractility, alone and with LPS
stimulation

4.3.2.1 The effect of simvastatin on the basal contraction of

myometrial cells

Experiments were performed to establish the effect of simvastatin on myometrial cell
contractility over a range of concentrations. The myometrial cells were embedded in

collagen gel and the gel sizes were analysed at 24 and 48 hours.

As these are smooth muscle cells, the vehicle (PBS) treated gels established a basal
contraction, causing the gel size to reduce over time (Figure 4.4). Following 24 hours
of 10uM simvastatin treatment, the mean gel size was significantly larger than the
vehicle mean gel size, suggesting that contraction was attenuated (mean gel size 117.5
+ 3.4% vs vehicle mean 100 + 3.1%, p=0.0068). Simvastatin, at concentrations of
25uM and 50uM, also prevented contraction at 24 hours (115.2 + 3.7%, p=0.023 and
118.3 £ 4.3%, p=0.004, respectively).

At 48 hours, the mean size of the vehicle gel had reduced to 85.6 + 4.8% of the mean
gel size at 24 hours, displaying further basal contraction (Figure 4.4B). When the cells
were treated with 10pM simvastatin, the mean gel size was again significantly larger
than the vehicle (114.6 + 3.1%, p=0.0003). The mean gel sizes were also significantly
larger than the vehicle when they were treated with 25uM simvastatin (116.8 £ 2.5%,
p<0.0001), 50uM simvastatin (119.9 + 3.5%, p<0.0001) and 100uM simvastatin
(110.1 £ 5.7%, p=0.0104). There was no significant difference between the vehicle
and gels treated with 0.1uM or 1uM simvastatin after 48 hours. Simvastatin

concentrations of 10uM and 50uM were selected for further experimentation.
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Figure 4.4. The effect of simvastatin treatment on basal myometrial cell contraction. (A) At 24
hours, when gels were treated with 10, 25 and 50uM simvastatin, the mean gel size was significantly
larger than the vehicle. (B) After 48 hours, gels treated with 10, 25, 50 and 100uM simvastatin were
significantly larger in size than the vehicle. n=3-8 (4-6 replicates), vehicle = PBS, *p<0.05, **p<0.01,
***p<0.001, ****p<0.0001, mean + SEM, one-way ANOVA with Dunnett’s post hoc test.

4.3.2.2 The effect of LPS stimulation on myometrial cell

contraction

Firstly, a concentration response experiment was performed to determine whether LPS
could induce further contractions over the vehicle. Secondly, the anti-contractile effect
of simvastatin within an LPS-induced inflammatory environment was investigated.

Gels were analysed at 0, 24 and 48 hours.
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4.3.2.2.1 LPS concentration response

An LPS concentration response experiment was performed to investigate the effect of
LPS on the contraction of the myometrial cells. After 24 hours, contraction was evident
in the vehicle (PBS) group by the reduction of the mean gel size to 61.4 + 2.6% of its
original size at 0 hours (Figure 4.5B). However, concentrations of LPS from 25-
400ng/ml did not significantly increase (or decrease) the contraction of the gels, as

they were similar in size to the vehicle gels.

By 48 hours, the vehicle mean gel size had reduced to 45.6 = 2.7% of its original size
(Figure 4.5C). Again, there was no significant effect of LPS on the gel size, compared
to the vehicle. However, there was a slight trend appearing, as the gel sizes from
treatments with 25, 50 and 100ng/ml LPS looked marginally reduced. The largest
difference in gel size was with 25ng/ml LPS, where the mean gel size was 8% smaller
than the wvehicle (p=0.1679). Although there was no statistical difference, this

concentration was chosen for use in the following simvastatin experiments.
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Figure 4.5. The effect of LPS on myometrial cell contraction. (A-C) LPS concentrations from 25-
400ng/ml did not significantly induce further contraction of the myometrial cells, when compared to
the vehicle mean gel size. (C) However, a trend to reduce mean gel size was observed for the lower

concentrations, particularly 25ng/ml. n=5-11 (4-6 replicates), vehicle = PBS, mean + SEM.

4.3.2.2.2 The effect of LPS and simvastatin on myometrial cell

contraction

The basal contraction of the myometrial cells was evident within 24 hours, as the mean
gel size reduced to 59.8 £ 1.9% of the baseline gel size (Figure 4.6A-C). Gels treated
with 10uM simvastatin were 16.6% larger than the mean vehicle size (69.7 £ 3.1%,
p=0.0059). Gels treated with 50M simvastatin were also significantly larger than the
vehicle (67.5 = 2.0%, p=0.027). LPS treatment caused the mean gel size to reduce to
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54.2 £ 1.8%, making it 10.3% smaller than the vehicle (p=0.0293). Even in the
presence of LPS, 10puM simvastatin attenuated the contractile ability of the cells, as
the mean gel size was 17.4% larger than the vehicle (70.2 = 1.8%, p=0.0059). This
was also observed with 50uM simvastatin, where the mean gel size was 70.3 + 1.7%,
17.6% larger than the vehicle (p=0.0059).

After 48 hours, the mean vehicle gel size had further reduced to 43.4 + 1.6% of its
original size (Figure 4.6A, D). When gels were treated with 10puM simvastatin alone,
the mean gel size was 64.4 + 2.3%, 48.4% larger than the vehicle (p<0.0001).
Following treatment with 50uM simvastatin, gel sizes were 54.8% larger than the
vehicle (67.2 £ 2.0%, p<0.0001). The LPS treated gels were still significantly smaller
than the vehicle gels (37.8 + 1.6%, p=0.0247). When the gels were treated with both
10uM simvastatin and LPS, the simvastatin treatment once again inhibited the
contraction of the gels, as they were 52.1% larger than the vehicle (66.0 £ 2.4%,
p<0.0001). This was also observed following 50uM simvastatin and LPS treatment,
as the mean gel size was 62.9% larger than the vehicle mean (70.7 = 1.7%, p<0.0001).
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Figure 4.6. The effect of simvastatin treatment on basal and LPS-induced myometrial cell

contraction. (A) Representative gel images showing gel size at 0, 24 and 48 hours. (B-D) Vehicle gel

size reduced over time. This contraction was attenuated by simvastatin treatment (10, 50uM). LPS

treatment (25ng/ml) caused further reduction in gel size, compared to the vehicle. Simvastatin treatment

(10, 50uM) inhibited the contraction of the gels, even in the presence of LPS. n=5-10 (4-6 replicates),
vehicle (veh) = PBS, *p<0.05, **p<0.01, ****p<0.0001, mean + SEM, one-way ANOVA with Holm-

Sidak post hoc test.
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4.3.3 The effect of mevalonate, GG-PP and F-PP
supplementation on simvastatin-induced
contractile attenuation

4.3.3.1 Mevalonate

The mevalonate pathway is the main target of statins. By inhibiting HMG-CoA
reductase, statins prevent the reduction of HMG-CoA to mevalonate by nicotinamide
adenine dinucleotide phosphate (NADPH) (Friesen and Rodwell 2004). By
supplementing simvastatin-treated gels with mevalonate, any reversal of the impact of
simvastatin would imply that these anti-contractile actions were as a result of inhibiting

the mevalonate pathway, rather than an alternative pathway.

4.3.3.1.1 Mevalonate concentration response

Firstly, preliminary experiments were carried out to choose a concentration of
mevalonate (n=2). Both 100uM and 200uM mevalonate are widely used in the
literature (Qi et al. 2013; Alarcon and Marikawa 2016). In these concentration
response experiments, both concentrations appeared to abolish the effect of 10uM
simvastatin (Figure 4.7). For use in the following experiments, 200pM mevalonate
was chosen, as it appeared to inhibit 10uM simvastatin marginally more and it was
predicted that this concentration may be more effective at inhibiting 50uM

simvastatin.
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Figure 4.7. Selection of mevalonate concentration. (A-C) Mevalonate at 100uM and 200uM showed
a trend to reduce the anti-contractile effect of simvastatin (10uM), allowing the gel size to decrease. (C)
Mean gel size after simvastatin and 200uM mevalonate appeared marginally more similar to the vehicle
gel size at 48 hours. n=2-4 (4-6 replicates), vehicle (veh) = EtOH diluted in PBS, mean + SEM.

4.3.3.1.2 The effect of mevalonate on the anti-contractile action

of simvastatin

After 24 hours, vehicle gels had reduced to a mean size of 55.7 + 1.4% (Figure 4.8A-
C). When the gels were treated with 10uM and 50uM simvastatin, the mean gel sizes
were 20.8% and 17.2% larger than the vehicle (67.3 + 2.2%, p<0.0001; 65.3 + 0.7%,
p=0.0021, respectively). Mevalonate treatment alone allowed the gels to contract and
the mean gel size reduced to 55.2 + 1.4%, similar to the vehicle. When gels were

treated with either 10uM or 50uM simvastatin and mevalonate, the gels reduced in
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size, abolishing the anti-contractile effect of simvastatin (mean gel sizes 58.2 + 2.4%

and 56.1 + 0.9%, respectively).

Following 48 hours of treatment, the vehicle mean gel size had reduced further to 39.6
+ 1.2% of its original size (Figure 4.8A, D). Simvastatin (10uM, 50uM) treated gels
were both 60.1% larger than the vehicle mean (63.4 = 1.7% and 63.4 + 1.9%,
p<0.0001). Again, when gels were treated with 10uM and 50uM simvastatin and
supplemented with mevalonate, gel sizes reduced, inhibiting the anti-contractile action

of simvastatin (mean gel sizes 43.9 + 1.8% and 41.7 + 0.9%, respectively).
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Figure 4.8. The effect of mevalonate supplementation on the anti-contractile effect of simvastatin
on myometrial cells. (A) Representative gel images at 0, 24 and 48 hours. (B-D) Vehicle gels reduced
in size over time. Simvastatin treatment (10, 50M) attenuated this contraction, resulting in significantly
larger gel sizes. When gels received simvastatin and mevalonate (200uM), the effect of simvastatin was
inhibited and the gel size reduced. n=5-11 (4-6 replicates), vehicle (veh) = EtOH diluted in PBS,
**p<0.01, ****p<0.0001, mean + SEM, one-way ANOVA with Dunnett’s post hoc test.
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4.3.3.2 GG-PP

GG-PP is an intermediate metabolite of the mevalonate pathway, which is key to the
post-translational modifications of small GTPases, such as Rho, Rac and Cdc42
(Nurenberg and VVolmer 2012).

4.3.3.2.1 GG-PP concentration response

A preliminary concentration response experiment was carried out to choose a
concentration of GG-PP (n=1). The most commonly used concentration cited in the
literature is 10uM (Qi et al. 2013; Alarcon and Marikawa 2016). This appeared to
inhibit the action of 50uM simvastatin and so, was used in the following experiments
(Figure 4.9).
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Figure 4.9. Selection of GG-PP concentration. (A, B) GG-PP appeared to inhibit simvastatin action
at 10, 20 and 40uM. n=1 (4-6 replicates), vehicle (veh) = CH3OH diluted in PBS.
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4.3.3.2.2 The effect of GG-PP on the anti-contractile action of

simvastatin

At 24 hours, the vehicle mean gel size had reduced to 50.9 + 1.6%, compared to the
mean gel size at 0 hours, showing basal contraction of the cells (Figure 4.10A-C).
Treating the gels with 10uM simvastatin resulted in gels 16.5% larger than the vehicle
mean (59.3 * 3.6%, p=0.0483). This affect was also observed with 50uM simvastatin,
where the gels were 20.6% larger than the vehicle (61.4 £ 2.9%, p=0.0107). GG-PP
treatment alone did not affect the contraction of the gels, which were a similar size to
the vehicle (52.5 + 1.7%). However, when the gels received 10uM and 50uM
simvastatin and GG-PP, the gels contracted, abolishing the effect of simvastatin (mean
gel sizes 48.1 + 2.0% and 49.8 + 3.4%, respectively).

The same effects were observed at 48 hours (Figure 4.10A, D). The vehicle mean gel
size reduced to 36.0 + 1.6% and simvastatin (10, 50uM) alone resulted in larger gel
sizes (10uM: 50.3 £ 3.6%, p=0.0027; 50uM: 63.1 + 3.3%, p<0.0001). When gels
received 10uM and 50uM simvastatin and GG-PP, the gel sizes reduced and were

similar in size to the vehicle gels (34.1 £ 2.3% and 35.1 + 3.4%, respectively).
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Figure 4.10. The effect of GG-PP supplementation on the anti-contractile effect of simvastatin.
(A) Representative gel images at 0, 24 and 48 hours. (B-D) Vehicle gels reduced in size over time.
Simvastatin treatment (10, 50uM) attenuated this reduction, resulting in significantly larger gel sizes.
When gels received simvastatin and GG-PP (10uM), the gel size reduced and the effect of simvastatin
was inhibited. n=5-10 (4-6 replicates), vehicle (veh) = CH3sOH diluted in PBS, *p<0.05, **p<0.01,
****p<0.0001, mean + SEM, one-way ANOVA with Dunnett’s post hoc test.
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4.3.3.3 F-PP

F-PP is another metabolite of the mevalonate pathway, which branches out into a sterol
pathway, for products such as cholesterol, and a non-sterol pathway, for the post-
translational modifications of small GTPases, such as Ras (Nurenberg and VVolmer
2012).

4.3.3.3.1 F-PP concentration response

A preliminary concentration response was carried out to choose a concentration of F-
PP (n=1). The most commonly used concentration in the literature is 10uM (Qi et al.
2013; Alarcon and Marikawa 2016). Concentrations up to 100M were tested (Figure
4.11). However, none of these affected the anti-contractile effect of simvastatin and
so, as the most commonly cited concentration, 10uM was used for the following

experiments.
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Figure 4.11. Selection of F-PP concentration. (A, B) F-PP did not appear to affect simvastatin action
at 10, 20, 40, 80 or 100uM. n=1 (4-6 replicates), vehicle (veh) = CH3OH diluted in PBS.

4.3.3.3.2 The effect of F-PP on the anti-contractile action of

simvastatin

After 24 hours, the mean vehicle gel size had reduced to 50.8 + 1.2% of the baseline
size (Figure 4.12A-C). Simvastatin, at both 10uM and 50uM, attenuated the
contraction of the gels with sizes of 58.1 + 2.5% and 62.0 £ 2.1% (p=0.032 and
p=0.0005 vs vehicle, respectively). F-PP alone did not affect the basal contraction of
the gels, as they reduced to 50.5 £ 1.2%, similar in size to the vehicle. When gels were
treated with 10uM simvastatin and F-PP, they were 19.1% larger than the vehicle gels
(60.5 = 3.3%, p=0.0024). This was also observed with 50uM simvastatin and F-PP,
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where the mean gel size was 26.8% larger than the vehicle (64.1 + 1.4%, p<0.0001),

showing that simvastatin was still having an anti-contractile affect.

Following 48 hours of incubation, the vehicle mean gel size reduced further to 33.9 +
0.9% of its original size (Figure 4.12A, D). Treatment with 10uM and 50uM
simvastatin still attenuated gel contraction, resulting in significantly larger gels than
the vehicle (50.1 + 4.1%, p=0.0001 and 58.2 £+ 1.9%, p<0.0001, respectively). When
gels received 10puM simvastatin and F-PP, the gel size was 50.5 £ 4.7%, 50.0% larger
than the mean vehicle gel size (p<0.0001). Furthermore, 50uM simvastatin and F-PP
treatment resulted in a mean gel size 72.3% larger than the vehicle (58.4 + 2.3%,
p<0.0001).
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Figure 4.12. The effect of F-PP supplementation on simvastatin’s anti-contractile effect. (A)
Representative gel images at 0, 24 and 48 hours. (B-D) Vehicle gels reduced in size over time.
Simvastatin treatment (10, 50uM) attenuated this reduction, resulting in significantly larger gel sizes.
When gels received simvastatin and F-PP (10uM), gel contraction was still inhibited, as the gel sizes
remained significantly larger than the vehicle. n=5-10 (4-6 replicates), vehicle (veh) = CH3;OH diluted
in PBS, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, mean + SEM, one-way ANOVA with

Dunnett’s post hoc test.
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4.3.4 The influence of simvastatin, LPS and the
mevalonate pathway metabolites on the
phosphorylation of MLC in myometrial cells

Smooth muscle contraction is mediated by the phosphorylation of MLC via MLCK
and/or ROCK (Schaafsma et al. 2008). The In-Cell Western technique was utilised to

investigate the effect simvastatin has on pMLC levels.

Simvastatin treatment significantly reduced pMLC levels, both alone (10uM
p=0.0112, 50uM p<0.0001 vs vehicle) and in the presence of inflammatory stimulation
with LPS (10puM p=0.0493, 50uM p<0.0001 vs vehicle; Figure 4.13, Figure 4.14A).
LPS alone did not affect the expression of pMLC (p=0.7905). Once again, when the
simvastatin treated cells received either mevalonate or GG-PP supplementation, the
effect of simvastatin was abolished and the pMLC levels were akin to the vehicle
treated cells (Figure 14.3, Figure 14.4B, C). When the simvastatin treated cells were
supplemented with F-PP, pMLC levels were significantly reduced compared to the
vehicle (10uM p=0.0452, 50uM p=0.0008; Figure 14.3, Figure 14.4D). Thus, F-PP
addition did not abolish the pMLC lowering effect of simvastatin. Complementing the
results of the collagen gel contraction assay, mevalonate and GG-PP, but not F-PP,

abolished the effects of simvastatin on pMLC levels.
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Figure 4.13. Levels of pMLC following simvastatin treatment (48 hours). This In-Cell Western
representative image shows that 10uM and 50uM simvastatin concentration-dependently reduced
pPMLC (green) levels in myometrial cells. When 200uM mevalonate and 10uM GG-PP were added,
PMLC levels were restored and the well appeared more green. However, 10uM F-PP did not affect
pMLC levels, as a-Tubulin (red) is more dominant in these wells, as observed in the simvastatin-treated

wells. n=5 (in triplicate).
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Figure 4.14. The effect of supplementation with LPS, mevalonate, GG-PP and F-PP on pMLC
levels (48 hours). Signal intensity ratios (o-Tubulin:pMLC) (A) Simvastatin (10, 50uM) significantly
lowered levels of pMLC, alone and in the presence of LPS. LPS did not affect pMLC levels. (B, C)
Mevalonate (200uM) and GG-PP (10uM) rescued pMLC levels when given with simvastatin. (D) F-
PP did not affect pMLC levels, when cells received simvastatin treatment. n=5 (in triplicate), vehicle
(veh): (A) PBS, (B) EtOH diluted in PBS, (C, D) CH3OH diluted in PBS, *p<0.05, **p<0.01,
***p<0.001, ****p<0.0001, mean + SEM, one-way ANOVA with Dunnett’s post hoc test.
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4.4 Discussion

4.4.1 Simvastatin attenuates the basal contraction of
human myometrial cells

In the collagen gel assay, the gels exerted basal contraction, due to the contractile
ability of the smooth muscle cells, as previously described (Hutchinson et al. 2014;
Makieva et al. 2016). This led to the gel area reducing, which was evident after 24
hours in all experiments. Simvastatin treatment was able to lessen the contraction,
resulting in significantly larger gel sizes, when comparing to the vehicle. This effect

was shown at both 24 hours and 48 hours of treatment with simvastatin.

The anti-contractile effect of simvastatin has been previously described at similar
concentrations as used in this chapter. Simvastatin reduced the contraction of human
lung fibroblasts embedded in collagen gels, both alone and in the presence of TNF, IL-
1B and neutrophil eclastase (Ra et al. 2011). Simvastatin treatment also inhibited
vascular contraction in rat aortic rings (Mraiche et al. 2005; Rossoni et al. 2011; Chen
et al. 2016). In addition, organ bath studies have reported anti-contractile effects of
simvastatin. For instance, simvastatin reduced the frequency of spontaneous and Cba-
induced contraction in human myometrial samples pre-treated with simvastatin, as
well as in myometrial tissue collected from simvastatin-treated mice (Gonzalez et al.
2014).

The simvastatin concentration response experiments were performed with collagen,
which was crudely extracted from rat tails within the laboratory. However,
commercially obtained collagen was used for all further experiments. This did not
seem to limit the experiment, as the ability of simvastatin to attenuate contraction was

unaffected by this change in material.

In the simvastatin concentration response experiments, there did not appear to be a
concentration-dependent effect. Simvastatin had no effect on contraction at 0.1uM or
1uM but inhibited contraction at concentrations of 10uM and above, with little
difference between 10, 25 and 50uM. The highest concentration of 100 pM
simvastatin, only reduced contraction at 48 hours. For consistency, 10uM and 50uM

simvastatin were chosen for further experimentation, so comparisons could be drawn
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with the results outlined in Chapter 3. Interestingly, in these experiments, both 10uM
and 50uM simvastatin consistently attenuated contraction, with no obvious difference
in response between concentrations, whereas in Chapter 3 the anti-inflammatory

properties of 50uM simvastatin were superior to those of the 10UM concentration.

Simvastatin may affect the shape of cells, as discussed in Chapter 3. This may have
affected the contractile ability of the myometrial cells. In a study examining the effect
of simvastatin on endometriotic stromal cell contraction, simvastatin inhibited
collagen gel contraction and also altered the morphology of the cells. The collagen
gels were fixed following contraction analysis and observed by laser scanning
microscopy. Untreated, dendritic-shaped cells adhered to collagen fibres and
contracted to form a dense, tissue-like structure. In contrast, the cells that received
simvastatin had become rounded and did not readily adhere to the collagen fibres
(Nasu et al. 2009).

It would have been ideal to use primary myometrial cells or tissue to perform these
investigations, as an immortalised myometrial cell line may be less representative of
the myometrium in vivo. However, these resources are limited. It would also have been
informative to perform organ bath studies with human myometrial strips. However,
these experiments are not only demanding of human samples, but are unable to
determine long term effects, as contractions in an organ bath are unreliable after 24
hours. They are also less suitable for teasing out which particular element of the
pathway is targeted by a drug. Other studies have previously shown that simvastatin
inhibits the frequency of myometrial contractions, but intensity was not formally
quantified (Gonzalez et al. 2014).

4.4.2 Simvastatin attenuates LPS-induced contraction of
human myometrial cells

Labour is an inflammatory process, which requires the influx of leukocytes into the
myometrium and an increase in the production of inflammatory mediators, to stimulate
contractions. In addition, it is thought that infection is the cause of 25-40% of PTBs
(Goldenberg et al. 2008). Therefore, LPS was added to the collagen gel assay to model
this. LPS was shown to stimulate the gels to contract even further. This makes the

collagen assay a highly relevant myometrial contraction assay system. Remarkably,
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simvastatin was able to attenuate contraction even in the presence of LPS. This is an
interesting and important finding as, by stopping myometrial contractions within an
inflammatory environment, simvastatin could be a useful therapeutic for PTL. A
previous study from our laboratory also found that LPS was capable of inducing these
myometrial cells to contract more than the vehicle treated cells (Hutchinson et al.

2014). Although, these experiments utilised a different serotype of LPS.

In the LPS concentration response experiment, none of the concentrations significantly
reduced the gel size in comparison to the vehicle. Although, the lower concentrations
appeared to slightly reduce the mean gel size. Perhaps the variation and multiple
groups within the analysis prevented statistical significance, as 25ug LPS did
significantly reduce the gel size in later experiments. It was surprising that higher
concentrations of LPS did not affect the contraction of the cells. It would be interesting
to lower the concentration of LPS, to see if this would induce more contraction. A
possible explanation for the difficulty in inducing increased contraction is that the gels
already reduced greatly in size due to the basal contraction of the cells. By 48 hours,
the gels were very small. It is likely that they were so densely packed, that they could

not reduce much more in size.

4.4.3 Mevalonate and GG-PP but not F-PP, abolish the
anti-contractile effect of simvastatin

Statins are inhibitors of the mevalonate pathway. Mevalonate is the first metabolite of
which production is inhibited when statins competitively inhibit HMG-CoA reductase.
In the collagen assay experiments, mevalonate supplementation reversed the anti-
contractile effects of simvastatin. This implies that simvastatin is, in fact, affecting the
contraction of the myometrial cells by targeting the mevalonate pathway, rather than

an alternative pathway.

Isoprenoid pyrophosphates, F-PP and GG-PP, are branching points in the mevalonate
pathway. F-PP further branches out into a sterol pathway, to produce cholesterol for
instance, and a non-sterol pathway, for the post-translational modifications of proteins.
Small GTPases are isoprenylated by covalent attachment to F-PP, for Ras, or GG-PP,
for Rho, Rac and Cdc42 (Nurenberg and VVolmer 2012). In the contraction assay, GG-

PP abolished the anti-contractile actions of simvastatin. This suggests that the anti-
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contractile effect of simvastatin was via the inhibition of geranylgeranylation of small
GTPases. In contrast, F-PP supplementation did not reverse the effects of simvastatin.
This implies that these pleiotropic effects were independent of both cholesterol and

farnesylated protein inhibition.

Although F-PP is the precursor to GG-PP, F-PP failed to reverse simvastatin effects.
To produce GG-PP, both F-PP and I-PP must be present (Nurenberg and Volmer
2012). When F-PP alone is added back into a statin treatment experiment, I-PP is not
present, thus GG-PP cannot be produced in this artificial setting. This explains how
the differential effects of these intermediates can be identified in vitro. It can be
hypothesised that by supplementing simvastatin experiments with both F-PP and I-PP,
G-PP may be produced and the actions of simvastatin could be reversed. This

experiment could be performed in the future.

The results of these mechanism studies confirmed and extend those in the literature.
Mraiche et al. (2005) reported that simvastatin induced relaxation in vascular smooth
muscle cells by preventing Rho geranylgeranylation (Mraiche et al. 2005). Similar
studies also attributed simvastatin-induced vasodilation of endothelial cells and the
relaxation of vascular smooth muscle cells to the inhibition of the mevalonate/ROCK

pathway (Alvarez de Sotomayor et al. 2001; Nagaoka et al. 2007).

This mechanism has also been observed with other statins. For example, fluvastatin
reduced the contraction of rat myofibres. These effects were reversed by GG-PP but
not F-PP and mimicked by a specific geranylgeranyl transferase inhibitor (GGTI-289)
(Tanaka et al. 2010). A study investigating endothelial junction integrity found that
atorvastatin prevented the translocation of Rho to the endothelial cell membrane. This
resulted in cytoskeletal rearrangement, which was due to the inhibition of

geranylgeranylation and not farnesylation (Xiao et al. 2013).

In contrast to these findings, which have utilised drugs renowned for their cholesterol-
lowering properties, one study suggested that high levels of cholesterol may reduce
uterine activity. The addition of cholesterol to myometrial strips dissected from
pregnant rats reduced the frequency and amplitude of contractions (Smith et al. 2005).

The authors suggest that this may explain the difficulties obese/dyslipidaemic women
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can have when labouring and how low cholesterol levels may lead to conditions such
as PTB. However, there has been little evidence since to support these claims.
Cholesterol levels could be investigated in the myometrial cells following simvastatin
treatment. However, it is unlikely that cholesterol is impacting the results described in
this chapter, as the anti-contractile effects appear to be as a result of the GG-PP branch

of the pathway, not cholesterol precursor, F-PP.

4.4.4 The effect of simvastatin treatment on pMLC levels

In order to investigate the anti-contractile mechanism of simvastatin further, the effect
this statin has on pMLC levels was assessed. The Rho/ROCK pathway has long been
associated with smooth muscle contraction. Rho binds to ROCK following
geranylgeranylation, conversion of GDP to GTP and membrane anchoring (Matsui et
al. 1996). Activated ROCK can interfere with MLCK, MLCP or phosphorylate MLC
directly at the Ser-19 site (Schaafsma et al. 2008). This facilitates the actin activation
of myosin ATPase, leading to actin-myosin contraction (Somlyo and Somlyo 1994;
Amano et al. 1996; Samizo et al. 1999).

In this chapter, the effect of simvastatin on the abundance of pMLC was investigated
by an In-Cell Western assay. Unsurprisingly, levels of pMLC were highest in the
basally contracting vehicle groups. Simvastatin treatment concentration-dependently
reduced the phosphorylation of MLC, validating its anti-contractile effect at a
molecular level. Again, mevalonate and GG-PP, but not F-PP, abolished the effects of
simvastatin. This suggests that simvastatin attenuated myometrial cell contraction by
inhibiting the isoprenylation of Rho by GG-PP, preventing the activation of ROCK,
which subsequently prevented the phosphorylation of MLC (Figure 4.15).

Chapter 4: Determining the effect of simvastatin treatment on human myometrial cell
contraction and the mechanisms contributing to this effect
154



The effect of statin treatment on preterm labour

HMG-CoA
HMG-CoA
Reductase

Mevalonate

i

Isopentenyl
Pyrophosphate (IPP)

Geranyl
Pyrophosphate

Farnesyl
Pyrophosphate (FPP) [\_+IPP

Famesylated Geranylgerany| Geranylgeranylated
Proteins Ras etc Squalene Pyrophosphate (GGPP) Proteins Rho, Rac etc

H-HE

CHOLESTEROL
&) [ ()
—
®

T
Contraction of
actin fibers

Figure 4.15. Simvastatin reduces myometrial cell contraction by inhibiting the Rho/ROCK
pathway via the attenuation of GG-PP production. Mevalonate and GG-PP, but not F-PP,
supplementation abolished the anti-contractile effects of simvastatin. By attenuating the production of
GG-PP, simvastatin inhibited the geranylgeranylation of Rho. Thus, simvastatin indirectly prevented
the phosphorylation of MLC by ROCK, which subsequently inhibited actin fibre contraction. ROCK:
Rho-kinase. MLC: Myosin light chain. MLCP: Myosin light chain phosphatase.

Many studies are in agreement regarding simvastatin-induced attenuation of pMLC
levels. During an investigation of proliferative vitreoretinal diseases, simvastatin
inhibited the contraction of bovine hyalocytes embedded in collagen gel by reducing
the phosphorylation of MLC (Kawahara et al. 2008). Simvastatin also reduced pMLC
levels and RhoA activity in a bovine aortic endothelial cell line (Lampi et al, 2016).
As matrix stiffness increased, RhoA activity increased. Interestingly, simvastatin
reduced levels of active RhoA but total RhoA expression was unaffected. The authors
also utilised Traction Force Microscopy and found that simvastatin reduced the
contractile force of the endothelial cells, as well as altering endothelial cell focal
adhesions and cell cytoskeletal organisation, resulting in more elongated cells (Lampi
et al, 2016). Zeng et al. (2005) reported that simvastatin inhibited the contraction of
glomerular endothelial cells, by preventing RhoA activation and subsequent MLC

phosphorylation. Similar studies, in multiple cell types, have also proposed that the
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mechanism by which statins exert their anti-contraction, pleiotropic effects is by
inhibiting Rho/ROCK and subsequently, preventing MLC phosphorylation (Alvarez
de Sotomayor et al. 2001; Mraiche et al. 2005; Kuhlmann et al. 2006; Nagaoka et al.
2007; Kidera et al. 2010; Wu et al. 2011; Xiao et al. 2012; Alp Yildirim et al. 2016).
Other statins, such as lovastatin and atorvastatin, have also been shown to inhibit
contractility and reduce pMLC levels (Wu et al, 2011; Xiao et al, 2012).

The importance of ROCK-mediated MLC phosphorylation for myometrial
contractility has been previously been identified (Moran et al. 2002; Hudson et al.
2012). The Rho/ROCK pathway is believed to be an important tocolytic target, when
there have been so few novel therapies is recent decades (Mitchell et al. 2013). For
instance, ROCK inhibitors have been demonstrated to prolong gestation in PTB mouse
models (Tahara et al. 2005; Goupil et al. 2010).

Furthermore, studies have also found that simvastatin can affect Ca?* flux, which may
be another anti-contractile mechanism. One study found that simvastatin impaired
vascular contractility by altering the influx of Ca?* and disturbing RhoA activity,
leading to structural remodelling (Kang et al. 2014). Simvastatin relaxed rat superior
mesenteric artery rings in vitro, which was associated with the opening of voltage-
dependent K* channels and the blocking of extracellular Ca?* influx (Chen et al. 2016).
Simvastatin also had antagonistic effects on voltage-gated calcium channels, inhibiting
the contraction of gastrointestinal tissue, in an organ bath study (Ali et al. 2016). It
would be interesting to assess the effect of simvastatin treatment on Ca?* flux in the
myometrial cells. If Ca?* flux was inhibited, this could provide an additional
explanation for the downstream effect on MLC phosphorylation. This could be

performed using a colorimetric assay to measure [Ca?*]i changes.

The next step in deciphering the pathway in full would be to add inhibitors of farnesyl
transferase (FTI) and geranylgeranyl transferase (GGTI) to the collagen contraction
assay. These enzymes catalyse the isoprenylation of small GTPases. GGTI should
mimic the effect of simvastatin, inhibiting contraction and FTI would not affect the
cell basal contraction, to confirm the findings of this chapter. As the hypothesis is that
simvastatin inhibits myometrial cell contraction by inhibiting the Rho/ROCK
pathway, the next experiment could be to quantify RhoA. An experiment was

Chapter 4: Determining the effect of simvastatin treatment on human myometrial cell
contraction and the mechanisms contributing to this effect
156



The effect of statin treatment on preterm labour
attempted to immunoprecipitate active RhoA in myometrial cells. However, active
RhoA is very lowly expressed. It was difficult to quantify in vehicle treated cells and,
as simvastatin is hypothesised to inhibit RhoA, a large number of cells would be
required to conclusively state that RhoA had been reduced. However, other studies
have successfully addressed the effect of statins on RhoA. For example, performing a
colorimetric RhoA assay or assessing the effect of statins on the translocation of RhoA
(Xiao et al. 2013; Lampi et al. 2016). These experiments could be performed in the
future. Additionally, a previous study from our laboratory showed that ROCK
inhibitors can prevent the contraction of myometrial cells. Therefore, this experiment
was not repeated, as it would merely mimic the effect of simvastatin (Hutchinson et
al. 2014).

A possible limitation in the design of these experiments is that concentration response
experiments for GG-PP and F-PP were only performed once, or twice for mevalonate.
As there are a multitude of studies that have performed similar experiments in the
literature and the concentrations used are consistent, these experiments were
performed briefly, in the interest of time and conserving materials. The myometrial
cells are slow growing and can only be used up to passage 22 (purchased at passage
12) and the contraction assays require a lot of collagen to form gels solid enough to set
and detach from the wells. When F-PP did not affect myometrial contraction at the
concentration cited in the literature, the concentrations were increased to confirm that
F-PP did not reverse the effect of simvastatin, rather than the concentration being
incorrect. 1t would be ideal to repeat this experiment at least three individual times but
this would require many more cells, collagen and a large volume of F-PP to reach such
high concentrations. Given that 20uM F-PP is most commonly used and there was no
effect up to 100uM, the evidence from one concentration response experiment was

considered relatively convincing in this case.

In summary, simvastatin attenuated the contraction of human myometrial cells and
lowered pMLC levels in these cells, both alone and in the presence of LPS. These
effects were reversed by the addition of mevalonate and GG-PP but not by F-PP. This
suggests that the mechanism by which simvastatin reduced myometrial contractions

was via inhibition of the Rho/ROCK pathway.
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Chapter 5: Investigating the effect of statin
treatment on an LPS-induced mouse model of
PTB

5.1 Introduction

PTL is defined as labour before 37 completed weeks of gestation (WHO 1977).
Despite considerable medical advances, PTB occurs in 5-18% of pregnancies annually
and importantly, it is the leading cause of mortality in children under 5 years
(Blencowe et al. 2012; Harrison and Goldenberg 2015).

