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ThedAbstract

The effect of obesity and dyslipidaemia on myometrial

contractility

Obesity is a growing health problemwor | dwi de i nfl uencing
and childbearing. There is a close relationship between obesity and pregnancy
adverse outcomes. Maternal obesity is associated with increased rates of
dysfunctional labour, induction of labour and unplanned emergency C-section
delivery. These complications suggest that obesity has an inhibitory effect on
myometrial function leading to poor myometrial contractility. Little is known; however,
of the underlying contractile dysfunction within the myometrium of obese women,
preventing its excitability and hence labour initiation and progress. It has been
suggested that obesity-related dyslipidaemia is also associated with adverse
pregnancy outcomes. To date, no studies have examined the in vitro contractility in
a dyslipidaemic model, nor examined the mechanism of action of adipokines, which
a review of the literature shows are predominantly inhibitory on myometrial activity.

The aim of the first part of my thesis was therefore to determine if chronic
dyslipidaemia results in altered myometrial contractility. ApoE'/ 'mice lack the ApoE
gene and have high cholesterol and changes in adipokines. Using organ bath
methods and measuring the parameters of contractility, it was found that there are
no differences in contractility between non-pregnant wild-type and ApoE” mouse

myometrium.

The second part of my thesis examined human obesity and its effects on
myometrial contractility. Maternal obesity was not found to effect on the time to
commencement of spontaneous contractions, nor on the parameters of spontaneous
or oxytocin-induced pregnant human myometrium. These findings are discussed with
respect to other previous work. It is suggested that maternal obesity is probably too
broad category (unless very large numbers, preferably thousands, are studied, which
is not practical for laboratory-based work) and should be refined, into for example,

high adipokine levels.

Visfatin is a novel adipokine which is increased with obesity. Its levels were
found to be altered during pregnancy. My next aim was therefore to investigate the
effects of visfatin on uterine contractility. One of my major findings in this thesis is
that visfatin inhibited oxytocin-induced non-pregnant and pregnant mouse

myometrial contractions in vitro. Then, the mechanism and pathway by which it was
1



inhibiting contractility was next investigated Using organ bath experiments, it was
found that NAD* pathway, was involved. My work is the first to show this in the uterus.
This might have implications in the prevention and management of pregnancy-
related complications in obese women, if visfatin levels or its targets can be

decreased.

Having made these findings concerning visfatin, | next wanted to translate
these findings to a clinical setting. Specifically, the hypothesis that high adipokine
levels will be associated with poorer obstetric outcomes, and be higher in obese
compared to normal weight women was tested. Then, the effect of plasma visfatin
and leptin on maternal and neonatal outcomes of obese women was investigated, in
a cross-sectional study. Plasma levels of visfatin and leptin were analysed by ELISA
in pregnant women at the start of labour, with different BMI categories. It was found
that maternal plasma leptin levels were positively correlated with increasing maternal
BMI. Plasma visfatin levels were positively correlated with an increased risk of
induction of labour. These findings further support the involvement of adipokines in

modulation of myometrial contractility.

The final aim of my thesis was to test my idea that a contributory mechanism
decreasing contractility in obesity is decreased gap junction expression. Gap
junctions are essential to coordinated uterine contractions and successful parturition.
Furthermore, the expression of myometrial gap junction proteins has been found to
be altered with obesity in animals. To investigate this in human myometrium, the
expression of gap junction proteins, Cx43 and Cx26, during pregnancy was
examined in obese women and compared to normal weight women.
Immunohistochemical analysis revealed that there is no association between
maternal obesity and the expression of Cx43 and Cx26 in the myometrium. It is
unclear why human and animal studies should produce different results.

My data indicates that there is likely to be a larger picture of alternative
mechanisms that explain the clinically observed increased risk of pregnancy and

delivery-related complications observed in obese women.






Chapténttioducti on

This chapter introduces the adverse effects of obesity on the uterus in
pregnant women, with a particular focus on adverse labour outcomes. The key
anatomical and physiological features of the uterus and the myometrium, which
are central to this thesis, will be described. This introduction will also highlight the
emerging epidemic of maternal obesity, which poses a socioeconomic burden on
a national scale. Dysfunctional labour as an outcome of obesity in pregnant
women will be discussed, with regard to its pathophysiology with a focus on
contractility. Part of this introduction was previously published as a review (AlSaif
et al., 2015).

1.1 The uterus

1.1.1 Anatomy of the human uterus

The uterus is a major secondary sex organ of the reproductive
system in humans and most other mammals. The human uterus is an inverted
thick-walled, hollow, pear-shaped muscular organ, located in the middle of the
pelvic cavity, between the urinary bladder anteriorly and the rectum posteriorly
(Gartner and Hiatt, 2009). It weighs around 30-40g in hon-pregnant women and
increases up to 1 kg at term pregnancy. The normal adult uterus in nulliparous
women measures approximately 7.0 1 9.0 cm long, 4.571 6.0 cm wide, and 1.5
cm thick (Umar et al., 2017). The uterine position can be anteroverted (most
common) or retroverted and this can change after pregnancy (Gossman et al.,
2019). The uterus is stabilised by several ligaments, including the broad ligament,
round ligament, utero-ovarian ligament, cardinal ligament, and uterosacral
ligaments (Kaniewska et al., 2018). These ligaments support the uterus and limit

its movement within the pelvic cavity.

Macroscopically, the human uterus is composed of two main regions: the
uterine body and the cervix (Figure 1.1) (Gartner and Hiatt, 2009). The body
occupies the upper two thirds of the uterus and consists of three portions: the
fundus, the corpus and the isthmus. The fundus is the broad rounded uppermost

part of the uterus that leads into the fallopian tubes, terminating at the ovaries.
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The corpus is the main largest region of the uterus which is connected to the
cervix by the isthmus. The cervix is the lower barrel-shaped part of the uterus that
connects it to the vagina. At the cervix, the muscular fibres are sparser. Instead,
the cervix contains more connective tissue and mucus-producing glands. It
becomes thinner during ovulation to allow the sperm to smoothly pass into the
uterus. During delivery, the cervix dilates to allow the foetus to pass through the
birth canal. This is brought about by contractions of the uterus.

The uterus is composed of three basic layers: the innermost thin layer
(endometrium), the thick muscular layer (myometrium) and the outer serous
visceral layer (peritoneum) (Aguilar and Mitchell, 2010). The myometrium mostly
consists of smooth muscle cells, where the excitation and contraction processes
take place (Wray, 1993). The myometrium is the specific region of interest in this
thesis (section 1.1.3). The endometrium is composed of an epithelial layer along
with a mucus-secreting membrane which responds to reproductive hormones by
changing its thickness during each menstrual cycle (Gartner and Hiatt, 2009). It
is a non-excitable layer, being a source of many cytokine hormones and

metabolites, which both directly and indirectly can affect myometrial contractility.

The uterine blood supply is received mainly from the uterine artery, which
is a branch of the internal iliac and hypogastric arteries on each side (Wray and
Prendergast, 2019). It also supplied by the ovarian arteries which arise from the
abdominal aorta. The myometrium is supplied by arcuate arteries deeply
penetrating from the main uterine blood supply. These arteries disperse into
further branches to the radial arteries, which terminate in the spiral arteries to
supply the endometrium, decidua and the placenta during pregnancy. The uterine
vasculature undergoes hypertrophy (an increase in the size of the existing cells)
and hyperplasia (an increase in cell numbers) during pregnancy (Cipolla and
Osol, 1994). This is due to the dramatic increase in the metabolic requirements
of the pregnant uterus and the developing foetus. Classically, the uterine venous
drainage matches the arterial blood supply. The uterine nerve supply is
autonomic; sympathetic nerves from the inferior hypogastric plexus (T107L1)
supply the uterus and cervix and parasympathetic nerves mainly from the
pudendal nerve (S2,3,4) supply the vagina and pelvic outlet (Morizaki et al.,
1989).



The uterus is a myogenic organ, which means that it is able to contract
spontaneously without nervous or hormonal stimulation (Wray, 1993). It is also
hormone-sensitive and its myometrial cells undergo both hypertrophy and hyper-
plasia during pregnancy, gradually returning to its original size within weeks after

delivery (involution) (Monga and Sanborn, 2004).

1.1.2 Anatomy of the mouse uterus

Mammalian species have different uterine morphological characteristics,
which are reflected in functional differences, including reproductive and
evolutionary adaptation. Unlike the human uterus, which is usually a single-
chambered simplex structure, the mouse uterus is a double-chambered duplex
organ which thereby allows multiple offspring (Croy et al., 2014) (Figure 1.2). It
consists of two fhornsQ which lead superiorly into the ovaries and inferiorly into
the cervix. The uterine layers of the mouse are similar to those in human uterus,
including the myometrium, which is composed of longitudinal and circular layers

separated by the stratum vascularis (containing blood vessels).
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Figure 1.1 The structure of non-gravid human uterus. Created
by Biobender.com (an image library).
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Figure 1.2 Basic anatomy of mouse uterus.
A) Gross anatomy of the mouse uterus, non-pregnant and pregnant.
B) Cross section of the non-pregnant mouse uterus.



1.1.3 The myometrium

The myometrium is the middle thick layer of the uterine wall, consisting of
uterine smooth muscle cells (myocytes), supporting stroma and vascular tissue
(Young, 2007). It represents 90% of the uterine tissue mass and the majority of
the uterine wall, with spontaneously active smooth muscle, which contract
involuntarily (myogenic). Its main physiological functionis to induce uterine

contractions during labour.

The human myometrium can be subdivided into three poorly defined
layers, each of which is arranged in a different direction: inner circular fibres,
middle criss-crossing muscle fibres and outer longitudinal smooth muscles
(Rudmann and Foley, 2013). The fibres of the outer layer are mostly longitudinal,
while those of the inner layer are mostly circular. The middle layer contains large
blood vessels - the stratum vasculare - which undergo marked thickening during
pregnancy. The myometrial muscular fibres are arranged in spirals of different
lengths and directions so as to increase their volume and capacity without
causing pressure on the developing foetus (Henriquez Pino, 2017, Huszar and
Naftolin, 1984, Young, 2007). The main layers are arranged into well-defined
circular and longitudinal layers in the mouse and other non-primate species
(Young, 2007, Huszar and Naftolin, 1984)

The largest macroscopically distinctive structures of the human
myometrium are the fasciculi, which are collections of muscle bundles that control
the contractile forces of the myocytes they contain (Figure 1.3) (Young and
Hession, 1999). They are 1-2 mm in diameter and are supported by connective
tissue comprised of fibrin, collagen and elastin. Fasciculi run parallel with the
serosal surface of the uterus, obliquely down the anterior and posterior walls of
the uterus, and transversely across both the fundus of the uterus and the lower
uterine segment. Each fasciculus is composed of bundles of myocytes arranged

into cylindrical, sheet-like fibores and communicating bundles.