Treatments targeting PTL are limited and have focused on tocolytic therapies, such as
NSAIDs, COX-2 selective inhibitors, calcium channel blockers and oxytocin receptor
inhibitors, which attempt to impede myometrial contractions. Delaying birth allows
for corticosteroids to be administered for fetal lung development. However, these
tocolytic treatments are largely ineffective at substantially delaying PTB and fail to
improve the outcome of the premature neonates (Haas et al. 2012; Haas et al. 2014).
Above all, these treatments do not target the underlying cause of the PTL and there is
no benefit of prolonging a pregnancy if the in utero environment is adverse for the
fetus (Haas et al. 2012).

PTB is most commonly associated with infection/inflammation (Romero et al. 2014).
Inflammation initiates labour by stimulating myometrial contractions, fetal membrane
rupture and cervical ripening (Rinaldi et al. 2011). For this reason, anti-inflammatory
treatments are now being considered for delaying PTB and reducing fetal injury. For
example, non-specific NF-kB inhibitors, TLR4 antagonists, TNF biologics and novel
CSAIDs have all been investigated (Holmgren et al. 2008; Li et al. 2010; Stinson et al.
2014; Ng et al. 2015). Progesterone administration is commonly used to maintain
pregnancy and reduce inflammation. However, there is conflicting evidence regarding
the benefits of this treatment for reducing the rates of PTB and improving neonatal
outcome (da Fonseca et al. 2003; Fonseca et al. 2007; Hassan et al. 2011; Dodd et al.
2013; Norman et al. 2016). The demand for an effective therapy prompted the
investigation of statin treatment due to the increasingly documented pleiotropic

properties associated with these drugs.
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Statins are reported to reduce inflammation and have anti-contractile effects (Kuzuya
et al. 2004; Mraiche et al. 2005; Perez-Guerrero et al. 2005; Nasu et al. 2009; Zhou
and Liao 2010; Gonzalez et al. 2014). Recently, statins have been suggested for the
prevention and treatment of pregnancy disorders, such as preeclampsia and anti-

phospholipid syndrome (Kumasawa et al. 2011; Lefkou et al. 2016).

Chapter 3 and Chapter 4 described the anti-inflammatory and anti-contraction effects
of simvastatin on human myometrial cells, respectively. These are beneficial attributes
for a PTL therapeutic. Pravastatin did not have anti-inflammatory effects on the LPS-
induced myometrial cells. A possible explanation for this was that this statin could not
enter these cells as it necessitates specific transporter uptake. Consequently,
pravastatin was not included in the myometrial cell contraction experiments performed
in Chapter 4. However, this statin may still have beneficial effects in vivo. Therefore,
it was hypothesised that statin treatment will prevent PTB in an LPS-induced mouse
model. The aim of this chapter was to investigate the effect of pravastatin and
simvastatin treatment on an intrauterine LPS-induced PTB mouse model. Furthermore,

to assess the effect of this treatment on maternal inflammation.

5.2 Methods

5.2.1 Ultrasound-guided LPS-induced mouse model of
PTB

Mice received an intrauterine injection of LPS (0.3-20ug) or PBS on gestational D17,
under ultrasound guidance, as described in 2.8.2 (Rinaldi et al. 2015b). For statin
experiments, mice received an intraperitoneal injection of pravastatin (10ug) or
simvastatin (20pg or 40pg) on D16 and again 2 hours after intrauterine injection of
LPS/PBS, as explained in 2.8.4. The mice were monitored by CCTV for signs of
delivery. Time to delivery and the percentage of live born pups were recorded, as
detailed in 2.8.3. The “n” numbers for individual experiments are outlined in the figure

legends.

5.2.2 Tissue collection
In a separate cohort of pregnant mice, maternal serum, amniotic fluid, uterus and

placenta samples were collected 6 hours after intrauterine injection of LPS/PBS, as
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outlined in 2.8.5. Tissue was collected from mice receiving PBS (n=6), 20ug
simvastatin (n=6), 40pg simvastatin (n=6), 1ug LPS (n=6), 20ug simvastatin and LPS
(n=6) and 40ug simvastatin and LPS (n=6).

Maternal serum was also collected from a separate cohort of mice for LC-MS/MS
analysis. These mice received one intraperitoneal injection of either 20jug simvastatin,
40ug simvastatin or PBS on D17. Serum was collected 1 hour (n=6) or 2 hours (n=3)
after treatment to assess the acute effect of treatment on progesterone concentration,

as simvastatin has a half-life of 2 hours (Schachter 2005).

5.2.3 qRT-PCR
The mRNA expression of multiple genes in the mouse uterus and placenta were
assessed by gRT-PCR analysis, as described in 2.10. Uterus and placenta samples were
collected from both the right and left horns, 6 hours after intrauterine injection of
LPS/PBS. In the uterus, inflammatory markers Tnf, 1lI-13, 11-6, 11-10, Cxcl1, Cxcl2,
Ccl2 and Tlr4 were investigated, as well as contraction-associated genes Cx43 and

Cox-2 (n=6). In the placenta, Tnf, Il-/4 and 11-10 were investigated (n=6).

The mRNA expression of these genes of interest was normalised to the endogenous
control gene, S-actin, within each individual sample. Samples were then compared to
the PBS control group using the 2744 CT method of analysis, as detailed in 2.10. The
results are presented as fold change relative to the PBS control group.

5.2.4 ELISA
An ELISA was performed to quantify the concentration of IL-6 in the maternal serum
(n=3-6) and in pooled amniotic fluid samples (n=5-6), which were collected from dams
6 hours after intrauterine injection with LPS/PBS. Details of the assay are explained
in2.11.4.

5.2.5 Western blot
Western blot analyses were performed to detect and quantify IL-6 and CX43 in the
mouse uterus, collected from the PTB mouse model on D17. Samples were collected
6 hours after intrauterine injection of LPS/PBS. Protein was extracted from uterus
samples collected from the right horn of the uterus of each mouse and performed as
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described in 2.12.1. Western blot was carried out as described in 2.12.3 and 2.12.4.
CX43 was detected using fluorescence (n=6). Due to low levels, IL-6 was amplified
using an HRP enzyme and detected using chemiluminescence (n=6). The intensity of
each band was normalised to loading control, a-Tubulin, then quantified using the

Odyssey analysis software.

5.2.6 LC-MS/MS
LC-MS/MS was performed in the Mass Spectrometry Core laboratory to quantify
progesterone in the mouse maternal serum, as outlined in 2.13. This analysis was
carried out in two cohorts of mice. The first cohort were mice that received one
intraperitoneal injection of 20ug or 40ug simvastatin or PBS on D17; samples were
collected 1 hour and 2 hours later, to assess the acute impact of treatment. The second
cohort of mice were those in the PTB model studies, treated with 20ug or 40ug
simvastatin on D16 and LPS/PBS on D17, followed by a second intraperitoneal
injection of 20ug or 40ug simvastatin 2 hours later. Samples were then collected 4
hours later. If the compounds were below the level of detection, they were assigned

the lowest detection value of 0.05ng.

5.2.7 Statistical analysis

Data are presented as mean = SEM and were analysed using GraphPad Prism. In these
studies, “n” represents the number of individual dams treated. Time to delivery data
were mainly analysed using Kruskal-Wallis, with Dunn's post hoc test, as data were
not normally distributed and could not be transformed. LPS dose response time to
delivery data successfully underwent logarithmic transformation, which was then
followed by one way ANOVA analysis, with Dunnett’s post hoc test. The percentage
data for live born pups were analysed by performing an arcsine transformation on the
proportions, followed by a one-way ANOVA, with Dunnett’s post hoc test. All gene
expression (CT values), ELISA, Western blot and LC-MS/MS data were square root
transformed to achieve normal distribution (if necessary), then analysed by one-way
ANOVA, followed by Dunnett’s or Tukey’s post hoc test. A p value <0.05 was
considered statistically significant.
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5.3 Results

5.3.1 The effect of statin treatment on an LPS-induced
mouse model of PTB

The laparotomy procedure is widely performed to administer bacterial products, such
as LPS, into the uterus to model intrauterine infection-induced PTB in mice. However,
due to the invasive nature of this surgery, researchers within our laboratory developed
a novel, less invasive model using ultrasound to guide the intrauterine injection

(Rinaldi et al. 2015b). This model was used for the following experiments.

5.3.1.1 Time to delivery

Time to delivery was calculated as the time from intrauterine injection of 20ug
LPS/PBS to the delivery of the first pup. Term was defined as >45 hours after
intrauterine injection of 20pg LPS/PBS. When mice were treated with PBS,
pravastatin or simvastatin alone, the mice all delivered at term (59.5 £ 2.0 hours; 61.3
+ 2.1 hours; 61.5 = 3.1 hours, respectively; Figure 5.1). When mice received an
intrauterine injection of 20ug LPS, they delivered much earlier (28.1 + 10 hours), with
5 out of 6 mice delivering preterm. However, given the small group size, this was not
statistically significant. As the data were not normally distributed, a Kruskal-Wallis
test was performed, which is less powerful than a one-way ANOVA. When mice were
given 10ug pravastatin on D16 and 2 hours after 20ug LPS, the mean delivery time
was 27.1 = 9.3 hours. Interestingly, 1 of the 5 mice delivered at term following this
treatment. When mice were treated with 20ug simvastatin on D16 and 2 hours after
20ug LPS, all of the mice delivered preterm, with a mean delivery time of 18.0 £ 1.3
hours (p=0.046 vs PBS).

Chapter 5: Investigating the effect of statin treatment on an LPS-induced mouse model
of PTB 162



The effect of statin treatment on preterm labour

Time to delivery

—~ 100+ ! * I

¢ I !

3 80

L - aA M

Py . .

g 407 —_ —

o — N

QE) 204 ".',V ‘.:: Lm...

F oo . . : : : .
PBS Pravastatin  Simvastatin PBS Pravastatin  Simvastatin
only (10u9) (20ug) +LPS (10u9) (20u9)

+PBS +PBS (20u9) +LPS +LPS

Figure 5.1. Time to delivery. Mice received PBS, pravastatin or simvastatin on D16, then intrauterine
20ug LPS/PBS on D17, followed by another PBS, pravastatin or simvastatin treatment 2 hours later.
Time to delivery was calculated as the time from intrauterine injection of 20ug LPS/PBS on D17 until
the delivery of the first pup. When mice were given intrauterine PBS, they delivered at term (~60 hours
after PBS). When mice received intrauterine 20ug LPS, they delivered preterm (~24 hours after LPS),
irrespective of statin treatment. Although, only the mean time to delivery of the simvastatin and LPS
group was found to be significantly reduced compared to the PBS group. n=5-6, *p<0.05, mean + SEM,

Kruskal-Wallis with Dunn's post hoc test.

5.3.1.2 Percentage of live born pups

The percentage of live born pups was calculated by dividing the number of live pups
found in the cage by the number of viable fetuses counted via ultrasound on D17, with

an individual data point representing each dam/litter (Figure 5.2).

In the PBS control group, the mean percentage of pups born alive was 91.1 + 5.7%. In
line with expectations based on time to delivery, pup survival was also similar after
administration of pravastatin or simvastatin with intrauterine PBS treatment (95.8
2.6%, 82.6 + 12.4%, respectively). When pups were delivered preterm by the mice that
received an intrauterine injection of 20ug LPS, the mean percentage of live born pups
was significantly lower (12.5 £ 12.5%, p<0.0001). This effect on the pup survival was
also observed when mice were given pravastatin or simvastatin after injection of 20jg
LPS (20%, p=0.0075; 0%, p<0.0001, respectively).
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Figure 5.2. Percentage of live born pups. The percentage of live born pups per litter was calculated
by dividing the number of live pups delivered by the number of viable fetuses counted using ultrasound
on D17. When mice received intrauterine PBS, with either PBS, pravastatin or simvastatin treatment,
there was a high percentage of live born pups. However, 20ug LPS administration significantly reduced
the percentage of pups born alive, irrespective of whether the mice received pravastatin or simvastatin
treatment. n=5-6, **p<0.01, ****p<0.0001, mean + SEM, one-way ANOVA with Dunnett’s post hoc
test.

5.3.2 Ultrasound-guided LPS dose response experiment
to induce PTB in mice

In previous studies using the laparotomy model to perform intrauterine injections,
20pg LPS was required to induce PTB (Rinaldi et al. 2014). This concentration was
also sufficient to induce PTB in the ultrasound model (Rinaldi et al. 2015b). However,
as a dose response experiment had not previously been carried out, the impact of 0.3-

20ug LPS on PTB was investigated.

5.3.2.1 Time to delivery

The mean time to delivery in the PBS control group was 61.2 + 3.4 hours (Figure 5.3).
When an intrauterine injection of 0.3ug LPS was given, only 1 out of 4 mice delivered
preterm (mean delivery time 56.6 £ 8.3 hours). When the mice received 1ug LPS, all
mice delivered preterm (23.7 £ 0.6 hours, p=0.014 vs PBS). Following an intrauterine
injection of 3ug LPS, 3 out of 4 mice delivered preterm. However, there was no
significant difference compared to the PBS group (32.5+11.2 hours, p=0.0577). When
the mice were given 10pg LPS, all dams delivered preterm (20.9 £ 0.4 hours, p=0.0049
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vs PBS). With 15ug LPS, all mice delivered preterm (22.2 £ 0.5 hours, p=0.0168 vs
PBS). Finally, when mice received 20ug LPS, 6 out of 7 mice delivered preterm (24.8
+ 8.7 hours, p=0.0004 vs PBS). It was notable that even at the higher doses of LPS,
there were some mice where delivery was not preterm, a result that was replicated in

other study groups in this chapter.
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Figure 5.3. Time to delivery. Mice received intrauterine PBS or LPS (0.3-20pg) to induce PTB. 0.3ug
LPS did not cause PTB. However, concentrations of 1, 10, 15 and 20pg significantly reduced the time
from intrauterine injection to the delivery of the first pup, inducing PTB, compared to the PBS group.
PBS and 20ug LPS data were collected previously by Dr Sara Rinaldi, n=3-7, *p<0.05, **p<0.01,
***p<0.001, mean £ SEM, one-way ANOV A with Dunnett’s post hoc test.

5.3.2.2 Percentage of live born pups

In the PBS group, the mean percentage of live born pups from each litter was 90.5 +
4.8% (Figure 5.4). The mean percentage of pups born alive after 0.3ug LPS was 68.8
* 23.1%, which was not significantly different compared to the PBS group. When the
mice received 1ug LPS, none of the pups from the 4 litters survived birth (0%,
p=0.0004 vs PBS). Following an intrauterine treatment of 3ug LPS, the mean
percentage of live born pups was 25 + 25%, which was significantly lower than the
PBS group (p=0.0122). The percentage of live born pups was also reduced in the
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groups that received 10ug LPS (7.1 £ 7.1%, p=0.004), 15ug LPS (4.8 £ 4.8%,
p=0.0022) and 20ug LPS (11.4 + 11.4%, p=0.0004), compared to the PBS group.
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Figure 5.4. Percentage of live born pups. A dose response experiment was performed using 0.3-20pg
LPS. When mice were given 0.3ug LPS, the percentage of live born pups was not significantly different
from the PBS group. However, when mice received 1-20ug LPS, the percentage of pups born alive was
significantly reduced compared to the PBS group. PBS and 20ug LPS data were collected previously
by Dr Sara Rinaldi, n=3-7, *p<0.05, **p<0.01, ***p<0.001, mean £ SEM, one-way ANOVA with

Dunnett’s post hoc test.

5.3.2.3 Inflammatory mRNA expression in the mouse uterus

It was established that lowering the concentration of LPS to 1ug was still sufficient to
cause PTB. To further explore the impact of LPS on inflammatory mechanisms
implicated in PTB, the effects of 20ug and 1pg LPS on Cxcll, a homologue of human

IL-8, and II-6 expression were compared.

When mice received 20pg LPS, there was a robust upregulation of Cxcll mRNA in
the whole uterus, including both endometrium and myometrium, which increased
366.9 fold, when comparing to the PBS group (p<0.0001; Figure 5.5A). Lowering the
concentration of LPS to 1ug also stimulated a significant upregulation of Cxcll
compared to the PBS group (27.4 fold, p<0.0001) but the relative expression of Cxcll
was significantly lower than in the 20pg LPS group (p=0.0004).
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This pattern was also observed when investigating 11-6 expression (Figure 5.5B). At
the higher dose of 20ug LPS, there was a large increase in 11-6 expression in the uterus
(312.9 fold, p<0.0001 vs PBS). Again, 1pg LPS increased I1-6 expression compared
to PBS (18.8 fold, p=0.0003) but this was significantly lower when compared to the
20pg treatment (p=0.0011).
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Figure 5.5. Uterine inflammatory gene expression. (A) When mice received 1ug and 20ug LPS,
Cxcll was significantly upregulated in the uterus, compared to the PBS group. By lowering the
concentration of LPS from 20ug to 1pug, Cxcll expression was significantly reduced. (B) 11-6 expression
was also significantly increased with LPS administration, compared to the PBS group. The upregulation
of 11-6 was significantly lower with 1ug LPS, compared to 20ug LPS. PBS and 20ug LPS samples were
provided by Dr Sara Rinaldi. n=3-6, ***p<0.001, ****p<0.0001, mean + SEM, one-way ANOVA with
Tukey’s post hoc test.

5.3.3 The effect of statin treatment on a refined LPS-
induced model of PTB

Following the dose response studies, experiments were repeated to establish whether
pravastatin or simvastatin treatments could delay PTB or improve the percentage of
live born pups. In these studies, PTB was induced using a 1ug LPS dose in the
intrauterine infection mouse model rather than the dose of 20ug LPS. For clarity,
pravastatin and simvastatin results are displayed separately. As some pravastatin and
simvastatin experiments were performed simultaneously, PBS and LPS controls were
frequently shared. Thus, some control data will appear on both pravastatin and
simvastatin graphs.
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5.3.3.1 Pravastatin

Mice were treated with an intraperitoneal injection of pravastatin (10ug) or PBS on
D16, followed by ultrasound-guided injection of 1ug LPS or PBS on D17 and another
pravastatin or PBS treatment 2 hours later. Time to delivery and the percentage of live

born pups were recorded.

5.3.3.1.1 Time to delivery
Mice given only PBS had a mean delivery time of 61.8 + 1.8 hours (Figure 5.6). Mice

that received pravastatin and intrauterine PBS had a similar mean time to delivery of
61.3 + 2.1 hours. In the LPS group, 8 out of the 9 mice delivered preterm, with a mean
time to delivery of 25.3 £ 4.4 hours after intrauterine injection (88.9% PTB, p=0.0039
vs PBS; p=0.0364 vs pravastatin + PBS). When mice received LPS and pravastatin
treatment, PTB was prevented in 2 of the 8 mice (75% PTB). The mean delivery time

was 33.0 £ 7.9 hours, which was not statistically different compared to the PBS or LPS

group.
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Figure 5.6. Time to delivery. Mice were treated with PBS or pravastatin on D16, followed by 1ug
LPS/PBS on D17 and another PBS or pravastatin treatment 2 hours later. (A, B) When mice were given
intrauterine PBS, they delivered at term (0% PTB). When mice received intrauterine LPS, time from
intrauterine injection to delivery was significantly reduced, compared to the PBS only and pravastatin
control groups and the PTB rate was 88.9%. When pravastatin and LPS were given, PTB was prevented
in 2 of the 8 mice, with a PTB rate of 75%. There was no significant difference between this group and
the PBS group or LPS group. PBS and LPS control data shared for pravastatin/simvastatin experiments,
n=6-9, *p<0.05, **p<0.01, mean + SEM, Kruskal-Wallis with Dunn's post hoc test.

5.3.3.1.2 Percentage of live born pups

In the PBS group, 88.5 + 6.2% of pups were born alive (Figure 5.7). When mice were
treated with pravastatin and intrauterine PBS, the mean percentage of live born pups
was 95.8 + 2.6%. With LPS treatment, this percentage was greatly reduced to 11.1 +
11.1% (p<0.0001 vs PBS). When mice received pravastatin and LPS, the mean
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percentage of live born pups was also significantly reduced (21.7 + 14.2%, p=0.0002
vs PBS).

Percentage of live born pups
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Figure 5.7. Percentage of live born pups. Treatment with 1pg LPS significantly reduced the
percentage of pups born alive. This percentage was also significantly reduced when mice received
pravastatin and LPS, compared to the PBS group. PBS and LPS control data shared for
pravastatin/simvastatin experiments, n=6-9, ****p<0.0001, mean + SEM, one-way ANOVA with

Dunnett’s post hoc test.

5.3.3.2 Simvastatin

The effect of 20ug simvastatin on 1ug LPS-induced PTB and pup survival was
investigated. The increased concentration of 40ug simvastatin was also included in

these studies.

5.3.3.2.1 Time to delivery

In the PBS group, all mice delivered at term (61.8 £ 1.4 hours; Figure 5.8). When mice
received 20pug simvastatin and intrauterine PBS, the mean delivery time was 59.1 +
2.2 hours and with 40pug simvastatin and PBS, this was 51.7 + 4.1 hours. When mice
were given 1ug LPS, 14 out of 18 mice delivered preterm (77.8% PTB), with a mean
delivery time of 30.6 + 4.3 hours, which was significantly earlier than the PBS group

(p=0.0033). When mice received 20ug simvastatin and intrauterine LPS, 8 out of 16
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mice delivered at term, reducing PTB to 50% (Figure 5.8B). The mean delivery time
was 46.9 + 6.5 hours, which was not statistically significant compared to the PBS or
LPS groups. Of the 10 mice given 40pg simvastatin and LPS, 6 mice delivered at term
(40% PTB) and the mean delivery time for this group was 47.9 + 6.3 hours.
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Figure 5.8. Time to delivery. Mice were treated with PBS or simvastatin (20ug or 40ug) on D16,
followed by 1ug LPS on D17 and another PBS or simvastatin (20ug or 40ug) treatment 2 hours later.
(A-B) When mice received intrauterine PBS, they delivered at term, with one exception when given
40ug simvastatin and PBS. In the LPS group, PTB was induced 77.8% of the time and time to delivery
was significantly reduced, compared to the PBS group. When mice received 20ug simvastatin and LPS,
PTB rate was reduced to 50% and the time to delivery was no longer significantly different when
compared to the PBS group. In the 40ug simvastatin and LPS group, PTB was further reduced to 40%
and the mean time to delivery was not significantly different to the PBS group. PBS and LPS control
data was shared for pravastatin/simvastatin experiments, n=9-18, **p<0.01, mean + SEM, Kruskal-

Wallis with Dunn's post hoc test.
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5.3.3.2.2 Percentage of live born pups

The percentage of pups born alive was similar when mice received intrauterine PBS
with intraperitoneal treatments of PBS, 20ug and 40ug simvastatin (90.6 + 5.2%, 88.3
+7.6% and 76.1 £ 10.1%, respectively; Figure 5.9). There was a significant reduction
in the LPS group, where the mean percentage of pups surviving birth was only 21.4 +
9.8% (p<0.0001 vs PBS). There was also a significant reduction in live born pups when
mice received 20pg simvastatin and LPS (40.4 + 10.2%, p=0.0016 vs PBS). However,
there was no significant reduction in pup survival when mice were given 40ug
simvastatin and LPS, compared to the PBS group (56.7 £ 15.6%).
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Figure 5.9. Percentage of live born pups. In the LPS group, the mean percentage of pups born alive
was significantly reduced to 21.4%, compared to the PBS group. When mice received 20ug simvastatin
and LPS, the percentage was also significantly lower than the PBS group. However, when mice were
treated with 40ug simvastatin and LPS, the percentage of live born pups was higher, at 56.7%, which
was not significantly different to the PBS group. PBS and LPS control data shared for
pravastatin/simvastatin experiments, n=9-18, **p<0.01, ****p<0.0001, mean + SEM, one-way

ANOVA with Dunnett’s post hoc test.

5.3.3.2.3 IL-6 concentration in the maternal serum and amniotic
fluid

The effect of simvastatin administration on circulating IL-6 concentrations was
investigated in the maternal serum of dams (Figure 5.10A). Treatment with 1ug LPS

significantly increased the concentration of IL-6 in maternal serum, when compared
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to the PBS group, (4067 + 1168pg/ml vs PBS mean 7.6 + 2.8pg/ml, p<0.0001), 20ug
simvastatin and PBS (5.9 = 1.1pg/ml, p<0.0001) and the 40pg simvastatin and PBS
group (12.4 £ 4.7pg/ml, p<0.0001). When mice were given 20ug simvastatin and LPS,
mean IL-6 concentration lowered to 2857 + 883.3pg/ml but this was not significantly
lower than the LPS group. However, IL-6 concentration was significantly reduced
when mice received 40ug simvastatin and LPS (1201 + 535.8pg/ml, p=0.0213 vs
LPS).

IL-6 was also measured in the amniotic fluid of these mice (Figure 5.10B). In contrast
to the results in the maternal serum, none of the treatments had a significant impact on

concentrations of I1L-6.
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Figure 5.10. IL-6 concentration in the maternal serum and amniotic fluid. (A) 1ug LPS robustly
increased IL-6 concentration in the maternal serum. This was significantly reduced when mice received
40pg simvastatin and LPS. (B) IL-6 concentration in the amniotic fluid was unchanged by LPS or
simvastatin treatment. n=3-6, *p<0.05, ****p<0.0001, mean + SEM, one-way ANOVA with Dunnett’s

post hoc test.
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5.3.3.2.4 mRNA concentrations in the uterus

As simvastatin treatment prevented PTB, as well as lowering the circulating

concentration of IL-6, uterine inflammatory gene expression was then investigated.

Firstly, inflammatory cytokine mRNA expression was determined (Figure 5.11).
Intrauterine LPS (1pg) administration upregulated Tnf expression 6.1 fold in the
uterus, compared to PBS treated mice (p=0.0059; Figure 5.11A). This upregulation
was also significant in comparison to PBS control mice receiving 20ug simvastatin
(p=0.0017) and 40ug simvastatin (p=0.0031) treatment. However, neither 20ug nor
40ug simvastatin treatment affected these levels when given with LPS.

This pattern was also observed with 1l-15 expression, where LPS upregulated the
expression 16.3 fold, which was significantly elevated compared to the groups that
received intrauterine PBS; PBS (p=0.0002), 20pg simvastatin (p<0.0001) and 40ug
simvastatin (p<0.0001; Figure 5.11B). However, when mice were treated with 20ug
or 40ug simvastatin and LPS, there was no effect on 1l-14 expression compared to the

LPS group.

LPS significantly elevated 11-6 expression 24.7 fold, compared to the PBS group
(p=0.0005; Figure 5.11C). This elevation was also significant when compared to the
simvastatin control groups (p<0.0001). Interestingly, when mice were given LPS and
40ug simvastatin, 11-6 expression was 8.9 fold, which was significantly lower in

comparison to the LPS group (p=0.0095).

LPS upregulated 11-10 expression in the uterus compared to the PBS group (6.7 fold,
p=0.0366), 20ug simvastatin (p=0.0269) and the 40ug simvastatin control groups
(p=0.0397; Figure 5.11D). When 40ug simvastatin and LPS were given, 11-10
expression was lowered to 2.9 fold (p=0.0328 vs LPS).
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Figure 5.11. Inflammatory cytokine mRNA expression in the uterus. (A) Tnf was upregulated in the
mice treated with 1pg LPS alone but this was not changed by simvastatin treatment. (B) II-5 was
upregulated by LPS but these expression levels were unaffected by simvastatin treatment. (C) LPS
increased the expression of I1-6. These levels were significantly reduced in the 40ug simvastatin and
LPS group. (D) 11-10 expression was increased by LPS and reduced by 40ug simvastatin. n=6, *p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001, mean fold change + SEM, one-way ANOVA with Dunnett’s
post hoc test.

In addition to cytokines, the effect of these treatments on a selection of chemokines
was investigated in the same uterus samples (Figure 5.12). For instance, 1ug LPS
upregulated Cxcl1 expression 22.7 fold (p=0.0005 vs PBS; Figure 5.12A). This mMRNA
expression was also upregulated in comparison to the 20ug simvastatin (p=0.0002)
and 40ug simvastatin (p=0.001) control groups. Interestingly, treatment of LPS
stimulated mice with 40ug simvastatin resulted in a significantly lower concentration
of Cxcl1 compared with LPS alone (14.9 fold, p=0.0464 vs LPS).

This anti-inflammatory effect of simvastatin was not observed for Cxcl2, although LPS
alone robustly upregulated this gene 39.0 fold, which was significant in comparison to
the PBS control groups; PBS (p<0.0001), 20ug simvastatin (p<0.0001) and 40ug
simvastatin (p<0.0001; Figure 5.12B).
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LPS administration significantly increased the amount of Ccl2 mRNA, a monocyte
chemoattractant, 14.4 fold compared to the controls (PBS p=0.0002, 20p.g simvastatin
p<0.0001, 40ug simvastatin, p<0.0001; Figure 5.12C). When mice were treated with
40ug simvastatin in addition to LPS, the fold change was 5.8 fold, which was
significantly lower than the LPS treatment group (p=0.0342).
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Figure 5.12. Inflammatory chemokine mRNA expression in the uterus. (A) Cxcll was increased by
1ug LPS and this was significantly reduced by 40ug simvastatin. (B) Cxcl2 was upregulated by 1ug
LPS but these mRNA expression levels were unaffected by simvastatin treatment. (C) 1ug LPS
increased the expression of Ccl2. These expression levels were significantly reduced in the 40ug
simvastatin and LPS group. n=6, *p<0.05, ***p<0.001, ****p<0.0001, mean fold change + SEM, one-
way ANOVA with Dunnett’s post hoc test.
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As TLR4, an innate immune recognition receptor, has been found to play a role in
LPS-induced PTB, the expression of the Tlr4 gene was also investigated (Elovitz et al.
2003; Li et al. 2010). However, neither LPS nor the addition of simvastatin altered
Tlrd mRNA levels (Figure 5.13).
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Figure 5.13. TIr4 mRNA expression in the uterus. Tlr4 expression was unaltered by 1ug LPS or

simvastatin treatment. n=6, mean fold change = SEM.

Messenger RNAs encoded by genes associated with uterine contraction were also
investigated (Figure 5.14). LPS administration did not significantly alter the
concentration of Cx43, a gap junction gene, in comparison to any of the control groups,
although there was a trend for increase in the LPS group. Treatment of mice
administered LPS with 40ug simvastatin significantly lowered Cx43 concentration
compared to the LPS group (0.86 fold vs 1.7 fold, p=0.0143; Figure 5.14A). The
expression of Cox-2, a gene involved in prostaglandin synthesis, was also investigated
but this gene was unaltered by the different treatment groups (Figure 5.14B).
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Figure 5.14. Contraction-associated mMRNA expression in the uterus. (A) Cx43 was not significantly
upregulated by 1jug LPS but the mRNA expression was significantly reduced by 40ug simvastatin and
LPS. (B) Cox-2 expression was unaltered by LPS or simvastatin treatment. n=6, *p<0.05, mean fold
change £ SEM, one-way ANOVA with Dunnett’s post hoc test.

5.3.3.2.5 Protein production in the uterus

As 40ug simvastatin treatment attenuated the LPS-induced upregulation of a number
of genes, an inflammatory gene, 11-6, and a contraction-associated gene, Cx43, were
investigated at the protein level. However, the production of IL-6 and CX43 was

unaltered by the different treatment groups (Figure 5.15, Figure 5.16).
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Figure 5.15. IL-6 protein production in the uterus. (A) Representative chemiluminescent image. (B)
IL-6 concentration was not altered by LPS or simvastatin treatment in the uterus 6 hours after
intrauterine PBS/LPS administration. Recombinant human IL-6 protein was included as a positive
control. Representative image was stitched together, as a-Tubulin and IL-6 protein required different

ECL exposure times (30 seconds and 5 minutes, respectively). n=6, mean + SEM.
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Figure 5.16. CX43 protein production in the uterus. (A) Representative fluorescent image. (B)
Neither LPS nor simvastatin impacted on CX43 protein concentration 6 hours after intrauterine
PBS/LPS administration. n=6, mean + SEM.

5.3.3.2.6 mRNA concentration in the placenta

Inflammatory mRNA expression of Tnf, 1lI-/4 and 11-10 was also investigated in the
placenta (Figure 5.17). LPS alone did not upregulate any of these genes. However,
when mice were treated with 40ug simvastatin in addition to LPS, the relative
concentrations of mMRNA encoded by these genes were all significantly lower than in
the LPS group; Tnf (p=0.0153), Il-1p (p=0.0374) and 11-10 (p=0.028).
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Figure 5.17. Inflammatory cytokine mRNA expression in the placenta. (A-C) Tnf, II-/4 and 11-10
expression were all significantly reduced in the 40ug simvastatin and LPS group, compared to the LPS
group. n=6, *p<0.05, mean fold change + SEM, one-way ANOVA with Dunnett’s post hoc test.

5.3.3.2.7 The acute effect of simvastatin treatment on
progesterone concentration in the maternal serum of
D17 pregnant mice

Progesterone plays a crucial role in the maintenance of pregnancy (Csapo and Wiest

1969). As statins inhibit the production of cholesterol, which is the precursor for all
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steroid hormones, this may affect the synthesis of progesterone (Cornforth and Popjak
1958). Therefore, progesterone concentrations were investigated in D17 pregnant mice
in samples that were collected 1 hour and 2 hours after the intraperitoneal
administration of simvastatin, to establish if simvastatin altered the production of this

hormone.

After 1 hour, mean serum progesterone concentration was 45.0 = 7.9ng/ml in the PBS
treated mice (Figure 5.18). There was no significant difference between the
progesterone concentration of the PBS group and the mice that received 20ug

simvastatin (38.5 £ 1.9ng/ml) or 40ug simvastatin (40.6 £ 3.6ng/ml).

After 2 hours, the PBS group had a mean serum progesterone concentration of 29.6 +
7.8ng/ml. Again, the simvastatin treatment did not alter the progesterone concentration

in comparison to the PBS group; 20ug simvastatin (43.9 £ 0.7ng/ml), 40ug simvastatin
(41.6 £ 7.4ng/ml).

Progesterone levels in maternal serum
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Figure 5.18. Progesterone concentration in the D17 pregnant mouse following simvastatin
treatment. Progesterone concentrations were unaffected by simvastatin treatment (20ug, 40ug), 1 hour
and 2 hours after administration.
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5.3.3.2.8 The effect of simvastatin treatment on maternal serum
progesterone concentration in an LPS-induced mouse
model of PTB

Progesterone concentration was measured in the LPS-induced mouse model of PTB to
determine the effect of LPS and simvastatin treatment. These samples were collected
6 hours after PBS/LPS intrauterine administration. In the PBS group, mean serum
progesterone concentration was 67.9 £ 5.8ng/ml (Figure 5.19). This was similar for
the 20pg simvastatin (49.5 + 3.4ng/ml) and 40pg simvastatin control groups (59.1 £
6.5ng/ml), showing again that simvastatin treatment alone does not affect progesterone
concentration. However, when mice received LPS, the mean serum progesterone
concentration dropped to 10.2 £ 1.8ng/ml (p<0.0001 vs PBS). Simvastatin treatment
appeared to have a dose-dependent effect on LPS-reduced serum progesterone
concentration. When mice were treated with 20ug simvastatin and LPS, serum
concentration of progesterone was slightly higher than in the LPS group but
significantly lower compared to the PBS group (16.2 = 8.8ng/ml, p=0.0001).
Following treatment with 40pg simvastatin and LPS, mean serum progesterone
concentration was slightly higher again at 32.7 + 10.3ng/ml, although still significantly
reduced compared to the PBS group (p=0.0039).
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Figure 5.19. Progesterone concentration in the maternal serum of a simvastatin-treated mouse
model of PTB. LPS significantly reduced progesterone concentration. These levels were also reduced
in mice that received simvastatin (20ug, 40ug) and LPS treatment. n=4-6, **p<0.01, ***p<0.001,
****p<0.0001, mean + SEM, one-way ANOV A with Dunnett’s post hoc test.
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5.4 Discussion

In this chapter, the impact of statins was explored in a mouse model where PTB was
induced by intrauterine LPS administration under ultrasound guidance. The two statins
chosen for this in vivo study were simvastatin and pravastatin. It was demonstrated in
Chapter 3 and Chapter 4 that simvastatin reduced LPS-induced inflammation in human
myometrial cells and attenuated both basal and LPS-induced myometrial cell
contraction. These results suggest that simvastatin may be an effective treatment for
PTL. Therefore, this hypothesis was investigated in a mouse model of PTB. Although
pravastatin treatment did not reduce LPS-induced inflammation in the myometrial
cells, this drug has been widely used to treat pregnancy disorders in animal models
and more recently, in humans (Girardi 2009; Redecha et al. 2009; Costantine et al.
2013; Gonzalez et al. 2014; Costantine et al. 2016). Therefore, pravastatin treatment

was included in this chapter, to assess its effect in vivo.

5.4.1 Refining the ultrasound-guided LPS-induced mouse
model of PTB

While previous studies from our group and others have administered 10-20ug of the
0111:B4 LPS serotype into the uterus to induce PTB, the low rate of pup survival and
concerns that the LPS might be overwhelming the immune system prompted us to
perform dose response experiments (Elovitz et al. 2003; Rinaldi et al. 2014; Migale et
al. 2015; Rinaldi et al. 2015a; Edey et al. 2016). The novel findings of this study
included the observation that, while 0.3ug LPS did not consistently cause PTB in these
mice, any dose of LPS greater than or equal to 1jug was sufficient to induce PTB in the
majority of dams. However, PTB was still associated with the delivery of dead pups,
even at reduced doses of LPS.

To compare the inflammatory differences between the 20ug and 1ug concentrations
of LPS, pro-inflammatory genes, Cxcll and I1-6, were investigated in the uterus. By
lowering the dose of LPS to 1ug, this substantially lowered the mRNA concentration
of these genes compared to the 20ug dose, while still causing some elevation of the
genes compared to PBS. This is ideal, as inflammation is required to initiate the labour

process but it should not be overpowering.
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The results from this dose response experiment allowed our PTB mouse model to be
refined. This also improved the clinical relevance of the model as, in humans, many
cases of intrauterine infection are sub-clinical. Therefore, by lowering the dose of LPS
as much as possible, the model became more similar to the human condition. However,
clinically, the majority of babies born prematurely are born alive, so having 100%
mortality at birth is a slight limitation of the model, as it does not fit the human
paradigm. Nevertheless, the pravastatin and simvastatin experiments were repeated, to
establish if these treatments would impact gestational length or the survival of the

pups, at this lower dose of LPS.

5.4.2 Statin treatment in a refined LPS-induced mouse
model of PTB

5.4.2.1 Pravastatin

Pravastatin treatment prevented PTB in 2 out of 8 mice that had received LPS.
However, LPS was not 100% effective, as one mouse in the LPS group delivered at
term. Therefore, too much cannot be read into this result. The pups from the preterm
deliveries in the pravastatin and LPS group were not born alive. This suggests that
pravastatin did not have any additional fetal protective effects when the pups were
delivered preterm.

These results contradict the findings of Gonzalez et al. (2014) who reported that
pravastatin prevented PTB in their intravaginal mouse model. However, the sample
size in their study was smaller than the experiments performed in this chapter and the
effect of pravastatin treatment on pup survival was not reported. In addition to the
differential route of LPS administration, Gonzalez et al. (2014) treated their mice with
a less severe serotype of LPS (055:B5) (Migale et al. 2015).

Pravastatin is the most commonly investigated statin for use in other pregnancy
disorders. For example, pravastatin treatment has been extensively researched for the
prevention and treatment of preeclampsia (Kumasawa et al. 2011; Carver et al. 2014;
McDonnold et al. 2014; Ramma and Ahmed 2014). Two clinical trials have
investigated the effect of pravastatin; one in women at high risk of preeclampsia and

another in women with early onset preeclampsia. In high risk women, maternal
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cholesterol levels were reduced by pravastatin treatment but the concentration of
cholesterol in the umbilical cord was unaltered and the birthweights were not different
between groups. No safety risks were identified with this treatment (Costantine et al.
2013; Costantine et al. 2016). The other trial investigated the effect of 40mg/day
pravastatin treatment on early onset preeclampsia (StAmP; 23410175). However, the

results are still to be reported.

In addition, pravastatin treatment has been found to improve pregnancy outcomes in
women with anti-phospholipid syndrome, when taken from the diagnosis of
preeclampsia or IUGR. Pravastatin increased placental blood flow, subsequently
easing the complications associated with preeclampsia. Importantly, there were no
fetal abnormalities reported (Lefkou et al. 2016). Pravastatin was also shown to protect

against IUGR in a mouse model of glucocorticoid overexposure (Wyrwoll et al. 2016).

Pravastatin, a first generation statin, is one of the least potent statins and it was not
believed to cross the placenta, as it necessitates specific transporter uptake into cells
(Kapur and Musunuru 2008). However, more recently, two small ex vivo placental
perfusion studies reported the transplacental transfer of pravastatin, although limited
and slow (Nanovskaya et al. 2013; Zarek et al. 2013). One study found that the transfer
of pravastatin was higher in the fetal-maternal direction, suggesting that efflux
transporters may be responsible for reducing the transfer of pravastatin across the

placenta (Nanovskaya et al. 2013).

As pravastatin is reportedly effective in other obstetric complications, it warrants
further investigation for PTB prevention. In future studies, the dose of pravastatin
could be increased to establish if this could prevent PTB or improve neonatal outcome.
The 10ug dose given in these experiments is equivalent to a human therapeutic dose
of 20mg, which is relatively low (Kumasawa et al. 2011). Additionally, the timing of
the treatment could be optimised.

5.4.2.2 Simvastatin
In the simvastatin studies, when LPS-stimulated mice were treated with 20ug or 40ug
simvastatin, a higher number of pregnancies progressed to term and the mean time

until delivery was no longer significantly different to the PBS group. However, there
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was not a significant difference between these groups and the LPS group. Due to the
non-normal distribution of the time to delivery data, the non-parametric Kruskal-
Wallis statistical analysis was performed. This test has less power than a one-way
ANOVA. ldeally, simvastatin treatment would significantly prolong gestation in
comparison to the LPS group but power calculations revealed that too many mice
would be required for there to be a statistical difference. Despite the lack of statistical
significance, simvastatin is rather convincingly having an effect on the rate of PTB in
this mouse model. Future experiments should focus on establishing the mechanisms
involved and optimising the treatment protocol for this to be effectively translated to

humans.

Interestingly, an “all or nothing” effect was observed, where the simvastatin treatment
either prevented PTB or the mice delivered preterm. This suggests that there was a
threshold that simvastatin had to overcome in order to prevent PTB. One possible
hypothesis for this “all or nothing” effect is the sex of the fetuses. Male sex is an
independent risk factor for adverse pregnancy outcome, including PTB (Di Renzo et
al. 2007; Ferrero et al. 2016). It has been suggested that this could be due to the larger
size and birthweight of males. Furthermore, factors associated with male sex may
predispose to infection-mediated PTB (MacGillivray and Davey 1985; McGregor et
al. 1992). For instance, low concentration of IL-1 receptor antagonist was reported in
the amniotic fluid of premature males (Bry et al. 1995). Alternatively, this
phenomenon could be linked to sex hormone differences (Cooperstock and Campbell
1996). However, the mechanism behind this is not fully understood and it is unknown
if this would impact on mouse models of PTB. It could be speculated that the sex of
the pups could have influenced whether simvastatin was able to rescue the pregnancy.
For example, a high proportion of male fetuses in a litter could increase the threshold
that simvastatin would need to overcome in order to prevent PTB. The sex of the pups
was not recorded in this study but future experiments could address this hypothesis.

The effect of simvastatin on PTB has been assessed in a similar study. Gonzalez et al.
(2014) reported that 20ug simvastatin prevented PTB in an intravaginal mouse model.
The experiments in this chapter were performed with a larger cohort and also included

information on the survival of the pups immediately after delivery, as well as
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addressing the effect of simvastatin on maternal inflammation. The key difference
between these studies is the model used. The most common route of intrauterine
infection is believed to be ascension from the vagina and cervix. However, this is not
well understood and opinions differ on the route of infection. It is also possible that
there could be a haematogenous dissemination of infection, microorganisms could be
introduced during an invasive procedure or originate in the fallopian tubes (Bastek et
al. 2011). Previous attempts to establish an intravaginal mouse model of PTB in our
laboratory have failed (Rinaldi et al. 2015b). Although the route of infection in our
model may not mirror the in vivo situation entirely, by delivering the LPS directly into
the uterus, we can be assured that intrauterine infection is induced, making this a
clinically relevant model. Furthermore, myometrial transcriptomic studies reported
that intrauterine LPS-induced PTB in the mouse closely resembles human labour
(Migale et al. 2016).

In comparison to pravastatin, fewer studies have investigated the effect of simvastatin
in other pregnancy disorders. Simvastatin treatment inhibited sFlt-1 secretion from
endothelial cells, trophoblast cells and preterm preeclamptic placental explants
(Brownfoot et al. 2016). Simvastatin also prevented pregnancy loss in a mouse model
of anti-phospholipid syndrome (Redecha et al. 2008). These few studies reinforce the
potential of simvastatin as a therapeutic for obstetric complications.

The mean percentage of live born pups was increased when mice were administered
40ug simvastatin and LPS. Consistently in these studies, if mice delivered preterm, the
pups did not survive delivery. It is unknown if this was due to the LPS causing fetal
death or because the pups were too premature to survive. In most cases, the dam would
not remove the pup from the amniotic sac, suggesting that the fetus died in utero. In a
study by Migale et al. (2015), the authors reported that this particular serotype of LPS
(O111:B4) caused 100% fetal death, which was observed 6 hours after intrauterine
LPS (20ug) administration. However, in this chapter, when the tissue collection
studies were performed 6 hours after 1jug LPS was given, the pups were still alive. An
observation from another study in our laboratory suggested that fetal death may begin
roughly 12 hours after LPS administration. Although, this has not been quantified. In
another study, a reduced dose of 10ug LPS (0111:B4) resulted in a slight reduction in
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fetal demise. There was no evidence of fetal brain inflammation in these pups prior to
death. The authors proposed that fetal death may be a result of reduced placental blood
flow (Edey et al. 2016). If this hypothesis is correct, simvastatin may be able to restore
this blood flow to the fetus as statins have vasodilatory properties and improved
placental vascularisation in a mouse model of glucocorticoid overexposure (Pereira et
al. 2003; Wyrwoll et al. 2016). Due to the evidenced severity of the O111:B4 LPS
serotype, it is all the more remarkable that simvastatin was capable of counteracting
this inflammatory insult in the majority of cases, preventing PTB and leading to the

delivery of live pups.

As previous studies have suggested that simvastatin can reduce inflammation,
circulating I1L-6 concentration, as well as the mRNA expression of multiple cytokines
and chemokines, were investigated in the uterus. LPS-induced IL-6 concentration was
reduced in the maternal serum with 40ug simvastatin treatment. 11-6, Cxcl1 and Ccl2
expression were significantly reduced with 40ug simvastatin, when compared to the
LPS group, suggesting that simvastatin treatment was capable of reducing LPS-
induced inflammation in the uterus. Interestingly, 11-10 was also significantly reduced
by 40ug simvastatin, compared to the LPS group. This was unexpected as, in the in
vitro studies in Chapter 3, simvastatin treatment upregulated the expression of this
anti-inflammatory gene in human myometrial cells. An important point to take into
consideration is that it is unknown which, if any, of these mice would have delivered
preterm. It is interesting to see a spread in the data collected from 40ug simvastatin
and LPS treated mice, as it may give a clue to which pregnancies may have been
rescued if the mice had been left to deliver. This may also give an indication of the
influence of the anti-inflammatory effect of simvastatin in the prevention of PTB in

this model.

As outlined in section 2.8.5, many other tissues were collected from the PTB mouse
model. These could be utilised to investigate the effect of simvastatin on the other
processes of labour, such as fetal membrane rupture and cervical remodelling. In
addition, the effect of simvastatin treatment on neutrophil and macrophage infiltration

into the uterus could be investigated. Fetal tissues, such as brain, heart and lung, were
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also collected. They could be examined for signs of fetal inflammation or injury

following LPS administration and the effect of simvastatin on this.

The anti-inflammatory effects of simvastatin outlined in this chapter are in agreement
with another study where pregnant mice were pre-treated with simvastatin prior to
intraperitoneal LPS administration. Basraon et al. (2012) reported lowered 1l-/4 and
11-6 mRNA expression levels in the uterus, reduced 11-6 and Tnf mMRNA expression in
the cervix and a multitude of inflammatory mediators were reduced in the maternal
serum, with simvastatin treatment. In contrast to the results in this chapter, the authors
also found IL-6 concentration was increased in the amniotic fluid 6 hours after LPS
administration and this was reduced by the addition of simvastatin treatment (Basraon
et al. 2012).

TLRs are key recognition components of pathogen-associated molecular patterns. Tlr4
expression was investigated in the mouse uterus, as TLR4 is the signalling receptor for
LPS (Poltorak et al. 1998). A TLR4 antagonist has recently been shown to delay PTB
and prevent perinatal death in a mouse model (Chin et al. 2016). There was no
difference in the mRNA expression of TIr4 with LPS stimulation or with simvastatin
treatment. However, the O111:B4 serotype of LPS is not TLR4 specific, as it may also
bind to TLR2. It would be interesting to investigate if Tlr2 expression was altered, as
both TIr2 and TIr4 have been associated with the timing of labour (Montalbano et al.
2013; Wahid et al. 2015). Furthermore, simvastatin has been shown to inhibit TLR4-
mediated LPS signalling, subsequently reducing cytokine release (Hodgkinson and Ye
2008). Simvastatin treatment also prevented LPS-induced upregulation of TLR2 and
TLR4 on the surface of human monocytes in vivo (Niessner et al. 2006). By
investigating the effect of simvastatin on TLR2, this may provide a mechanism by
which this drug may be inhibiting LPS-induced inflammation and the subsequent

initiation of labour.

In addition to inflammatory genes, contraction-associated gene Cx43 was significantly
reduced by 40ug simvastatin treatment, compared to the LPS group. CX43 gap
junctions increase in size and abundance during parturition. They are crucial for the
coordination of synchronous contractions in the myometrium (Doring et al. 2006).
This suggests that simvastatin could be inhibiting myometrial contractions by
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downregulating genes associated with this process. These results are in agreement with
Chapter 4, where it was demonstrated that simvastatin treatment attenuated the LPS-

induced contraction of human myometrial cells.

Progesterone concentration was investigated in the serum of D17 pregnant mice to
assess whether simvastatin treatment would alter these levels. It is well established that
progesterone has a crucial role in maintaining pregnancy and statins primarily inhibit
the synthesis of cholesterol, the precursor to progesterone. The results were reassuring
that, after 1 hour and 2 hours, simvastatin treatment did not affect progesterone
concentration, when comparing to the PBS group. Progesterone concentration was also
comparable to values reported in the literature at this stage of gestation in the mouse
(Virgo and Bellward 1974).

Progesterone concentrations were also determined in the serum collected from the PTB
mouse model, which has not previously been investigated in our ultrasound-guided
intrauterine model of PTB. Progesterone withdrawal initiates parturition in the mouse
(Hall 1956). Therefore, it was interesting to observe proof of reduced progesterone
concentration following LPS treatment in this mouse model of PTB. Progesterone
concentration was also significantly reduced in the mice that received 20pug and 40ug
simvastatin in addition to LPS, compared to PBS levels. Interestingly, there appeared
to be a dose effect, where treatment with 40ug simvastatin and LPS resulted in a lesser
reduction in progesterone concentration than observed in the LPS group. This suggests
that simvastatin treatment may have been working to counteract the effects of LPS and
prevent PTB in some of these mice. However, the mechanism of this is unknown. It
would be interesting to investigate this in more detail, perhaps by assessing the
histology of the corpus luteum, as it has been suggested that LPS induces apoptosis of
the corpus luteum, causing progesterone levels to drop (Luttgenau et al. 2016).
However, this is not directly comparable to humans as, in human parturition,
circulating progesterone levels do not reduce. Alternatively, there is thought to be
functional progesterone withdrawal, which may be mediated by a shift in progesterone
receptor ratio (Allport et al. 2001; Condon et al. 2003; Merlino et al. 2007). Although,
these results do allow us to better characterise our model of PTB.
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A major obstacle for the application of statins to prevent PTB is that these drugs are
contraindicated during pregnancy. A retrospective observational study by Edison and
Muenke (2004) reported that there was an association with fetal limb defects after
simvastatin exposure during the first trimester. However, this finding has since been
criticised and challenged by larger studies, which found that there was no greater risk
when comparing to population baseline levels of fetal malformations (Gibb and Scialli
2005; Petersen et al. 2008; Bateman et al. 2015). Therapeutics for the prevention of
PTB would likely be given in the second or third trimester, when organogenesis is
mostly complete. In addition, PTB itself can result in life-long morbidity, as well as
neonatal mortality. Therefore, it can be argued that the possible benefits of statin
treatment outweigh the risks.

Studies in vitro have raised concerns over the effect of simvastatin on the placenta
during the first trimester, suggesting this treatment affects trophoblast proliferation and
migration, as well as causing cytotrophoblast apoptosis (Kenis et al. 2005; Tartakover-
Matalon et al. 2007; Forbes et al. 2015). However, as previously discussed, PTB
prevention would not take place during the first trimester. Furthermore, the results in
this chapter suggest that simvastatin treatment may reduce inflammation in the
placenta. Future studies could investigate the effects of simvastatin on the histology of
the placenta and additional genes/protein could be assessed, as these tissues have been
collected. To date, studies have not investigated the possibility that simvastatin could
cross the placenta. However, it is likely given the ease at which simvastatin can enter
cells. There is also a possibility that statin treatment would actually protect against
fetal injury by reducing fetal inflammation. One study described protective effects of
both pravastatin and simvastatin against brain injury, in fetuses from LPS-treated
dams, evidenced by a reduction in the expression of cell death and neurodegeneration
markers (Pedroni et al. 2014).

In the PTB studies presented in this chapter, there appeared to be a dose-dependent
effect of simvastatin treatment. The higher dose of 40ug simvastatin was more
effective than the 20ug treatment at preventing PTB and resulted in more live born
pups. A possible explanation for this may be due to this higher dose reducing the

expression of uterine inflammatory and contraction-associated genes. However,
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despite doubling the dose of simvastatin, the higher dose was only slightly more
effective than the 20ug treatment at preventing PTB. Therefore, the timing of the
simvastatin treatment needs to be further investigated to fully understand the optimal
treatment regimen. These mice received one dose of statins the day before LPS and an
additional dose 2 hours after LPS. This treatment protocol was chosen due to its
previously reported success in other mouse models of pregnancy disorders (Redecha
et al. 2008; Gonzalez et al. 2014; Pedroni et al. 2014). It is unknown which treatment
played a more important role in these experiments. For example, the dose on
gestational D16 could have primed the mice for an inflammatory insult or the treatment
2 hours after LPS administration could have reduced the LPS-induced inflammation.
It was shown in Chapter 3 that both pre- and post-treatment with simvastatin can have
anti-inflammatory properties. In a mouse model of sepsis, simvastatin treatment was
able to improve survival in both a pre-treatment cohort and in a post-treatment cohort,
providing additional evidence that the anti-inflammatory benefits of this drug are not
restricted to certain treatment windows (Merx et al. 2004; Merx et al. 2005).
Performing such experiments will be important for determining the best clinical

application of this treatment.

Finally, the mechanism by which simvastatin is preventing PTB also needs to be
investigated. Other studies in animal models of inflammatory conditions reported that
simvastatin reduced NF-kB activation (Jacobson et al. 2005; Fraunberger et al. 2009).
Although, it has been reported that PTB induced with O111:B4 LPS is due to AP-1
activation rather than NF-«B activation (Maclntyre et al. 2014; Migale et al. 2015). It
is also possible to investigate the mechanism of action by supplementing components
of the mevalonate pathway, as performed in Chapter 4. For example, mevalonate
reversed the anti-inflammatory effect of simvastatin in a mouse model of allergic

airway inflammation (Zeki et al. 2009).

In summary, simvastatin treatment was capable of reducing the incidence of PTB in
our refined intrauterine LPS-induced mouse model. Treatment with 40ug simvastatin
also improved the survival of the pups. Pravastatin treatment did not prevent PTB or
improve the percentage of live born pups. Simvastatin treatment alone did not affect

maternal serum progesterone concentration. Progesterone withdrawal was evident in
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the LPS-induced mouse model of PTB and simvastatin treatment concentration-

dependently counteracted this LPS-induced reduction in serum progesterone.

The results of this chapter provide further evidence that simvastatin may be an
effective therapeutic for the treatment of PTB. In addition to preventing PTB and
improving pup survival, simvastatin reduced the expression of inflammatory and
contraction-associated genes in the uterus, which is in agreement with the findings of
Chapter 3 and Chapter 4. Furthermore, these results confirm the overall hypothesis of
this thesis, that statin treatment would prevent PTB by reducing inflammation.
Therefore, future experiments should refine the treatment regimen, as well as

investigate the mechanisms of these effects.
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Chapter 6: Discussion

6.1 Summary of findings

PTB remains a major clinical problem. It affects approximately 5-18% of births
worldwide and is the leading cause of childhood morbidity and mortality (Blencowe
et al. 2012; Harrison and Goldenberg 2015). Intrauterine infection and inflammation
are implicated in at least 25-40% of PTB cases (Goldenberg et al. 2008). Despite
advancements in medical research, PTL is still difficult to predict and current
treatments are ineffective at preventing PTB and improving the outcomes of premature
neonates (Haas et al. 2014). The development of new treatments should aim to target
the underlying mechanisms of PTL. Statins may be an ideal candidate treatment for
PTL, as these drugs exhibit anti-inflammatory effects in conditions such as
hyperlipidaemia and atherosclerosis (Zhou and Liao 2010). In addition, they can
inhibit the contraction of smooth muscle cells (Kuzuya et al. 2004; Perez-Guerrero et
al. 2005; Nasu et al. 2009).

The hypothesis of this thesis was that statin treatment will prevent PTB by inhibiting
the inflammatory processes that trigger PTL. This thesis investigated the effect of
statin treatment on PTL, with specific aims to (i) assess the effects of statins on
inflammation in human myometrial cells in vitro, (ii) examine the effect of statins on
the contractility of a human myometrial cell line, (iii) investigate the mechanisms by
which statins affect either contractility or inflammation in PTL and (iv) determine
whether statins can prevent PTB or improve neonatal outcome in an LPS-induced
mouse model of PTB. The main findings are summarised below:

e Pravastatin treatment of human myometrial cells did not increase or decrease
LPS-induced inflammatory mediator mRNA concentration or protein

production.

e Simvastatin treatment reduced LPS-induced inflammation in myometrial cells
by downregulating the mRNA concentration and protein production of pro-
inflammatory mediators, as well as increasing the mRNA expression of anti-

inflammatory cytokines.
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e Simvastatin attenuated the basal contraction of myometrial cells in vitro.
Simvastatin also reduced LPS-induced contraction of myometrial cells. This
effect was reversed by the addition of mevalonate and GG-PP but not F-PP.
Therefore, this was a cholesterol-independent effect. Simvastatin treatment
inhibited the phosphorylation of MLC by inhibiting the Rho/ROCK pathway.

e The ultrasound-guided, intrauterine LPS-induced mouse model of PTB was
refined by lowering the concentration of LPS from 20ug to 1pug. Lowering the
dose of LPS led to the reduction of pro-inflammatory mRNA concentration in

the uterus.

e Simvastatin treatment prevented PTB and increased the percentage of live born
pups in the refined 1pug LPS-induced PTB mouse model. Simvastatin also
reduced LPS-induced circulating IL-6 concentration and attenuated the
expression of pro-inflammatory and contraction-associated genes in the uterus.
Pravastatin treatment did not prevent PTB or increase the percentage of live

born pups.

e Progesterone withdrawal took place in the 1ug LPS-induced mouse model of
PTB. Simvastatin treatment concentration-dependently counteracted this LPS-
induced reduction in serum progesterone. Simvastatin treatment alone did not

alter maternal serum progesterone concentration.

6.2 The effect of statins on inflammation

Inflammatory processes have been associated with both term and PTL. There is an
influx of leukocytes into the uterus and an increase of pro-inflammatory mediators,
such as cytokines and chemokines (Thomson et al. 1999; Young et al. 2002).
Therefore, statins may be a novel approach to prevent PTB, as these drugs have anti-
inflammatory properties. We investigated the effect of pravastatin and simvastatin
treatment on inflammation in human myometrial cells and assessed the effect of

simvastatin treatment on inflammation in an LPS-induced mouse model of PTB.

Pravastatin did not alter LPS-induced inflammatory mediator expression in

myometrial cells. This was most likely because pravastatin requires specific uptake
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into cells by the transporter protein, OATP1B1, which is exclusively expressed in the
liver (Hamelin and Turgeon 1998; Corsini et al. 1999). Simvastatin treatment reduced
pro-inflammatory mediator gene expression and release, as well as upregulating anti-
inflammatory gene expression. These findings concur with other studies that
demonstrate the anti-inflammatory effect of simvastatin in a number of cells types,
such as vascular smooth muscle cells, macrophages and epithelial cells (Rezaie-Majd
et al. 2002; Dichtl et al. 2003; Veillard et al. 2006; Xu et al. 2006; Iwata et al. 2012).
Most studies have focused on cells associated with the cardiovascular system, as
statins are normally used for the treatment of high cholesterol, which is associated with
atherosclerosis and cardiovascular disease. The mechanisms by which statins have
anti-inflammatory effects are not fully elucidated. However, it is likely that these
effects are a result of the inhibition of protein isoprenylation within the mevalonate
pathway (Wang et al. 2008).

There have also been studies that have investigated the effect of statins on
inflammation in tissues more relevant to our studies. For example, in the endometrium,
the inner lining of the uterus, in the context of endometriosis. Simvastatin reduced
CCL2 expression in human endometriotic cells in a nude mouse model with
endometriotic implants (Cakmak et al. 2012). Simvastatin also reduced the secretion
of a range of pro-inflammatory cytokines from LPS-stimulated human fetal
membranes. In this study, pre-treatment with simvastatin prior to LPS stimulation was
more effective at reducing inflammatory cytokine release than co-treatment or post-
treatment (Basraon et al. 2015). However, the results presented in this thesis are the
first, to our knowledge, to assess the effect of statins on inflammation in human
myometrial cells. As these cells were collected from a pregnant women at term, they
have already been exposed to an increasingly pro-inflammatory environment and
hormonal changes in preparation for labour and these cells will have already
experienced a degree of stretch, making this a highly relevant in vitro model of the

pregnant myometrium at term.

Future studies should focus on determining the mechanisms by which simvastatin is
having anti-inflammatory effects. Metabolites of the mevalonate pathway, such as

mevalonate, GG-PP and F-PP, can be supplemented into the cultures to determine
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which branch of the pathway is implicated to produce these anti-inflammatory effects,
as performed in the contraction experiments in Chapter 4. Other studies in the literature
have demonstrated that statins can inhibit the binding activity of the transcription
factor, NF-kB, and inhibit the nuclear translocation of NF-«xB, in cells stimulated by
LPS (Hilgendorff et al. 2003; Shyamsundar et al. 2009). This could be investigated in
the human myometrial cells by performing an electrophoretic mobility shift assay to
assess binding activity. Alternatively, the degradation and phosphorylation of the

inhibitor protein, IkBa, can be assessed by Western blotting.

Furthermore, as chemokines and the chemotaxis of leukocytes have a prominent role
in labour, it would be of interest to investigate the effect of simvastatin on the
production of other chemokines. As reported in this thesis, LPS-induced IL-8 secretion
from the myometrial cells was attenuated by simvastatin treatment in vitro, so it can
be hypothesised that simvastatin would reduce the expression and production of other
chemokines. Furthermore, inflammation can also be increased by uterine
overdistension, inducing PTL (Adams Waldorf et al. 2015). Therefore, the effect of
simvastatin on inflammation caused by mechanical stretch of the human myometrial

cell line could also be investigated.

In the PTB mouse model, 40ug simvastatin treatment reduced the concentration of
LPS-induced IL-6 in the maternal serum, as well as reducing the mRNA concentration
of cytokines and chemokines in the uterus. These results are broadly consistent with
other studies, where simvastatin and other statins have been shown to reduce
inflammation in mouse models of sepsis (Merx et al. 2004; Merx et al. 2005). Statins
also have an immunomodulatory effect in some animal models, whereby leukocyte
chemotaxis is altered and there is a shift in Thl to Th2 phenotype. For example, in
mouse models of inflammatory arthritis and allergic asthma (Leung et al. 2003;
McKay et al. 2004). This could be addressed in the PTB mouse model by investigating
the infiltration of leukocytes, such as neutrophils and monocytes/macrophages, in the

myometrium by immunohistochemistry.

A study by Basraon et al. (2012) investigated the effect of simvastatin pre-treatment

in a mouse model of PTB induced by intraperitoneal administration of LPS, creating a
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model of systemic infection. This study reported that simvastatin treatment reduced
inflammation in the maternal serum, uterus and cervix of LPS-treated mice, which

agrees with our findings described in Chapter 5.

Inflammatory mediators have also been associated with cervical ripening and fetal
membrane rupture, which are important processes for successful labour. Future studies
could assess the anti-inflammatory effect of simvastatin on other tissues, such as the
cervix and fetal membranes, which have already been collected from these mice. As
well as investigating inflammatory mediators in these tissues, the effect of simvastatin
on MMPs and collagen degradation can be determined, to assess whether simvastatin
also prevented cervical ripening and fetal membrane rupture. Fetal tissue, such as the
heart, lung and brain, was also collected and could be investigated to determine if
simvastatin prevented any LPS-induced fetal inflammation or injury.

Deciphering the underlying mechanisms of simvastatin anti-inflammatory properties
is a key next step, as discussed in relation to the myometrial cell in vitro experiments.
Previous studies have demonstrated the reversal of statin effects in other mouse models
by the administration of mevalonate (Christensen et al. 2006; Sharyo et al. 2008).
However, it may be more informative to concentrate on specific mechanisms
downstream of the mevalonate pathway. Both transcription factors, NF-xB and AP-1,
have been implicated in the upregulation of inflammatory pathways in term and PTL.
The effect of simvastatin on LPS-induced activity of these transcription factors could
be investigated in the uterus of the PTB mouse model by Western blot analyses of the
transcriptionally active, phosphorylated forms of the NF-xB subunit, p65, and the AP-
1 subunit, c-Jun. However, one study reported that the serotype of LPS used in this
thesis (O111:B4) selectively activates AP-1, not NF-kB in CD1 mice (Maclintyre et al.
2014; Migale et al. 2015). It is unknown if this mechanism applies to our C57BI/6

mice.

In summary, simvastatin, but not pravastatin, reduced LPS-induced inflammation in a
human myometrial cell line and simvastatin reduced inflammation in a mouse model
of PTB. These are the first studies to characterise the anti-inflammatory effects of

statins in human myometrial cells and in an intrauterine LPS-induced PTB mouse
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model. These results suggest that simvastatin treatment could inhibit the inflammatory
cascade associated with PTL. Future experiments should focus on elucidating a

mechanism for these anti-inflammatory effects.

6.3 The effect of simvastatin on myometrial
contraction

Uterine contraction is a key process during labour, required to safely expel the fetus.
In recent years, the role of inflammation in the stimulation of contractions has emerged
(Mackler et al. 2003; Hutchinson et al. 2014). During labour there is an increase in
pro-inflammatory mediators, such as cytokines and prostaglandins as well as
contraction-associated proteins, in the uterus (Crankshaw and Dyal 1994; Young et al.
2002). Tocolytic drugs are administered to inhibit contractions. However, they only
delay labour for a short time (Haas et al. 2012; Haas et al. 2014). In Chapter 4, we
demonstrated that simvastatin can attenuate basal myometrial cell contraction, as well
as LPS-induced contraction and finally, we described the mechanism involved. This
provides further evidence that simvastatin could be a useful tocolytic treatment for
PTL.

In the collagen gel contraction assay, simvastatin prevented the contraction of the
myometrial cells embedded in the gels, both alone and in the presence of LPS. This
was reversed by mevalonate and GG-PP but not F-PP, which suggests that this anti-
contraction effect was due to the inhibition of Rho geranylgeranylation. Simvastatin
treatment also reduced the levels of pMLC in the myometrial cells, which is the final
step required for actin and myosin cross-bridging. This confirmed the anti-contraction
effect at a molecular level. These results again highlighted the importance of GG-PP
inhibition for anti-contractile effects, suggesting that statins prevent contraction by
inhibiting the Rho/ROCK pathway (Figure 4.15).

The anti-contractile effect of statins has not previously been assessed in myometrial
smooth muscle cells. However, our findings are in agreement with some other studies
that have mostly reported anti-contractile effects in vascular smooth muscle cells and

aortic rings, which is not unexpected due to the primary use of statins being to lower
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LDL cholesterol concentration and prevent cardiovascular diseases (Kuzuya et al.
2004; Mraiche et al. 2005; Perez-Guerrero et al. 2005; Alp Yildirim et al. 2016; Chen
et al. 2016). Previous studies have also identified the inhibition of the Rho/ROCK
pathway and the subsequent prevention of MLC phosphorylation, as a mechanism of
these effects, adding strength to our findings (Zeng et al. 2005; Nagaoka et al. 2007;
Kideraetal. 2010; Alp Yildirim et al. 2016). The most relevant cells to have undergone
contraction studies following statin treatment are endometriotic stromal cells.
However, a mechanism was not elucidated for the anti-contractile effect of these
uterine cells (Nasu et al. 2009). Notably, the effect of statins on LPS-induced

contraction has not previously been investigated.

As it is well established that the influx of Ca?* into cells is integral for smooth muscle
contraction, future studies could investigate the effect of simvastatin on [Ca?*]i in the
myometrial cells by performing a colorimetric assay, using calcium indicator dye.
Recent studies have suggested that statins can affect [Ca?*]i (Kang et al. 2014; Ali et
al. 2016; Chen et al. 2016). This could also provide another mechanism to explain the
anti-contractile effects we measured using myometrial cells. To extend these cellular
assays, organ bath studies could also be performed on human myometrial strips treated
with simvastatin. Some experiments have been reported in the literature but these did
not investigate the impact of statins on the intensity of myometrial contractions
(Gonzalez et al. 2014). Chapter 4 demonstrated how simvastatin prevented the
phosphorylation of MLC by inhibiting the Rho/ROCK pathway, via GG-PP inhibition.
However, understanding of the effect of simvastatin on this pathway could be
strengthened by specifically investigating the effect on RhoA-GTP, which should be

reduced by simvastatin treatment.