During normal labour, the myometrium contracts, causing shortening of
the uterus and reduction in the size of the uterine cavity (Garfield and Maner,
2007). As the myometrium contracts, it shows cycles of intermittent discrete
contractions of varying amplitude, duration and frequency. It is these parameters

of myometrial contractile activity that are coordinated to keep its main
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physiological functions; they must, therefore, be fine-tuned if problems such as

dysfunctional labour or preterm delivery are to be prevented.
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Figure 1.3 Microanatomy of pregnant human
myometrium. Red lines represent the spread of the contraction
within the contracting myometrium. Taken from (Young and
Hession, 1999).
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1.1.4 The uterine myocytes

Myocytes are the functional cells of the myometrium and are primarily
responsible for the generation of contraction forces, propagation of action
potentials and control of uterine contractility. They are also the dominant cell type
within the uterus (Young, 2007). Their structure is typical of other smooth muscle
cells, being elongated spindle-shaped cells tapered at the ends with a centrally
located oval nucleus (Dawson and Wray, 1985). Their length varies from 30-
50mm in non-pregnant myometrium to up to 500-600mMm in pregnant myometrium
(Broderick and Broderick, 1990, Blackburn, 2013). The nucleus is located in the
centre of the cell and takes a cigar-like shape during muscle contraction. During
pregnancy, the myocytes increase in size reaching a peak at term with a 10-fold
increase in volume compared to their size at implantation (Blackburn, 2013).
Myocytes are capable of acting as either pacemaker or pace-follower cells (Kao,
1959). Myocytes are connected to each other via gap junctions, which are

discussed in section 1.1.4.2

The myocyte contains thick myosin and thin actin myofilaments, which are
found in long bundles spreading throughout the cell (Young, 2007, Wray, 1993).
This random arrangement allows the myocytes to produce multidirectional
contractions during parturition, irrespective of the position of the foetus. The
plasma membrane of the myocyte is like any smooth muscle cell, it contains
receptors, transporters, ion channels and structural proteins - providing means of
transmitting signals. Smooth muscle cell also contains three main calcium
regulatory proteins: calmodulin, caldesmon, and calponin. Calmodulin is an the
most important protein for contractility, as it is a calcium-binding protein that helps
initiate the activation of contraction (Aguilar and Mitchell, 2010). Caldesmon and
calponin have been connected to the reregulation of contraction (Carmichael et
al., 1994, Yilmaz et al., 2013, Graceffa et al., 1996). The contractile machinery
occupies the majority of the total myometrial cell volume; however the cells also
contain several organelles related to contractility such as the sarcoplasmic
reticulum and the mitochondria, which will be briefly discussed in the following
sections (Broderick and Broderick, 1990).
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1.1.4.1 The mitochondrion

The mitochondrion is a double-membrane-bound intracellular organelle
located either scattered throughout the cytoplasm or near the nuclear pole
(Broderick and Broderick, 1990). It occupy 3 to 9% of smooth muscle cell volume.
In smooth muscle, mitochondria are proposed to play a role in regulating
intracellular calcium concentrations [Ca?*li during normal contraction (Babich et
al., 2016, Gam et al., 2018, Gam et al., 2015, Gravina et al., 2011). They have
the ability to take up, store and release Ca?* and they are the main site for
oxidative phosphorylation metabolism in all cells, including the myometrium
(Gravina et al., 2010).

1.1.4.2 The sarcoplasmic reticulum (SR)

The smooth muscle contains a well-developed sarcoplasmic reticulum
organelle (SR) that occupies around 2 to 7.5 % of the total smooth muscle volume
(Somlyo, 1985). Like other smooth muscle, the myometrium possesses a SR that
extends throughout the myocyte in a close association with the myofilaments and
the nucleus (central SR) and plasma membrane near caveolae (peripheral SR)
(Shmygol and Wray, 2004, Horowitz et al., 1996). The functional roles of the SR
are to synthesise proteins (rough SR, which increases in volume during
pregnancy) and to store and release calcium (smooth SR). Both were found to
be present in the uterus (Ross and Klebanoff, 1971).

1.2 Gap junctions

1.2.1 Introduction

Gap junctions, also known as connexons, are well-defined intercellular
pores located between cells. They allow direct intercellular passage of inorganic
ions, such as Ca?*, in addition to small organic and signalling molecules (less
than 1000 kDa in size), including cGMP, cAMP, and IP3 (Harris, 2007, Yeager
and Harris, 2007). Furthermore, they allow the passage of electrical impulses
between the cytoplasm of neighbouring cells (Alberts, 2008). They are known to
play a role in the reproductive physiology of females. Gap junction alterations

have been observed in obese high fat high cholesterol (HFHC) fed pregnant rats
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at term pregnancy and during labour (Muir et al., 2016, Elmes et al., 2011). As
described later, it was hypothesized in this thesis that one way obesity may affect
uterine function, is by altering gap junction expression, hence it will be described

in some detail what is known about them in the myometrium.
1.2.2 Structure

Gap junctions are composed of connexins. Connexins are integral
membrane proteins that form hexameric hemichannels containing N- and C-
terminal cytoplasmic domains connected by four transmembrane domains, an
intracellular loop and two extracellular loops (Figure 1.4) (Gerald and Elke,
2015). Each gap junction consists of two hemichannels, with each of them in turn
composed of six connexin proteins. They are a type of intercellular channels
composed of connexin proteins, also called gap junction proteins, that are distinct
in their structure, function and tissue distribution (Sakai et al., 1992). Hundreds
of gap junctions assemble along the cell membrane to form the gap junction
plaque. Heterotypic channel is referred to a gap junction channel with different
connexins, It was found that gap junctions can co-express more than one

connexin isoform, giving rise to heteromeric gap junction (Nielsen et al., 2012).
1.2.3 Functions in reproduction and myometrium

Multiple molecules, including glucose and amino acids, pass through gap
junctions into the growing oocyte and between myocytes. Furthermore, gap
junctions are involved in the embryo implantation (Edry et al., 2006, Winterhager
and Kidder, 2015). A notable characteristic of gap junctions is that they have a
relatively short half-life which found to be essential for the delicately regulated
myometrial contractions (Laird, 2006, Berthoud et al.,, 2004). Most of the
knowledge concerning gap junctions in the myometrium comes from the work of
Garfield (Garfield et al., 1977)

Gap junctions allow the uterus to work as a functional syncytium, by
providing low resistance regions between the myocytes to allow the spread of
excitability and passage of ions and small molecules (Wray, 1993). Gap junction
protein expression and size increase towards term pregnancy, reaching a peak
at delivery (Xu et al., 2015, Sheldon et al., 2014), indicating their role in activation

of the myometrium during labour. Indeed, there is a statistically significant
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association between increased cervical dilation, increased frequency of uterine
contractions and increased expression of myometrial gap junctions (Garfield and
Hayashi, 1981). The majority of these gap junctions are degraded and
disappeared within 24 hours post-delivery. Myometrial cells are electrically
coupled by gap junctions, providing areas of low electrical resistance between
cells, and, thereby, forming a gateway for efficient conduction of action potentials.
Several studies have shown that when the gap junctions change in number, there
is a concurrent change in metabolic and electrical coupling (Xu et al., 2015).
Indeed, both gap-mediated intracellular communication and the myometrial ability
to initiate action potentials are enhanced during parturition (Sakai et al., 1992,
Miyoshi et al., 1996, Sheldon et al., 2014).

1.2.4 Connexins

There are 21 human gap junctions connexins (Willecke et al., 2002). The
nomenclature of connexin subtypes is based on their relative molecular masses
(Laird, 2006). Connexins can be subdivided intofvegr oups (U, b,
respect to their length of the cytoplasmic loop and the extent of sequence identity
(Nielsen et al., 2012). Several connexion are expressed in the human uterus
including Cx43, Cx26, Cx40 and Cx45 (Elmes et al., 2011). Myometrial connexins
are expressed differently during gestation. Cx43 is expressed in non-pregnant
and early pregnant myometrium and increases significantly towards the end of
pregnancy (Ou et al., 1997). Cx43 is the major component of gap junctions in the
myometrium (Young, 2007). Cx26 is highly expressed during late pregnancy and
decreases before labour onset. (Orsino et al., 1996). Cx40, on the other hand, is
expressed in non-pregnant and early pregnant myometrium but is downregulated
thereafter (Albrecht et al., 1996), while Cx45 is also expressed in the human
myometrium; however, its role in contractility remains uncertain (Kilarski et al.,
1998). There is evidence suggesting that different myometrial connexin subtypes
are present within the same gap-junctional plaque, which has been suggested to
be evolutionarily designed for complex modulation of intracellular

communications during labour (Kilarski et al., 2001).
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1.2.5 Regulation of gap junctions

The uterine gap junction proteins are regulated mainly through endocrine
mechanisms. Sex steroid hormones play a significant role in the regulation of gap
junction proteins formation (Garfield et al., 1980). Maternal plasma changes in
the ratio of progesterone and oestrogen hormones can influence the expression
and the protein density of myometrial contractile associated proteins (MacKenzie
and Garfield, 1985). Administration of exogenous progesterone at term was
found to inhibit the expression of myometrial contractile associated proteins and
myometrial contractility in ewe (Lye and Porter, 1978). In contrast, systemic
withdrawal of progesterone in the myometrium induced contractile associated
proteinséexpression and stimulates myometrial contractility (ElImes et al., 2011).
Steroid hormones may operate by modulation of prostaglandin synthesis or may
directly affect gap junction protein formation (Garfield et al., 1977). Moreover,
prostaglandins were found to have a role in the development of
myometrial gap junction proteins (Garfield et al., 1977, Garfield et al., 1979).
Garfield et al found that PGH2 and arachidonic acid reverse the inhibitory effect
of indomethacin on gap junction proteins formation in pregnant rats. On the other
hand, PGE1, PGE2 and PGF2a had no such effect (Garfield et al., 1980).
Oestrogen, on the other hand, was found to greatly enhance the effect of
myometrial stretch on gap junction formation (Wathes and Porter, 1982). The gap
j unct i on pepmeabiite was $odnd to be upregulated by oxytocin, and
downregulated by agonists that elevate intracellular cCAMP e.g. prostaglandin E2,
relaxin, isoproterenol and carbacyclin (Laird, 2010, Nielsen et al., 2012). Gap
junction permeability is also regulated by protons which might have a link to

dysfunctional labour (Swietach et al., 2007).
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Figure 1.4 Gap junction structure. Each connexon consists of six
connexin proteins and two hemichannels combine to form a gap
junction. The pore formed by the connexin protein assembly which
allows the transfer of ions and metabolites between cells. Adapted

from molecular biology of the cell (Alberts, 2008).
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1.3 Plasma membrane lipid rafts and caveolae