In our refined mouse model of PTB, 40g simvastatin treatment significantly reduced
the mRNA concentration of the contraction-associated gene, Cx43, in the uterus. The
effect of statins on Cx43 expression has not been assessed in other animal models of
PTB. As treatment with simvastatin reduced the incidence of PTB, we speculate that
this might be due to a reduction in myometrial contractions. When considering the
mechanisms that might contribute to this observation, the reduction in LPS-induced

inflammation resulting from simvastatin treatment is one of several possibilities. The
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expression of other proteins, such as PGF2, and the oxytocin receptor, both of which
have been implicated in the regulation of contractions, could be investigated in the
uterus of the simvastatin-treated PTB mouse model. In addition, uterine pressure could
be assessed directly by telemetry studies, where transmitters are implanted into the
uterine horn. However, the equipment for such studies is costly and would require
additional surgery and careful validation to avoid off-target impacts of the presence of

the transmitters.

To summarise, simvastatin attenuated both the basal and the LPS-induced contraction
of human myometrial cells and reduced the expression of contraction-associated gene,
Cx43, in an LPS-induced mouse model of PTB. These data provide further rationale
to support the proposal that simvastatin treatment could be a novel treatment for PTL,
as this drug has anti-contraction effects, as well as reducing inflammation.

6.4 Statins as a treatment for PTL

This thesis describes for the first time the effect of statins on an intrauterine model of
LPS-induced PTB. Simvastatin treatment prevented PTB in many cases and more pups
were born alive, as a result. These findings extend those of another study where PTB
was prevented in mice given an intravaginal injection of LPS serotype 055:B5 on D15
of pregnancy, when treated with 20pg simvastatin 24 hours before and 2 hours after
LPS (Gonzalez et al. 2014). Notably, in our mouse model, we used a different serotype
of LPS (0111:B4), as well as a different route of administration. We reported a
positive outcome of simvastatin treatment on the delivery of live born pups, as well as
maternal inflammation. Furthermore, our studies were performed in a larger cohort of

mice.

In our study, pravastatin treatment did not prevent PTB in our mouse model, which is
in contrast to the results reported by Gonzalez et al. (2014). It is unlikely that this was
just because of the inability of pravastatin to enter certain cells, as the pleiotropic
effects of pravastatin are thought to be due to a reduction of circulating isoprenoid
concentration (Zhou and Liao 2010). The concentration of pravastatin and the
treatment regimen could be modified in future experiments. Pravastatin has been the

preferred statin for preeclampsia treatment due to its safety profile. Therefore, it
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warrants further investigation as a potential treatment for PTL, using additional

approaches to those described in this thesis.

A limitation of both the original and our refined PTB mouse model described in this
thesis is that there is 100% fetal death, which does not make it relatable to the human
condition, where premature babies are mostly born alive (Rinaldi et al. 2015b). A study
that analysed the effect of different LPS serotypes in an intrauterine PTB mouse model
found the O111:B4 serotype used in our studies to be the most severe, as PTB was
induced more rapidly in pregnant mice and there was increased fetal demise, in
comparison to other serotypes (Migale et al. 2015). Although, this does highlight the
efficacy of the simvastatin treatment, as it can overcome this insult by preventing PTB
and preventing fetal death, in our refined mouse model. The relevancy of our model to
humans could be improved by using a different serotype of LPS, which does not cause
widespread fetal death, to determine whether simvastatin treatment has more subtle
fetal protective effects that were being lost with the severity of the O111:B4 LPS. It is
plausible that statins would have beneficial effects on fetuses, as other studies have
reported that statins can prevent fetal death in mouse models of recurrent miscarriage
and antiphospholipid syndrome (Redecha et al. 2008; Redecha et al. 2009).
Alternatively, combination therapy may be a possibility. For example, a previous study
from our laboratory found the pro-resolution mediator, 15-epi-lipoxin A, to have fetal
protective effects but this treatment was not sufficient to prevent PTB (Rinaldi et al.
2015a). Although, these experiments were performed on the original laparotomy
mouse model, utilising 20ug LPS to induce PTB. Nevertheless, treating mice with both
simvastatin and 15-epi-lipoxin A4 could improve pup survival, even if the mice deliver

preterm.

Future studies should investigate the fetal outcomes from this refined mouse model in
more detail. This could be performed by examining fetal tissues for signs of injury
following LPS administration and whether this is ameliorated by simvastatin
treatment. In addition, behavioural tests could be conducted. A recent article presented
a number of neonatal motor tests that can be performed in mice from post-natal day 2-
14. This includes grasping reflex, surfacing righting and hindlimb suspension. This

particular study assessed motor function in a neonatal mouse model of cerebral palsy,
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induced by inflammation, ischemia and hypoxia, and found hindlimb weakness and
defects in fine motor skills (Feather-Schussler and Ferguson 2016). This is particularly
relevant to our model where inflammation plays an important role in instigating PTB.
Moreover, prematurity in humans is associated with long term behavioural and
neurological disorders, such as cerebral palsy. Performing these experiments would
allow us to characterise motor defects associated with our intrauterine model of PTB

and whether simvastatin could prevent these adverse neonatal outcomes.

Further experiments are required to refine the concentration and timing of simvastatin
treatment required to prevent PTB. Interestingly, 40ug simvastatin was not
substantially more effective than 20ug simvastatin at preventing PTB and improving
neonatal outcome. Although, the higher concentration was more effective at reducing
inflammation. Therefore, treatment timing may have been a contributing factor. The
treatment regimen for our PTB mouse experiments involved both a pre-treatment and
a post-treatment with statins. This protocol was selected due to previously
demonstrated success in other mouse models of obstetric complications (Redecha et
al. 2008; Gonzalez et al. 2014; Pedroni et al. 2014). However, it is unknown which of
these treatments was more influential in lowering inflammation and delaying the
labour process until term. It can be hypothesised that the post-treatment with
simvastatin may have been the more influential treatment, given the short, two hour
half-life of simvastatin. Notably, Basraon et al. (2012) reported that pre-treatment with
pravastatin and simvastatin reduced inflammation in an intraperitoneal LPS-induced
mouse model of PTB. However, there was no information in their paper as to whether
this treatment prevented PTB in these mice. As there have been no follow up studies
since this paper was published in 2012, one can speculate that statin pre-treatment did

not prevent PTB in that model.

An alternative route of treatment should also be investigated, as statins would normally
be administered orally in women. In mice, oral treatments can be given via gavage.
Although, this may be stressful for the mouse, particularly during pregnancy.
Alternatively, treatments can be hidden in palatable mixtures, such as flavoured

gelatine, and ingested voluntarily by the mouse.
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The next step would then be to perform safety testing and assess pharmacokinetics in
pregnant women during a normal pregnancy. This could assess how well statins are
tolerated and investigate any gene, protein or histological changes of maternal-fetal
tissues, such as the uterus, placenta and fetal membranes, with this treatment. Small
trials have already treated women at high risk of preeclampsia with statins and no
safety concerns have been reported to date (Costantine et al. 2016; Lefkou et al. 2016).
Human placental perfusion experiments have been conducted with pravastatin but not
simvastatin (Nanovskaya et al. 2013; Zarek et al. 2013). This experiment could also
be performed to examine how simvastatin is transferred between the maternal and fetal
compartments and this could also indicate the concentration of simvastatin that the

fetus may be exposed to.

In the current study, LC-MS/MS revealed progesterone withdrawal had occurred in
our PTB mouse model, something which had not been investigated before when LPS
was administered by ultrasound-guided intrauterine injection. Although this is not
directly relatable to human labour, it was reassuring that simvastatin treatment alone
did not affect circulating progesterone levels, despite cholesterol being the precursor
to this essential pregnancy hormone. Simvastatin treatment appeared to partially
reduce LPS-induced progesterone withdrawal, which suggests a mechanism by which
PTB may have been prevented and merits further study. It is unknown how the drug
would have this effect but the histology of the corpus luteum could be assessed in the
future to determine if simvastatin protects against LPS-induced damage of this tissue.
The effect of simvastatin treatment on PTB induced by the progesterone receptor
antagonist, RU486, could also address this. This study would determine the effect of
simvastatin treatment on non-infection induction of PTB and would aid better

understanding of the mechanisms responsible for these effects.

In summary, simvastatin treatment reduced the number of preterm deliveries in our
refined intrauterine LPS-induced mouse model of PTB and more pups were born alive.
Pravastatin treatment did not have these beneficial effects in either the 20ug LPS or
the 1pg LPS, refined mouse model of PTB. Further studies are required to establish
the underlying mechanisms leading to the prevention of PTB by simvastatin.

Although, we hypothesise that the reduction in maternal inflammation may have
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played a key role in preventing labour. The treatment regimen must also be refined to
improve the efficacy and to fully understand the optimal concentration and timing of

treatment, so that this can be translated for human use.

6.5 Conclusions

The studies described in this thesis investigated the effect of statin treatment on PTL
by utilising pregnant human myometrial cells as an in vitro model and in an ultrasound-
guided intrauterine LPS-induced mouse model of PTB. The experiments performed
produced a number of novel and interesting findings. Simvastatin treatment reduced
LPS-induced inflammation in myometrial cells, as well as attenuating both basal and
LPS-induced contraction of these cells. These findings were further validated in our
mouse model, where simvastatin prevented PTB and more pups were born alive as a
result of this treatment. In addition, simvastatin treatment reduced LPS-induced
inflammation in the uterus. Pravastatin treatment did not exhibit anti-inflammatory
properties or have beneficial effects in the mouse studies. Simvastatin treatment
demonstrated a number of useful properties, suggesting this drug would be an ideal
candidate for the treatment of PTL, by targeting underlying inflammation, inhibiting

myometrial contractions and subsequently preventing PTB.

Chapter 6: Discussion 207



The effect of statin treatment on preterm labour

Chapter 7. References

Adami, M., Prudente Ada, S., Mendes, D. A., Horinouchi, C. D., Cabrini, D. A. and Otuki, M. F.
(2012) Simvastatin ointment, a new treatment for skin inflammatory conditions. J
Dermatol Sci 66 (2), 127-35.

Adams Waldorf, K. M. and McAdams, R. M. (2013) Influence of infection during pregnancy on
fetal development. Reproduction 146 (5), R151-62.

Adams Waldorf, K. M., Persing, D., Novy, M. J., Sadowsky, D. W. and Gravett, M. G. (2008)
Pretreatment with toll-like receptor 4 antagonist inhibits lipopolysaccharide-induced
preterm uterine contractility, cytokines, and prostaglandins in rhesus monkeys. Reprod
Sci 15 (2), 121-7.

Adams Waldorf, K. M., Singh, N., Mohan, A. R., Young, R. C., Ngo, L., Das, A., Tsai, J.,
Bansal, A., Paolella, L., Herbert, B. R., Sooranna, S. R., Gough, G. M., Astley, C.,
Vogel, K., Baldessari, A. E., Bammler, T. K., MacDonald, J., Gravett, M. G., Rajagopal,
L. and Johnson, M. R. (2015) Uterine overdistention induces preterm labor mediated by
inflammation: observations in pregnant women and nonhuman primates. Am J Obstet
Gynecol 213 (6), 830.e1-830.e19.

Aguilar, H. N. and Mitchell, B. F. (2010) Physiological pathways and molecular mechanisms
regulating uterine contractility. Hum Reprod Update 16 (6), 725-44.

Aguilar, H. N., Tracey, C. N., Zielnik, B. and Mitchell, B. F. (2012) Rho-kinase mediates
diphosphorylation of myosin regulatory light chain in cultured uterine, but not vascular
smooth muscle cells. J Cell Mol Med 16 (12), 2978-89.

Ahmed, A. (2011) New insights into the etiology of preeclampsia: identification of key elusive
factors for the vascular complications. Thromb Res 127 Suppl 3, S72-5.

Alarcon, V. B. and Marikawa, Y. (2016) Statins inhibit blastocyst formation by preventing
geranylgeranylation. Mol Hum Reprod 22 (5), 350-63.

Alber, H. F., Frick, M., Sussenbacher, A., Dorler, J., Dichtl, W., Stocker, E. M., Pachinger, O.
and Weidinger, F. (2007) Effect of atorvastatin on peripheral endothelial function and
systemic inflammatory markers in patients with stable coronary artery disease. Wien
Med Wochenschr 157 (3-4), 73-8.

Albert, M. A., Danielson, E., Rifai, N. and Ridker, P. M. (2001) Effect of statin therapy on C-
reactive protein levels: the pravastatin inflammation/CRP evaluation (PRINCE): a
randomized trial and cohort study. Jama 286 (1), 64-70.

Alberts, A. W., Chen, J., Kuron, G., Hunt, V., Huff, J., Hoffman, C., Rothrock, J., Lopez, M.,
Joshua, H., Harris, E., Patchett, A., Monaghan, R., Currie, S., Stapley, E., Albers-
Schonberg, G., Hensens, O., Hirshfield, J., Hoogsteen, K., Liesch, J. and Springer, J.
(1980) Mevinolin: a highly potent competitive inhibitor of hydroxymethylglutaryl-
coenzyme A reductase and a cholesterol-lowering agent. Proc Natl Acad Sci U SA 77
(7), 3957-61.

Ali, N., Begum, R., Faisal, M. S., Khan, A., Nabi, M., Shehzadi, G., Ullah, S. and Ali, W. (2016)
Current statins show calcium channel blocking activity through voltage gated channels.
BMC Pharmacol Toxicol 17 (1), 43.

Allport, V. C., Pieber, D., Slater, D. M., Newton, R., White, J. O. and Bennett, P. R. (2001)
Human labour is associated with nuclear factor-kappaB activity which mediates cyclo-
oxygenase-2 expression and is involved with the ‘functional progesterone withdrawal'.
Mol Hum Reprod 7 (6), 581-6.

Alp Yildirim, F. 1., Kaleli Durman, D., Aypar, E., Ark, M., Ozdemir, O. and Uydes Dogan, B. S.
(2016) Atorvastatin acutely reduces the reactivity to spasmogens in rat aorta: implication
of the inhibition of geranylgeranylation and MYPT-1 phosphorylation. Fundam Clin
Pharmacol 30 (2), 96-106.

Alston, M. J., Alexandrovic, K., Stiglich, N. and Metz, T. D. (2016) Discontinuation of
Tocolytics for Preterm Labor in an Academic Safety Net Hospital: Impact on the
Duration of Betamethasone Exposure. J Reprod Med 61 (3-4), 109-13.

Chapter 7: References 208



The effect of statin treatment on preterm labour

Alvarez de Sotomayor, M., Perez-Guerrero, C., Herrera, M. D. and Marhuenda, E. (2001) Effect
of simvastatin on vascular smooth muscle responsiveness: involvement of Ca(2+)
homeostasis. Eur J Pharmacol 415 (2-3), 217-24.

Amano, M., Ito, M., Kimura, K., Fukata, Y., Chihara, K., Nakano, T., Matsuura, Y. and
Kaibuchi, K. (1996) Phosphorylation and activation of myosin by Rho-associated kinase
(Rho-kinase). J Biol Chem 271 (34), 20246-9.

Ambalavanan, N., Carlo, W. A., McDonald, S. A., Yao, Q., Das, A. and Higgins, R. D. (2011)
Identification of extremely premature infants at high risk of rehospitalization. Pediatrics
128 (5), e1216-25.

Ancuta, P., Liu, K. Y., Misra, V., Wacleche, V. S., Gosselin, A., Zhou, X. and Gabuzda, D.
(2009) Transcriptional profiling reveals developmental relationship and distinct
biological functions of CD16+ and CD16- monocyte subsets. BMC Genomics 10, 403.

Andrews, W. W., Hauth, J. C., Goldenberg, R. L., Gomez, R., Romero, R. and Cassell, G. H.
(1995) Amniotic fluid interleukin-6: correlation with upper genital tract microbial
colonization and gestational age in women delivered after spontaneous labor versus
indicated delivery. Am J Obstet Gynecol 173 (2), 606-12.

Aprahamian, T., Bonegio, R., Rizzo, J., Perlman, H., Lefer, D. J., Rifkin, I. R. and Walsh, K.
(2006) Simvastatin treatment ameliorates autoimmune disease associated with
accelerated atherosclerosis in a murine lupus model. J Immunol 177 (5), 3028-34.

Arango Duque, G. and Descoteaux, A. (2014) Macrophage cytokines: involvement in immunity
and infectious diseases. Front Immunol 5, 491.

Arenas-Hernandez, M., Romero, R., St Louis, D., Hassan, S. S., Kaye, E. B. and Gomez-Lopez,
N. (2016) An imbalance between innate and adaptive immune cells at the maternal-fetal
interface occurs prior to endotoxin-induced preterm birth. Cell Mol Immunol 13 (4), 462-
73.

Asai, J., Takenaka, H., Hirakawa, S., Sakabe, J., Hagura, A., Kishimoto, S., Maruyama, K.,
Kajiya, K., Kinoshita, S., Tokura, Y. and Katoh, N. (2012) Topical simvastatin
accelerates wound healing in diabetes by enhancing angiogenesis and
lymphangiogenesis. Am J Pathol 181 (6), 2217-24.

Azziz, R., Cumming, J. and Naeye, R. (1988) Acute myometritis and chorioamnionitis during
cesarean section of asymptomatic women. Am J Obstet Gynecol 159 (5), 1137-9.

Balducci, J., Risek, B., Gilula, N. B., Hand, A., Egan, J. F. and Vintzileos, A. M. (1993) Gap
junction formation in human myometrium: a key to preterm labor? Am J Obstet Gynecol
168 (5), 1609-15.

Basraon, S. K., Costantine, M. M., Saade, G. and Menon, R. (2015) The Effect of Simvastatin on
Infection-Induced Inflammatory Response of Human Fetal Membranes. Am J Reprod
Immunol.

Basraon, S. K., Menon, R., Makhlouf, M., Longo, M., Hankins, G. D., Saade, G. R. and
Costantine, M. M. (2012) Can statins reduce the inflammatory response associated with
preterm birth in an animal model? Am J Obstet Gynecol 207 (3), 224.e1-7.

Bastek, J. A., Gomez, L. M. and Elovitz, M. A. (2011) The role of inflammation and infection in
preterm birth. Clin Perinatol 38 (3), 385-406.

Bateman, B. T., Hernandez-Diaz, S., Fischer, M. A., Seely, E. W., Ecker, J. L., Franklin, J. M.,
Desai, R. J., Allen-Coleman, C., Mogun, H., Avorn, J. and Huybrechts, K. F. (2015)
Statins and congenital malformations: cohort study. Bmj 350, h1035.

Been, J. V., Lievense, S., Zimmermann, L. J., Kramer, B. W. and Wolfs, T. G. (2013)
Chorioamnionitis as a risk factor for necrotizing enterocolitis: a systematic review and
meta-analysis. J Pediatr 162 (2), 236-42.e2.

Bell, E., Ivarsson, B. and Merrill, C. (1979) Production of a tissue-like structure by contraction of
collagen lattices by human fibroblasts of different proliferative potential in vitro. Proc
Natl Acad Sci U S A 76 (3), 1274-8.

Bennett, W. A., Lagoo-Deenadayalan, S., Whitworth, N. S., Brackin, M. N., Hale, E. and Cowan,
B. D. (1997) Expression and production of interleukin-10 by human trophoblast:
relationship to pregnancy immunotolerance. Early Pregnancy 3 (3), 190-8.

Chapter 7: References 209



The effect of statin treatment on preterm labour

Berridge, M. J. (2008) Smooth muscle cell calcium activation mechanisms. J Physiol 586 (21),
5047-61.

Birnbaum, Y., Ye, Y, Lin, Y., Freeberg, S. Y., Nishi, S. P., Martinez, J. D., Huang, M. H.,
Uretsky, B. F. and Perez-Polo, J. R. (2006) Augmentation of myocardial production of
15-epi-lipoxin-a4 by pioglitazone and atorvastatin in the rat. Circulation 114 (9), 929-
35.

Bjorkhem-Bergman, L., Lindh, J. D. and Bergman, P. (2011) What is a relevant statin
concentration in cell experiments claiming pleiotropic effects? Br J Clin Pharmacol 72
(1), 164-5.

Blanquiceth, Y., Rodriguez-Perea, A. L., Tabares Guevara, J. H., Correa, L. A., Sanchez, M. D.,
Ramirez-Pineda, J. R. and Velilla, P. A. (2016) Increase of Frequency and Modulation of
Phenotype of Regulatory T Cells by Atorvastatin Is Associated with Decreased Lung
Inflammatory Cell Infiltration in a Murine Model of Acute Allergic Asthma. Front
Immunol 7, 620.

Blencowe, H., Cousens, S., Oestergaard, M. Z., Chou, D., Moller, A. B., Narwal, R., Adler, A.,
Vera Garcia, C., Rohde, S., Say, L. and Lawn, J. E. (2012) National, regional, and
worldwide estimates of preterm birth rates in the year 2010 with time trends since 1990
for selected countries: a systematic analysis and implications. Lancet 379 (9832), 2162-
72.

Bloch, K. (1965) The biological synthesis of cholesterol. Science 150 (3692), 19-28.

Bokstrom, H., Brannstrom, M., Alexandersson, M. and Norstrom, A. (1997) Leukocyte
subpopulations in the human uterine cervical stroma at early and term pregnancy. Hum
Reprod 12 (3), 586-90.

Bollapragada, S., Youssef, R., Jordan, F., Greer, 1., Norman, J. and Nelson, S. (2009) Term labor
is associated with a core inflammatory response in human fetal membranes,
myometrium, and cervix. Am J Obstet Gynecol 200 (1), 104.e1-11.

Bowen, J. M., Chamley, L., Keelan, J. A. and Mitchell, M. D. (2002) Cytokines of the placenta
and extra-placental membranes: roles and regulation during human pregnancy and
parturition. Placenta 23 (4), 257-73.

Boyle, A. K., Rinaldi, S. F., Norman, J. E. and Stock, S. J. (2017) Preterm birth: Inflammation,
fetal injury and treatment strategies. J Reprod Immunol 119, 62-66.

Bradfute, D. L. and Simoni, R. D. (1994) Non-sterol compounds that regulate cholesterogenesis.
Analogues of farnesyl pyrophosphate reduce 3-hydroxy-3-methylglutaryl-coenzyme A
reductase levels. J Biol Chem 269 (9), 6645-50.

Briery, C. M., Veillon, E. W., Klauser, C. K., Martin, R. W., Chauhan, S. P., Magann, E. F. and
Morrison, J. C. (2009) Progesterone does not prevent preterm births in women with
twins. South Med J 102 (9), 900-4.

Briery, C. M., Veillon, E. W., Klauser, C. K., Martin, R. W., Magann, E. F., Chauhan, S. P. and
Morrison, J. C. (2011) Women with preterm premature rupture of the membranes do not
benefit from weekly progesterone. Am J Obstet Gynecol 204 (1), 54.e1-5.

Brown, J. H., Del Re, D. P. and Sussman, M. A. (2006) The Rac and Rho hall of fame: a decade
of hypertrophic signaling hits. Circ Res 98 (6), 730-42.

Brown, M. S., Faust, J. R., Goldstein, J. L., Kaneko, I. and Endo, A. (1978) Induction of 3-
hydroxy-3-methylglutaryl coenzyme A reductase activity in human fibroblasts incubated
with compactin (ML-236B), a competitive inhibitor of the reductase. J Biol Chem 253
(4), 1121-8.

Brown, M. S. and Goldstein, J. L. (1981) Lowering plasma cholesterol by raising LDL receptors.
N Engl J Med 305 (9), 515-7.

Brownfoot, F. C., Tong, S., Hannan, N. J., Hastie, R., Cannon, P. and Kaitu'u-Lino, T. J. (2016)
Effects of simvastatin, rosuvastatin and pravastatin on soluble fms-like tyrosine kinase 1
(sFlt-1) and soluble endoglin (SENG) secretion from human umbilical vein endothelial
cells, primary trophoblast cells and placenta. BMC Pregnancy Childbirth 16, 117.

Bry, K., Teramo, K., Lappalainen, U., Waffarn, F. and Hallman, M. (1995) Interleukin-1 receptor
antagonist in the fetomaternal compartment. Acta Paediatr 84 (3), 233-6.

Chapter 7: References 210



The effect of statin treatment on preterm labour

Buhaescu, 1. and lzzedine, H. (2007) Mevalonate pathway: a review of clinical and therapeutical
implications. Clin Biochem 40 (9-10), 575-84.

Burd, 1., Balakrishnan, B. and Kannan, S. (2012) Models of fetal brain injury, intrauterine
inflammation, and preterm birth. Am J Reprod Immunol 67 (4), 287-94.

Burd, 1., Brown, A., Gonzalez, J. M., Chai, J. and Elovitz, M. A. (2011) A mouse model of term
chorioamnionitis: unraveling causes of adverse neurological outcomes. Reprod Sci 18
(9), 900-7.

Bursztyn, L., Eytan, O., Jaffa, A. J. and Elad, D. (2007) Mathematical model of excitation-
contraction in a uterine smooth muscle cell. Am J Physiol Cell Physiol 292 (5), C1816-
29.

Cakmak, H., Basar, M., Seval-Celik, Y., Osteen, K. G., Duleba, A. J., Taylor, H. S., Lockwood,
C. J. and Arici, A. (2012) Statins inhibit monocyte chemotactic protein 1 expression in
endometriosis. Reprod Sci 19 (6), 572-9.

Carver, A. R., Tamayo, E., Perez-Polo, J. R., Saade, G. R., Hankins, G. D. and Costantine, M. M.
(2014) The effect of maternal pravastatin therapy on adverse sensorimotor outcomes of
the offspring in a murine model of preeclampsia. Int J Dev Neurosci 33, 33-40.

Casey, M. L. and MacDonald, P. C. (1988) Biomolecular processes in the initiation of
parturition: decidual activation. Clin Obstet Gynecol 31 (3), 533-52.

Castro, M. R., Simon, G., Cha, S. S., Yawn, B. P., Melton, L. J., 3rd and Caraballo, P. J. (2016)
Statin Use, Diabetes Incidence and Overall Mortality in Normoglycemic and Impaired
Fasting Glucose Patients. J Gen Intern Med 31 (5), 502-8.

Chaiworapongsa, T., Hong, J. S., Hull, W. M., Kim, C. J., Gomez, R., Mazor, M., Romero, R.
and Whitsett, J. A. (2008) The concentration of surfactant protein-A in amniotic fluid
decreases in spontaneous human parturition at term. J Matern Fetal Neonatal Med 21
(9), 652-9.

Chang, C. H., Hsu, Y. M., Chen, Y. C., Lin, F. H., Sadhasivam, S., Loo, S. T. and Savitha, S.
(2014) Anti-inflammatory effects of hydrophilic and lipophilic statins with hyaluronic
acid against LPS-induced inflammation in porcine articular chondrocytes. J Orthop Res
32 (4), 557-65.

Chang, E. Y., Zhang, J., Sullivan, S., Newman, R. and Singh, I. (2011) N-acetylcysteine
attenuates the maternal and fetal proinflammatory response to intrauterine LPS injection
in an animal model for preterm birth and brain injury. J Matern Fetal Neonatal Med 24
(5), 732-40.

Chang, E. Y., Zhang, J., Sullivan, S., Newman, R. and Singh, I. (2012) N-acetylcysteine prevents
preterm birth by attenuating the LPS-induced expression of contractile associated
proteins in an animal model. J Matern Fetal Neonatal Med 25 (11), 2395-400.

Chen, Y., Zhang, H., Liu, H. and Cao, A. (2016) Mechanisms of simvastatin-induced
vasodilatation of rat superior mesenteric arteries. Biomed Rep 5 (4), 491-496.

Chin, P. Y., Dorian, C. L., Hutchinson, M. R., Olson, D. M., Rice, K. C., Moldenhauer, L. M.
and Robertson, S. A. (2016) Novel Toll-like receptor-4 antagonist (+)-naloxone protects
mice from inflammation-induced preterm birth. Sci Rep 6, 36112.

Choi, S. J., Oh, S., Kim, J. H. and Roh, C. R. (2007) Changes of nuclear factor kappa B (NF-
kappaB), cyclooxygenase-2 (COX-2) and matrix metalloproteinase-9 (MMP-9) in
human myometrium before and during term labor. Eur J Obstet Gynecol Reprod Biol
132 (2), 182-8.

Chow, L. and Lye, S. J. (1994) Expression of the gap junction protein connexin-43 is increased in
the human myometrium toward term and with the onset of labor. Am J Obstet Gynecol
170 (3), 788-95.

Christensen, M., Su, A. W., Snyder, R. W., Greco, A., Lipschutz, J. H. and Madaio, M. P. (2006)
Simvastatin protection against acute immune-mediated glomerulonephritis in mice.
Kidney Int 69 (3), 457-63.

Clancy, B., Darlington, R. B. and Finlay, B. L. (2001) Translating developmental time across
mammalian species. Neuroscience 105 (1), 7-17.

Collins, J. J., Kallapur, S. G., Knox, C. L., Nitsos, I., Polglase, G. R., Pillow, J. J., Kuypers, E.,
Newnham, J. P., Jobe, A. H. and Kramer, B. W. (2010) Inflammation in fetal sheep from

Chapter 7: References 211



The effect of statin treatment on preterm labour

intra-amniotic injection of Ureaplasma parvum. Am J Physiol Lung Cell Mol Physiol 299
(6), L852-60.

Combs, C. A., Garite, T., Maurel, K., Das, A. and Porto, M. (2010) Failure of 17-
hydroxyprogesterone to reduce neonatal morbidity or prolong triplet pregnancy: a
double-blind, randomized clinical trial. Am J Obstet Gynecol 203 (3), 248.e1-9.

Combs, C. A., Garite, T., Maurel, K., Das, A. and Porto, M. (2011) 17-hydroxyprogesterone
caproate for twin pregnancy: a double-blind, randomized clinical trial. Am J Obstet
Gynecol 204 (3), 221.e1-8.

Condon, J. C., Jeyasuria, P., Faust, J. M., Wilson, J. W. and Mendelson, C. R. (2003) A decline
in the levels of progesterone receptor coactivators in the pregnant uterus at term may
antagonize progesterone receptor function and contribute to the initiation of parturition.
Proc Natl Acad Sci U S A 100 (16), 9518-23.

Constantin, G., Majeed, M., Giagulli, C., Piccio, L., Kim, J. Y., Butcher, E. C. and Laudanna, C.
(2000) Chemokines trigger immediate beta2 integrin affinity and mobility changes:
differential regulation and roles in lymphocyte arrest under flow. Immunity 13 (6), 759-
69.

Cooperstock, M. and Campbell, J. (1996) Excess males in preterm birth: interactions with
gestational age, race, and multiple birth. Obstet Gynecol 88 (2), 189-93.

Cornforth, J. W. and Popjak, G. (1958) Biosynthesis of cholesterol. Br Med Bull 14 (3), 221-6.

Corsini, A., Bellosta, S., Baetta, R., Fumagalli, R., Paoletti, R. and Bernini, F. (1999) New
insights into the pharmacodynamic and pharmacokinetic properties of statins. Pharmacol
Ther 84 (3), 413-28.

Costa, S., Reina-Couto, M., Albino-Teixeira, A. and Sousa, T. (2016) Statins and oxidative stress
in chronic heart failure. Rev Port Cardiol 35 (1), 41-57.

Costantine, M. M., Cleary, K. and Eunice Kennedy Shriver National Institute of Child Health and
Human Development Obstetric--Fetal Pharmacology Research Units, N. (2013)
Pravastatin for the prevention of preeclampsia in high-risk pregnant women. Obstet
Gynecol. Vol. 121. United States: 349-53.

Costantine, M. M., Cleary, K., Hebert, M. F., Ahmed, M. S., Brown, L. M., Ren, Z., Easterling,
T.R., Haas, D. M., Haneline, L. S., Caritis, S. N., Venkataramanan, R., West, H.,
D'Alton, M. and Hankins, G. (2016) Safety and pharmacokinetics of pravastatin used for
the prevention of preeclampsia in high-risk pregnant women: a pilot randomized
controlled trial. Am J Obstet Gynecol 214 (6), 720.e1-720.e17.

Costantine, M. M., Tamayo, E., Lu, F., Bytautiene, E., Longo, M., Hankins, G. D. and Saade, G.
R. (2010) Using pravastatin to improve the vascular reactivity in a mouse model of
soluble fms-like tyrosine kinase-1-induced preeclampsia. Obstet Gynecol 116 (1), 114-
20.

Couper, K. N., Blount, D. G. and Riley, E. M. (2008) IL-10: the master regulator of immunity to
infection. J Immunol 180 (9), 5771-7.

Crankshaw, D. J. and Dyal, R. (1994) Effects of some naturally occurring prostanoids and some
cyclooxygenase inhibitors on the contractility of the human lower uterine segment in
vitro. Can J Physiol Pharmacol 72 (8), 870-4.

Crisby, M., Nordin-Fredriksson, G., Shah, P. K., Yano, J., Zhu, J. and Nilsson, J. (2001)
Pravastatin treatment increases collagen content and decreases lipid content,
inflammation, metalloproteinases, and cell death in human carotid plaques: implications
for plaque stabilization. Circulation 103 (7), 926-33.

Crowther, C. A., Brown, J., McKinlay, C. J. and Middleton, P. (2014) Magnesium sulphate for
preventing preterm birth in threatened preterm labour. Cochrane Database Syst Rev 8,
Cd001060.

Csabina, S., Mougios, V., Barany, M. and Barany, K. (1986) Characterization of the
phosphorylatable myosin light chain in rat uterus. Biochim Biophys Acta 871 (3), 311-5.

Csapo, A. I. and Wiest, W. G. (1969) An examination of the quantitative relationship between
progesterone and the maintenance of pregnancy. Endocrinology 85 (4), 735-46.

Cudmore, M., Ahmad, S., Al-Ani, B., Fujisawa, T., Coxall, H., Chudasama, K., Devey, L. R.,
Wigmore, S. J., Abbas, A., Hewett, P. W. and Ahmed, A. (2007) Negative regulation of

Chapter 7: References 212



The effect of statin treatment on preterm labour

soluble Flt-1 and soluble endoglin release by heme oxygenase-1. Circulation 115 (13),
1789-97.

da Fonseca, E. B., Bittar, R. E., Carvalho, M. H. and Zugaib, M. (2003) Prophylactic
administration of progesterone by vaginal suppository to reduce the incidence of
spontaneous preterm birth in women at increased risk: a randomized placebo-controlled
double-blind study. Am J Obstet Gynecol 188 (2), 419-24.

Dada, T., Rosenzweig, J. M., Al Shammary, M., Firdaus, W., Al Rebh, S., Borbiev, T., Tekes,
A., Zhang, J., Algahtani, E., Mori, S., Pletnikov, M. V., Johnston, M. V. and Burd, I.
(2014) Mouse model of intrauterine inflammation: sex-specific differences in long-term
neurologic and immune sequelae. Brain Behav Immun 38, 142-50.

Das, S., Mohanty, M. and Padhan, P. (2015) Outcome of rheumatoid arthritis following adjunct
statin therapy. Indian J Pharmacol 47 (6), 605-9.

DC™  http://www.bio-rad.com/en-uk/product/dc-protein-assay Accessed 2nd July.

de Godoy, M. A. and Rattan, S. (2011) Role of rho kinase in the functional and dysfunctional
tonic smooth muscles. Trends Pharmacol Sci 32 (7), 384-93.

De Silva, D., Mitchell, M. D. and Keelan, J. A. (2010) Inhibition of choriodecidual cytokine
production and inflammatory gene expression by selective I-kappaB kinase (IKK)
inhibitors. Br J Pharmacol 160 (7), 1808-22.

del Sol, A. I. and Nanayakkara, P. W. (2008) Pravastatin: an evidence-based statin? Expert Opin
Drug Metab Toxicol 4 (6), 821-5.