As the plasma membrane plays a key role in myocyte excitability and
signalling, and is largely composed of lipids, its role or composition may be
expected to change in obesity, for example with changes in expression of lipid
transporters or cholesterol content of the membrane. The mammalian plasma
membrane consists of three distinct structural classes of lipids: phospholipids,
glycolipids and cholesterol. Phospholipids are the most predominant class and
play a major role in forming the membrane lipid bilayer. Cholesterol is also a basic
component of the plasma membrane and accounts for ~25% of lipids (van Meer
et al., 2008). Cholesterol plays an essential role in cell signalling via both its effect
on membrane fluidity and its association with lipid rafts and caveolae (Noble et
al., 2006, Quest et al., 2004). Apolipoprotein E is an essential protein of the
cholesterol transport system which promotes the clearance of lipoprotein
remnants from the circulation, mainly very low density lipoproteins (VLDL), high
density lipoproteins (HDL) and chylomicrons (Phillips, 2014). It protects from
atherosclerosis and contributes to lipid homeostasis. A mouse model lacking the
ApoE gene (ApoE™) in this thesis was used to study myometrial contractility in a

hypercholesterolemic / dyslipidaemic model.

Lipid rafts, also called sphingolipid-cholesterol rafts, are localised
subdomains of the plasma membrane that contain high concentrations of
cholesterol and glycosphingolipids (Pike and Linda, 2003, R6g and Vattulainen,
2014). Cholesterol generally increases stiffness of the membrane bilayer and in
regions wherethisi s hi gh, the decr easepdffisiti tdh &ty
float throughout the plasma membrane (Simons and lkonen, 2000). Lipid raft
mobility is found to be proportional to the cholesterol content (Pralle et al., 2000).
Reductions in plasma membrane fluidity can influence the function of multiple
membrane components in the vascular smooth muscle cells, such as Ca?* influx
during the contractioni relaxation coupling (Tulenko et al., 1990). Lipid rafts have
been implicated in cellular signalling transduction and excitation-contraction

coupling within the smooth muscle tissue including the myometrium

Caveolae are cholesterol-rich microdomains that are classed as a type of
lipid rafts forming structural omega-shaped invaginations of the cell membrane.

These are driven by polymerisation of the protein, caveolin, instead of the lipid
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raft GPl-anchored proteins (Quest et al., 2004). Caveolae also contain more free
cholesterol in proportion to sphingolipids compared to lipid rafts (Pike et al.,
2002). They are found to be abundant in smooth muscle cells (Gherghiceanu and
Popescu, 2006, Taggart, 2001) and are the most stable lipid raft in the cell
membrane (Thomsen et al., 2002). They significantly increase the cell membrane
surface area by ~70% (Broderick and Broderick, 1990). Mechanistically, lipid
rafts, including caveolae, express a wide range of ion channels, pumps, receptors
and exchangers, which all modulate signal transduction, membrane trafficking
and contractility (Head et al., 2014, Smith et al., 2005, Turi et al., 2001).

Caveolin is a 21-22 kDa tyrosine-phosphorylated substrate scaffolding
protein expressed in both caveolae and trans-Golgi-derived vesicles (Rothberg
et al., 1992). Three caveolin types have been identified (Caveolin 1-3); Caveolin-
1 (Cav-1) is the most abundant caveolin in mammalian cells and is essential for
the generation of caveolae (Vogel et al., 1998). It is a cholesterol-binding protein
and an essential protein for caveolae formation (Murata et al., 1995). Cav-1 is
expressed in several tissues, such as smooth-muscle cells, adipocytes,
fibroblasts, endothelial cells and some epithelial cells (Williams and Lisanti,
2004). It was found to decrease at the onset of labour in rat myometrium (Muir et
al., 2016). There are two isoforms of caveolin-1; caveolin-1 U and elébv.eol i
Cav-2 is closely co-expressed with Cav-1, which it requires for proper functioning;
in contrast, Cav-3 is expressed abundantly in striated muscle cells (Song et al.,
1996, Williams and Lisanti, 2004). Cav-1 and Cav-3 have been found to regulate
Ca?* homeostasis in another smooth muscle (cerebral artery) (Kamishima et al.,
2007). The strong binding of caveolins to cholesterol and sphingolipids in
caveolae along with caveolin associations with the membrane cytoskeleton,
results in the typical omega-shaped structure of caveolae (Figure 1.5).
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Figure 1.5 A schematic of the conventional biochemical
structure of caveolae and lipid rafts. Lipid rafts are composed of
cholesterol and glycosphingolipids, polymerised by GPI-anchored
proteins, which makes them distinct from the bulk phospholipid
membrane bilayer. Caveolae are essentially invaginated lipid rafts,
resulting from an enrichment of cholesterol and caveolin proteins.
Taken from (Palestini et al., 2011).
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1.4 The physiology of uterine contractility

1.4.1 An overview

It is essential to understand the normal uterine physiology governing its
function during pregnancy, parturition and birth, to gain novel insight into methods
of treating myometrium-related complications. When approaching the end of
pregnancy, the uterus becomes capable of shifting from a quiescent state to an
active contractile state that produces the powerful contractions needed for
successful parturition. In vitro, the myometrium is capable of contracting
spontaneously for days without hormonal or neuronal stimulation (Gullam et al.,
2009, Wray, 1993). Myometrial contractility, which is a dynamic phasic
phenomenon, is controlled be several membrane pumps, ion channels,
transmitters and chemicals, and can be modulated by agonists and hormones
(Noble et al., 2009). Multiple ions are involved in the maintenance and changes

of the myocyte membrane potential especially K*, CI-and, crucially Ca?*.

1.4.2 Uterine contractility in non-pregnant and pregnhant

myometrium

There are functional and anatomical differences between the non-
pregnant and pregnant human myometrium. The non-pregnant uterus is not a
quiescent inert organ as it is able to initiate contractions to aid the sloughing of
the inner endometrial lining of the uterus during menstruation, as well as to
facilitate the passage of spermatozoa to the fallopian tubes. The uterine
contractile patterns, however, differ between non-pregnant and pregnant
myometrium. The former produces more focal and sporadic contractions
(Togashi, 2007), giving rise to rhythmic and wave-like activity during the
menstrual cycle (van Gestel et al., 2003). In contrast, during early pregnancy, the
uterine contractions develop an irregular pattern of weak intensity to maintain the
growing foetus; these then strengthen and become regular in pattern during

labour to mediate delivery of the foetus and placenta

1.4.3 The myometrial membrane potential

The myometrium is an excitable tissue characterised with a membrane

potential that is determined by the gradient of ions across the plasma membrane,
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and largely contributedto by K*( Pe hl i van o] | .u'heeadttiongdtentjal
iIs characterized by cyclic depolarisation and repolarisation of the plasma
membrane. The variations in the concentration and the membrane permeability
of the ions on either side of the plasma membrane determine the resting
membrane potential (RMP). At RMP, the ionic gradient is kept at a relative high
intracellular K* concentration and high extracellular Na*, Ca?*, ClI- concentrations.
The resting membrane potential measured in human uterus decreases towards
term from approximately 170 mV to approximately -45 mV (Parkington et al.,
1999, Nakajima, 1971). Ca?* has the largest electrochemical gradient , which at
resting state is 10* higher in the extracellular space than in the cell cytosol
(Sanborn, 2000). The presence of intracellular ions with a net negative charge
builds a potential difference, with the net negative intracellular potential. These
dynamics in ionic movement across the plasma membrane regulate both
spontaneous and agonist-induced contractions of myocytes in the non-pregnant
and pregnant myometrium (Sanborn, 1995, Parkington and Coleman, 1990). The
presence of multiple membrane proteins, such as pumps, channels and
exchangers, also facilitates the ionic balance on both sides of the membrane. lon
channels open and close in response to certain changes in their local
environment and can be modulated by alterations in membrane potential/voltage
or binding of a specific agonist. Voltage-sensitive channels are largely involved
in the RMP. The RMP recorded from the myometrium notably varies according
to reproductive status, the species and the region of the myometrium from which
electrical activity is recorded (Parkington and Coleman, 1988, Parkington et al.,
1999).

Spontaneous membrane depolarisation was thought to be generated by
pacemaker cells found in the myometrium (Shmygol et al., 2007a); however, the
relative contribution of these cells to contraction within the myometrium remains
uncertain. Upon depolarisation, voltage-gated Ca?* channels open at the
activation threshold of -60 to -30 mV (Triggle, 1996, Perez-Reyes, 2003).
Thereafter, the influx of Ca?*, perhaps with Na, occurs along the electro-chemical
gradient. The increasing intracellular concentration of Ca?* is the major
component of action potential generation and subsequent myometrial
contractions. Cell membrane repolarisation is then driven by inactivation of

voltage-gated Ca?* channels and K* efflux occurs via activation of voltage-
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sensitive potassium channels. (Wray, 1993, Wray et al., 2003, Parkington and
Coleman, 2001).

1.4.4 lon channels

1.4.4.1 Voltage-gated calcium channels

Voltage-gated calcium channels are a group of voltage-dependent ion
channels expressed in the plasma membrane of excitable cells, with major
permeability to Ca?* ions (Yamakage and Namiki, 2002). In general, there are
three types of voltage-gated calcium channels, two of which are found in the
myometrium: L-type and T-type channels (Wray et al., 2003, Young et al., 1993).
These are composed of a complex structure of four different subunits: an ion-
conducting pore subunit, Ur, and three other regulatory subunits; (bl , 1-4,@and y
(Dolphin, 2006). The U canferb the fumnctional and pharmacological
properties of the Ca?* channel, in terms of ion permeability, voltage sensing and

drug binding. The other subunits are

The main voltage-gated calcium channel subtype in the myometrium is
the L-type and it is essential for excitation-contraction coupling (Lipscombe et al.,
2004). So produces high voltage-activated and long-lasting currents; therefore,
they account for the majority of the calcium current recorded in the myometrium.
L-type calcium channel expression varies with pregnancy, suggesting a key role
during labour (Collins et al., 2000, Tezuka et al., 1995, Mershon et al., 1994), and
their function is regulated by sex hormones (Helguera et al., 2002, Batra, 1987,
Okabe et al.,, 1999). Pharmacological inhibition of L-type Ca?' channels
abrogates myometrial action potentials, spontaneous myometrial contractions

and Ca?* transients (Coleman et al., 2000).

T-type calcium channels are low-voltage-gated and, thus, require a

relatively small depolarisation to be activated, as well as being slowly deactivated

cl a:

(Catterall, 2011). They are composedo f t hr ee ma j(Gav3.1{Cav8.8)b uni t

(Blanks et al., 2007). T-type calcium currents have been identified in the human
myometrium and may be involved in the initiation of the action potential (Young
and Zhang, 2005, Young et al., 1993), the regulation of spontaneous phasic
contractions and the generation of Ca?* transients (Lee et al., 2009). However it

is open to debate about how much they contribute in vivo, as they are likely to be
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inactivated at smooth muscle unlike neuronal resting membrane potential (Perez-
Reyes, 2004).

1.4.4.2 Potassium channels

As mentioned earlier, activation of outward currents carried by potassium
ions occurs during membrane repolarisation following an action potential. The
primary function of potassium channels is to maintain the resting membrane
potential close to the reversal potential of K* ions (~ -84mV). It causes
hyperpolarisation (or repolarisation), thereby terminating action potential
generation and ultimately making contraction and cellular excitability less likely
to happen (Khan et al., 2001). Multiple types of potassium channels have been
identified in the myometrium, including the voltage-gated channel (Kv), the ATP-
sensitive potassium pump (Karp), the calcium-activated potassium channels (BK,
IK and SK) and at least one inward rectifier (Smith et al., 2007). Of these
channels, BK channels are the most abundant potassium channel in both the
pregnant and non-pregnant human myometrium (Perez et al., 1993, Khan et al.,
1997); however, they have little functional role in the myometrium (Aaronson et
al., 2006, Noble et al., 2010). Kv and Katp channels have been suggested to be
involved in maintaining uterine quiescence and in the initiation of myometrial
contractions (Knock et al., 1999, Brainard et al., 2007).

1.4.4.3 Chloride channels

C | dhannels are integral membrane proteins that specifically allow the
movement of CIE ions across the cell
the existence othe m@dmEtrium iAaaikaneahdsAdebiyi, 2005,
Arnaudeau et al., 1994, Yarar et al., 2001). Two chloride channels have been
identified in smooth muscle cells; the calcium-activated chloride channel (Clca)
and a volume-regulated chloride channel (CIVR) (Nelson et al., 1997, Shi et al.,
2007). These chloride channels can be activated by different mechanisms
including changes in cAMP, [Ca?']i, pH, extracellular ligands and cell swelling.
Smooth muscle cells unusually have high C | cBncentrations, thus if C | cBannels
open, C | i@s will move with its concentration gradient and cause membrane
depolarisation. Clca is activated by Ca?* entry through L-type Ca?* channels

(Jones et al., 2004); they are normally closed at resting free [Ca?*]i at ~ 100nM/L
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and are generally excitatory, providing triggers for signal transduction (Leblanc et
al., 2005). CIVR, on the other hand, is activated by cell swelling during normal
metabolism and is involved in depolarisation and the maintenance of contractile
force (Mohammed Fahad Alotaibi, 2012).

1.4.4.4 Sodium channels

Fast Na* currents have been measured in pregnant rat and human
myometrium. The cells possessing these channels found to increase Na* channel
receptors close to parturition (Inoue and Sperelakis, 1991). Voltage-gated Na+
channels (VGSC) were found to be able to mediate phasic contractions
maintained over long periods of time in hon-pregnant rats myometrium (Seda et
al., 2007). The Na*-leak channel (NALCN) was found to produce the Na*-
dependent leak current in myometrial cells (Reinl et al., 2015).

1.4.5 Excitation - contraction coupling in the myometrium

Excitation - contraction coupling (ECC) is the sequence of events,
between the generation of an action potential and initiation of muscle contraction,
and is predominantly regulated by [Ca?*]i( Pe h |l i van o] |.Theprimara |
drive in the rise of [Ca?']i is the depolarisation of the plasma membrane.
Increased [Ca*?]i is crucial for myometrial contraction to occur. This is achieved
by entry of extracellular calcium ions via voltage-gated L-type Ca*? channels and
also their release from intracellular SR stores (Wray, 1993, Wray, 2007).
Physiologically, the regulation of [Ca?*]i can be divided into the following phases:
maintenance of basal concentrations to maintain the resting tone of the
myometrium; a spike in [Ca?*]i that following agonist stimulation and resulting in
contraction; and the restoration of [Ca?*]; to the resting state, following stimulation
(Aguilar and Mitchell, 2010). These processes are basically regulated by instant

alterations in ion channel permeability and pump and exchanger mechanisms.

Opening L-type calcium channels causes a significant calcium influx into
the myocyte. It is the major source of calcium for contraction and if the channels
are inhibited e.g. by nifedipine, there is no rise of calcium and no contraction in
the uterus. As mentioned earlier, calcium binds to calmodulin (CaM) 1 a calcium-
binding protein that binds four calcium ions. The calcium-CaM complex then
activates myosin light chain kinase (MLCK), which is the main enzyme driving
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contractility (Longbottom et al., 2000). When activated, MLCK phosphorylates
serine 19 on the regulatory light chain of myosin (MLC), triggering the interaction
between actin and myosin myofilaments and subsequent actin-myosin cross-
bridge cycling. This is followed by hydrolysis of Mg-ATP and the initiation of
contraction (Taggart et al., 1997) (Figure 1.6). Contraction is then abolished by
reversing the above steps, starting with dephosphorylation of MLC by myosin
light chain phosphatase (MLCP), deactivation of myosin, and subsequent
inhibition of cross-bridge cycling and consequent cassation of contraction (i.e.
relaxation). In addition, the L-type calcium channels inactivated and Ca?* entry is

terminated, leading to dissociation of Ca*? from calmodulin.

Agonists can inhibit or augment ECC via multiple intracellular pathways
that either increase or reduce Ca?*. The sensitivity of the cellular myofilament to
Ca?* can be modulated in a process known as calcium sensitisation (Somlyo and
Somlyo, 1998). MLCK has been shown to be phosphorylated by many kinases,
leading to reduced activity and ultimately desensitisation of the contractile
process. Phosphorylation of MLCP diminishes its activity and subsequently
inhibits the inhibitor of MLC cross-bridge cycling, thereby sensitising the
contractile machinery (Somlyo and Somlyo, 2003). MLCP is more involved in
calcium sensitization. There is, unlike the case of vascular smooth muscle, no
direct evidence for calcium sensitization in the uterus, thus when it has been
sought and [Ca?*]i measured, there is no change in the relation between Ca?* and
force (Kupittayanant et al., 2001). Using indirect observations, others have

suggested that oxytocin, promotes calcium sensitisation (McKillen et al., 1999)
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Figure 1.6 A schematic of excitation-contraction coupling in
the myometrium. The process starts with changes in the ionic
permeability of the membrane by membrane depolarisation,
triggering the initiation of action potential, opening of L-type Ca?*
channels and subsequent Ca?*influx. Calcium binds to calmodulin
(CaM) to form the calcium-CaM complex, which then activates
myosin light chain kinase (MLCK) and leads to phosphorylation of
the light chain of myosin (P). Phosphorylated myosin interacts with
actin and stimulates cross-bridge cycling, thereby promoting
uterine contraction. Relaxation, on the other hand, is mediated by
dephosphorylation of light chain of myosin by myosin light chain
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1.5 The regulation of intracellular [Ca?*] ([Ca?*]i) in myometrial

contraction

A transient elevation in [Ca?*]i is the major trigger for smooth muscle contraction,
as mentioned earlier (Shmygol et al., 2007a) and the key mechanism of calcium
entry to produce spontaneous contractions is via L-type calcium channels in the
myometrium. In addition, calcium can also enter the myocyte through receptor-
operated calcium channels (ROCCs) and store-operated calcium channels
(capacitative calcium entry) (Putney and Ribeiro, 2000). Furthermore, calcium
can be removed from the cytoplasm by sequestration into the SR via the
sarco/endoplasmic reticulum Ca?*-ATPase (SERCA) or out of the cell by the
plasma membrane Ca?*-ATPase (PMCA) pump and the Na?*/Ca?* exchanger
(NCX) (Matthew et al., 2004).

1.5.1 Calcium influx

Calcium enters the cell predominately via L-type calcium channels, as
detailed earlier. It can also enter the myocytes independently of membrane
depolarisation via nonspecific cation- and receptor-operated channels. These
channels are activated following binding of specific ligands/agonists. Some
channels, when activated, promote myometrial contraction; agonists for these
channels include oxytocin, prostaglandin FP and thromboxane. Other receptors,
such as -adrenceeptr 2and prostaglandin EP2 promote relaxation via

activation of cyclic AMP( Pehl i vanoj l.u et al ., 2013)

Store-operated calcium channels (SOCCs) and Clca channels have also
been implicated in Ca?* influx. S O Catebastivated by depletion of the SR
calcium, which results in capacitative calcium entry (CCE) or store-operated
calcium entry (SOCE) (Putney and Ribeiro, 2000). This increase in calcium
concentration contributes to myometrial contractility (Tribe et al., 2000). SOCE
was found to occur in both the rat and human myometrium (Noble et al., 2009).
These channels also belong to the transient receptor potential superfamily (TRP)
(Petersen et al., 1995). Many types of channels have been found in the human
myometrium, including TrpC1, TrpC3, TrpC4 and TrpC6 (Ku et al., 2006); they
are functionally upregulated towards term and during labour (Noble et al., 2009,

Dalrymple et al., 2004). As described earlier, Clca channels contribute to the
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excitability in uterine myocytes, by triggering depolarisation via their opening,
which can then lead to the opening of L-type calcium channels (Jones et al.,
2004).