Denison, F. C., Calder, A. A. and Kelly, R. W. (1999) The action of prostaglandin E2 on the
human cervix: stimulation of interleukin 8 and inhibition of secretory leukocyte protease
inhibitor. Am J Obstet Gynecol 180 (3 Pt 1), 614-20.

Di Naro, E., Cromi, A., Ghezzi, F., Giocolano, A., Caringella, A. and Loverro, G. (2010)
Myocardial dysfunction in fetuses exposed to intraamniotic infection: new insights from
tissue Doppler and strain imaging. Am J Obstet Gynecol 203 (5), 459.e1-7.

Di Renzo, G. C., Rosati, A., Sarti, R. D., Cruciani, L. and Cutuli, A. M. (2007) Does fetal sex
affect pregnancy outcome? Gend Med 4 (1), 19-30.

Dichtl, W., Dulak, J., Frick, M., Alber, H. F., Schwarzacher, S. P., Ares, M. P., Nilsson, J.,
Pachinger, O. and Weidinger, F. (2003) HMG-CoA reductase inhibitors regulate
inflammatory transcription factors in human endothelial and vascular smooth muscle
cells. Arterioscler Thromb Vasc Biol 23 (1), 58-63.

DiGiulio, D. B. (2012) Diversity of microbes in amniotic fluid. Semin Fetal Neonatal Med 17
(1), 2-11.

DiGiulio, D. B., Romero, R., Kusanovic, J. P., Gomez, R., Kim, C. J., Seok, K. S., Gotsch, F.,
Mazaki-Tovi, S., Vaisbuch, E., Sanders, K., Bik, E. M., Chaiworapongsa, T., Oyarzun,
E. and Relman, D. A. (2010) Prevalence and diversity of microbes in the amniotic fluid,
the fetal inflammatory response, and pregnancy outcome in women with preterm pre-
labor rupture of membranes. Am J Reprod Immunol 64 (1), 38-57.

Djokanovic, N., Klieger-Grossmann, C., Pupco, A. and Koren, G. (2011) Safety of infliximab use
during pregnancy. Reprod Toxicol 32 (1), 93-7.

Dobesh, P. P. and Olsen, K. M. (2014) Statins role in the prevention and treatment of sepsis.
Pharmacol Res 88, 31-40.

Dodd, J. M., Crowther, C. A., Cincotta, R., Flenady, V. and Robinson, J. S. (2005) Progesterone
supplementation for preventing preterm birth: a systematic review and meta-analysis.
Acta Obstet Gynecol Scand 84 (6), 526-33.

Dodd, J. M., Jones, L., Flenady, V., Cincotta, R. and Crowther, C. A. (2013) Prenatal
administration of progesterone for preventing preterm birth in women considered to be at
risk of preterm birth. Cochrane Database Syst Rev 7, Cd004947.

Doring, B., Shynlova, O., Tsui, P., Eckardt, D., Janssen-Bienhold, U., Hofmann, F., Feil, S., Feil,
R., Lye, S. J. and Willecke, K. (2006) Ablation of connexin43 in uterine smooth muscle
cells of the mouse causes delayed parturition. J Cell Sci 119 (Pt 9), 1715-22.

Doyle, L. W., Crowther, C. A., Middleton, P., Marret, S. and Rouse, D. (2009) Magnesium
sulphate for women at risk of preterm birth for neuroprotection of the fetus. Cochrane
Database Syst Rev (1), Cd004661.

Chapter 7: References 213


http://www.bio-rad.com/en-uk/product/dc-protein-assay

The effect of statin treatment on preterm labour

du Souich, P., Roederer, G. and Dufour, R. (2017) Myotoxicity of statins: Mechanism of action.
Pharmacol Ther.

Dudley, D. J., Branch, D. W., Edwin, S. S. and Mitchell, M. D. (1996) Induction of preterm birth
in mice by RU486. Biol Reprod 55 (5), 992-5.

Edey, L. F., O'Dea, K. P., Herbert, B. R., Hua, R., Waddington, S. N., Macintyre, D. A., Bennett,
P.R., Takata, M. and Johnson, M. R. (2016) The Local and Systemic Immune Response
to Intrauterine LPS in the Prepartum Mouse. Biol Reprod 95 (6), 125.

Edison, R. J. and Muenke, M. (2004) Mechanistic and epidemiologic considerations in the
evaluation of adverse birth outcomes following gestational exposure to statins. Am J
Med Genet A 131 (3), 287-98.

Ekman, G., Malmstrom, A., Uldbjerg, N. and Ulmsten, U. (1986) Cervical collagen: an important
regulator of cervical function in term labor. Obstet Gynecol 67 (5), 633-6.

Elliott, C. L., Allport, V. C., Loudon, J. A., Wu, G. D. and Bennett, P. R. (2001a) Nuclear factor-
kappa B is essential for up-regulation of interleukin-8 expression in human amnion and
cervical epithelial cells. Mol Hum Reprod 7 (8), 787-90.

Elliott, C. L., Loudon, J. A., Brown, N., Slater, D. M., Bennett, P. R. and Sullivan, M. H. (2001b)
IL-1beta and IL-8 in human fetal membranes: changes with gestational age, labor, and
culture conditions. Am J Reprod Immunol 46 (4), 260-7.

Elliott, C. L., Slater, D. M., Dennes, W., Poston, L. and Bennett, P. R. (2000) Interleukin 8
expression in human myometrium: changes in relation to labor onset and with
gestational age. Am J Reprod Immunol 43 (5), 272-7.

Elovitz, M. A., Brown, A. G., Breen, K., Anton, L., Maubert, M. and Burd, I. (2011) Intrauterine
inflammation, insufficient to induce parturition, still evokes fetal and neonatal brain
injury. Int J Dev Neurosci 29 (6), 663-71.

Elovitz, M. A. and Mrinalini, C. (2004) Animal models of preterm birth. Trends Endocrinol
Metab 15 (10), 479-87.

Elovitz, M. A., Wang, Z., Chien, E. K., Rychlik, D. F. and Phillippe, M. (2003) A new model for
inflammation-induced preterm birth: the role of platelet-activating factor and Toll-like
receptor-4. Am J Pathol 163 (5), 2103-11.

Elshourbagy, N. A., Meyers, H. V. and Abdel-Meguid, S. S. (2014) Cholesterol: the good, the
bad, and the ugly - therapeutic targets for the treatment of dyslipidemia. Med Princ Pract
23 (2), 99-111.

Endo, A. (2008) A gift from nature: the birth of the statins. Nat Med 14 (10), 1050-2.

Endo, A. (2010) A historical perspective on the discovery of statins. Proc Jpn Acad Ser B Phys
Biol Sci 86 (5), 484-93.

Endo, A., Kuroda, M. and Tanzawa, K. (1976a) Competitive inhibition of 3-hydroxy-3-
methylglutaryl coenzyme A reductase by ML-236A and ML-236B fungal metabolites,
having hypocholesterolemic activity. FEBS Lett 72 (2), 323-6.

Endo, A., Kuroda, M. and Tsujita, Y. (1976b) ML-236A, ML-236B, and ML-236C, new
inhibitors of cholesterogenesis produced by Penicillium citrinium. J Antibiot (Tokyo) 29
(12), 1346-8.

Endo, A., Tsujita, Y., Kuroda, M. and Tanzawa, K. (1977) Inhibition of cholesterol synthesis in
vitro and in vivo by ML-236A and ML-236B, competitive inhibitors of 3-hydroxy-3-
methylglutaryl-coenzyme A reductase. Eur J Biochem 77 (1), 31-6.

Endo, A., Tsujita, Y., Kuroda, M. and Tanzawa, K. (1979) Effects of ML-236B on cholesterol
metabolism in mice and rats: lack of hypocholesterolemic activity in normal animals.
Biochim Biophys Acta 575 (2), 266-76.

Fang, X., Wong, S. and Mitchell, B. F. (2000) Effects of LPS and IL-6 on oxytocin receptor in
non-pregnant and pregnant rat uterus. Am J Reprod Immunol 44 (2), 65-72.

Farina, L. and Winkelman, C. (2005) A review of the role of proinflammatory cytokines in labor
and noninfectious preterm labor. Biol Res Nurs 6 (3), 230-8.

Feather-Schussler, D. N. and Ferguson, T. S. (2016) A Battery of Motor Tests in a Neonatal
Mouse Model of Cerebral Palsy. J Vis Exp (117).

Ferrero, D. M., Larson, J., Jacobsson, B., Di Renzo, G. C., Norman, J. E., Martin, J. N., Jr.,
D'Alton, M., Castelazo, E., Howson, C. P., Sengpiel, V., Bottai, M., Mayo, J. A., Shaw,

Chapter 7: References 214



The effect of statin treatment on preterm labour

G. M., Verdenik, 1., Tul, N., Velebil, P., Cairns-Smith, S., Rushwan, H., Arulkumaran,
S., Howse, J. L. and Simpson, J. L. (2016) Cross-Country Individual Participant
Analysis of 4.1 Million Singleton Births in 5 Countries with Very High Human
Development Index Confirms Known Associations but Provides No Biologic
Explanation for 2/3 of All Preterm Births. PLoS One 11 (9), e0162506.

Fichtlscherer, S., Schmidt-Lucke, C., Bojunga, S., Rossig, L., Heeschen, C., Dimmeler, S. and
Zeiher, A. M. (2006) Differential effects of short-term lipid lowering with ezetimibe and
statins on endothelial function in patients with CAD: clinical evidence for 'pleiotropic’
functions of statin therapy. Eur Heart J 27 (10), 1182-90.

Fidel, P. L., Jr., Romero, R., Cutright, J., Wolf, N., Gomez, R., Araneda, H., Ramirez, M. and
Yoon, B. H. (1997) Treatment with the interleukin-I receptor antagonist and soluble
tumor necrosis factor receptor Fc fusion protein does not prevent endotoxin-induced
preterm parturition in mice. J Soc Gynecol Investig 4 (1), 22-6.

Filipovich, Y., Agrawal, V., Crawford, S. E., Fitchev, P., Qu, X., Klein, J. and Hirsch, E. (2015)
Depletion of polymorphonuclear leukocytes has no effect on preterm delivery in a mouse
model of Escherichia coli-induced labor. Am J Obstet Gynecol 213 (5), 697.e1-10.

Flenady, V., Reinebrant, H. E., Liley, H. G., Tambimuttu, E. G. and Papatsonis, D. N. (2014a)
Oxytocin receptor antagonists for inhibiting preterm labour. Cochrane Database Syst
Rev (6), Cd004452.

Flenady, V., Wojcieszek, A. M., Papatsonis, D. N., Stock, O. M., Murray, L., Jardine, L. A. and
Carbonne, B. (2014b) Calcium channel blockers for inhibiting preterm labour and birth.
Cochrane Database Syst Rev (6), Cd002255.

Fonseca, E. B., Celik, E., Parra, M., Singh, M. and Nicolaides, K. H. (2007) Progesterone and the
risk of preterm birth among women with a short cervix. N Engl J Med 357 (5), 462-9.

Forbes, K., Hurst, L. M., Aplin, J. D., Westwood, M. and Gibson, J. M. (2008) Statins are
detrimental to human placental development and function; use of statins during early
pregnancy is inadvisable. J Cell Mol Med. Vol. 12. England: 2295-6.

Forbes, K., Shah, V. K., Siddals, K., Gibson, J. M., Aplin, J. D. and Westwood, M. (2015) Statins
inhibit insulin-like growth factor action in first trimester placenta by altering insulin-like
growth factor 1 receptor glycosylation. Mol Hum Reprod 21 (1), 105-14.

Fraunberger, P., Grone, E., Grone, H. J. and Walli, A. K. (2009) Simvastatin reduces endotoxin-
induced nuclear factor kappaB activation and mortality in guinea pigs despite lowering
circulating low-density lipoprotein cholesterol. Shock 32 (2), 159-63.

Fredrickson, D. S., Levy, R. I. and Lees, R. S. (1967) Fat transport in lipoproteins--an integrated
approach to mechanisms and disorders. N Engl J Med 276 (1), 34-42 contd.

Friebe-Hoffmann, U., Baston, D. M., Hoffmann, T. K., Chiao, J. P. and Rauk, P. N. (2007) The
influence of interleukin-1beta on oxytocin signalling in primary cells of human decidua.
Regul Pept 142 (3), 78-85.

Friedrich, O., Reid, M. B., Van den Berghe, G., Vanhorebeek, I., Hermans, G., Rich, M. M. and
Larsson, L. (2015) The Sick and the Weak: Neuropathies/Myopathies in the Critically
I1l. Physiol Rev 95 (3), 1025-1009.

Friesen, J. A. and Rodwell, V. W. (2004) The 3-hydroxy-3-methylglutaryl coenzyme-A (HMG-
CoA) reductases. Genome Biol 5 (11), 248.

Fuchs, A. R., Romero, R., Keefe, D., Parra, M., Oyarzun, E. and Behnke, E. (1991) Oxytocin
secretion and human parturition: pulse frequency and duration increase during
spontaneous labor in women. Am J Obstet Gynecol 165 (5 Pt 1), 1515-23.

Fuchs, F. and Stakemann, G. (1960) Treatment of threatened premature labor with large doses of
progesterone. Am J Obstet Gynecol 79, 172-6.

Galinsky, R., Polglase, G. R., Hooper, S. B., Black, M. J. and Moss, T. J. (2013) The
consequences of chorioamnionitis: preterm birth and effects on development. J
Pregnancy 2013, 412831.

Gao, L., Rabbitt, E. H., Condon, J. C., Renthal, N. E., Johnston, J. M., Mitsche, M. A., Chambon,
P., Xu, J., O'Malley, B. W. and Mendelson, C. R. (2015) Steroid receptor coactivators 1
and 2 mediate fetal-to-maternal signaling that initiates parturition. J Clin Invest 125 (7),
2808-24.

Chapter 7: References 215



The effect of statin treatment on preterm labour

Ghbelcova, H., Rimpelova, S., Ruml, T., Fenclova, M., Kosek, V., Hajslova, J., Strnad, H., Kolar,
M. and Vitek, L. (2017) Variability in statin-induced changes in gene expression profiles
of pancreatic cancer. Sci Rep 7, 44219.

Gibb, H. and Scialli, A. R. (2005) Statin drugs and congenital anomalies. Am J Med Genet A 135
(2), 230-1; author reply 232-4.

Gibb, W. (1998) The role of prostaglandins in human parturition. Ann Med 30 (3), 235-41.

Girard, S., Tremblay, L., Lepage, M. and Sebire, G. (2010) IL-1 receptor antagonist protects
against placental and neurodevelopmental defects induced by maternal inflammation. J
Immunol 184 (7), 3997-4005.

Girardi, G. (2009) Pravastatin prevents miscarriages in antiphospholipid antibody-treated mice. J
Reprod Immunol 82 (2), 126-31.

Gisbert, J. P. and Chaparro, M. (2013) Safety of anti-TNF agents during pregnancy and
breastfeeding in women with inflammatory bowel disease. Am J Gastroenterol 108 (9),
1426-38.

Godfrey, L. M., Erramouspe, J. and Cleveland, K. W. (2012) Teratogenic risk of statins in
pregnancy. Ann Pharmacother 46 (10), 1419-24.

Goldenberg, R. L., Culhane, J. F., lams, J. D. and Romero, R. (2008) Epidemiology and causes of
preterm birth. Lancet 371 (9606), 75-84.

Goldenberg, R. L., Hauth, J. C. and Andrews, W. W. (2000) Intrauterine infection and preterm
delivery. N Engl J Med 342 (20), 1500-7.

Goldstein, J. L. and Brown, M. S. (1977) The low-density lipoprotein pathway and its relation to
atherosclerosis. Annu Rev Biochem 46, 897-930.

Goldstein, J. L. and Brown, M. S. (1990) Regulation of the mevalonate pathway. Nature 343
(6257), 425-30.

Gomez-Lopez, N., Estrada-Gutierrez, G., Jimenez-Zamudio, L., Vega-Sanchez, R. and Vadillo-
Ortega, F. (2009) Fetal membranes exhibit selective leukocyte chemotaxic activity
during human labor. J Reprod Immunol 80 (1-2), 122-31.

Gomez-Lopez, N., Hernandez-Santiago, S., Lobb, A. P., Olson, D. M. and Vadillo-Ortega, F.
(2013a) Normal and premature rupture of fetal membranes at term delivery differ in
regional chemotactic activity and related chemokine/cytokine production. Reprod Sci 20
(3), 276-84.

Gomez-Lopez, N., Romero, R., Plazyo, O., Panaitescu, B., Furcron, A. E., Miller, D., Roumayah,
T., Flom, E. and Hassan, S. S. (2016) Intra-Amniotic Administration of HMGB1 Induces
Spontaneous Preterm Labor and Birth. Am J Reprod Immunol 75 (1), 3-7.

Gomez-Lopez, N., Tanaka, S., Zaeem, Z., Metz, G. A. and Olson, D. M. (2013b) Maternal
circulating leukocytes display early chemotactic responsiveness during late gestation.
BMC Pregnancy Childbirth 13 Suppl 1, S8.

Gomez-Lopez, N., Vadillo-Perez, L., Nessim, S., Olson, D. M. and Vadillo-Ortega, F. (2011)
Choriodecidua and amnion exhibit selective leukocyte chemotaxis during term human
labor. Am J Obstet Gynecol 204 (4), 364.€9-16.

Gonzalez, J. M., Franzke, C. W., Yang, F., Romero, R. and Girardi, G. (2011) Complement
activation triggers metalloproteinases release inducing cervical remodeling and preterm
birth in mice. Am J Pathol 179 (2), 838-49.

Gonzalez, J. M., Pedroni, S. M. and Girardi, G. (2014) Statins prevent cervical remodeling,
myometrial contractions and preterm labor through a mechanism that involves
hemoxygenase-1 and complement inhibition. Mol Hum Reprod 20 (6), 579-89.

Gordon, S. and Taylor, P. R. (2005) Monocyte and macrophage heterogeneity. Nat Rev Immunol
5 (12), 953-64.

Gotsch, F., Romero, R., Kusanovic, J. P., Mazaki-Tovi, S., Pineles, B. L., Erez, O., Espinoza, J.
and Hassan, S. S. (2007) The fetal inflammatory response syndrome. Clin Obstet
Gynecol 50 (3), 652-83.

Goupil, E., Tassy, D., Bourguet, C., Quiniou, C., Wisehart, V., Petrin, D., Le Gouill, C., Devost,
D., Zingg, H. H., Bouvier, M., Saragovi, H. U., Chemtob, S., Lubell, W. D., Claing, A.,
Hebert, T. E. and Laporte, S. A. (2010) A novel biased allosteric compound inhibitor of

Chapter 7: References 216



The effect of statin treatment on preterm labour

parturition selectively impedes the prostaglandin F2alpha-mediated Rho/ROCK
signaling pathway. J Biol Chem 285 (33), 25624-36.

Gravett, M. G., Witkin, S. S., Haluska, G. J., Edwards, J. L., Cook, M. J. and Novy, M. J. (1994)
An experimental model for intraamniotic infection and preterm labor in rhesus monkeys.
Am J Obstet Gynecol 171 (6), 1660-7.

Griesinger, G., Saleh, L., Bauer, S., Husslein, P. and Knofler, M. (2001) Production of pro- and
anti-inflammatory cytokines of human placental trophoblasts in response to pathogenic
bacteria. J Soc Gynecol Investig 8 (6), 334-40.

Grip, O., Janciauskiene, S. and Lindgren, S. (2000) Pravastatin down-regulates inflammatory
mediators in human monocytes in vitro. Eur J Pharmacol 410 (1), 83-92.

Group, S. S. S. (1994) Randomised trial of cholesterol lowering in 4444 patients with coronary
heart disease: the Scandinavian Simvastatin Survival Study (4S). Lancet 344 (8934),
1383-9.

Guijarro, C., Blanco-Colio, L. M., Massy, Z. A., O'Donnell, M. P., Kasiske, B. L., Keane, W. F.
and Egido, J. (1999) Lipophilic statins induce apoptosis of human vascular smooth
muscle cells. Kidney Int Suppl 71, S88-91.

Guo, F., Liu, J. T., Wang, C. J. and Pang, X. M. (2012) Pravastatin inhibits C-reactive protein
generation induced by fibrinogen, fibrin and FDP in isolated rat vascular smooth muscle
cells. Inflamm Res 61 (2), 127-34.

Haas, D. M., Benjamin, T., Sawyer, R. and Quinney, S. K. (2014) Short-term tocolytics for
preterm delivery - current perspectives. Int J Womens Health 6, 343-9.

Haas, D. M., Caldwell, D. M., Kirkpatrick, P., MclIntosh, J. J. and Welton, N. J. (2012) Tocolytic
therapy for preterm delivery: systematic review and network meta-analysis. Bmj 345,
€6226.

Haas, D. M., Imperiale, T. F., Kirkpatrick, P. R., Klein, R. W., Zollinger, T. W. and Golichowski,
A. M. (2009) Tocolytic therapy: a meta-analysis and decision analysis. Obstet Gynecol
113 (3), 585-94.

Haeberle, J. R., Hott, J. W. and Hathaway, D. R. (1985) Regulation of isometric force and
isotonic shortening velocity by phosphorylation of the 20,000 dalton myosin light chain
of rat uterine smooth muscle. Pflugers Arch 403 (2), 215-9.

Hai, C. M. and Murphy, R. A. (1989) Ca2+, crossbridge phosphorylation, and contraction. Annu
Rev Physiol 51, 285-98.

Hall, K. (1956) Maintenance of pregnancy, parturition and rearing of litters in mice
ovariectomized and injected with progesterone, oestradiol and relaxin. J Physiol 134 (2),
17p-8p.

Ham, E. A., Cirillo, V. J., Zanetti, M. E. and Kuehl, F. A., Jr. (1975) Estrogen-directed synthesis
of specific prostaglandins in uterus. Proc Natl Acad Sci U S A 72 (4), 1420-4.

Hamelin, B. A. and Turgeon, J. (1998) Hydrophilicity/lipophilicity: relevance for the
pharmacology and clinical effects of HMG-CoA reductase inhibitors. Trends Pharmacol
Sci 19 (1), 26-37.

Hamill, N., Romero, R., Gotsch, F., Kusanovic, J. P., Edwin, S., Erez, O., Than, N. G., Mittal, P.,
Espinoza, J., Friel, L. A., Vaisbuch, E., Mazaki-Tovi, S. and Hassan, S. S. (2008)
Exodus-1 (CCL20): evidence for the participation of this chemokine in spontaneous
labor at term, preterm labor, and intrauterine infection. J Perinat Med 36 (3), 217-27.

Hamilton, S., Oomomian, Y., Stephen, G., Shynlova, O., Tower, C. L., Garrod, A., Lye, S. J. and
Jones, R. L. (2012) Macrophages infiltrate the human and rat decidua during term and
preterm labor: evidence that decidual inflammation precedes labor. Biol Reprod 86 (2),
39.

Hamilton, S. A., Tower, C. L. and Jones, R. L. (2013) Identification of chemokines associated
with the recruitment of decidual leukocytes in human labour: potential novel targets for
preterm labour. PL0oS One 8 (2), €56946.

Haramburu, F., Daveluy, A. and Miremont-Salame, G. (2015) Statins in pregnancy: new safety
data are reassuring, but suspension of treatment is still advisable. Bmj 350, h1484.

Hardy, D. B., Janowski, B. A., Corey, D. R. and Mendelson, C. R. (2006) Progesterone receptor
plays a major antiinflammatory role in human myometrial cells by antagonism of nuclear

Chapter 7: References 217



The effect of statin treatment on preterm labour

factor-kappaB activation of cyclooxygenase 2 expression. Mol Endocrinol 20 (11),
2724-33.

Harrison, M. S. and Goldenberg, R. L. (2015) Global burden of prematurity. Semin Fetal
Neonatal Med.

Hartling, L., Liang, Y. and Lacaze-Masmonteil, T. (2012) Chorioamnionitis as a risk factor for
bronchopulmonary dysplasia: a systematic review and meta-analysis. Arch Dis Child
Fetal Neonatal Ed 97 (1), F8-f17.

Hartshorne, D. J., Ito, M. and Erdodi, F. (1998) Myosin light chain phosphatase: subunit
composition, interactions and regulation. J Muscle Res Cell Motil 19 (4), 325-41.

Hassan, S. S., Romero, R., Vidyadhari, D., Fusey, S., Baxter, J. K., Khandelwal, M.,
Vijayaraghavan, J., Trivedi, Y., Soma-Pillay, P., Sambarey, P., Dayal, A., Potapov, V.,
O'Brien, J., Astakhov, V., Yuzko, O., Kinzler, W., Dattel, B., Sehdev, H., Mazheika, L.,
Manchulenko, D., Gervasi, M. T., Sullivan, L., Conde-Agudelo, A., Phillips, J. A. and
Creasy, G. W. (2011) Vaginal progesterone reduces the rate of preterm birth in women
with a sonographic short cervix: a multicenter, randomized, double-blind, placebo-
controlled trial. Ultrasound Obstet Gynecol 38 (1), 18-31.

Hatanaka, T. (2000) Clinical pharmacokinetics of pravastatin: mechanisms of pharmacokinetic
events. Clin Pharmacokinet 39 (6), 397-412.

Hawkins, L. D., Christ, W. J. and Rossignol, D. P. (2004) Inhibition of endotoxin response by
synthetic TLR4 antagonists. Curr Top Med Chem 4 (11), 1147-71.

Heng, Y. J., Pennell, C. E., Chua, H. N., Perkins, J. E. and Lye, S. J. (2014) Whole blood gene
expression profile associated with spontaneous preterm birth in women with threatened
preterm labor. PL0oS One 9 (5), e96901.

Hertelendy, F., Romero, R., Molnar, M., Todd, H. and Baldassare, J. J. (1993) Cytokine-initiated
signal transduction in human myometrial cells. Am J Reprod Immunol 30 (2-3), 49-57.

Hilgendorff, A., Muth, H., Parviz, B., Staubitz, A., Haberbosch, W., Tillmanns, H. and
Holschermann, H. (2003) Statins differ in their ability to block NF-kappaB activation in
human blood monocytes. Int J Clin Pharmacol Ther 41 (9), 397-401.

Hinkelmann, U., Grosser, N., Erdmann, K., Schroder, H. and Immenschuh, S. (2010)
Simvastatin-dependent up-regulation of heme oxygenase-1 via mMRNA stabilization in
human endothelial cells. Eur J Pharm Sci 41 (1), 118-24.

Hirsch, E., Filipovich, Y. and Romero, R. (2009) Failure of E. coli bacteria to induce preterm
delivery in the rat. J Negat Results Biomed 8, 1.

Hodgkinson, C. P. and Ye, S. (2008) Statins inhibit toll-like receptor 4-mediated
lipopolysaccharide signaling and cytokine expression. Pharmacogenet Genomics 18 (9),
803-13.

Holmgren, C., Esplin, M. S., Hamblin, S., Molenda, M., Simonsen, S. and Silver, R. (2008)
Evaluation of the use of anti-TNF-alpha in an LPS-induced murine model. J Reprod
Immunol 78 (2), 134-9.

Holmlund, U., Cebers, G., Dahlfors, A. R., Sandstedt, B., Bremme, K., Ekstrom, E. S. and
Scheynius, A. (2002) Expression and regulation of the pattern recognition receptors
Toll-like receptor-2 and Toll-like receptor-4 in the human placenta. Immunology 107 (1),
145-51.

Howson, C. P., Kinney, M. V., McDougall, L. and Lawn, J. E. (2013) Born too soon: preterm
birth matters. Reprod Health 10 Suppl 1, S1.

Hudson, C. A., Heesom, K. J. and Lopez Bernal, A. (2012) Phasic contractions of isolated human
myometrium are associated with Rho-kinase (ROCK)-dependent phosphorylation of
myosin phosphatase-targeting subunit (MYPT1). Mol Hum Reprod 18 (5), 265-79.

Hunter, C. A. and Jones, S. A. (2015) IL-6 as a keystone cytokine in health and disease. Nat
Immunol 16 (5), 448-57.

Hutchings, G., Williams, O., Cretoiu, D. and Ciontea, S. M. (2009) Myometrial interstitial cells
and the coordination of myometrial contractility. J Cell Mol Med 13 (10), 4268-82.

Hutchinson, J. L., Rajagopal, S. P., Yuan, M. and Norman, J. E. (2014) Lipopolysaccharide
promotes contraction of uterine myocytes via activation of Rho/ROCK signaling
pathways. Faseb j 28 (1), 94-105.

Chapter 7: References 218



The effect of statin treatment on preterm labour

Ireland, D. J., Kemp, M. W., Miura, Y., Saito, M., Newnham, J. P. and Keelan, J. A. (2015)
Intra-amniotic pharmacological blockade of inflammatory signalling pathways in an
ovine chorioamnionitis model. Mol Hum Reprod 21 (5), 479-89.

Istvan, E. S. and Deisenhofer, J. (2001) Structural mechanism for statin inhibition of HMG-CoA
reductase. Science 292 (5519), 1160-4.

Ito, T., Ikeda, U., Shimpo, M., Ohki, R., Takahashi, M., Yamamoto, K. and Shimada, K. (2002a)
HMG-CoA reductase inhibitors reduce interleukin-6 synthesis in human vascular smooth
muscle cells. Cardiovasc Drugs Ther 16 (2), 121-6.

Ito, T., Ikeda, U., Yamamoto, K. and Shimada, K. (2002b) Regulation of interleukin-8 expression
by HMG-CoA reductase inhibitors in human vascular smooth muscle cells.
Atherosclerosis 165 (1), 51-5.

Ilwata, A., Shirai, R., Ishii, H., Kushima, H., Otani, S., Hashinaga, K., Umeki, K., Kishi, K.,
Tokimatsu, 1., Hiramatsu, K. and Kadota, J. (2012) Inhibitory effect of statins on
inflammatory cytokine production from human bronchial epithelial cells. Clin Exp
Immunol 168 (2), 234-40.

Jacobson, J. R., Barnard, J. W., Grigoryev, D. N., Ma, S. F., Tuder, R. M. and Garcia, J. G.
(2005) Simvastatin attenuates vascular leak and inflammation in murine inflammatory
lung injury. Am J Physiol Lung Cell Mol Physiol 288 (6), L1026-32.

Jain, M. K. and Ridker, P. M. (2005) Anti-inflammatory effects of statins: clinical evidence and
basic mechanisms. Nat Rev Drug Discov 4 (12), 977-87.

Johnson, J. D., Snyder, C., Walsh, M. and Flynn, M. (1996) Effects of myosin light chain kinase
and peptides on Ca2+ exchange with the N- and C-terminal Ca2+ binding sites of
calmodulin. J Biol Chem 271 (2), 761-7.

Jougasaki, M., Ichiki, T., Takenoshita, Y. and Setoguchi, M. (2010) Statins suppress interleukin-
6-induced monocyte chemo-attractant protein-1 by inhibiting Janus kinase/signal
transducers and activators of transcription pathways in human vascular endothelial cells.
Br J Pharmacol 159 (6), 1294-303.

Juan, S. H., Lee, T. S., Tseng, K. W., Liou, J. Y., Shyue, S. K., Wu, K. K. and Chau, L. Y. (2001)
Adenovirus-mediated heme oxygenase-1 gene transfer inhibits the development of
atherosclerosis in apolipoprotein E-deficient mice. Circulation 104 (13), 1519-25.

Junqueira, L. C., Zugaib, M., Montes, G. S., Toledo, O. M., Krisztan, R. M. and Shigihara, K. M.
(1980) Morphologic and histochemical evidence for the occurrence of collagenolysis and
for the role of neutrophilic polymorphonuclear leukocytes during cervical dilation. Am J
Obstet Gynecol 138 (3), 273-81.

Kalela, A., Laaksonen, R., Lehtimaki, T., Koivu, T. A., Hoyhtya, M., Janatuinen, T., Pollanen,
P., Vesalainen, R., Saikku, P., Knuuti, J. and Nikkari, S. T. (2001) Effect of pravastatin
in mildly hypercholesterolemic young men on serum matrix metalloproteinases. Am J
Cardiol 88 (2), 173-5, a6.

Kalkhoven, E., Wissink, S., van der Saag, P. T. and van der Burg, B. (1996) Negative interaction
between the RelA(p65) subunit of NF-kappaB and the progesterone receptor. J Biol
Chem 271 (11), 6217-24.

Kallapur, S. G., Willet, K. E., Jobe, A. H., Ikegami, M. and Bachurski, C. J. (2001) Intra-
amniotic endotoxin: chorioamnionitis precedes lung maturation in preterm lambs. Am J
Physiol Lung Cell Mol Physiol 280 (3), L527-36.

Kang, S., Woo, H. H., Kim, K, Lim, K. M., Noh, J. Y., Lee, M. Y., Bae, Y. M., Bae, O. N. and
Chung, J. H. (2014) Dysfunction of vascular smooth muscle and vascular remodeling by
simvastatin. Toxicol Sci 138 (2), 446-556.

Kapur, N. K. and Musunuru, K. (2008) Clinical efficacy and safety of statins in managing
cardiovascular risk. Vasc Health Risk Manag 4 (2), 341-53.

Karin, M., Liu, Z. and Zandi, E. (1997) AP-1 function and regulation. Curr Opin Cell Biol 9 (2),
240-6.

Kavalipati, N., Shah, J., Ramakrishan, A. and Vasnawala, H. (2015) Pleiotropic effects of statins.
Indian J Endocrinol Metab 19 (5), 554-62.

Kawahara, S., Hata, Y., Kita, T., Arita, R., Miura, M., Nakao, S., Mochizuki, Y., Enaida, H.,
Kagimoto, T., Goto, Y., Hafezi-Moghadam, A. and Ishibashi, T. (2008) Potent inhibition

Chapter 7: References 219



The effect of statin treatment on preterm labour

of cicatricial contraction in proliferative vitreoretinal diseases by statins. Diabetes 57
(10), 2784-93.

Keelan, J. A., Khan, S., Yosaatmadja, F. and Mitchell, M. D. (2009) Prevention of inflammatory
activation of human gestational membranes in an ex vivo model using a pharmacological
NF-kappaB inhibitor. J Immunol 183 (8), 5270-8.

Keelan, J. A., Marvin, K. W., Sato, T. A., Coleman, M., McCowan, L. M. and Mitchell, M. D.
(1999) Cytokine abundance in placental tissues: evidence of inflammatory activation in
gestational membranes with term and preterm parturition. Am J Obstet Gynecol 181 (6),
1530-6.

Kemp, B., Menon, R., Fortunato, S. J., Winkler, M., Maul, H. and Rath, W. (2002a) Quantitation
and localization of inflammatory cytokines interleukin-6 and interleukin-8 in the lower
uterine segment during cervical dilatation. J Assist Reprod Genet 19 (5), 215-9.

Kemp, B., Winkler, M., Maas, A., Maul, H., Ruck, P., Reineke, T. and Rath, W. (2002b)
Cytokine concentrations in the amniotic fluid during parturition at term: correlation to
lower uterine segment values and to labor. Acta Obstet Gynecol Scand 81 (10), 938-42.

Kemp, M. W. (2014) Preterm birth, intrauterine infection, and fetal inflammation. Front Immunol
5, 574.