1.5.2 Calcium efflux

As discussed, Ca?* is removed from the myocyte by two mechanisms: the
plasma membrane Ca?*-ATPase pump (PMCA) and the Na?*/Ca?* exchanger
(NCX) (Shmigol et al., 1998). While Ca?* entry occurs down the electrochemical
gradient, Ca?* extrusion occurs against the concentration and electrical gradients,
which is why it needs energy in the form of ATP, directly in the case of PMCA,
and indirectly for the NCX. The recovery of calcium to resting levels was shown
to be abolished if these mechanisms were inhibited (Shmigol et al., 1999). These
are the two major mechanisms restoring Ca?* to resting values following
excitation and maintaining low resting concentrations. In the myometrium, the
predominant mechanism responsible for calcium extrusion is PMCA; hence 65%-
70% of the calcium efflux is attributed to it and the remaining 30%-35% is
governed by NCX (Shmigol et al., 1998, Taggart et al., 1997). Both PMCA and
NCX utilises the Na* gradient created by Na/K-ATPase to operate the cellular
extrusion of calcium. PMCA is also calmodulin-dependent with affinity to calmodulin
depending on the isoform. The PMCA has a lower capacity and variable affinity
(according to the isoform), while the NCX has a lower affinity for Ca?* but holds a

higher capacity of ions (Bradley et al., 2002).

1.5.3 Regulation of [Ca?*]i by the sarcoplasmic reticulum (SR)

1.5.3.1 Ca%*'release from the SR

The myometrial SR contains two types of Ca?* releasing channels; the
inositol 1, 4, 5-triphosphate receptors (IP3Rs) and ryanodine receptors (RyRS).
Conversely, the sarcoplasmic reticulum calcium-ATPase (SERCA) pump on the

SR membrane sequesters [Ca?*)i into the SR lumen.

The myometrium can be activated both by changes in [Ca?+]i and also by
agonists. Agonist-stimulation of the myometrium occurs via activation of specific
receptors coupled to G-protein activates phospholipase C (PLC) and

subsequently two second messengers, Inositol triphosphate (IP3) and
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diacylglycerol (DAG), from hydrolysis of phosphatidylinositol (4,5)-bisphosphate
(PIP2). IP3 binds to its receptors, IP3Rs, on the SR and activates the release of
calcium from the SR into the cytoplasm, contributing to increasing [Ca?*]i. All IPsR
isoforms (typel-3) have been observed in the pregnant and non-pregnant
myometrium (Morgan et al., 1996), with variable sensitivities to both IP3z and Ca?*
(Mikoshiba, 2007).

The RyRs, as the name indicates, are sensitive to ryanodine and are
primarily activated by local [Ca?]i increase through Ca?*-induced Ca?* release
(CICR) (Curtis et al., 2008). All three isoforms of RyRs (RyR1-RyR3) have been
identified in the uterus and their expression in the myometrium changes with
pregnancy (Martin et al., 1999). Some interactions between IP3Rs and RyRs
have been reported in smooth muscles (McGeown, 2004). Although Ca?* release
from the SR through RyRs has been reported in cultured myometrial cells (Holda
etal., 1996), based on the [Ca?*]i and molecular studies, as well as pharmacology
and force measurements it has been shown that RyRs play no role in
myometrium (Taggart and Wray, 1998, Kupittayanant et al., 2002, Matsuki et al.,
2017, Dabertrand et al., 2007, Mironneau et al., 2002). Consistent with this, there
are no Ca?* sparks or spontaneous transient outward currents in myometrium
(Burdyga et al., 2007).

1.5.3.2 Ca?" uptake into the SR

Cytosolic [Ca?*]i is always maintained at relatively lower levels compared
to the extracellular and SR-luminal concentrations. Therefore, active transport via
SERCA is required for the uptake of Ca?* into the SR, against its electrochemical
gradient (Moller et al., 1996, Marin et al., 1999). This utilises ATP with a counter
transport of protons (Levy et al., 1990). Three isoforms of the SERCA pump have
been identified: SERCA 1, SERCA 2 and SERCA 3 (Wray and Burdyga, 2010).
SERCA isoforms 2a and 2b (housekeeping SERCA) and 3 have been identified
in both the animal and human myometrium, including the labouring myometrium
(Tribe et al., 2000). It was found that blocking SERCA with cyclopiazonic acid and
thapsigargin enhances myometrial contractions (Burdyga and Wray, 1999, Tribe
et al., 2000). Although the SR has a large capacity for taking up and storing
calcium, inhibition of other calcium extrusion mechanisms (such as PMCA and

NCX) in single cells, shows that SERCA was unable to replace their function
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(Shmigol et al., 1999). The activity of PMCA and NCX, but not SERCA, has been
shown to be influenced by changes in sarcolemmal cholesterol levels (Ortega
and Masoliva, 1984, Kutryk and Pierce, 1988).

1.6 The physiology of human pregnancy - a brief overview

The uterus is a vital reproductive organ that enables successful pregnancy
and parturition to take place. It regularly accepts the fertilised ovum and provides
a fortified environment for the process of endometrial implantation, after which it
undergoes periods of hypertrophy and hyperplasia to compensate for the
increasing metabolic requirements of the growing foetus. The uterus provides
nourishment, blood supply and mechanical support to the foetus throughout the
gestational period. As pregnancy approaches term, the uterus undertakes
multiple preparatory processes for the onset of labour contractions.

The average length of a human pregnancy is 40 weeks (280 days) from
the first day of the woman's last menstrual period (LMP). Nevertheless, only about
4% of women actually give birth on their expected due date and the majority
deliver between 37-42 weeks. Whilst preterm delivery is typically classified as
delivery prior to 37 weeks, and post-term delivery is defined as delivery after 42
weeks, term has been traditionally defined as delivery occurring between 37 and
42 weeks. Although LMP and symphysio-pubis fundal height (SFH) are common
methods of estimating the gestational age, foetal biometry using ultrasound in
early pregnancy is the most accurate method (Whitworth et al., 2015, Taipale and
Hiilesmaa, 2001) and is an integral part of the obstetric assessment (March et al.,
2012). Normal uncomplicated pregnancy is defined as a singleton gestation

without maternal or foetal risk factors.

1.7 The process of parturition and labour

Normal parturition is divided into four phases: myometrial quiescence
(prelude to labour), activation (preparation for labour), stimulation (the process of
labour) and recovery (involution). Physiological changes of each parturition
phase are summarised in Table 1.1. These phasic interactions include maternal
and foetal hypothalamic-pituitary-adrenal axis activation, inflammation and
myometrial stretch (Kota et al., 2013). Labour is the physiological process of

delivering the baby, the placenta, the umbilical cord and the accompanying
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membranes (the products of conception) from the uterus via the birth canal.
Normal labour is defined to be spontaneous delivery at term, natural in onset,
remaining low-risk from commencement to delivery, with persistent vertex
presentation of the baby. Both maternal and neonatal health should also be good

during pregnancy and following childbirth (WHO, 2011a).

Several measurable parameters of labour are commonly used to assess
both the physiology and progress of labour, including uterine contractions,
cervical dilation, descent of the presenting part, maternal and foetal observational
recordings (partogram) (Gould, 2000). The labour process is continuous,
although it comprises three main stages 1 known as the first, second and third
stages of labour. These phases primarily correspond to the myometrial and
cervical physiological changes during delivery as a result of mechanical,
biochemical and hormonal changes (Norwitz et al., 1999, Irani and Foster, 2015).
The active stage of labour refers to the first and the second stages collectively. It
is clinically considered that there is a physiological variation in the length and
progression of labour between mothers, especially in early labour (Kominiarek et
al., 2011, Zhang et al., 2010b, Zhang and Duan, 2018). Parturition in literature
frequently refers to the process of labour.
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Table 1.1 Phases of parturition.
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1.7.1 First stage of labour

The first stage of labour commences from the onset of uterine
contractions to full cervical dilatation. It commonly lasts 8-12 hours in primiparous
and 3-8 hours in multiparous women. First stage of labour is classically divided
into two phases; the latent and the active phases. The latent phase precedes the
active phase, whereby the cervix softens, is partially effaced and dilates to 3-4
cm with irregular uterine contractions. This is followed by the active phase,
whereby the painful uterine contractions become regular, with a substantial
degree of cervical effacement, and this lasts until the full dilatation of the cervix.
The latent phase is longer and can last several hours, while the active phase is
shorter and lasts 2-3.5 hours. The normal rate of cervical dilatation during the
active phase is 1cm/hour (Friedman, 1955); however, this varies significantly
according to the population, parity, foetal weight and head circumference,
whether the labour is spontaneous or induced and the use of epidural
anaesthesia (Juhasova et al., 2018). A prolonged latent phase of labour occurs
in 5-6.5% of women. Prolongation of this stage is highly associated with adverse

maternal and foetal outcomes.
1.7.2 Second stage of labour

The second stage of labour, also known as the pushing stage, usually
begins from full dilatation of the cervix and lasts until the delivery of the baby. The
duration of this stage is variable; it can last 1-2 hours in primiparous and 0.5-1
hours in multiparous women. This stage can be further subdivided into two
phases: the first is an early passive phase, which starts from the full dilatation of
the cervix until the passive descent of the foetal head through the maternal pelvis.
This stage is followed by the active (expulsive) phase, which begins when
contractions become expulsive and the pushing actively starts. A prolonged
second stage of labour in nulliparous women is defined lasting around 2-3 hours
with epidural analgesia (American College of Obstetrics and Gynecology

Committee on Practice Bulletins-Obstetrics, 2003).

1.7.3 Third stage of labour

This is the last stage of labour, commencing at the time of complete

neonatal delivery and lasting until the complete delivery of the placenta and
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membranes. It commonly lasts up to an hour, if spontaneous, and 5-15 minutes
if manually managed. Delivery of the placenta is often associated with strong
contractions, vaginal bleeding during placental separation and umbilical cord
lengthening. The basic physiology of the third stage of labour is still not well
understood. The most common complication occurring during this stage is
postpartum haemorrhage, which can be prevented or controlled by active
management of the third stage of labour i this can involve proper clamping and
cutting of the umbilical cord and administration of uterotonic agents, including

oxytocin (Gungérdik et al., 2018).

1.8 Induction of labour

Induction of labour (IOL) is a process in which the uterus is artificially
promoted to initiate labour for the purposes of improving the quality of the delivery
outcomes and reducing maternal and neonatal morbidity and mortality
(Organization, 2011). IOL is recommended when the risks of waiting for the onset
of spontaneous labour outweigh the risks associated with shortening the duration
of pregnancy by induction. The most common indications of IOL is post-term
pregnancy, which is at the top of the list, followed by maternal hypertension and
suspected foetal compromise, as well as premature rupture of the membranes
(Alhazmi et al., 2018, MacKenzie, 2006). IOL for postdates, maternal
hypertension, GDM and LGA were found to be associated with an increasing risk

of C-section delivery (Mei-Dan et al., 2017).

There is a strong evidence that maternal obesity is contributing to the rising
rates of induction of labour in pregnant women (O'Dwyer et al., 2013, Farah et
al., 2009, Ellis et al., 2019). It was recently suggested that a high BMI at is a risk
factor for IOL during a late-term pregnancy (Ferrazzi et al., 2019). Two distinctive
methods of labour induction are commonly used, frequently in combination:
pharmacological agents and mechanical stimulation to stimulate cervical
effacement, dilatation and eventually uterine contractions (MacKenzie, 2006).
Many pharmacological agents are used for IOL; however, oxytocin and
prostaglandins are the most common used agents in IOL (WHO, 2011b).
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1.9 Prolonged/dysfunctional labour

1.9.1 An overview

The exact definition of prolonged labour (or dysfunctional labour) is
controversial. The term usually refers to a prolonged duration of the active phase
of labour and was defined by WHO as the failure of the presenting part of the
foetus to progress into the birth canal, despite strong uterine contractions
(Hofmeyr, 2004). The National Institute for Health and Care Excellence (NICE),
on the other hand, defined prolonged labour as cervical dilatation of less than 2
cm in 4 hours in first-time labour. The American Pregnancy Association
define prolonged labour as lastt ng O 20 hours in nul
hours in multiparous women (Albers, 1999). It was also defined previously as
incurrence of cervical dilatation in 2 hours or a dilatation rate less than 1 cm/hour
in nulliparous women; however, this definition has led to over-diagnosis of
prolonged labour (Neal et al., 2010). Prolonged duration of labour is commonly
described as failure of progress, dystocia, as well as dysfunctional or obstructive

labour. It is also the most common cause of emergency C-section deliveries.

It is estimated that almost 8% of all women giving birth will experience
prolonged labour during delivery and the majority of these will be first-time
labours; however, this estimation varies between the populations (Nystedt and
Hildingsson, 2014, Wray, 2007). Prolonged labour is mainly depend on subjective
information on the timing and strength of uterine contractions self-reported by
pregnant women. However, it can be diagnosed using a partogram (Lavender et
al., 2013). A partograph is a graphical record of key maternal and foetal changes
during labour, which are plotted against time. The frequency of prolonged or
augmented labour can also significantly reduced by using a partogram (Javed et
al., 2007).

Harper et al. demonstrated that prolonged labour is associated with a
higher risk of maternal fever, shoulder dystocia, and other adverse neonatal
outcomes (Harper et al., 2014). Consistent with Harper et al. findings, Sandstrom
et al. found that prolonged labour and pushing are associated with higher risk of
adverse neonatal outcomes (Sandstrém et al., 2017). In contrary, Cheng et al.
indicated that nulliparous women with prolonged active labour had higher rates

of C-section deliveries with no observed adverse neonatal outcomes (Cheng et
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al., 2010). It was also found that a prolonged second stage of labour correlates
with successful vaginal delivery rates, although with a minor increase in maternal
and neonatal morbidity and perinatal mortality (Laughon et al., 2014). Many
factors were recognised to influence the length of labour, such as parity, maternal
age, foetal weight and position, pelvic size and shape, duration of pregnancy,
pre-pregnancy weight and gestational weight gain (Piper et al., 1991, Nesheim,
1988, Greenberg et al., 2007, Allen et al., 2009, Senecal et al., 2005).

1.9.2 Pathophysiology of uterine contractions in dysfunctional

prolonged labour

In dysfunctional labours not complicated by foetal or maternal anatomical
complications, the cause must reside with the myometrial contractions. Quenby
et al. were the first to show that in myometrial capillary blood there was an
acidosis, increase in lactate and reduction in O2 saturation, without systemic
changes, in labouring women (Quenby et al., 2004). The pathophysiology of
uterine contractions in prolonged labour was thoroughly explained previously
(Neilson et al., 2003). The metabolic requirements can be compensated in a
healthy mother, if however a labour is prolonged, the uterus will steadily deplete
its metabolic reserves of glycogen and ATP, which ultimately builds an acidic
environment due to ATP depletion, anaerobic metabolism and systemic
ketoacidosis. Myometrial lactic acidification was proven to reduce, and/or further
abolish, rat and human uterine contractility (Hanley et al., 2015, Taggart and
Wray, 1995, Taggart and Wray, 1993, Parratt et al., 1995) along with changes in
intracellular Ca2* underlie these changes in contractility (Pierce et al., 2003).
Indeed, the pathological mechanism underlying obstructed labour in parous
women has proven relatively difficult to elucidate; hence, they developed
adaptive reactions to the effects of acidification. Thus bicarbonate, by neutralising
the acid in the myometrium, was found to reduce threatened dysfunctional labour
and lactate in the amniotic fluid is now a marker for dysfunctional labours (Wiberg-
Itzel et al., 2018, Wiberg-Itzel et al., 2014, Sterpu et al., 2018).

1.10 Mouse pregnancy and parturition

The average mouse life-span is approximately 24 months; however, its

reproductive life span is appreciably shorter, at 7-8 months (Wilkinson et al.,
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2012). Many different factors can influence mouse reproduction, including age,
strain, breeding environment, diet, general health and pheromones (Baker et al.,
1932, Dominic, 1966, Franks and Payne, 1970, Keveme, 1983). Mice of both sex
frequently reach sexual maturity at 4-7 weeks of age (Nelson et al., 1990). The
mouse oestrous cycle is short (4-5 days) and ovulation usually occurs 8-12 hours
after the onset of the cycle. If fertilisation occurs, developing embryos can be
palpated by the 14™ day of gestation.

Mouse pregnancy usually lasts for a couple of days. The gestation period
for the pregnant mouse varies from 18 to 22 days but varies between mouse
strains and within a strain as well (Atchley, 1991). The C57BL/6J mouse strain
which has an 18.5-day gestation period was used in this thesis. Multiple factors
can affect the duration of pregnancy in mice. As with humans, it has been
established that there is an inverse relationship between the gestation period and
the number of litters in mouse (Dewar, 1968, Biggers et al., 1963). Unlike human
pregnancy, where the average gain in weight is approximately 20% of the pre-
pregnancy body weight, the total weight gained during pregnancy in mice is
altered according to the number of mice in the litter i ranging from an average
of 5.5 g (30%) for litters of one mouse up to an average of 19.5 g (70%) for litters
of ten mice (Fekete, 1954).

Inbred females have a tendency to have longer pregnancies than non-
inbred females; hence non-inbred females tend to produce larger litters and pups.
The average pup number is 4-12. The gestation period can be greatly prolonged
when the pregnant mother continues to nurse a previous litter. When mice are
maintained under a standard light-dark cycle, mating typically occurs at night and
birth occurs frequently between the hours of midnight and 4:00 A.M;
nevertheless, it can also occur anytime of the day or night. Parturition usually last
1-3 hours in mouse and the mouse becomes sexually receptive 24 hours after

parturition.
1.11 Maternal obesity

1.11.1 Prevalence

Maternal obesity has become a concern due to the noticeably high risk of

obesity-related complications in the pregnant mother and her child. The
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prevalence of maternal obesity is increasing at an alarming rate worldwide. It is
estimated that 13% of the womprevdlénse hasopul a
almost tripled in adults over the last 40 years, with the highest rate observed in
women of child-bearing age (WHO, 2018). According to the 2019 NHS statistics,
30% of women are obese and 29% of these have increased health risks
associated with obesity (National Health Service, 2019). Around one in five
women booking for antenatal care in the UK are clinically obese (Kanagalingam
et al., 2005, National Health Service, 2016). The healthcare cost of obesity poses
a considerable burden on Western economies (Specchia et al., 2014, Morgan et
al., 2014), especially in case of morbid obesity (Grieve et al., 2013). Indeed, it
was estimated that this cost is increased five-fold in obese women compared to

women who are non-obese (Schneid-Kofman et al., 2005).

1.11.2 Definitions and measurements

According to the WHO, obesity is defined as excessive or abnormal fat
accumulation that presents a risk to health (WHO, 2000). There are many ways
in which a person's health in relation to their weight can be classified, including
body mass index (BMI), waist circumference, waist-to-hip ratio and skinfold
thickness. BMI is a crude population measure of obesity and is widely used in
clinical research. It is calculated by dividingt h e i n d weightdhkiepgrains
by the square of his or her height in meters (kg/m?). BMI is inexpensive and easy
to measure however, it is not a perfect measure as it does not accurately assess
body fat. It does not distinguish between body fat and lean body mass. Bones
and muscles are denser than fat, so a muscular person or an athlete may have a
high BMI, yet not have too much fat. However, as most people are not athletes,
for most of the population BMI is a very good representative of obesity.
Particularly useful for my studies is that women have had their height and weight
measured at their first antenatal visit, worldwide for many decades. This means
information about obesity can be viewed and assessed with a degree of
confidence from international sources. In addition, unlike other obesity measures,
BMI has standardised cut-off points for being overweight vs obese (Tablel.2).
Thus, BMI is more useful in clinical studies as an indicator of health problems
related to increased body fat. Maternal obesity during pregnancy is defined as a
B MI O 3at thk fiyst tnmester of pregnancy (Modder, 2010).
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Table 1.2 WHO classification of BMI (kg/m2)

BMI Class BMI (kg/m?)

Underweight <185
Normal weight 18.5-24.9
Overweight 25-29.9
Obesity class | 30-34.9
Obesity class I 35-39.9
morbid obesity &40 Obesity class |l
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1.11.3 Gestational weight gain

Gestational Weight Gain (GWG) is defined as the total amount of weight
gained during pregnancy. The extent of weight gained during pregnancy can
influence the short and long-term health of both the pregnant woman and her
child. Optimal weight gain during pregnancy is physiologically essential for a
healthy pregnancy to compensate for the growing foetal requirements. It usually
consists of approximately 8 kg of water, representing increased amniotic fluid and
plasma volume, 1 kg of maternal, placental, and foetal protein lean mass and
additional variable amounts of adipose tissue (1i 6 kg) (Institute of Medicine and

National Research Council Committee to Reexamine, 2009).