Kemp, M. W., Molloy, T. J., Usuda, H., Woodward, E., Miura, Y., Payne, M. S, Ireland, D. J.,
Jobe, A. H., Kallapur, S. G., Stock, S. J., Spiller, O. B., Newnham, J. P. and Saito, M.
(2016) Outside-in? Acute fetal systemic inflammation in very preterm chronically
catheterized sheep fetuses is not driven by cells in the fetal blood. Am J Obstet Gynecol
214 (2), 281.e1-281.e10.

Kenis, I., Tartakover-Matalon, S., Cherepnin, N., Drucker, L., Fishman, A., Pomeranz, M. and
Lishner, M. (2005) Simvastatin has deleterious effects on human first trimester placental
explants. Hum Reprod 20 (10), 2866-72.

Kenyon, S., Boulvain, M. and Neilson, J. P. (2013) Antibiotics for preterm rupture of
membranes. Cochrane Database Syst Rev (12), Cd001058.

Kenyon, S., Pike, K., Jones, D. R., Brocklehurst, P., Marlow, N., Salt, A. and Taylor, D. J.
(2008a) Childhood outcomes after prescription of antibiotics to pregnant women with
preterm rupture of the membranes: 7-year follow-up of the ORACLE I trial. Lancet 372
(9646), 1310-8.

Kenyon, S., Pike, K., Jones, D. R., Brocklehurst, P., Marlow, N., Salt, A. and Taylor, D. J.
(2008b) Childhood outcomes after prescription of antibiotics to pregnant women with
spontaneous preterm labour: 7-year follow-up of the ORACLE Il trial. Lancet 372
(9646), 1319-27.

Kenyon, S. L., Taylor, D. J. and Tarnow-Mordi, W. (2001a) Broad-spectrum antibiotics for
preterm, prelabour rupture of fetal membranes: the ORACLE | randomised trial.
ORACLE Collaborative Group. Lancet 357 (9261), 979-88.

Kenyon, S. L., Taylor, D. J. and Tarnow-Mordi, W. (2001b) Broad-spectrum antibiotics for
spontaneous preterm labour: the ORACLE Il randomised trial. ORACLE Collaborative
Group. Lancet 357 (9261), 989-94.

Khan, R. N., Matharoo-Ball, B., Arulkumaran, S. and Ashford, M. L. (2001) Potassium channels
in the human myometrium. Exp Physiol 86 (2), 255-64.

Khanjani, S., Kandola, M. K., Lindstrom, T. M., Sooranna, S. R., Melchionda, M., Lee, Y. S.,
Terzidou, V., Johnson, M. R. and Bennett, P. R. (2011) NF-kappaB regulates a cassette
of immune/inflammatory genes in human pregnant myometrium at term. J Cell Mol Med
15 (4), 809-24.

Kidera, Y., Tsubaki, M., Yamazoe, Y., Shoji, K., Nakamura, H., Ogaki, M., Satou, T., Itoh, T.,
Isozaki, M., Kaneko, J., Tanimori, Y., Yanae, M. and Nishida, S. (2010) Reduction of
lung metastasis, cell invasion, and adhesion in mouse melanoma by statin-induced
blockade of the Rho/Rho-associated coiled-coil-containing protein kinase pathway. J
Exp Clin Cancer Res 29, 127.

Kim, M. J., Romero, R., Gervasi, M. T., Kim, J. S., Yoo, W., Lee, D. C., Mittal, P., Erez, O.,
Kusanovic, J. P., Hassan, S. S. and Kim, C. J. (2009) Widespread microbial invasion of

Chapter 7: References 220



The effect of statin treatment on preterm labour

the chorioamniotic membranes is a consequence and not a cause of intra-amniotic
infection. Lab Invest 89 (8), 924-36.

Kim, S. H., Macintyre, D. A., Firmino Da Silva, M., Blanks, A. M., Lee, Y. S., Thornton, S.,
Bennett, P. R. and Terzidou, V. (2015) Oxytocin activates NF-kappaB-mediated
inflammatory pathways in human gestational tissues. Mol Cell Endocrinol 403, 64-77.

Kimura, T., Takemura, M., Nomura, S., Nobunaga, T., Kubota, Y., Inoue, T., Hashimoto, K.,
Kumazawa, I., Ito, Y., Ohashi, K., Koyama, M., Azuma, C., Kitamura, Y. and Saji, F.
(1996) Expression of oxytocin receptor in human pregnant myometrium. Endocrinology
137 (2), 780-5.

Kitazawa, T., Kobayashi, S., Horiuti, K., Somlyo, A. V. and Somlyo, A. P. (1989) Receptor-
coupled, permeabilized smooth muscle. Role of the phosphatidylinositol cascade, G-
proteins, and modulation of the contractile response to Ca2+. J Biol Chem 264 (10),
5339-42.

Kleemann, R., Princen, H. M., Emeis, J. J., Jukema, J. W., Fontijn, R. D., Horrevoets, A. J.,
Kooistra, T. and Havekes, L. M. (2003) Rosuvastatin reduces atherosclerosis
development beyond and independent of its plasma cholesterol-lowering effect in
APOE*3-Leiden transgenic mice: evidence for antiinflammatory effects of rosuvastatin.
Circulation 108 (11), 1368-74.

Kota, S. K., Gayatri, K., Jammula, S., Krishna, S. V., Meher, L. K. and Modi, K. D. (2013)
Endocrinology of parturition. Indian J Endocrinol Metab 17 (1), 50-9.

Kramer, B. W., Kramer, S., Ikegami, M. and Jobe, A. H. (2002) Injury, inflammation, and
remodeling in fetal sheep lung after intra-amniotic endotoxin. Am J Physiol Lung Cell
Mol Physiol 283 (2), L452-9.

Kruger, P., Bailey, M., Bellomo, R., Cooper, D. J., Harward, M., Higgins, A., Howe, B., Jones,
D., Joyce, C., Kostner, K., McNeil, J., Nichol, A., Roberts, M. S., Syres, G. and
Venkatesh, B. (2013) A multicenter randomized trial of atorvastatin therapy in intensive
care patients with severe sepsis. Am J Respir Crit Care Med 187 (7), 743-50.

Kruger, P. S., Harward, M. L., Jones, M. A., Joyce, C. J., Kostner, K. M., Roberts, M. S. and
Venkatesh, B. (2011) Continuation of statin therapy in patients with presumed infection:
a randomized controlled trial. Am J Respir Crit Care Med 183 (6), 774-81.

Kuhlmann, C. R., Lessmann, V. and Luhmann, H. J. (2006) Fluvastatin stabilizes the blood-brain
barrier in vitro by nitric oxide-dependent dephosphorylation of myosin light chains.
Neuropharmacology 51 (4), 907-13.

Kumasawa, K., Ikawa, M., Kidoya, H., Hasuwa, H., Saito-Fujita, T., Morioka, Y., Takakura, N.,
Kimura, T. and Okabe, M. (2011) Pravastatin induces placental growth factor (PGF) and
ameliorates preeclampsia in a mouse model. Proc Natl Acad Sci U S A 108 (4), 1451-5.

Kupittayanant, S., Luckas, M. J. and Wray, S. (2002) Effect of inhibiting the sarcoplasmic
reticulum on spontaneous and oxytocin-induced contractions of human myometrium.
Bjog 109 (3), 289-96.

Kureishi, Y., Kobayashi, S., Amano, M., Kimura, K., Kanaide, H., Nakano, T., Kaibuchi, K. and
Ito, M. (1997) Rho-associated kinase directly induces smooth muscle contraction
through myosin light chain phosphorylation. J Biol Chem 272 (19), 12257-60.

Kureishi, Y., Luo, Z., Shiojima, I., Bialik, A., Fulton, D., Lefer, D. J., Sessa, W. C. and Walsh,
K. (2000) The HMG-CoA reductase inhibitor simvastatin activates the protein kinase
Akt and promotes angiogenesis in normocholesterolemic animals. Nat Med 6 (9), 1004-
10.

Kuzuya, M., Cheng, X. W., Sasaki, T., Tamaya-Mori, N. and Iguchi, A. (2004) Pitavastatin, a 3-
hydroxy-3-methylglutaryl-coenzyme A reductase inhibitor, blocks vascular smooth
muscle cell populated-collagen lattice contraction. J Cardiovasc Pharmacol 43 (6), 808-
14.

Kwak, B., Mulhaupt, F., Myit, S. and Mach, F. (2000) Statins as a newly recognized type of
immunomodulator. Nat Med 6 (12), 1399-402.

Kwak, B., Mulhaupt, F., Veillard, N., Pelli, G. and Mach, F. (2001) The HMG-CoA reductase
inhibitor simvastatin inhibits IFN-gamma induced MHC class Il expression in human
vascular endothelial cells. Swiss Med Wkly 131 (3-4), 41-6.

Chapter 7: References 221



The effect of statin treatment on preterm labour

LaMarca, H. L., Dash, P. R., Vishnuthevan, K., Harvey, E., Sullivan, D. E., Morris, C. A. and
Whitley, G. S. (2008) Epidermal growth factor-stimulated extravillous cytotrophoblast
motility is mediated by the activation of PI13-K, Akt and both p38 and p42/44 mitogen-
activated protein kinases. Hum Reprod 23 (8), 1733-41.

Lampi, M. C., Faber, C. J., Huynh, J., Bordeleau, F., Zanotelli, M. R. and Reinhart-King, C. A.
(2016) Simvastatin Ameliorates Matrix Stiffness-Mediated Endothelial Monolayer
Disruption. PLoS One 11 (1), e0147033.

Landmesser, U., Bahlmann, F., Mueller, M., Spiekermann, S., Kirchhoff, N., Schulz, S., Manes,
C., Fischer, D., de Groot, K., Fliser, D., Fauler, G., Marz, W. and Drexler, H. (2005)
Simvastatin versus ezetimibe: pleiotropic and lipid-lowering effects on endothelial
function in humans. Circulation 111 (18), 2356-63.

Lankas, G. R., Cukierski, M. A. and Wise, L. D. (2004) The role of maternal toxicity in
lovastatin-induced developmental toxicity. Birth Defects Res B Dev Reprod Toxicol 71
(3), 111-23.

Lappas, M., Permezel, M. and Rice, G. E. (2003) N-Acetyl-cysteine inhibits phospholipid
metabolism, proinflammatory cytokine release, protease activity, and nuclear factor-
kappaB deoxyribonucleic acid-binding activity in human fetal membranes in vitro. J
Clin Endocrinol Metab 88 (4), 1723-9.

Lappas, M., Permezel, M. and Rice, G. E. (2007) Mitogen-activated protein kinase proteins
regulate LPS-stimulated release of pro-inflammatory cytokines and prostaglandins from
human gestational tissues. Placenta 28 (8-9), 936-45.

Laufs, U. and Liao, J. K. (1998) Post-transcriptional regulation of endothelial nitric oxide
synthase mRNA stability by Rho GTPase. J Biol Chem 273 (37), 24266-71.

Ledingham, M. A., Thomson, A. J., Jordan, F., Young, A., Crawford, M. and Norman, J. E.
(2001) Cell adhesion molecule expression in the cervix and myometrium during
pregnancy and parturition. Obstet Gynecol 97 (2), 235-42.

Lee, O.K,, Ko, Y. C., Kuo, T. K., Chou, S. H., Li, H. J., Chen, W. M., Chen, T. H. and Su, Y.
(2004) Fluvastatin and lovastatin but not pravastatin induce neuroglial differentiation in
human mesenchymal stem cells. J Cell Biochem 93 (5), 917-28.

Lee, Y. H., Shynlova, O. and Lye, S. J. (2015) Stretch-induced human myometrial cytokines
enhance immune cell recruitment via endothelial activation. Cell Mol Immunol 12 (2),
231-42.

Lefkou, E., Mamopoulos, A., Dagklis, T., Vosnakis, C., Rousso, D. and Girardi, G. (2016)
Pravastatin improves pregnancy outcomes in obstetric antiphospholipid syndrome
refractory to antithrombotic therapy. J Clin Invest 126 (8), 2933-40.

Leitner, K., Al Shammary, M., McLane, M., Johnston, M. V., Elovitz, M. A. and Burd, I. (2014)
IL-1 receptor blockade prevents fetal cortical brain injury but not preterm birth in a
mouse model of inflammation-induced preterm birth and perinatal brain injury. Am J
Reprod Immunol 71 (5), 418-26.

Leung, B. P., Sattar, N., Crilly, A., Prach, M., McCarey, D. W., Payne, H., Madhok, R.,
Campbell, C., Gracie, J. A., Liew, F. Y. and Mclnnes, I. B. (2003) A novel anti-
inflammatory role for simvastatin in inflammatory arthritis. J Immunol 170 (3), 1524-30.

Leung, P. O., Wang, S. H., Lu, S. H., Chou, W. H., Shiau, C. Y. and Chou, T. C. (2011)
Simvastatin inhibits pro-inflammatory mediators through induction of heme oxygenase-
1 expression in lipopolysaccharide-stimulated RAW264.7 macrophages. Toxicol Lett
207 (2), 159-66.

Leung, T., Manser, E., Tan, L. and Lim, L. (1995) A novel serine/threonine kinase binding the
Ras-related RhoA GTPase which translocates the kinase to peripheral membranes. J Biol
Chem 270 (49), 29051-4.

Li, J., Ramenaden, E. R., Peng, J., Koito, H., Volpe, J. J. and Rosenberg, P. A. (2008) Tumor
necrosis factor alpha mediates lipopolysaccharide-induced microglial toxicity to
developing oligodendrocytes when astrocytes are present. J Neurosci 28 (20), 5321-30.

Li, L., Kang, J. and Lei, W. (2010) Role of Toll-like receptor 4 in inflammation-induced preterm
delivery. Mol Hum Reprod 16 (4), 267-72.

Chapter 7: References 222



The effect of statin treatment on preterm labour

Liantonio, A., Giannuzzi, V., Cippone, V., Camerino, G. M., Pierno, S. and Camerino, D. C.
(2007) Fluvastatin and atorvastatin affect calcium homeostasis of rat skeletal muscle
fibers in vivo and in vitro by impairing the sarcoplasmic reticulum/mitochondria Ca2+-
release system. J Pharmacol Exp Ther 321 (2), 626-34.

Liao, J. K. and Laufs, U. (2005) Pleiotropic effects of statins. Annu Rev Pharmacol Toxicol 45,
89-118.

Libby, P. (2002) Inflammation in atherosclerosis. Nature 420 (6917), 868-74.

Liggins, G. C. (1968) Premature parturition after infusion of corticotrophin or cortisol into foetal
lambs. J Endocrinol 42 (2), 323-9.

Liggins, G. C. (1969) Premature delivery of foetal lambs infused with glucocorticoids. J
Endocrinol 45 (4), 515-23.

Lilja, J. J., Kivisto, K. T. and Neuvonen, P. J. (1998) Grapefruit juice-simvastatin interaction:
effect on serum concentrations of simvastatin, simvastatin acid, and HMG-CoA
reductase inhibitors. Clin Pharmacol Ther 64 (5), 477-83.

Lim, R. and Lappas, M. (2014) Differential expression of AP-1 proteins in human myometrium
after spontaneous term labour onset. Eur J Obstet Gynecol Reprod Biol 177, 100-5.

Lim, S., Maclintyre, D. A, Lee, Y. S., Khanjani, S., Terzidou, V., Teoh, T. G. and Bennett, P. R.
(2012) Nuclear factor kappa B activation occurs in the amnion prior to labour onset and
modulates the expression of numerous labour associated genes. PLoS One 7 (4), e34707.

Lim, S., Sakuma, 1., Quon, M. J. and Koh, K. K. (2014) Differential metabolic actions of specific
statins: clinical and therapeutic considerations. Antioxid Redox Signal 20 (8), 1286-99.

Lin, H., Mosmann, T. R., Guilbert, L., Tuntipopipat, S. and Wegmann, T. G. (1993) Synthesis of
T helper 2-type cytokines at the maternal-fetal interface. J Immunol 151 (9), 4562-73.

Lindstrom, T. M. and Bennett, P. R. (2005) The role of nuclear factor kappa B in human labour.
Reproduction 130 (5), 569-81.

Loppnow, H., Zhang, L., Buerke, M., Lautenschlager, M., Chen, L., Frister, A., Schlitt, A.,
Luther, T., Song, N., Hofmann, B., Rose-John, S., Silber, R. E., Muller-Werdan, U. and
Werdan, K. (2011) Statins potently reduce the cytokine-mediated IL-6 release in
SMC/MNC cocultures. J Cell Mol Med 15 (4), 994-1004.

Lu, P., Liu, J. and Pang, X. (2015) Pravastatin inhibits fibrinogen- and FDP-induced
inflammatory response via reducing the production of IL-6, TNF-alpha and iNOS in
vascular smooth muscle cells. Mol Med Rep 12 (4), 6145-51.

Luckas, M. J., Taggart, M. J. and Wray, S. (1999) Intracellular calcium stores and agonist-
induced contractions in isolated human myometrium. Am J Obstet Gynecol 181 (2), 468-
76.

Luttgenau, J., Moller, B., Kradolfer, D., Wellnitz, O., Bruckmaier, R. M., Miyamoto, A., Ulbrich,
S. E. and Bollwein, H. (2016) Lipopolysaccharide enhances apoptosis of corpus luteum
in isolated perfused bovine ovaries in vitro. Reproduction 151 (1), 17-28.

Maack, C., Kartes, T., Kilter, H., Schafers, H. J., Nickenig, G., Bohm, M. and Laufs, U. (2003)
Oxygen free radical release in human failing myocardium is associated with increased
activity of rac1-GTPase and represents a target for statin treatment. Circulation 108 (13),
1567-74.

MacGillivray, . and Davey, D. A. (1985) The influence of fetal sex on rupture of the membranes
and preterm labor. Am J Obstet Gynecol. Vol. 153. United States: 814-5.

Maclintyre, D. A., Lee, Y. S., Migale, R., Herbert, B. R., Waddington, S. N., Peebles, D.,
Hagberg, H., Johnson, M. R. and Bennett, P. R. (2014) Activator protein 1 is a key
terminal mediator of inflammation-induced preterm labor in mice. Faseb j 28 (5), 2358-
68.

Mackenzie, R., Walker, M., Armson, A. and Hannah, M. E. (2006) Progesterone for the
prevention of preterm birth among women at increased risk: a systematic review and
meta-analysis of randomized controlled trials. Am J Obstet Gynecol 194 (5), 1234-42.

Mackler, A. M., Ducsay, T. C., Ducsay, C. A. and Yellon, S. M. (2003) Effects of endotoxin and
macrophage-related cytokines on the contractile activity of the gravid murine uterus.
Biol Reprod 69 (4), 1165-9.

Chapter 7: References 223



The effect of statin treatment on preterm labour

Maher, B. M., Dhonnchu, T. N., Burke, J. P., Soo, A., Wood, A. E. and Watson, R. W. (2009)
Statins alter neutrophil migration by modulating cellular Rho activity--a potential
mechanism for statins-mediated pleotropic effects? J Leukoc Biol 85 (1), 186-93.

Makieva, S., Hutchinson, L. J., Rajagopal, S. P., Rinaldi, S. F., Brown, P., Saunders, P. T. and
Norman, J. E. (2016) Androgen-Induced Relaxation of Uterine Myocytes Is Mediated by
Blockade of Both Ca(2+) Flux and MLC Phosphorylation. J Clin Endocrinol Metab 101
(3), 1055-65.

Mangham, L. J., Petrou, S., Doyle, L. W., Draper, E. S. and Marlow, N. (2009) The cost of
preterm birth throughout childhood in England and Wales. Pediatrics 123 (2), e312-27.

Manuck, T. A. (2016) Pharmacogenomics of preterm birth prevention and treatment. Bjog 123
(3), 368-75.

Marlow, N., Wolke, D., Bracewell, M. A. and Samara, M. (2005) Neurologic and developmental
disability at six years of age after extremely preterm birth. N Engl J Med 352 (1), 9-19.

Martinet, W., Schrijvers, D. M., Timmermans, J. P. and Bult, H. (2008) Interactions between cell
death induced by statins and 7-ketocholesterol in rabbit aorta smooth muscle cells. Br J
Pharmacol 154 (6), 1236-46.

Martinez-Gonzalez, J., Alfon, J., Berrozpe, M. and Badimon, L. (2001) HMG-CoA reductase
inhibitors reduce vascular monocyte chemotactic protein-1 expression in early lesions
from hypercholesterolemic swine independently of their effect on plasma cholesterol
levels. Atherosclerosis 159 (1), 27-33.

Matsui, T., Amano, M., Yamamoto, T., Chihara, K., Nakafuku, M., Ito, M., Nakano, T., Okawa,
K., lwamatsu, A. and Kaibuchi, K. (1996) Rho-associated kinase, a novel
serine/threonine kinase, as a putative target for small GTP binding protein Rho. Embo j
15 (9), 2208-16.

Matsunaga, N., Tsuchimori, N., Matsumoto, T. and li, M. (2011) TAK-242 (resatorvid), a small-
molecule inhibitor of Toll-like receptor (TLR) 4 signaling, binds selectively to TLR4
and interferes with interactions between TLR4 and its adaptor molecules. Mol
Pharmacol 79 (1), 34-41.

Mausner-Fainberg, K., Luboshits, G., Mor, A., Maysel-Auslender, S., Rubinstein, A., Keren, G.
and George, J. (2008) The effect of HMG-CoA reductase inhibitors on naturally
occurring CD4+CD25+ T cells. Atherosclerosis 197 (2), 829-39.

McAdams, R. M., Vanderhoeven, J., Beyer, R. P., Bammler, T. K., Farin, F. M., Liggitt, H. D.,
Kapur, R. P., Gravett, M. G., Rubens, C. E. and Adams Waldorf, K. M. (2012)
Choriodecidual infection downregulates angiogenesis and morphogenesis pathways in
fetal lungs from Macaca nemestrina. PLoS One 7 (10), e46863.

McDonnold, M., Tamayo, E., Kechichian, T., Gamble, P., Longo, M., Hankins, G. D., Saade, G.
R. and Costantine, M. M. (2014) The effect of prenatal pravastatin treatment on altered
fetal programming of postnatal growth and metabolic function in a preeclampsia-like
murine model. Am J Obstet Gynecol 210 (6), 542.e1-7.

McGregor, J. A., Leff, M., Orleans, M. and Baron, A. (1992) Fetal gender differences in preterm
birth: findings in a North American cohort. Am J Perinatol 9 (1), 43-8.

McKay, A., Leung, B. P., Mclnnes, I. B., Thomson, N. C. and Liew, F. Y. (2004) A novel anti-
inflammatory role of simvastatin in a murine model of allergic asthma. J Immunol 172
(5), 2903-8.

McKillen, K., Thornton, S. and Taylor, C. W. (1999) Oxytocin increases the [Ca2+]i sensitivity
of human myometrium during the falling phase of phasic contractions. Am J Physiol 276
(2 Pt 1), E345-51.

McLaren, J., Taylor, D. J. and Bell, S. C. (2000) Prostaglandin E(2)-dependent production of
latent matrix metalloproteinase-9 in cultures of human fetal membranes. Mol Hum
Reprod 6 (11), 1033-40.

McNamara, H. C., Crowther, C. A. and Brown, J. (2015) Different treatment regimens of
magnesium sulphate for tocolysis in women in preterm labour. Cochrane Database Syst
Rev (12), Cd011200.

Medzhitov, R. (2008) Origin and physiological roles of inflammation. Nature 454 (7203), 428-
35.

Chapter 7: References 224



The effect of statin treatment on preterm labour

Meis, P. J., Klebanoff, M., Thom, E., Dombrowski, M. P., Sibai, B., Moawad, A. H., Spong, C.
Y., Hauth, J. C., Miodovnik, M., VVarner, M. W., Leveno, K. J., Caritis, S. N., lams, J.
D., Wapner, R. J., Conway, D., O'Sullivan, M. J., Carpenter, M., Mercer, B., Ramin, S.
M., Thorp, J. M., Peaceman, A. M. and Gabbe, S. (2003) Prevention of recurrent preterm
delivery by 17 alpha-hydroxyprogesterone caproate. N Engl J Med 348 (24), 2379-85.

Melgert, B. N., Spaans, F., Borghuis, T., Klok, P. A., Groen, B., Bolt, A., de VVos, P., van
Pampus, M. G., Wong, T. Y., van Goor, H., Bakker, W. W. and Faas, M. M. (2012)
Pregnancy and preeclampsia affect monocyte subsets in humans and rats. PLoS One 7
(9), e45229.

Menter, D. G., Ramsauer, V. P., Harirforoosh, S., Chakraborty, K., Yang, P., Hsi, L., Newman,
R. A. and Krishnan, K. (2011) Differential effects of pravastatin and simvastatin on the
growth of tumor cells from different organ sites. PLoS One 6 (12), e28813.

Menzies, F. M., Khan, A. H., Higgins, C. A., Nelson, S. M. and Nibbs, R. J. (2012) The
chemokine receptor CCR2 is not required for successful initiation of labor in mice. Biol
Reprod 86 (4), 118.

Merlino, A. A., Welsh, T. N., Tan, H., Yi, L. J., Cannon, V., Mercer, B. M. and Mesiano, S.
(2007) Nuclear progesterone receptors in the human pregnancy myometrium: evidence
that parturition involves functional progesterone withdrawal mediated by increased
expression of progesterone receptor-A. J Clin Endocrinol Metab 92 (5), 1927-33.

Merx, M. W., Liehn, E. A., Graf, J., van de Sandt, A., Schaltenbrand, M., Schrader, J., Hanrath,
P. and Weber, C. (2005) Statin treatment after onset of sepsis in a murine model
improves survival. Circulation 112 (1), 117-24.

Merx, M. W., Liehn, E. A., Janssens, U., Lutticken, R., Schrader, J., Hanrath, P. and Weber, C.
(2004) HMG-CoA reductase inhibitor simvastatin profoundly improves survival in a
murine model of sepsis. Circulation 109 (21), 2560-5.

Mesiano, S., Chan, E. C., Fitter, J. T., Kwek, K., Yeo, G. and Smith, R. (2002) Progesterone
withdrawal and estrogen activation in human parturition are coordinated by progesterone
receptor A expression in the myometrium. J Clin Endocrinol Metab 87 (6), 2924-30.

Michaelson, D., Silletti, J., Murphy, G., D'Eustachio, P., Rush, M. and Philips, M. R. (2001)
Differential localization of Rho GTPases in live cells: regulation by hypervariable
regions and RhoGDI binding. J Cell Biol 152 (1), 111-26.

Migale, R., Herbert, B. R., Lee, Y. S., Sykes, L., Waddington, S. N., Peebles, D., Hagberg, H.,
Johnson, M. R., Bennett, P. R. and Maclntyre, D. A. (2015) Specific Lipopolysaccharide
Serotypes Induce Differential Maternal and Neonatal Inflammatory Responses in a
Murine Model of Preterm Labor. Am J Pathol 185 (9), 2390-401.

Migale, R., Maclintyre, D. A., Cacciatore, S., Lee, Y. S., Hagberg, H., Herbert, B. R., Johnson,
M. R., Peebles, D., Waddington, S. N. and Bennett, P. R. (2016) Modeling hormonal and
inflammatory contributions to preterm and term labor using uterine temporal
transcriptomics. BMC Med 14 (1), 86.

Minsker, D. H., MacDonald, J. S., Robertson, R. T. and Bokelman, D. L. (1983) Mevalonate
supplementation in pregnant rats suppresses the teratogenicity of mevinolinic acid, an
inhibitor of 3-hydroxy-3-methylglutaryl-coenzyme a reductase. Teratology 28 (3), 449-
56.

Mitchell, B. F., Aguilar, H. N., Mosher, A., Wood, S. and Slater, D. M. (2013) The uterine
myocyte as a target for prevention of preterm birth. Facts Views Vis Obgyn 5 (1), 72-81.

Mitchell, B. F. and Taggart, M. J. (2009) Are animal models relevant to key aspects of human
parturition? Am J Physiol Regul Integr Comp Physiol 297 (3), R525-45.

Mitchell, J. A. and Lye, S. J. (2002) Differential expression of activator protein-1 transcription
factors in pregnant rat myometrium. Biol Reprod 67 (1), 240-6.

Mohan, A. R., Sooranna, S. R., Lindstrom, T. M., Johnson, M. R. and Bennett, P. R. (2007) The
effect of mechanical stretch on cyclooxygenase type 2 expression and activator protein-1
and nuclear factor-kappaB activity in human amnion cells. Endocrinology 148 (4), 1850-
7.

Chapter 7: References 225



The effect of statin treatment on preterm labour

Mol, M. J., Erkelens, D. W., Leuven, J. A., Schouten, J. A. and Stalenhoef, A. F. (1986) Effects
of synvinolin (MK-733) on plasma lipids in familial hypercholesterolaemia. Lancet 2
(8513), 936-9.

Molnar, M., Romero, R. and Hertelendy, F. (1993) Interleukin-1 and tumor necrosis factor
stimulate arachidonic acid release and phospholipid metabolism in human myometrial
cells. Am J Obstet Gynecol 169 (4), 825-9.

Monga, M., Ku, C. Y., Dodge, K. and Sanborn, B. M. (1996) Oxytocin-stimulated responses in a
pregnant human immortalized myometrial cell line. Biol Reprod 55 (2), 427-32.

Montalbano, A. P., Hawgood, S. and Mendelson, C. R. (2013) Mice deficient in surfactant
protein A (SP-A) and SP-D or in TLR2 manifest delayed parturition and decreased
expression of inflammatory and contractile genes. Endocrinology 154 (1), 483-98.

Moon, S. Y. and Zheng, Y. (2003) Rho GTPase-activating proteins in cell regulation. Trends Cell
Biol 13 (1), 13-22.

Moore, K. W., de Waal Malefyt, R., Coffman, R. L. and O'Garra, A. (2001) Interleukin-10 and
the interleukin-10 receptor. Annu Rev Immunol 19, 683-765.

Moran, C. J., Friel, A. M., Smith, T. J., Cairns, M. and Morrison, J. J. (2002) Expression and
modulation of Rho kinase in human pregnant myometrium. Mol Hum Reprod 8 (2), 196-
200.

Moser, B., Wolf, M., Walz, A. and Loetscher, P. (2004) Chemokines: multiple levels of
leukocyte migration control. Trends Immunol 25 (2), 75-84.

Mraiche, F., Cena, J., Das, D. and Vollrath, B. (2005) Effects of statins on vascular function of
endothelin-1. Br J Pharmacol 144 (5), 715-26.

Murrow, J. R., Sher, S., Ali, S., Uphoff, I., Patel, R., Porkert, M., Le, N. A., Jones, D. and
Quyyumi, A. A. (2012) The differential effect of statins on oxidative stress and
endothelial function: atorvastatin versus pravastatin. J Clin Lipidol 6 (1), 42-9.

Nadeau-Vallee, M., Quiniou, C., Palacios, J., Hou, X., Erfani, A., Madaan, A., Sanchez, M.,
Leimert, K., Boudreault, A., Duhamel, F., Rivera, J. C., Zhu, T., Noueihed, B.,
Robertson, S. A., Ni, X., Olson, D. M., Lubell, W., Girard, S. and Chemtob, S. (2015)
Novel Noncompetitive IL-1 Receptor-Biased Ligand Prevents Infection- and
Inflammation-Induced Preterm Birth. J Immunol 195 (7), 3402-15.

Nagaoka, T., Hein, T. W., Yoshida, A. and Kuo, L. (2007) Simvastatin elicits dilation of isolated
porcine retinal arterioles: role of nitric oxide and mevalonate-rho kinase pathways. Invest
Ophthalmol Vis Sci 48 (2), 825-32.

Nagase, H. and Woessner, J. F., Jr. (1999) Matrix metalloproteinases. J Biol Chem 274 (31),
21491-4.

Nakagawa, O., Fujisawa, K., Ishizaki, T., Saito, Y., Nakao, K. and Narumiya, S. (1996) ROCK-I
and ROCK-11, two isoforms of Rho-associated coiled-coil forming protein
serine/threonine kinase in mice. FEBS Lett 392 (2), 189-93.

Nanovskaya, T. N., Patrikeeva, S. L., Paul, J., Costantine, M. M., Hankins, G. D. and Ahmed, M.
S. (2013) Transplacental transfer and distribution of pravastatin. Am J Obstet Gynecol
209 (4), 373.e1-5.

Nassaji, M., Ghorbani, R. and Afshar, R. K. (2015) The Effect of Statins Use on the Risk and
Outcome of Acute Bacterial Infections in Adult Patients. J Clin Diagn Res 9 (11), Oc09-
12.

Nasu, K., Yuge, A., Tsuno, A. and Narahara, H. (2009) Simvastatin inhibits the proliferation and
the contractility of human endometriotic stromal cells: a promising agent for the
treatment of endometriosis. Fertil Steril 92 (6), 2097-9.

Nath, C. A., Ananth, C. V., Smulian, J. C. and Peltier, M. R. (2010) Can sulfasalazine prevent
infection-mediated pre-term birth in a murine model? Am J Reprod Immunol 63 (2), 144-
9.

Ng, P. Y., Ireland, D. J. and Keelan, J. A. (2015) Drugs to block cytokine signaling for the
prevention and treatment of inflammation-induced preterm birth. Front Immunol 6, 166.

Nielsen, B. W., Bonney, E. A., Pearce, B. D., Donahue, L. R. and Sarkar, I. N. (2016) A Cross-
Species Analysis of Animal Models for the Investigation of Preterm Birth Mechanisms.
Reprod Sci 23 (4), 482-91.

Chapter 7: References 226



The effect of statin treatment on preterm labour

Nielsen, O. H., Loftus, E. V., Jr. and Jess, T. (2013) Safety of TNF-alpha inhibitors during IBD
pregnancy: a systematic review. BMC Med 11, 174.

Nielsen, S. F., Nordestgaard, B. G. and Bojesen, S. E. (2012) Statin use and reduced cancer-
related mortality. N Engl J Med 367 (19), 1792-802.

Niessner, A., Steiner, S., Speidl, W. S., Pleiner, J., Seidinger, D., Maurer, G., Goronzy, J. J.,
Weyand, C. M., Kopp, C. W., Huber, K., Wolzt, M. and Woijta, J. (2006) Simvastatin
suppresses endotoxin-induced upregulation of toll-like receptors 4 and 2 in vivo.
Atherosclerosis 189 (2), 408-13.

Nobes, C. and Marsh, M. (2000) Dendritic cells: new roles for Cdc42 and Rac in antigen uptake?
Curr Biol 10 (20), R739-41.

Noda, M., Yasuda-Fukazawa, C., Moriishi, K., Kato, T., Okuda, T., Kurokawa, K. and Takuwa,
Y. (1995) Involvement of rho in GTP gamma S-induced enhancement of
phosphorylation of 20 kDa myosin light chain in vascular smooth muscle cells:
inhibition of phosphatase activity. FEBS Lett 367 (3), 246-50.

Norman, J. E., Mackenzie, F., Owen, P., Mactier, H., Hanretty, K., Cooper, S., Calder, A., Mires,
G., Danielian, P., Sturgiss, S., MacLennan, G., Tydeman, G., Thornton, S., Martin, B.,
Thornton, J. G., Neilson, J. P. and Norrie, J. (2009) Progesterone for the prevention of
preterm birth in twin pregnancy (STOPPIT): a randomised, double-blind, placebo-
controlled study and meta-analysis. Lancet 373 (9680), 2034-40.

Norman, J. E., Marlow, N., Messow, C. M., Shennan, A., Bennett, P. R., Thornton, S., Robson,
S. C., McConnachie, A., Petrou, S., Sebire, N. J., Lavender, T., Whyte, S. and Norrie, J.
(2016) Vaginal progesterone prophylaxis for preterm birth (the OPPTIMUM study): a
multicentre, randomised, double-blind trial. Lancet.