Insufficient GWG, regardless of pre-pregnancy BMI, was found to be
associated with preterm birth, low birth weight, small for gestational age (SGA)
babies and infant death (Wen and Lv, 2015, Davis-Moss and Hofferth, 2018,
Ikenoue et al., 2018, Blomberg, 2011a), whilst excessive weight gain was found
to be associated with large for gestational age (LGA) infants, postpartum weight
retention and preeclampsia (Scifres et al., 2014, Devlieger et al., 2016,
Cedergren, 2006, Siega-Riz et al., 2009).

In 2009, new guidelines on recommended GWG were published by the
American Institute of Medicine (IOM); these, based on pre-pregnancy BMI,
indicate that the GWG should be lower with increasing BMI (Table 1.3)
(Rasmussen et al., 2009). Excess GWG beyond American Institute of Medicine
guidelines in obese women will result in increased adiposity rather than lean body
mass weight (Berggren et al., 2016). However, Bodnar et al. observed that
women with severe pre-pregnancy obesity would benefit from lower GWG than
recommended by the IOM (Bodnar et al., 2010).

Maternal obesity was shown to influence pregnancy outcomes more than
excessive increase in GWG (Nohr et al., 2008, Nelson et al., 2010); however, the
predicted risk for most adverse pregnancy outcomes in obese pregnant women
is exacerbated by profound GWG (Kapadia et al., 2015). Based on population
studies, weight gain during pregnancy has an inverse relationship with maternal
pre-pregnancy BMI, with an increased risk in young nulliparous women (Chu et
al., 2009). Low GWG has been shown to improve pregnancy outcomes by
decreasing the risk of preeclampsia, LGA and SGA neonates and C-section
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delivery (Institute of Medicine and National Research Council Committee to

Reexamine, 2009).

Table 1.3 American Institute of Medicine guidelines (IOM) for total GWG for

women with singleton pregnancy.

Pre-pregnancy BMI class Recommended GWG (kQ)

Underweight 12.5-18
Normal weight 11.5-16
Overweight 7-11.5
Obese 5-9
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1.11.4 Mouse obesity

Unlike for humans, there is no defined BMI for mice. Obesity is usually
based on increased adiposity i i.e. the ratio of fat mass (FM) per fat-free mass
(FFM). There are several models of obesity currently used for research purposes
(Lutz and Woods, 2012) and most of them have monogenic mutations in the leptin
pathway (gene or receptor). Circulating leptin levels are increased in obese
humans and also in obese mouse models (Frederich et al., 1995). Diet- induced
models are also frequently used in research. These mice are often used as
preclinical experimental models for obesity research. Sever obesity mouse
models are frequently produced by mutation of leptin, LEPR (leptin receptor)
and MC4R (melanocortin-4 receptor) genes (Fairbrother et al., 2018). The
C57BL/6J mouse is the most frequently studied model of polygenic obesity (Chu
et al., 2017, Scroyen et al., 2013).

Apolipoprotein E (ApoE) is an arginine-rich apolipoprotein with a molecular
mass of JShorded &., 1D78). The Apolipoprotein gene family (Apo) is
highly  implicated in lipid metabolism. There are five Apo
genes: ApoA, ApoB, ApoC, ApoD and ApoE. Obesity was found to be pertinent
to ApoE, which is found in all lipoproteins (except for low-density lipoprotein
(LDL)) and is involved in the clearance of circulating cholesterol and triglycerides
(TG) (Ferreira et al., 2011, Kashyap et al., 1995). Mice lacking ApoE gene
(ApoE'" "Tmouse) develop hypercholesterolemia, followed by obesity; thus, they
are widely used as a model of hyperlipidaemia and atherosclerosis (Pendse et
al., 2009, Kypreos et al., 2009, Huang et al., 2006, Prendergast et al., 2014). The
mice are healthy with normal reproductive performance, but have a remarkably
high plasma (cholesterol-rich) very low-density lipoproteins (VLDL) and
intermediate density lipoproteins (IDL) (Hakamata et al., 1998). Though
extremely rare, humans lacking ApoE gene are reported to have elevated plasma
cholesterol levels in the form of VLDL and IDL (Schaefer et al., 1986). Although
it was reported that ApoE'’ 'mice can be leaner than wild-type mice (Schreyer et
al., 2002, Hofmann et al., 2008, Chiba et al., 2003), a study in experimental
mouse models have provided a link between ApoE"’ 'mouse and obesity (Kypreos
et al., 2009).
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1.11.5 Obesity and reproduction

It is acknowledged that obesity is detrimental to several functions of the
female reproductive system and underlies numerous metabolic disorders. These
effects of obesity on pregnant and non-pregnant women and childbirth are still
not mechanistically understood, making this subject an increasing focus of
research (OECD, 2018). Obese women are also shown to experience more
difficulties in getting pregnant and are more prone to subfecundity and infertility
(Killick et al., 2009). It has been shown that weight loss increases the chances of

obese women conceiving( Daj and Dil baz, 2015, Silves

Maternal obesity is closely related to several pregnancy-related
complications, which can adversely affect both the mother and the foetus (Leddy
et al., 2008). Maternal complications include spontaneous abortions, stillbirth,
gestational diabetes mellitus, hypertensive disorders, preterm labour, obstructive
labour, C-section delivery, post-partum haemorrhage, sepsis and increased risks
of respiratory and cardiovascular morbidity (Baeten et al., 2001, Cedergren,
2004, Vesco et al., 2009, Magann et al., 2013, Wang et al., 2002, Schneider et
al., 2019, Boots and Stephenson, 2011, Blomberg, 2011b, Chu et al., 2007b,
Lisonkova et al., 2017).

A recent study has found that obese pregnant women have a six times
higher risk of developing gestational hypertension than women of a normal weight
(Stang and Huffman, 2016). The risk of mild and severe preeclampsia in obese
pregnant women is increased by 3- to 8-fold, which significantly increases the risk
of perinatal morbidity (Roberts et al., 2011, Bodnar et al., 2007, Cedergren, 2004,
Norman and Reynolds, 2011). Metabolic changes and systemic inflammation,
resulting from a high BMI, are also suggested to be predispose obese women to
preeclampsia (Wolf et al., 2001).

Meta-analyses of several cohort observational studies have concluded
that maternal obesity is closely associated with increased risk of gestational
diabetes mellitus (Chu et al., 2007a, Najafi et al., 2019, Torloni et al., 2009).
Moreover, Muller and Nirmala have demonstrated that pre-pregnancy BMI is the
most significant risk factor of GDM (Muller and Nirmala, 2018). In addition, central
obesity in early pregnancy was found to be an independent highmisk phenotype

for GDM (Zhu et al., 2019). Women who become pregnant with a high BMI have
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a six-fold likelihood of developing GDM, compared to normal weight women
(Stang and Huffman, 2016). Hedderson et al. studied wo mendés wei ght
five years before pregnancy and observed that women who gained excess weight

at a rate of 1.1 to 2.2 kg/year had a small increase in risk of GDM compared to
women who gained weight at a higher rate of 2.3 to 10.0 kg/year (these had a
2.5-fold increased risk of developing GDM) (Hedderson et al., 2008).

The likelihood of spontaneous labour and non-operative vaginal delivery
reduces with increasing BMI (Scott-Pillai et al., 2013, Athukorala et al., 2010, Chu
et al., 2007c, Frolova et al., 2018b). Obesity was found to increase the risk of
elective and emergency C-section delivery independent of its effects on
pregnancy outcomes (Gilead et al., 2012, Neumann et al., 2017, Poobalan et al.,
2009, Weiss et al., 2004, Barau et al., 2006, Rowe et al., 2018). Obese women
are 2-3 times more likely to have emergency C-section delivery compared to
women of normal weight (Carlson et al., 2015). A dose-response relationship was
observed between increasing maternal BMI and increasing risk of emergency C-
section delivery; this is principally attributed to labour abnormalities categorised
as failure to progress and/or cephalopelvic disproportion (Carpenter, 2016,
Young and Woodmansee, 2002). The risk of C-section delivery was found to be
elevated by 10% if maternal BMI increased only by 1 kg/m? (Hautakangas et al.,
2018) There is a modest relationship between increased GWG and C-section

delivery rates (Nelson et al., 2010).

It has been shown that oxytocin takes longer to reach optimal levels in the
myometrium in obese women, compared to normal weight women (Nkoka et al.,
2019). Moreover, the increased C-section delivery rates in obese women was
shown to be caused by significant slowing of the first stage of labour and failure
to progress (Zhang et al., 2007a, Cedergren, 2009). Obese women were reported
to require higher rates of IOL than normal weight women and this correlated with

higher rates of C-section delivery (Arrowsmith et al., 2011).

Higher maternal BMI in the first trimester is associated with increased risk
of prolonged pregnancies (Denison et al., 2008, Olesen et al., 2006). Obese
women have a two-fold increased tendency to develop prolonged pregnancy
(Carlson et al.,, 2015). Maternal obesity is also associated with labour
complications following IOL in postdates (Arrowsmith et al., 2011). Obese women

are also at risk of spontaneous preterm delivery, preterm birth and extreme
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prematurity 7 particularly in women with very high BMIs (Shaw et al., 2014,
Ehrenberg et al., 2009, Hendler et al., 2005b, Cnattingius et al., 2013). Maternal
obesity was also found to be a significant risk factor for postpartum haemorrhage
(Fyfe et al., 2012, Blomberg, 2011b, Butwick et al., 2018). Nulliparous obese
women displayed a two-fold increase in postpartum haemorrhage risk compared
to normal BMI women, regardless of the mode of delivery (Fyfe et al.,
2012). Zhang et al. have shown that the excessive vaginal blood loss observed
in obese women is consistent with poor myometrial contractility (Zhang et al.,
2007a).