Norman, M., Ekman, G. and Malmstrom, A. (1993) Prostaglandin E2-induced ripening of the
human cervix involves changes in proteoglycan metabolism. Obstet Gynecol 82 (6),
1013-20.

Nurenberg, G. and Volmer, D. A. (2012) The analytical determination of isoprenoid
intermediates from the mevalonate pathway. Anal Bioanal Chem 402 (2), 671-85.

Nurullahoglu-Atalik, K. E., Oz, M. and Shafiyi, A. (2015) Rosuvastatin-induced responses in calf
cardiac vein. Bratisl Lek Listy 116 (8), 494-8.

O'Brien, J. M., Adair, C. D., Lewis, D. F., Hall, D. R., Defranco, E. A., Fusey, S., Soma-Pillay,
P., Porter, K., How, H., Schackis, R., Eller, D., Trivedi, Y., Vanburen, G., Khandelwal,
M., Trofatter, K., Vidyadhari, D., Vijayaraghavan, J., Weeks, J., Dattel, B., Newton, E.,
Chazotte, C., Valenzuela, G., Calda, P., Bsharat, M. and Creasy, G. W. (2007)
Progesterone vaginal gel for the reduction of recurrent preterm birth: primary results
from a randomized, double-blind, placebo-controlled trial. Ultrasound Obstet Gynecol
30 (5), 687-96.

O'Brien, J. M., Defranco, E. A., Adair, C. D., Lewis, D. F., Hall, D. R., How, H., Bsharat, M. and
Creasy, G. W. (2009) Effect of progesterone on cervical shortening in women at risk for
preterm birth: secondary analysis from a multinational, randomized, double-blind,
placebo-controlled trial. Ultrasound Obstet Gynecol 34 (6), 653-9.

O'Keeffe, A. G., Nazareth, I. and Petersen, I. (2016) Time trends in the prescription of statins for
the primary prevention of cardiovascular disease in the United Kingdom: a cohort study
using The Health Improvement Network primary care data. Clin Epidemiol 8, 123-32.

Odiari, E. A., Mulla, M. J., Sfakianaki, A. K., Paidas, M. J., Stanwood, N. L., Gariepy, A.,
Brosens, J. J., Chamley, L. W. and Abrahams, V. M. (2012) Pravastatin does not prevent
antiphospholipid antibody-mediated changes in human first trimester trophoblast
function. Hum Reprod 27 (10), 2933-40.

Olah, K. S., Vince, G. S., Neilson, J. P., Deniz, G. and Johnson, P. M. (1996) Interleukin-6,
interferon-gamma, interleukin-8, and granulocyte-macrophage colony stimulating factor
levels in human amniotic fluid at term. J Reprod Immunol 32 (1), 89-98.

Olson, R. E. (1998) Discovery of the lipoproteins, their role in fat transport and their significance
as risk factors. J Nutr 128 (2 Suppl), 439s-443s.

Chapter 7: References 227



The effect of statin treatment on preterm labour

Orsino, A., Taylor, C. V. and Lye, S. J. (1996) Connexin-26 and connexin-43 are differentially
expressed and regulated in the rat myometrium throughout late pregnancy and with the
onset of labor. Endocrinology 137 (5), 1545-53.

Osman, I., Young, A., Ledingham, M. A., Thomson, A. J., Jordan, F., Greer, I. A. and Norman, J.
E. (2003) Leukocyte density and pro-inflammatory cytokine expression in human fetal
membranes, decidua, cervix and myometrium before and during labour at term. Mol
Hum Reprod 9 (1), 41-5.

Osmers, R. G., Blaser, J., Kuhn, W. and Tschesche, H. (1995) Interleukin-8 synthesis and the
onset of labor. Obstet Gynecol 86 (2), 223-9.

Oyamada, M., Kimura, H., Oyamada, Y., Miyamoto, A., Ohshika, H. and Mori, M. (1994) The
expression, phosphorylation, and localization of connexin 43 and gap-junctional
intercellular communication during the establishment of a synchronized contraction of
cultured neonatal rat cardiac myocytes. Exp Cell Res 212 (2), 351-8.

Pang, Y., Rodts-Palenik, S., Cai, Z., Bennett, W. A. and Rhodes, P. G. (2005) Suppression of
glial activation is involved in the protection of 1L-10 on maternal E. coli induced
neonatal white matter injury. Brain Res Dev Brain Res 157 (2), 141-9.

Park, J. Y. and Pillinger, M. H. (2007) Interleukin-6 in the pathogenesis of rheumatoid arthritis.
Bull NYU Hosp Jt Dis 65 Suppl 1, S4-10.

Peacock, J. L., Marston, L., Marlow, N., Calvert, S. A. and Greenough, A. (2012) Neonatal and
infant outcome in boys and girls born very prematurely. Pediatr Res 71 (3), 305-10.

Pedroni, S. M., Gonzalez, J. M., Wade, J., Jansen, M. A., Serio, A., Marshall, I., Lennen, R. J.
and Girardi, G. (2014) Complement inhibition and statins prevent fetal brain cortical
abnormalities in a mouse model of preterm birth. Biochim Biophys Acta 1842 (1), 107-
15.

Pehlivanoglu, B., Bayrak, S. and Dogan, M. (2013) A close look at the contraction and relaxation
of the myometrium; the role of calcium. J Turk Ger Gynecol Assoc 14 (4), 230-4.

Pelat, M., Dessy, C., Massion, P., Desager, J. P., Feron, O. and Balligand, J. L. (2003)
Rosuvastatin decreases caveolin-1 and improves nitric oxide-dependent heart rate and
blood pressure variability in apolipoprotein E-/- mice in vivo. Circulation 107 (19),
2480-6.

Pereira, E. C., Bertolami, M. C., Faludi, A. A., Salem, M., Bersch, D. and Abdalla, D. S. (2003)
Effects of simvastatin and L-arginine on vasodilation, nitric oxide metabolites and
endogenous NOS inhibitors in hypercholesterolemic subjects. Free Radic Res 37 (5),
529-36.

Perez-Guerrero, C., Marquez-Martin, A., Herrera, M. D., Marhuenda, E. and Alvarez de
Sotomayor, M. (2005) Regulation of vascular tone from spontaneously hypertensive rats
by the HMG-CoA reductase inhibitor, simvastatin. Pharmacology 74 (4), 209-15.

Peters, M., Muller, A. M. and Rose-John, S. (1998) Interleukin-6 and soluble interleukin-6
receptor: direct stimulation of gp130 and hematopoiesis. Blood 92 (10), 3495-504.

Petersen, E. E., Mitchell, A. A., Carey, J. C., Werler, M. M., Louik, C. and Rasmussen, S. A.
(2008) Maternal exposure to statins and risk for birth defects: a case-series approach. Am
J Med Genet A 146a (20), 2701-5.

Petrocelli, T. and Lye, S. J. (1993) Regulation of transcripts encoding the myometrial gap
junction protein, connexin-43, by estrogen and progesterone. Endocrinology 133 (1),
284-90.

Phaneuf, S., Europe-Finner, G. N., Varney, M., MacKenzie, I. Z., Watson, S. P. and Lopez
Bernal, A. (1993) Oxytocin-stimulated phosphoinositide hydrolysis in human
myometrial cells: involvement of pertussis toxin-sensitive and -insensitive G-proteins. J
Endocrinol 136 (3), 497-509.

Pierno, S., De Luca, A., Liantonio, A., Camerino, C. and Conte Camerino, D. (1999) Effects of
HMG-CoA reductase inhibitors on excitation-contraction coupling of rat skeletal muscle.
Eur J Pharmacol 364 (1), 43-8.

Pinto, R. M., Votta, R. A., Montuori, E. and Baleiron, H. (1964) ACTION OF ESTRADIOL 17-
BETA ON THE ACTIVITY OF THE PREGNANT HUMAN UTERUS. Am J Obstet
Gynecol 88, 759-69.

Chapter 7: References 228



The effect of statin treatment on preterm labour

Pisanti, S., Picardi, P., Ciaglia, E., D'Alessandro, A. and Bifulco, M. (2014) Novel prospects of
statins as therapeutic agents in cancer. Pharmacol Res 88, 84-98.

Planaguma, A., Pfeffer, M. A., Rubin, G., Croze, R., Uddin, M., Serhan, C. N. and Levy, B. D.
(2010) Lovastatin decreases acute mucosal inflammation via 15-epi-lipoxin A4. Mucosal
Immunol 3 (3), 270-9.

Pollard, J. K. and Mitchell, M. D. (1996) Effects of gestational age on prostaglandin production
and its regulation in human myometrial cells. J Matern Fetal Med 5 (2), 93-8.

Poltorak, A., He, X., Smirnova, I., Liu, M. Y., Van Huffel, C., Du, X., Birdwell, D., Alejos, E.,
Silva, M., Galanos, C., Freudenberg, M., Ricciardi-Castagnoli, P., Layton, B. and
Beutler, B. (1998) Defective LPS signaling in C3H/HeJ and C57BL/10ScCr mice:
mutations in TlIr4 gene. Science 282 (5396), 2085-8.

Poore, K. R., Young, I. R., Canny, B. J. and Thorburn, G. D. (1998) Studies on the role of ACTH
in the regulation of adrenal responsiveness and the timing of parturition in the ovine
fetus. J Endocrinol 158 (2), 161-71.

Pope, S. M., Zimmermann, N., Stringer, K. F., Karow, M. L. and Rothenberg, M. E. (2005) The
eotaxin chemokines and CCR3 are fundamental regulators of allergen-induced
pulmonary eosinophilia. J Immunol 175 (8), 5341-50.

Portugal-Cohen, M., Horev, L., Ruffer, C., Schlippe, G., Voss, W., Ma'or, Z., Oron, M., Soroka,
Y., Frusic-Zlotkin, M., Milner, Y. and Kohen, R. (2012) Non-invasive skin biomarkers
quantification of psoriasis and atopic dermatitis: cytokines, antioxidants and psoriatic
skin auto-fluorescence. Biomed Pharmacother 66 (4), 293-9.

Pradelli, D., Soranna, D., Zambon, A., Catapano, A., Mancia, G., La Vecchia, C. and Corrao, G.
(2015) Statins use and the risk of all and subtype hematological malignancies: a meta-
analysis of observational studies. Cancer Med 4 (5), 770-80.

Puetz, S., Lubomirov, L. T. and Pfitzer, G. (2009) Regulation of smooth muscle contraction by
small GTPases. Physiology (Bethesda) 24, 342-56.

Qi, X. F.,, Zheng, L., Lee, K. J., Kim, D. H., Kim, C. S., Cai, D. Q., Wu, Z., Qin, J. W., Yu, Y. H.
and Kim, S. K. (2013) HMG-CoA reductase inhibitors induce apoptosis of lymphoma
cells by promoting ROS generation and regulating Akt, Erk and p38 signals via
suppression of mevalonate pathway. Cell Death Dis 4, e518.

Qin, X., Chua, P. K., Ohira, R. H. and Bryant-Greenwood, G. D. (1997) An autocrine/paracrine
role of human decidual relaxin. I1. Stromelysin-1 (MMP-3) and tissue inhibitor of matrix
metalloproteinase-1 (TIMP-1). Biol Reprod 56 (4), 812-20.

Qiu, Q., Yang, M., Tsang, B. K. and Gruslin, A. (2004) Both mitogen-activated protein kinase
and phosphatidylinositol 3-kinase signalling are required in epidermal growth factor-
induced human trophoblast migration. Mol Hum Reprod 10 (9), 677-84.

Ra, J. E., Lee, J. K. and Kim, H. J. (2011) Simvastatin as a modulator of tissue remodeling
through inhibition of matrix metalloproteinase (MMP) release from human lung
fibroblasts. Tuberc Respir Dis 71, 172-179.

Rahimi, R., Nikfar, S., Rezaie, A. and Abdollahi, M. (2008) Pregnancy outcome in women with
inflammatory bowel disease following exposure to 5-aminosalicylic acid drugs: a meta-
analysis. Reprod Toxicol 25 (2), 271-5.

Rajagopal, S. P., Hutchinson, J. L., Dorward, D. A., Rossi, A. G. and Norman, J. E. (2015)
Crosstalk between monocytes and myometrial smooth muscle in culture generates
synergistic pro-inflammatory cytokine production and enhances myocyte contraction,
with effects opposed by progesterone. Mol Hum Reprod.

Ramkumar, S., Raghunath, A. and Raghunath, S. (2016) Statin Therapy: Review of Safety and
Potential Side Effects. Acta Cardiol Sin 32 (6), 631-639.

Ramma, W. and Ahmed, A. (2014) Therapeutic potential of statins and the induction of heme
oxygenase-1 in preeclampsia. J Reprod Immunol 101-102, 153-60.

Raval, A. D., Thakker, D., Negi, H., Vyas, A., Kaur, H. and Salkini, M. W. (2016) Association
between statins and clinical outcomes among men with prostate cancer: a systematic
review and meta-analysis. Prostate Cancer Prostatic Dis 19 (2), 151-62.

Chapter 7: References 229



The effect of statin treatment on preterm labour

Reddi, B. A., Beltrame, J. F., Young, R. L. and Wilson, D. P. (2015) Calcium desensitisation in
late polymicrobial sepsis is associated with loss of vasopressor sensitivity in a murine
model. Intensive Care Med Exp 3 (1), 36.

Redecha, P., Franzke, C. W., Ruf, W., Mackman, N. and Girardi, G. (2008) Neutrophil activation
by the tissue factor/Factor VIla/PAR?2 axis mediates fetal death in a mouse model of
antiphospholipid syndrome. J Clin Invest 118 (10), 3453-61.

Redecha, P., van Rooijen, N., Torry, D. and Girardi, G. (2009) Pravastatin prevents miscarriages
in mice: role of tissue factor in placental and fetal injury. Blood 113 (17), 4101-9.

Reinebrant, H. E., Pileggi-Castro, C., Romero, C. L., Dos Santos, R. A., Kumar, S., Souza, J. P.
and Flenady, V. (2015) Cyclo-oxygenase (COX) inhibitors for treating preterm labour.
Cochrane Database Syst Rev (6), Cd001992.

Reinl, E. L. and England, S. K. (2015) Fetal-to-maternal signaling to initiate parturition. J Clin
Invest 125 (7), 2569-71.

Rezaie-Majd, A., Maca, T., Bucek, R. A., Valent, P., Muller, M. R., Husslein, P., Kashanipour,
A., Minar, E. and Baghestanian, M. (2002) Simvastatin reduces expression of cytokines
interleukin-6, interleukin-8, and monocyte chemoattractant protein-1 in circulating
monocytes from hypercholesterolemic patients. Arterioscler Thromb Vasc Biol 22 (7),
1194-9.

Ridker, P. M., Danielson, E., Fonseca, F. A., Genest, J., Gotto, A. M., Jr., Kastelein, J. J.,
Koenig, W., Libby, P., Lorenzatti, A. J., MacFadyen, J. G., Nordestgaard, B. G.,
Shepherd, J., Willerson, J. T. and Glynn, R. J. (2008) Rosuvastatin to prevent vascular
events in men and women with elevated C-reactive protein. N Engl J Med 359 (21),
2195-207.

Riley, S. C., Leask, R., Denison, F. C., Wisely, K., Calder, A. A. and Howe, D. C. (1999)
Secretion of tissue inhibitors of matrix metalloproteinases by human fetal membranes,
decidua and placenta at parturition. J Endocrinol 162 (3), 351-9.

Rinaldi, S. F., Catalano, R. D., Wade, J., Rossi, A. G. and Norman, J. E. (2014) Decidual
neutrophil infiltration is not required for preterm birth in a mouse model of infection-
induced preterm labor. J Immunol 192 (5), 2315-25.

Rinaldi, S. F., Catalano, R. D., Wade, J., Rossi, A. G. and Norman, J. E. (2015a) 15-epi-lipoxin
A4 reduces the mortality of prematurely born pups in a mouse model of infection-
induced preterm birth. Mol Hum Reprod 21 (4), 359-68.

Rinaldi, S. F., Hutchinson, J. L., Rossi, A. G. and Norman, J. E. (2011) Anti-inflammatory
mediators as physiological and pharmacological regulators of parturition. Expert Rev
Clin Immunol 7 (5), 675-96.

Rinaldi, S. F., Makieva, S., Frew, L., Wade, J., Thomson, A. J., Moran, C. M., Norman, J. E. and
Stock, S. J. (2015b) Ultrasound-guided intrauterine injection of lipopolysaccharide as a
novel model of preterm birth in the mouse. Am J Pathol 185 (5), 1201-6.

Rivera, D. L., Olister, S. M., Liu, X., Thompson, J. H., Zhang, X. J., Pennline, K., Azuero, R.,
Clark, D. A. and Miller, M. J. (1998) Interleukin-10 attenuates experimental fetal growth
restriction and demise. Faseb j 12 (2), 189-97.

RnDSystems  https://www.rndsystems.com/resources/technical/duoset-elisa-development-
systems-assay-principle Accessed 2nd July.

Robertson, S. A., Skinner, R. J. and Care, A. S. (2006) Essential role for IL-10 in resistance to
lipopolysaccharide-induced preterm labor in mice. J Immunol 177 (7), 4888-96.

Rode, L., Klein, K., Nicolaides, K. H., Krampl-Bettelheim, E. and Tabor, A. (2011) Prevention
of preterm delivery in twin gestations (PREDICT): a multicenter, randomized, placebo-
controlled trial on the effect of vaginal micronized progesterone. Ultrasound Obstet
Gynecol 38 (3), 272-80.

Rode, L., Langhoff-Roos, J., Andersson, C., Dinesen, J., Hammerum, M. S., Mohapeloa, H. and
Tabor, A. (2009) Systematic review of progesterone for the prevention of preterm birth
in singleton pregnancies. Acta Obstet Gynecol Scand 88 (11), 1180-9.

Rodriguez-Perea, A. L., Montoya, C. J., Olek, S., Chougnet, C. A. and Velilla, P. A. (2015)
Statins increase the frequency of circulating CD4+ FOXP3+ regulatory T cells in healthy
individuals. J Immunol Res 2015, 762506.

Chapter 7: References 230


https://www.rndsystems.com/resources/technical/duoset-elisa-development-systems-assay-principle
https://www.rndsystems.com/resources/technical/duoset-elisa-development-systems-assay-principle

The effect of statin treatment on preterm labour

Rodts-Palenik, S., Wyatt-Ashmead, J., Pang, Y., Thigpen, B., Cai, Z., Rhodes, P., Martin, J. N.,
Granger, J. and Bennett, W. A. (2004) Maternal infection-induced white matter injury is
reduced by treatment with interleukin-10. Am J Obstet Gynecol 191 (4), 1387-92.

Roh, C. R., Oh, W. J., Yoon, B. K. and Lee, J. H. (2000) Up-regulation of matrix
metalloproteinase-9 in human myometrium during labour: a cytokine-mediated process
in uterine smooth muscle cells. Mol Hum Reprod 6 (1), 96-102.

Romero, R., Ceska, M., Avila, C., Mazor, M., Behnke, E. and Lindley, I. (1991) Neutrophil
attractant/activating peptide-1/interleukin-8 in term and preterm parturition. Am J Obstet
Gynecol 165 (4 Pt 1), 813-20.

Romero, R., Dey, S. K. and Fisher, S. J. (2014) Preterm labor: one syndrome, many causes.
Science 345 (6198), 760-5.

Romero, R., Mazor, M., Munoz, H., Gomez, R., Galasso, M. and Sherer, D. M. (1994) The
preterm labor syndrome. Ann N Y Acad Sci 734, 414-29.

Romero, R., Nicolaides, K., Conde-Agudelo, A., Tabor, A., O'Brien, J. M., Cetingoz, E., Da
Fonseca, E., Creasy, G. W., Klein, K., Rode, L., Soma-Pillay, P., Fusey, S., Cam, C.,
Alfirevic, Z. and Hassan, S. S. (2012) Vaginal progesterone in women with an
asymptomatic sonographic short cervix in the midtrimester decreases preterm delivery
and neonatal morbidity: a systematic review and metaanalysis of individual patient data.
Am J Obstet Gynecol 206 (2), 124.e1-19.

Romero, R., Parvizi, S. T., Oyarzun, E., Mazor, M., Wu, Y. K., Avila, C., Athanassiadis, A. P.
and Mitchell, M. D. (1990) Amniotic fluid interleukin-1 in spontaneous labor at term. J
Reprod Med 35 (3), 235-8.

Romero, R. and Tartakovsky, B. (1992) The natural interleukin-1 receptor antagonist prevents
interleukin-1-induced preterm delivery in mice. Am J Obstet Gynecol 167 (4 Pt 1), 1041-
5.

Rosa, J. S., Flores, R. L., Oliver, S. R., Pontello, A. M., Zaldivar, F. P. and Galassetti, P. R.
(2008) Sustained IL-1alpha, IL-4, and IL-6 elevations following correction of
hyperglycemia in children with type 1 diabetes mellitus. Pediatr Diabetes 9 (1), 9-16.

Rossoni, L. V., Wareing, M., Wenceslau, C. F., Al-Abri, M., Cobb, C. and Austin, C. (2011)
Acute simvastatin increases endothelial nitric oxide synthase phosphorylation via AMP-
activated protein kinase and reduces contractility of isolated rat mesenteric resistance
arteries. Clin Sci (Lond) 121 (10), 449-58.

Rubens, C. E., Sadovsky, Y., Muglia, L., Gravett, M. G., Lackritz, E. and Gravett, C. (2014)
Prevention of preterm birth: harnessing science to address the global epidemic. Sci
Transl Med 6 (262), 262sr5.

Sadowsky, D. W., Adams, K. M., Gravett, M. G., Witkin, S. S. and Novy, M. J. (2006) Preterm
labor is induced by intraamniotic infusions of interleukin-1beta and tumor necrosis
factor-alpha but not by interleukin-6 or interleukin-8 in a nonhuman primate model. Am
J Obstet Gynecol 195 (6), 1578-89.

Sadowsky, D. W., Novy, M. J., Witkin, S. S. and Gravett, M. G. (2003) Dexamethasone or
interleukin-10 blocks interleukin-1beta-induced uterine contractions in pregnant rhesus
monkeys. Am J Obstet Gynecol 188 (1), 252-63.

Saito, S., Kasahara, T., Kato, Y., Ishihara, Y. and Ichijo, M. (1993) Elevation of amniotic fluid
interleukin 6 (IL-6), IL-8 and granulocyte colony stimulating factor (G-CSF) in term and
preterm parturition. Cytokine 5 (1), 81-8.

Sakellakis, M., Akinosoglou, K., Kostaki, A., Spyropoulou, D. and Koutras, A. (2016) Statins
and risk of breast cancer recurrence. Breast Cancer (Dove Med Press) 8, 199-205.

Salminen, A., Paananen, R., Vuolteenaho, R., Metsola, J., Ojaniemi, M., Autio-Harmainen, H.
and Hallman, M. (2008) Maternal endotoxin-induced preterm birth in mice: fetal
responses in toll-like receptors, collectins, and cytokines. Pediatr Res 63 (3), 280-6.

Samizo, K., Okagaki, T. and Kohama, K. (1999) Inhibitory effect of phosphorylated myosin light
chain kinase on the ATP-dependent actin-myosin interaction. Biochem Biophys Res
Commun 261 (1), 95-9.

Chapter 7: References 231



The effect of statin treatment on preterm labour

Sanborn, B. M., Dodge, K., Monga, M., Qian, A., Wang, W. and Yue, C. (1998) Molecular
mechanisms regulating the effects of oxytocin on myometrial intracellular calcium. Adv
Exp Med Biol 449, 277-86.

Schaafsma, D., Bos, I. S., Zuidhof, A. B., Zaagsma, J. and Meurs, H. (2008) The inhaled Rho
kinase inhibitor Y-27632 protects against allergen-induced acute bronchoconstriction,
airway hyperresponsiveness, and inflammation. Am J Physiol Lung Cell Mol Physiol 295
(1), L214-9.

Schachter, M. (2005) Chemical, pharmacokinetic and pharmacodynamic properties of statins: an
update. Fundam Clin Pharmacol 19 (1), 117-25.

Scheller, J., Chalaris, A., Schmidt-Arras, D. and Rose-John, S. (2011) The pro- and anti-
inflammatory properties of the cytokine interleukin-6. Biochim Biophys Acta 1813 (5),
878-88.

Schonbeck, U. and Libby, P. (2004) Inflammation, immunity, and HMG-CoA reductase
inhibitors: statins as antiinflammatory agents? Circulation 109 (21 Suppl 1), 1i18-26.

Schonbeck, U., Mach, F. and Libby, P. (1998) Generation of biologically active IL-1 beta by
matrix metalloproteinases: a novel caspase-1-independent pathway of IL-1 beta
processing. J Immunol 161 (7), 3340-6.

Seliga-Siwecka, J. P. and Kornacka, M. K. (2013) Neonatal outcome of preterm infants born to
mothers with abnormal genital tract colonisation and chorioamnionitis: a cohort study.
Early Hum Dev 89 (5), 271-5.

Shahin, A. Y., Hassanin, I. M., Ismail, A. M., Kruessel, J. S. and Hirchenhain, J. (2009) Effect of
oral N-acetyl cysteine on recurrent preterm labor following treatment for bacterial
vaginosis. Int J Gynaecol Obstet 104 (1), 44-8.

Sharyo, S., Yokota-lkeda, N., Mori, M., Kumagai, K., Uchida, K., Ito, K., Burne-Taney, M. J.,
Rabb, H. and lkeda, M. (2008) Pravastatin improves renal ischemia-reperfusion injury
by inhibiting the mevalonate pathway. Kidney Int 74 (5), 577-84.

Shaulian, E. and Karin, M. (2002) AP-1 as a regulator of cell life and death. Nat Cell Biol 4 (5),
E131-6.

Shepherd, J., Cobbe, S. M., Ford, I., Isles, C. G., Lorimer, A. R., MacFarlane, P. W., McKillop, J.
H. and Packard, C. J. (1995) Prevention of coronary heart disease with pravastatin in
men with hypercholesterolemia. West of Scotland Coronary Prevention Study Group. N
Engl J Med 333 (20), 1301-7.

Shmygol, A., Noble, K. and Wray, S. (2007) Depletion of membrane cholesterol eliminates the
Ca2+-activated component of outward potassium current and decreases membrane
capacitance in rat uterine myocytes. J Physiol 581 (Pt 2), 445-56.

Shojo, H. and Kaneko, Y. (2001) Oxytocin-induced phosphorylation of myosin light chain is
mediated by extracellular calcium influx in pregnant rat myometrium. J Mol Recognit 14
(6), 401-5.

Shouval, D. S., Ouahed, J., Biswas, A., Goettel, J. A., Horwitz, B. H., Klein, C., Muise, A. M.
and Snapper, S. B. (2014) Interleukin 10 receptor signaling: master regulator of
intestinal mucosal homeostasis in mice and humans. Adv Immunol 122, 177-210.

Shrestha, P., Poudel, D. R., Pathak, R., Ghimire, S., Dhital, R., Aryal, M. R., Mahmood, M. and
Karmacharya, P. (2016) Effect of Statins on the Mortality of Bacteremic Patients: A
Systematic Review and Meta-analysis of Clinical Trials. N Am J Med Sci 8 (6), 250-1.

Shyamsundar, M., McKeown, S. T., O'Kane, C. M., Craig, T. R., Brown, V., Thickett, D. R.,
Matthay, M. A., Taggart, C. C., Backman, J. T., Elborn, J. S. and McAuley, D. F. (2009)
Simvastatin decreases lipopolysaccharide-induced pulmonary inflammation in healthy
volunteers. Am J Respir Crit Care Med 179 (12), 1107-14.

Shynlova, O., Dorogin, A., Li, Y. and Lye, S. (2014) Inhibition of infection-mediated preterm
birth by administration of broad spectrum chemokine inhibitor in mice. J Cell Mol Med
18 (9), 1816-1829.

Shynlova, O., Nedd-Roderique, T., Li, Y., Dorogin, A. and Lye, S. J. (2013) Myometrial immune
cells contribute to term parturition, preterm labour and post-partum involution in mice. J
Cell Mol Med 17 (1), 90-102.

Chapter 7: References 232



The effect of statin treatment on preterm labour

Shynlova, O., Tsui, P., Dorogin, A. and Lye, S. J. (2008) Monocyte chemoattractant protein-1
(CCL-2) integrates mechanical and endocrine signals that mediate term and preterm
labor. J Immunol 181 (2), 1470-9.

Shynlova, O. P., Oldenhof, A. D., Liu, M., Langille, L. and Lye, S. J. (2002) Regulation of c-fos
expression by static stretch in rat myometrial smooth muscle cells. Am J Obstet Gynecol
186 (6), 1358-65.

Simmons, D. L., Botting, R. M. and Hla, T. (2004) Cyclooxygenase isozymes: the biology of
prostaglandin synthesis and inhibition. Pharmacol Rev 56 (3), 387-437.

Sindermann, J. R., Fan, L., Weigel, K. A., Troyer, D., Muller, J. G., Schmidt, A., March, K. L.
and Breithardt, G. (2000) Differences in the effects of HMG-CoA reductase inhibitors on
proliferation and viability of smooth muscle cells in culture. Atherosclerosis 150 (2),
331-41.

Sirtori, C. R. (2014) The pharmacology of statins. Pharmacol Res 88, 3-11.

Slater, D., Dennes, W., Sawdy, R., Allport, V. and Bennett, P. (1999a) Expression of cyclo-
oxygenase types-1 and -2 in human fetal membranes throughout pregnancy. J Mol
Endocrinol 22 (2), 125-30.

Slater, D. M., Dennes, W. J., Campa, J. S., Poston, L. and Bennett, P. R. (1999b) Expression of
cyclo-oxygenase types-1 and -2 in human myometrium throughout pregnancy. Mol Hum
Reprod 5 (9), 880-4.

Smith, R. D., Babiychuk, E. B., Noble, K., Draeger, A. and Wray, S. (2005) Increased cholesterol
decreases uterine activity: functional effects of cholesterol alteration in pregnant rat
myometrium. Am J Physiol Cell Physiol 288 (5), C982-8.

Sohl, G. and Willecke, K. (2004) Gap junctions and the connexin protein family. Cardiovasc Res
62 (2), 228-32.

Sokalska, A., Wong, D. H., Cress, A., Piotrowski, P. C., Rzepczynska, 1., Villanueva, J. and
Duleba, A. J. (2010) Simvastatin induces apoptosis and alters cytoskeleton in
endometrial stromal cells. J Clin Endocrinol Metab. 95 (7), 3453-9.

Solheim, S., Seljeflot, I., Arnesen, H., Eritsland, J. and Eikvar, L. (2001) Reduced levels of TNF
alpha in hypercholesterolemic individuals after treatment with pravastatin for 8 weeks.
Atherosclerosis 157 (2), 411-5.

Soloff, M. S,, Jeng, Y. J., Izban, M. G,, Sinha, M., Luxon, B. A., Stamnes, S. J. and England, S.
K. (2011) Effects of progesterone treatment on expression of genes involved in uterine
quiescence. Reprod Sci 18 (8), 781-97.

Solt, L. A., Madge, L. A. and May, M. J. (2009) NEMO-binding domains of both IKKalpha and
IKKDbeta regulate IkappaB kinase complex assembly and classical NF-kappaB activation.
J Biol Chem 284 (40), 27596-608.

Somlyo, A. P. and Somlyo, A. V. (1994) Signal transduction and regulation in smooth muscle.
Nature 372 (6503), 231-6.

Sommeijer, D. W., MacGillavry, M. R., Meijers, J. C., Van Zanten, A. P., Reitsma, P. H. and Ten
Cate, H. (2004) Anti-inflammatory and anticoagulant effects of pravastatin in patients
with type 2 diabetes. Diabetes Care 27 (2), 468-73.

Sonmez Uydes-Dogan, B., Topal, G., Takir, S., llkay Alp, F., Kaleli, D. and Ozdemir, O. (2005)
Relaxant effects of pravastatin, atorvastatin and cerivastatin on isolated rat aortic rings.
Life Sci 76 (15), 1771-86.

Statt, S., Ruan, J. W., Hung, L. Y., Chang, C. Y., Huang, C. T., Lim, J. H., Li, J. D., Wu, R. and
Kao, C. Y. (2015) Statin-conferred enhanced cellular resistance against bacterial pore-
forming toxins in airway epithelial cells. Am J Respir Cell Mol Biol 53 (5), 689-702.

Stinson, L. F., Ireland, D. J., Kemp, M. W., Payne, M. S., Stock, S. J., Newnham, J. P. and
Keelan, J. A. (2014) Effects of cytokine-suppressive anti-inflammatory drugs on
inflammatory activation in ex vivo human and ovine fetal membranes. Reproduction 147
(3), 313-20.

Stock, S. J., Patey, O., Thilaganathan, B., White, S., Furfaro, L. L., Payne, M. S., Spiller, O. B.,
No, A., Watts, R., Carter, S., Ireland, D. J., Jobe, A. H. and Newnham, J. P. K., Matthew
W. (2016) Intrauterine Candida albicans infection causes systemic fetal candidiasis with

Chapter 7: References 233



The effect of statin treatment on preterm labour

progressive cardiac dysfunction in a sheep model of early pregnancy. Reproductive
Sciences (Accepted).

Sullivan, M. H., Alvi, S. A., Brown, N. L., Elder, M. G. and Bennett, P. R. (2002) The effects of
a cytokine suppressive anti-inflammatory drug on the output of prostaglandin E(2) and
interleukin-1 beta from human fetal membranes. Mol Hum Reprod 8 (3), 281-5.

Sykes, L., Maclntyre, D. A, Teoh, T. G. and Bennett, P. R. (2014) Anti-inflammatory
prostaglandins for the prevention of preterm labour. Reproduction 148 (2), R29-40.

Tahara, M., Kawagishi, R., Sawada, K., Morishige, K., Sakata, M., Tasaka, K. and Murata, Y.
(2005) Tocolytic effect of a Rho-kinase inhibitor in a mouse model of
lipopolysaccharide-induced preterm delivery. Am J Obstet Gynecol 192 (3), 903-8.

Takemoto, M., Node, K., Nakagami, H., Liao, Y., Grimm, M., Takemoto, Y., Kitakaze, M. and
Liao, J. K. (2001) Statins as antioxidant therapy for preventing cardiac myocyte
hypertrophy. J Clin Invest 108 (10), 1429-37.

Tanaka, S., Sakamoto, K., Yamamoto, M., Mizuno, A., Ono, T., Waguri, S. and Kimura, J.
(2010) Mechanism of statin-induced contractile dysfunction in rat cultured skeletal
myofibers. J Pharmacol Sci 114 (4), 454-63.

Tartakover-Matalon, S., Cherepnin, N., Kuchuk, M., Drucker, L., Kenis, I., Fishman, A.,
Pomeranz, M. and Lishner, M. (2007) Impaired migration of trophoblast cells caused by
simvastatin is associated with decreased membrane IGF-1 receptor, MMP?2 activity and
HSP27 expression. Hum Reprod 22 (4), 1161-7.

Taylor, S. J., Chae, H. Z., Rhee, S. G. and Exton, J. H. (1991) Activation of the beta 1 isozyme of
phospholipase C by alpha subunits of the Gq class of G proteins. Nature 350 (6318),
516-8.

Terrone, D. A, Rinehart, B. K., Granger, J. P., Barrilleaux, P. S., Martin, J. N., Jr. and Bennett,
W. A. (2001) Interleukin-10 administration and bacterial endotoxin-induced preterm
birth in a rat model. Obstet Gynecol 98 (3), 476-80.

Thallinger, C., Urbauer, E., Lackner, E., Graselli, U., Kostner, K., Wolzt, M. and Joukhadar, C.
(2005) The ability of statins to protect low density lipoprotein from oxidation in
hypercholesterolemic patients. Int J Clin Pharmacol Ther 43 (12), 551-7.

Thomson, A. J., Telfer, J. F., Young, A., Campbell, S., Stewart, C. J., Cameron, I. T., Greer, I. A.
and Norman, J. E. (1999) Leukocytes infiltrate the myometrium during human
parturition: further evidence that labour is an inflammatory process. Hum Reprod 14 (1),
229-36.

Tilg, H., Dinarello, C. A. and Mier, J. W. (1997) IL-6 and APPs: anti-inflammatory and
immunosuppressive mediators. Immunol Today 18 (9), 428-32.

Timmons, B. C. and Mahendroo, M. S. (2006) Timing of neutrophil activation and expression of
proinflammatory markers do not support a role for neutrophils in cervical ripening in the
mouse. Biol Reprod 74 (2), 236-45.

Tobert, J. A, Bell, G. D., Birtwell, J., James, I., Kukovetz, W. R., Pryor, J. S., Buntinx, A.,
Holmes, I. B., Chao, Y. S. and Bolognese, J. A. (1982) Cholesterol-lowering effect of
mevinolin, an inhibitor of 3-hydroxy-3-methylglutaryl-coenzyme a reductase, in healthy
volunteers. J Clin Invest 69 (4), 913-9.

Tralhao, A. F., Ces de Souza-Dantas, V., Salluh, J. I. and Povoa, P. M. (2014) Impact of statins in
outcomes of septic patients: a systematic review. Postgrad Med 126 (7), 45-58.

Tribe, R. M., Moriarty, P., Dalrymple, A., Hassoni, A. A. and Poston, L. (2003) Interleukin-1beta
induces calcium transients and enhances basal and store operated calcium entry in
human myometrial smooth muscle. Biol Reprod 68 (5), 1842-9.

Tsatas, D., Baker, M. S. and Rice, G. E. (1999) Differential expression of proteases in human
gestational tissues before, during and after spontaneous-onset labour at term. J Reprod
Fertil 116 (1), 43-9.

Turner, M. D., Nedjai, B., Hurst, T. and Pennington, D. J. (2014) Cytokines and chemokines: At
the crossroads of cell signalling and inflammatory disease. Biochim Biophys Acta 1843
(11), 2563-2582.

Uehata, M., Ishizaki, T., Satoh, H., Ono, T., Kawahara, T., Morishita, T., Tamakawa, H.,
Yamagami, K., Inui, J., Maekawa, M. and Narumiya, S. (1997) Calcium sensitization of

Chapter 7: References 234



The effect of statin treatment on preterm labour

smooth muscle mediated by a Rho-associated protein kinase in hypertension. Nature 389
(6654), 990-4.

Ulug, U., Goldman, S., Ben-Shlomo, I. and Shalev, E. (2001) Matrix metalloproteinase (MMP)-2
and MMP-9 and their inhibitor, TIMP-1, in human term decidua and fetal membranes:
the effect of prostaglandin F(2alpha) and indomethacin. Mol Hum Reprod 7 (12), 1187-
93.

Vaillancourt, C., Lanoix, D., Le Bellego, F., Daoud, G. and Lafond, J. (2009) Involvement of
MAPK signalling in human villous trophoblast differentiation. Mini Rev Med Chem 9
(8), 962-73.

Vallianou, N. G., Kostantinou, A., Kougias, M. and Kazazis, C. (2014) Statins and cancer.
Anticancer Agents Med Chem 14 (5), 706-12.

Van Aelst, L. and D'Souza-Schorey, C. (1997) Rho GTPases and signaling networks. Genes Dev
11 (18), 2295-322.

van den Hoek, H. L., Bos, W. J., de Boer, A. and van de Garde, E. M. (2011) Statins and
prevention of infections: systematic review and meta-analysis of data from large
randomised placebo controlled trials. Bmj 343, d7281.

van Meir, C. A., Matthews, S. G., Keirse, M. J., Ramirez, M. M., Bocking, A. and Challis, J. R.
(1997) 15-hydroxyprostaglandin dehydrogenase: implications in preterm labor with and
without ascending infection. J Clin Endocrinol Metab 82 (3), 969-76.

Van Wart, H. E. and Birkedal-Hansen, H. (1990) The cysteine switch: a principle of regulation of
metalloproteinase activity with potential applicability to the entire matrix
metalloproteinase gene family. Proc Natl Acad Sci U S A 87 (14), 5578-82.

Vandermeer, M. L., Thomas, A. R., Kamimoto, L., Reingold, A., Gershman, K., Meek, J., Farley,
M. M., Ryan, P., Lynfield, R., Baumbach, J., Schaffner, W., Bennett, N. and Zansky, S.
(2012) Association between use of statins and mortality among patients hospitalized
with laboratory-confirmed influenza virus infections: a multistate study. J Infect Dis 205
(1), 13-9.

Veillard, N. R., Braunersreuther, V., Arnaud, C., Burger, F., Pelli, G., Steffens, S. and Mach, F.
(2006) Simvastatin modulates chemokine and chemokine receptor expression by
geranylgeranyl isoprenoid pathway in human endothelial cells and macrophages.
Atherosclerosis 188 (1), 51-8.

Virgo, B. B. and Bellward, G. D. (1974) Serum progesterone levels in the pregnant and
postpartum laboratory mouse. Endocrinology 95 (5), 1486-90.

Wahid, H. H., Dorian, C. L., Chin, P. Y., Hutchinson, M. R., Rice, K. C., Olson, D. M.,
Moldenhauer, L. M. and Robertson, S. A. (2015) Toll-Like Receptor 4 Is an Essential
Upstream Regulator of On-Time Parturition and Perinatal Viability in Mice.
Endocrinology 156 (10), 3828-41.

Waites, K. B., Katz, B. and Schelonka, R. L. (2005) Mycoplasmas and ureaplasmas as neonatal
pathogens. Clin Microbiol Rev 18 (4), 757-89.

Wang, A., Aragaki, A. K., Tang, J. Y., Kurian, A. W., Manson, J. E., Chlebowski, R. T., Simon,
M., Desai, P., Wassertheil-Smoller, S., Liu, S., Kritchevsky, S., Wakelee, H. A. and
Stefanick, M. L. (2016) Statin use and all-cancer survival: prospective results from the
Women's Health Initiative. Br J Cancer 115 (1), 129-35.

Wang, C. Y., Liu, P. Y. and Liao, J. K. (2008) Pleiotropic effects of statin therapy: molecular
mechanisms and clinical results. Trends Mol Med 14 (1), 37-44.

Wassmann, S., Laufs, U., Baumer, A. T., Muller, K., Konkol, C., Sauer, H., Bohm, M. and
Nickenig, G. (2001) Inhibition of geranylgeranylation reduces angiotensin I1-mediated
free radical production in vascular smooth muscle cells: involvement of angiotensin AT1
receptor expression and Racl GTPase. Mol Pharmacol 59 (3), 646-54.

Weber, C. K., Liptay, S., Wirth, T., Adler, G. and Schmid, R. M. (2000) Suppression of NF-
kappaB activity by sulfasalazine is mediated by direct inhibition of IkappaB kinases
alpha and beta. Gastroenterology 119 (5), 1209-18.

Wheeler, A. P. and Ridley, A. J. (2004) Why three Rho proteins? RhoA, RhoB, RhoC, and cell
motility. Exp Cell Res 301 (1), 43-9.

Chapter 7: References 235



The effect of statin treatment on preterm labour

WHO (1977) WHO: recommended definitions, terminology and format for statistical tables
related to the perinatal period and use of a new certificate for cause of perinatal deaths.
Modifications recommended by FIGO as amended October 14, 1976. Acta Obstet
Gynecol Scand 56 (3), 247-53.

Winkler, M., Ruck, P., Horny, H. P., Wehrmann, M., Kemp, B., Kaiserling, E. and Rath, W.
(1998) Expression of cell adhesion molecules by endothelium in the human lower
uterine segment during parturition at term. Am J Obstet Gynecol 178 (3), 557-61.

Wolfrum, S., Dendorfer, A., Rikitake, Y., Stalker, T. J., Gong, Y., Scalia, R., Dominiak, P. and
Liao, J. K. (2004) Inhibition of Rho-kinase leads to rapid activation of
phosphatidylinositol 3-kinase/protein kinase Akt and cardiovascular protection.
Arterioscler Thromb Vasc Biol 24 (10), 1842-7.

Woodcock, N. A., Taylor, C. W. and Thornton, S. (2004) Effect of an oxytocin receptor
antagonist and rho kinase inhibitor on the [Ca++]i sensitivity of human myometrium. Am
J Obstet Gynecol 190 (1), 222-8.

Woodcock, N. A., Taylor, C. W. and Thornton, S. (2006) Prostaglandin F2alpha increases the
sensitivity of the contractile proteins to Ca2+ in human myometrium. Am J Obstet
Gynecol 195 (5), 1404-6.

Word, R. A, Stull, J. T., Casey, M. L. and Kamm, K. E. (1993) Contractile elements and myosin
light chain phosphorylation in myometrial tissue from nonpregnant and pregnant
women. J Clin Invest 92 (1), 29-37.

Wray, S., Jones, K., Kupittayanant, S., Li, Y., Matthew, A., Monir-Bishty, E., Noble, K., Pierce,
S. J., Quenby, S. and Shmygol, A. V. (2003) Calcium signaling and uterine contractility.
J Soc Gynecol Investig 10 (5), 252-64.

Wu, W. C,, Lai, Y. H., Hsieh, M. C., Chang, Y. C., Wu, M. H., Wu, H. J., Chang, C. W., Wu, K.
Y. and Kao, Y. H. (2011) Pleiotropic role of atorvastatin in regulation of human retinal
pigment epithelial cell behaviors in vitro. Exp Eye Res 93 (6), 842-51.

Wyrwoll, C. S., Noble, J., Thomson, A., Tesic, D., Miller, M. R., Rog-Zielinska, E. A., Moran,
C. M., Seckl, J. R., Chapman, K. E. and Holmes, M. C. (2016) Pravastatin ameliorates
placental vascular defects, fetal growth, and cardiac function in a model of
glucocorticoid excess. Proc Natl Acad Sci U S A 113 (22), 6265-70.

Xiao, H., Qin, X., Ping, D. and Zuo, K. (2013) Inhibition of Rho and Rac geranylgeranylation by
atorvastatin is critical for preservation of endothelial junction integrity. PLoS One 8 (3),
€59233.

Xiao, Y., Li, Y., Han, J., Pan, Y., Tie, L. and Li, X. (2012) Transgelin 2 participates in lovastatin-
induced anti-angiogenic effects in endothelial cells through a phosphorylated myosin
light chain-related mechanism. PLoS One 7 (10), e46510.

Xu, H., Liu, P., Liang, L., Danesh, F. R., Yang, X., Ye, Y., Zhan, Z., Yu, X., Peng, H. and Sun,
L. (2006) RhoA-mediated, tumor necrosis factor alpha-induced activation of NF-kappaB
in rheumatoid synoviocytes: inhibitory effect of simvastatin. Arthritis Rheum 54 (11),
3441-51.

Xu, P., Alfaidy, N. and Challis, J. R. (2002) Expression of matrix metalloproteinase (MMP)-2
and MMP-9 in human placenta and fetal membranes in relation to preterm and term
labor. J Clin Endocrinol Metab 87 (3), 1353-61.

Yamamoto, A., Sudo, H. and Endo, A. (1980) Therapeutic effects of ML-236B in primary
hypercholesterolemia. Atherosclerosis 35 (3), 259-66.

Yamanaka, R., Barlow, C., Lekstrom-Himes, J., Castilla, L. H., Liu, P. P., Eckhaus, M., Decker,
T., Wynshaw-Boris, A. and Xanthopoulos, K. G. (1997) Impaired granulopoiesis,
myelodysplasia, and early lethality in CCAAT/enhancer binding protein epsilon-
deficient mice. Proc Natl Acad Sci U S A 94 (24), 13187-92.

Yasuda, H., Yuen, P. S, Hu, X., Zhou, H. and Star, R. A. (2006) Simvastatin improves sepsis-
induced mortality and acute kidney injury via renal vascular effects. Kidney Int 69 (9),
1535-42.

Yonemoto, H., Young, C. B., Ross, J. T., Guilbert, L. L., Fairclough, R. J. and Olson, D. M.
(2006) Changes in matrix metalloproteinase (MMP)-2 and MMP-9 in the fetal amnion
and chorion during gestation and at term and preterm labor. Placenta 27 (6-7), 669-77.

Chapter 7: References 236



The effect of statin treatment on preterm labour

Yoon, B. H., Jun, J. K., Romero, R., Park, K. H., Gomez, R., Choi, J. H. and Kim, I. O. (1997a)
Amniotic fluid inflammatory cytokines (interleukin-6, interleukin-1beta, and tumor
necrosis factor-alpha), neonatal brain white matter lesions, and cerebral palsy. Am J
Obstet Gynecol 177 (1), 19-26.

Yoon, B. H., Romero, R., Jun, J. K., Park, K. H., Park, J. D., Ghezzi, F. and Kim, B. 1. (1997b)
Amniotic fluid cytokines (interleukin-6, tumor necrosis factor-alpha, interleukin-1 beta,
and interleukin-8) and the risk for the development of bronchopulmonary dysplasia. Am
J Obstet Gynecol 177 (4), 825-30.

Yoshimura, K. and Hirsch, E. (2005) Effect of stimulation and antagonism of interleukin-1
signaling on preterm delivery in mice. J Soc Gynecol Investig 12 (7), 533-8.

Yoshino, G., Kazumi, T., Kasama, T., lwatani, I., lwai, M., Inui, A., Otsuki, M. and Baba, S.
(1986) Effect of CS-514, an inhibitor of 3-hydroxy-3-methylglutaryl coenzyme A
reductase, on lipoprotein and apolipoprotein in plasma of hypercholesterolemic
diabetics. Diabetes Res Clin Pract 2 (3), 179-81.

Young, A., Thomson, A. J., Ledingham, M., Jordan, F., Greer, I. A. and Norman, J. E. (2002)
Immunolocalization of proinflammatory cytokines in myometrium, cervix, and fetal
membranes during human parturition at term. Biol Reprod 66 (2), 445-9.

Youssef, S., Stuve, O., Patarroyo, J. C., Ruiz, P. J., Radosevich, J. L., Hur, E. M., Bravo, M.,
Mitchell, D. J., Sobel, R. A., Steinman, L. and Zamvil, S. S. (2002) The HMG-CoA
reductase inhibitor, atorvastatin, promotes a Th2 bias and reverses paralysis in central
nervous system autoimmune disease. Nature 420 (6911), 78-84.

Yuan, M., Jordan, F., Mclnnes, I. B., Harnett, M. M. and Norman, J. E. (2009) Leukocytes are
primed in peripheral blood for activation during term and preterm labour. Mol Hum
Reprod 15 (11), 713-24.

Zafarullah, M., Li, W. Q., Sylvester, J. and Ahmad, M. (2003) Molecular mechanisms of N-
acetylcysteine actions. Cell Mol Life Sci 60 (1), 6-20.

Zandi, E., Rothwarf, D. M., Delhase, M., Hayakawa, M. and Karin, M. (1997) The IkappaB
kinase complex (IKK) contains two kinase subunits, IKKalpha and IKKbeta, necessary
for IkappaB phosphorylation and NF-kappaB activation. Cell 91 (2), 243-52.

Zarek, J., DeGorter, M. K., Lubetsky, A., Kim, R. B., Laskin, C. A., Berger, H. and Koren, G.
(2013) The transfer of pravastatin in the dually perfused human placenta. Placenta 34
(8), 719-21.

Zeki, A. A., Franzi, L., Last, J. and Kenyon, N. J. (2009) Simvastatin inhibits airway
hyperreactivity: implications for the mevalonate pathway and beyond. Am J Respir Crit
Care Med 180 (8), 731-40.

Zeki, A. A., Oldham, J., Wilson, M., Fortenko, O., Goyal, V., Last, M., Last, A., Patel, A., Last,
J. A. and Kenyon, N. J. (2013) Statin use and asthma control in patients with severe
asthma. BMJ Open 3 (8).

Zeng, L., Xu, H., Chew, T. L., Eng, E., Sadeghi, M. M., Adler, S., Kanwar, Y. S. and Danesh, F.
R. (2005) HMG CoA reductase inhibition modulates VEGF-induced endothelial cell
hyperpermeability by preventing RhoA activation and myosin regulatory light chain
phosphorylation. Faseb j 19 (13), 1845-7.

Zhang, X., Tao, Y., Wang, J., Garcia-Mata, R. and Markovic-Plese, S. (2013) Simvastatin
inhibits secretion of Th17-polarizing cytokines and antigen presentation by DCs in
patients with relapsing remitting multiple sclerosis. Eur J Immunol 43 (1), 281-9.

Zhao, K., Kuperman, L., Geimonen, E. and Andersen, J. (1996) Progestin represses human
connexin43 gene expression similarly in primary cultures of myometrial and uterine
leiomyoma cells. Biol Reprod 54 (3), 607-15.

Zhou, Q. and Liao, J. K. (2010) Pleiotropic effects of statins. - Basic research and clinical
perspectives. Circ J 74 (5), 818-26.

Ziegler, K. and Hummelsiep, S. (1993) Hepatoselective carrier-mediated sodium-independent
uptake of pravastatin and pravastatin-lactone. Biochim Biophys Acta 1153 (1), 23-33.

Chapter 7: References 237



The effect of statin treatment on preterm labour

Appendix

Journal af Reproductive Immunology 119 (2017) 62-66

ELSEVIER

Contents lists available at ScienceDirect

Journal of Reproductive Immunology

journal hemepage: www. elsevier.comflecatafjreprimm

Preterm birth: Inflammation, fetal injury and treatment strategies

) o

Ashley K. Boyle*, 5ara F. Rinaldi, Jane E. Norman, Sarah |. Stock
Tammy's Centre far Matemal and Feral Hoglth o rhe Medical Research Counal Centre far Reprocucive Hesfrh, Universing of Edinburgh, Queen’s Medico!

Research Insniure, 47 Licre France Crescent, Edinburgh, EHTE 477, Unlied Kingdam

ARTICLE INFOD ABSTRACT

Artice histony: Preterm birth (PTE) is the leading cause of childhood martality in children under 5 and accounts far

Eeceived B May 2016 approximately 11% ol births worldwide. Premature babies are at risk of a number af health complications,

Received in revised form nolably cerebral palsy, but also respiratory and gastrointestinal disarders. Preterm deliveries can be

I3 Mowember 3006 . - - .

Accepied 28 Fovember 2015 |'r|-|=:|||_::1||3I :nl‘l_l:aEEdfelE:l!l_w 'Eml:zl:'!urzf orthey can ucrur:pnmlm:nusl_y. Spontaneous FTB is :m'l._'lmnn.'lgr
azszaciated with intrauterine infectionfinfllammation. The presence of inflammatery mediators én utero
has been associated with fetal injury, particularly affecting the fetal lungs and brain. This review will

Preterm birth outline {i} the role of inllammation in term and PTE, {ii) the efect infection/inflammation has on Fetal

Inflammation dewelopment and (i) recent strategies to target PTE. Further research is urgently required to develop

Fetal injury effective methods far the prevention and treatment of PTE and above all, to reduce fetal injury.

£ 2016 The Authors. Published by Elssviar [reland Lbd This is anapen access article under the OO
EY=NC=MD¥ license (hitp:{joeativecommensarg licenseglby=nc-nd {4.0/L
1. Introduction waomen presenting with preterm labour (FTL) with cervical dila-

The Waorld Health Organisation defines preterm birth (FTB) as
delivery before 37 completed weeks of gestation. FTB can be sub-
divided into extremely preterm (<28 weeks), very preterm {28-32
weeeks) and moderate to late FTB (32-36 weeks) (WHO, 1977). In
2010, 14.9 million babies were born preterm, accounting for 11,1
of all births worldwide. Rates of FTE range from approximately 5%
of births in European countries, to 18% in certain African countries
(Elencowe et al, 2012} PTB is currently the leading cause of child-
hood mortality in children under 5 years{Harrison and Goldenberg,
2015). The ecanomic burden of PTE to the public sector is estimated
to be =E2.9 billion (Mangham et al., 2009, Much of the ecanomic
burden can be attributed to neonatal intensive care, often followed
by ongoing health care and educational requirements, in addition
to the emotional impact experienced by families [Howson et al,
H013)

PTE canbe medically indicatedfiatrogenic or spontaneous. Med-
ically indicated PTE accounts for approximately a chird of FTEs
in high income countries (Rubens et al, 2014 This eccurs when
the risk to the fetus or mother outweighs the benefit of continu-
ing the pregnancy, for instance in conditions such as preeclampsia
and diabetes. Approximately 70% of PFTBs are spontaneous, with
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(AE. Boyle ), SRinaldi@edacuk {5.F. Rinaldi), [ane.Narman@ed ac.uk{JE Norman),
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tion or preterm premature rupture of membranes {Rubens et al.,
20141

PFTLcan be initiated by multiple mechanisms, including infection
or inflammarion, uteroplacental ischaemia or haemorrhage, uter-
ine overdistension or stress [Goldenberg et al, 2008; Romero et al.,
1994 Marernal risk factors include extremes inmaternal age, bady
mass index (BMI), multiple gestation, the use of assisted repro-
ductive technologies, history of FTE and low socioeconomic status
{Kubens et al., 2014). Race is alse an important risk factor, with
women classified as black, African-American or Afro-Caribbean at
greater risk of FT8 than other ethnic groups {Goldenberg er al.,
20081

Due vo the immarurity of multiple organ systems, premature
newhborns are at risk of 2 number of health complications (Rubans
et al., 2014 As wou would expect, the severity of complications
inwersely correlates with gestational age (WHO, 1977). Children
born prematurely have an increased risk of cognitive and newralog-
ical impairment such as cerebral palsy, as well as respiratory and
gastrointestinal complications (Goldenberg et al, 2008; Marlow
et al., 2005). There is also the increased risk of chronic diseases
in adulthood, such as ebesity, diabetes and hypertension [Rubens
et al, 2014} Interestingly, neonatal outcomes are sex-specific. Pre-
mature males are at greater risk of morbidity and mortality than
fernales. In one premature cohort, the males had poorer neurolog-
ical and respiratory outcames, when followed up at 2 years of age
(Feacock et al., 2012}

0155-0378 4 2015 The Awthors. Fublished by Elsevier Ireland Led. This i an open acoess artice wnder the OC BY-MC-ND license (borp:{creativecommons.org/lcenses by-

ne-ndf4.0{).
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2. Inflammation in labour and preterm labour

Human parturition is an inflammatory process (Bollapragada
et al., 2004). Labouwr is initiated by the shift from a quiescent to
a pro-inflammatory environment, instigating a three step process,
characterised by uterine contractilicy, cervical ripening and mem-
brane activationfrupture (Kinaldi et al., 2011 Romero e al., 1994}
Cyrokines are essential in the initiation and regulation of this pro-
cess (Bowen et al., 2002).

Monocytes and neutrophils are primed in the peripheral blood
in association with both term and PTL (Yuan et al, 200%9). These
cells infiltrate the human myometrium and cervix during sponta-
neous term labour, which is associated with a significant increase in
interleukin (IL)}-18 /-6 and IL-8 gene expression (Bokstrom et al.,
19497, Dsman et al., 2003; Thomson et al., 1999). Stromal cells of
the maternal and fetal tissues are also responsible for the release
of pro-inflammatery cytokines such as [L-1[3, IL-6, IL-8 and tumouwr
necrosis factor alpha (TWFe) (Young et al., 2002). Myomerrial con-
tractions are stimulared by the increase of IL-18 and THFw, which
increase calcium entry into these myometrial smooth muscle cells
(Barata et al, 2004; Tribe er al., 2003). Prostaglandins, PGF. and
PGE; are also involved in the stimulation of myometrial contrac-
tions (Olson, 2003). Cervical ripening is an inflammatory event in
bath term and PFTE (Osman et al, 2003; Tomblom et al, 2005}
Pro-inflammatory cytokines stimulate matrix metalloproteinase
(MM} expression, such as MMP-9, which promotes extracellular
matrix degradation and cervical remodelling (Larsen and Hwang,
20111

There is also a significant increase in leukocyte recruitment to
the fetal membranes during parturition, with an increase in IL-13,
IL-8, and TNFu [Gomez-Lopez et al, 2009). Normal and preterm
rupture of membranes differ in regional chemotactic activity and
related chemokine/cytokine production, which may suggesr dif-
ferential mechanisms of rupture (Gomez-Lopez et al, 2013} The
chorindecidua is responsible for granulocyte, T-cell lymphocyte,
monacyte and NK cells chemoattraction [Gomez-Lopez et al . 2011}
Leukocytes infiltrate the decidua during labour at term and in FTL
and play a role in stimuolating inflammatory mediators involved
in decidual activation [Hamilton et al., 2012; Osman et al., 2003}
Macrophage numbers are increased in term and PTLbut neutraphil
abundance is only significantly increased in the deciduwa in FTL with
infection [Hamilton er al, 2012}

Muclear factor-gB (MF-kB) is a pleiotropic transcription factor
which i commonly associated with inflammation, as it is acti-
vared by and regulates pro-inflammatory cytokines. MF-sB activity
is central to labour-associaved pathways. It is required for both
prostaglandin synthesis and for the regulation of MMP expression
and thus, important for the stimulation of uterine contractions and
cervical ripening. The premature or patholegical activation of NF-
#B could subsequently contribute to the initiation of PTL( Lindstrom
and Bennetr, 2005}

3. Fetal injury

Intrauterine infectionfinflammation is a commaon cause of FTL
Presence of such an adverse in wers envirenment can lead to fetal
injury. Chorioamnienitis, characterised by inflammation of the fetal
membranes as a result of bacterial infection, is a risk factor for con-
ditions such as cerebral palsy, necratising enterocolitis and patent
ductus artersosus {Been er al, 2013; Park et al., 2015; Wu and
Calford, 2000). Bacteria or inflammatory mediators may reach the
fetal circulation by placental transmission into the umbilical cord
or indirecty via the amniotic fluid, resulting in fetal injury (Adams
Waldorf and Mcadams, 2013) (Fig. 1)}
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Intra-amniotic inflammation is also associated with lung injury.
Elevared levels of inflammarory mediators such as TMF-ce, IL-15,
IL-6 and IL-8 in the amniotic fluid have been found in women whio
had babies with bronchopulmonary dysplasia (BPD), a chronic lung
disease affecting infants (Ambalavanan er al, 2011; Yoon et al,
19070} However, a meta-analysis found only a medest association
berween chorivamnionitis and BPD (Hartling et al., 2012} Intra-
ammniotic endotoxin adminisiration in a sheep model led o fetal
lung injury, identified by evidence of inflammartion, cell death and
remodelling (Kramer et al., 2002} Exposure to endotoxin in uiero
also affects the development of the fetal ovine lung One study
observed an increase in alveslar volume, while the total number of
alveolar was significantly reduced. Thinning of the alveolar walls
was also observed {Willet et al., 2000). In a chronically catheterised
shirep model of the extreme preterm period, lipopolysaccharide
(LIS} exposure caused fetal skin and lung inflammation, as well as
systemic inflammation (Kemp, 2014; Kemp et al, 2016} The pre-
mature ferus rapidly generated a robust inflarmmatory response to
intra-amniotic LS, which was driven by amniotic fluid-exposed
tissues. Fetal blood cells responded to systemic inflammation but
didn't contribute to the acute production of inflammatory media-
tors [Kemp et al., 2016} Furthermore, a primate model of transient
choriodecidual infection confirmed indirect lung injury as result of
elevated inflammatery mediators. This led vo the downregulation of
pathways for angiogenesis, morphogenesis and cellulargrowth and
development in the feral lung (Mcadams et al, 2012, In addition to
conditions such as neanatal BPD, the treatment premature babies
receive can have an adverse effect on pulmenary development and
lead ro long term, altered lung function. & follow up study reported
evidence of airway ebstruction from mid-childhood to adulthoeoed
ina preterm-born cohart (Vollsaeter et al., 2013}

Prematurity has also been associaved with an increased inci-
dence of brain damage. This can result in neuralogical canditions
such as cerebral palsy, which is often observed in conjunction
with intraventricular haemorrhage or periventricular leukomalacia
{Chang, 2015). Additionally, inflarmmatien during fetal and neona-
tal development has been linked to other neuropathologies such as
schizophrenia and autism. It has been suggested that schizophre-
nia may be as a result of post-acute latent inflammation, whereas
autism may be due to persistent inflammation (Meyer et al, 2011

The release of pro-inflammarery mediators can play a role in
the generation of brain white marter lesions. Evidence of elevated
levels of IL-1 P and IL-6 in the amniotic fluid has been used to iden-
tify premarure newborns at risk of developing these lesions (Yoon
et al., 1997a). THFa signalling, in particular, has been described as
toxic to developing oligodendrocytes (Li et al, 2008} The isolation
of low-virulence micreorganisms from preterm placentas, such as
common skin microflora, has been associated with brain lesions and
cerebral palsy in these infants. Evidence of placental inflammation
alone, isa predictor of brain injury (Leviton et al, 20100 Even in the
absence of FTH, fetal brain injury was reported in a2 mouse maodel
of intrauterine inflammation (Elovitz et al, 201 1). The same group
reported damage to feral neurons, demenstrated by a significant
reduction in micretubule-associated protein 2 (Mapd) gene expres-
siom, as well as altered neurenal morphology and neuretoxicity, in
this model (Burd er al, 2011} Dada et al. (2014) found that follow-
ing intrautering inflammation, brain injury is not enly acute. Long
term changes in MRl and behaviour are observed even in adult-
hood. Chrenic brain inflammation was linked to eventual neuronal
lass. Im addition, these effects were found to be sex specific, with
muale mice more susceptible tolong-term neurslagic injury. Mallard
et al. [2003) exposed fetal sheep o LPS during mid-gestation and
reported microglia activation, astrocyte damage and oligodendro-
cytedeath. Inflammation may cause brain injury as a result of direct
insult to oligodendrocytes and neurons or as secondary injury via
micraglial cell activation. This subsequently results in the secretion
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of pro-inflammatory cytokines, causing damage to surrounding
cells (Burd et al., 2012).

4. Prevention and treatment of PTL

In general, tocolytic therapies are largely ineffective at substan-
tially delaying delivery and reducing neonatal mortality (Haaset al.,
2012). Several trials have reported the benefits of vaginal proges-
terone administration for reducing the rates of PTB and improving
neonatal outcome. However, these studies had limited information
on the long term outcome of these infants (Da Fonseca et al., 2003,
Dodd et al,2013; Fonseca etal., 2007; Hassanetal,, 2011). Recently,
a large, double-blind, randomised, placebo controlled trial of vagi-
nal progesterone treatment reported that the risk of PTB was not
reduced by progesterone nor was neonatal outcome improved, in
women who were at risk of PTB. The trial did not find any long term
benefit of this treatment in children by the time they were 2 years
of age (Norman et al., 2016).

As intrauterine infection is a common cause of PTL, antibiotics
have previously been considered a logical method of treatment.
However, the use of antibiotics to prevent PTB has been associ-
ated with neonatal enteracolitis, as well as an increased risk of
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cerebral palsy (Kenyon et al., 2001; Kenyon et al., 2008). As par-
turition is associated with leukocyte influx into the intrauterine
tissues, immunomodulation has been investigated in mouse mod-
els of PTB, using leukocyte depletion. Rinaldi et al {2014) found that
neutrophil depletion did not delay delivery in an LPS-mediated PTB
mouse model, despite having an important role in the inflamma-
tory response in the intrauterine tissues. Filipovich et al. (2015)
further corroborated this finding by reporting that polymorphonu-
clear leukocyte depletion in an £ coli model of PTB did not prevent
premature birth. Therefore, neutrophil infiltration is not essen-
tial for the induction of murine infection-induced PTB. However,
macrophage depletion was found to successfully prevent both
RU486 and LPS-induced PT8 in mice (Gonzalez et al, 2011).
Targeting the inflammation commonly associated with PTB may
be a suitable approach to delay the onset of parturition and pre-
vent fetal injury. A recent review outlined the possible targets for
such treatments including non-specific NF-kB inhibitors, tollike
receptor 4 (TLR4) antagonists, TNFe biologics and novel cytokine
suppressive anti-inflammatory drugs (CSAIDs) (Ng et al, 2015;
Stinson et al., 2014). Shynlova et al. (2014) targeted the activiation
of murine peripheral matemal immune cells with a broad spec-
trum chemokine inhibitor. A reduced incidence of LPS-induced I'TB
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was reported, in addiven to reducing both immune cell infiltra-
tion into maternal tisswes and inflammatory mediator secretion.
Other novel, naturally preduced or alternative therapies such as
folic acid, melatonin and statins, have recently been investigated
for the treatment of FTE and fetal loss in mouse models (Baoyle
et al., 2015; Dominguez Kubio et al, 2014; Gonzalez et al, 2014;
Zhaoet al, 2013). Antigen capture therapy has been described inan
oving model of intrauterine infectionfinflammation. This cationic
peptide antibiotic, palymyxin B, binds to E cofl, reducing inflamima-
tion in the amniotic fluid and fetal lung (Saito et al, 20147 Rinaldi
et al. (2015} investigated the use of a key anti-inflammarory and
pro-resolution mediator, 15-epi-lipoxin A, in an LPS-induced FTB
mouse model. Although FTE was not prevented, 15-epi-lipoxin Ay
reduced rates of fetal death.

It is unlikely that one treatment will be successful in preventing
the multifactorial syndrome of FTB. However, it should be consid-
ered thar combination therapies, which have both tocolytic and
fetal protecrive effects, would be advantagous. Improved meth-
ods of identifying at risk mothers and fetuses are also required o
effectively target meatments and avoid unnecessary harm. Using
new ultrasound techniques, such as Tissue Doppler Imaging (TDM),
to identify signs of fetal inflammarion is one strategy thar shows
promise (i Maro er al, 2010; Svock et al, 2016) The influence
genotype may have an the therapeutics used for PTE prevention
and treatment, has recently been discussed. Although the evidence
to date is limited, there is increasing indication that pharmacoge-
nomics may play a role in FTE. By integrating clinical information,
environmental influences and genotype, a more comprehensive
strategy to personalised medicine could be eptimised [Manuck,
2016)

5. Conclusion

PTE is still a significant public health problem This syndrome
is multifactorial and its etiology is not well understood. Inflamima-
tion is necessary to stimulate term labour. However, its presence
earlier in pregnancy contributes to feral injury, particularly vo the
lung and brain. Evidence of inflammarory mediators in the amini-
otic fluid identifies infants at risk of lung damage and brain whire
matter lesions. Delaying FTB, as well as improving the outcome of
the babies, has proved a great challenge. Current therapies, such as
vaginal progesterone treatment, are ineffective. in addition, the use
of antibiotics to target intrauterine infection is potentially harmful
to the developing ferus, increasing the risk of cerebral palsy. Animal
madels are currently being urilised to investigate potential thera-
peutic agents which may target the intrauterine inflammation with
the intention of protecting against fetal injury. The possibilicy of
deweloping more personalised medicine should also be considered
in the effort to reduce the rates of fetal mortality and morbidity, as
a result of this clinical condition.
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