Foetal complications observed in obese pregnant women include foetal
macrosomia, stillbirth, late foetal death, prematurity, intrauterine growth
restriction, neural tube defects and congenital birth malformations (Ehrenberg et
al., 2004, Rasmussen et al., 2008, Watkins et al., 2003, Radulescu et al., 2013,
Cnattingius et al., 1998, Yao et al., 2014, Rankin et al., 2010, Baeten et al., 2001,
Gaudet et al.,, 2014). Risk of recurrent miscarriages, including euploid
miscarriages (Boots et al., 2014), is also increased in obese pregnant women
who conceive both spontaneously (Boots and Stephenson, 2011) or with
assistance (Metwally et al., 2008). Maternal obesity has been found to increase
the risk of third trimester stillbirth by two-folds and maternal GWG was reported
as an independent risk factor for foetal macrosomia and neonatal adiposity
(Sommer et al., 2015, Starling et al., 2015). Furthermore, there is strong evidence
linking high maternal BMI with child obesity (Heslehurst et al., 2019).

Other additional concerns related to intrapartum, postpartum, operative
and postoperative complications in obese patients have been reported in obese
pregnant women (Van Eerden, 2011, Norman and Reynolds, 2011, Carlson et
al., 2015). These postpartum complications include post-partum depression,
obstructive sleep apnoea, deep venous thromboembolism, metabolic syndrome,
osteoarthritis and malignancies (Ma et al., 2016). Maternal obesity has been
recognised as a significant risk factor for anaesthesia related maternal mortality
(Saravanakumar et al., 2006, Lisonkova et al., 2017, Biel et al., 2017). Post-
operative complications are also commonly encountered in obese women,
including postpartum haemorrhage, infection, postoperative endometritis and
prolonged hospitalisation (Leth et al., 2011, Perlow and Morgan, 1994, Stamilio
and Scifres, 2014).
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1.11.6 Obesity and labour

Obesity has been recognised to be a predisposing factor for labour-related
complications in nulliparous women (Thomson and Hanley, 1988). A summary of
the studies that examined the association between maternal BMI and the
progression of labour are shown in Table 1.4. Obese women display a unique
clinical phenotype during parturition (Pevzner et al., 2009, Hill et al., 2015).
Obesity is shown to influence most of the processes governing parturition,
including: prostaglandin insensitivity, delayed cervical ripening, decreased
myocyte action potential initiation and contractility, myometrial oxytocin receptor
downregulation, altered myocyte gap junction formation and impaired myocyte
neutralisation of reactive oxygen species (Carlson et al., 2015). Several studies
have shown that obese women with prolonged labour usually experience a
delayed first stage of labour (Carpenter, 2016, Chin et al., 2012, Samy et al.,
2015, Vahratian et al., 2004, Maged et al., 2017, Carlhall et al., 2013, Hilliard et
al., 2012, Kominiarek et al., 2011, Verdiales et al., 2009, Cedergren, 2009,
Bogaerts et al., 2013, Norman et al., 2012). Frolova et al found that obese women
are associated with a longer second stage of labour (Frolova et al., 2018a). A
recent study has shown that GWG positively correlated with the duration of both
the first and second stage of labour in women with a normal weight maternal BMI
(Zhou et al., 2019). In contrast, some studies have found that the total duration
of active labour was not significantly affected by maternal BMI; instead there was
an observed increased risk of C-section delivery in high-BMI nulliparous women
(Ellekjaer et al., 2017, Shaban et al., 2014). Furthermore, Robinson et al. found
no association between high maternal BMI and the length of the second stage of
labour or C-section delivery risk (Robinson et al., 2011). Rodriguez-Mesa et al.
have also agreed that maternal obesity has no significant effect on the duration
of labour in nulliparous women (Rodriguez-Mesa et al., 2019). Interestingly, a
recent study has found no association between maternal obesity and the third
stage of labour in morbidly obese women (Cummings et al., 2018). Collectively,
maternal obesity is most likely to have an effect on the first stage of labour, which

was the stage of interest in this thesis.
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1.11.7 Dyslipidaemia, labour and myometrial contractility

Lipid metabolism is naturally altered during gestation and results in
physiological hyperlipidaemia, which is a normal maternal adaptation to
pregnancy to provide free fatty acids to the developing foetus. This is mediated
by increased maternal lipolytic activity to fulfil both maternal and foetal metabolic
needs (Zeng et al., 2017, Lippi et al., 2007). This is partly attributed to maternal
changes in oestrogen, progesterone and insulin (Montelongo et al., 1992, Desoye
et al., 1987) and corresponds to significant increases in plasma VLDLs. Other
lipoproteins, namely phospholipids and cholesterol, are less sensitive and do not
increase as dramatically (Lippi et al., 2007, Mazurkiewicz et al., 1994,
Montelongo et al., 1992). This increase in lipids have a role in preparing the
myometrium for ischemic conditions during labour. Hyperlipidaemia that exceeds
the physiological range and occurs due to obesity or gestational diabetes mellitus,

on the other hand, can lead to multiple pregnancy-related adverse outcomes.

Obesity has been shown to be strongly associated with increased plasma
cholesterol and LDL levels (Gostynski et al., 2004). Obese pregnant women were
found to have raised plasma cholesterol levels (Ramsay et al., 2002) and
exhibited changes in myometrial membrane cholesterol during pregnancy and
labour (Pulkkinen et al., 1998). Dyslipidaemia was correlated with high pre-
pregnancy BMI in women giving preterm birth and suffering with preeclampsia
(Jiang et al., 2017, Sharami et al., 2012, Smith et al., 2018, Nascimento et al.,
2016). Pathological hyperlipidaemia during pregnancy was also associated with
preeclampsia and gestational diabetes mellitus (Nasioudis et al., 2019). In the
first trimester, however, this condition was not associated with high risk of C-
section deliveries (Fyfe et al., 2013); nevertheless, a high mid-pregnancy lipid
profile was found to increase the risk of spontaneous preterm delivery (Mudd et
al., 2012). This is inconsistent with several other studies, which found that
preterm delivery is associated with low cholesterol levels (Welge et al., 2018,
Moayeri et al., 2017, Oluwole et al., 2014, Shmygol et al.,, 2007b). Early
pregnancy hypertriglyceridemia was observed to be associated with an increased
risk of congenital anomalies and macrosomia in neonates (Nederlof et al., 2015,
Jin et al., 2016). Noticeably, several studies were able to show that effects of
hyperlipidaemia on adverse pregnancy outcomes were independent from the

effects of pre-pregnancy maternal BMI (Jin et al., 2016, Chen and Scholl, 2008).
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As mentioned, uterine caveolae fulfil an essential function in the cell
membrane; all three isoforms of caveolin are expressed in the human
myometrium (Taggart et al., 2000) and increase in number during pregnancy and
towards term (Turi et al., 2001). In the myometrium, it was demonstrated that the
oestrogen receptor is localised in caveolae and the formation of caveolae, in turn,
is hormone-dependent (Turi et al., 2001). Moreover, another powerful uterotonic
hormone, oxytocin, also appears to act through lipid rafts, as the activity of its
receptor is diminished if lipid rafts are distorted and it is suggested that the
receptor is shown to assume a high-affinity state only when localised to caveolae.
(Klein et al., 1995).

Cholesterol was shown to inhibit both spontaneous and oxytocin-induced
myometrial contractility in vitro, with the reverse effect exhibited when reducing
cholesterol levels (Smith et al., 2005, Zhang et al., 2007a). It was suggested that
cholesterol and lipid rafts may be involved in the activity of BK channels and large
outward currents in uterine myocytes as Ca?* signalling and cell excitability can
be reduced by depleting cholesterol using methyl-b-cyclodixtrin ( Mb CD)
(Shmygol et al., 2007b, Dopico et al., 2012). Mb CD i s arolchelatdrthat t e
iIs able to deplete myometrial cholesterol and eventually augment myometrial
contractility. Mb CD has been s h oholesterolanddiguptrcaveokhe
formation in both the rat and human myometrium (Shmygol et al., 2007b, Smith
et al., 2005, Zhang et al., 2007b). Moreover, hypercholesterolemia was recently
found to disrupt oxytocin-induced uterine contractility in high cholesterol diet-fed
pregnant mouse (Amol et al., 2017). These considerable effects of cholesterol on
uterine contractility could explain why obese women with elevated cholesterol
levels are likely to have prolonged pregnancies and C-section delivery, as well
as why low plasma cholesterol levels are associated with preterm delivery
(Edison et al., 2007, Oluwole et al., 2014). However, recent research has claimed
another mechanism by which obesity may modulate myometrial contractility and

other aspects of reproduction; by adipokines.
1.11.8 Adipokines, labour and myometrial contractility

Adipokines are cell signalling mediators, secreted by adipose tissue (Fain
et al., 2004). Adipose tissue is a metabolically dynamic organ that secretes a

large spectrum of biologically active adipokines, which in turn are involved in the
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regulation of metabolic homeostasis, energy and metabolism, inflammation and
immunity (Mazaki-Tovi et al., 2013, Ouchi et al., 2011, Trayhurn and Wood, 2004,
Coelho et al., 2013). A number of bioactive adipokines are secreted by adipose
tissue including leptin, visfatin, resistin, ghrelin, tumour necrosis factor-alpha,
omentin-1, chemerin, interleukin-6 and adiponectin (Xinwang et al., 2013).
Adipose tissue has been shown to have endocrine, paracrine and autocrine
functions T making it an interesting organ for research. Two types of adipose
tissues have been identified; the dominant white adipose tissue (WAT), which
stores energy, and brown adipose tissue (BAT), which provides potential for
thermogenesis. BAT is considered as a therapeutic target to treat obesity
(Trayhurn, 2018, Kim and Plutzky, 2016). BMI and percentage of body fat was
found to have an inverse correlation with brown adipose tissue activity in adults
(Cypess et al., 2009). In obesity, the white adipose tissue becomes dysfunctional,
and as well as influencing glucose and lipid metabolism, it overproduces pro-
inflammatory adipokines whilst also reducing the output of anti-inflammatory
insulin-sensitising adipokines. Adipokines have been found to have a vital role in
the development of obesity-related complications and inflammatory conditions
(Leal and Mafra, 2013). The physiological roles of adipokines are evolving and
we already know they can influence the activity of smooth muscle tissues,
including the vascular, respiratory, gastrointestinal, urogenital, hepatic systems
(Alsaif et al., 2015). When | reviewed the literature, there are four adipokines that
have been studied for their effects on myometrial contractility: leptin, visfatin,
ghrelin and apelin (Mumtaz et al., 2015, Moynihan et al., 2006, Hehir and
Morrison, 2012, Dayangac et al., 2010, Hehir et al., 2008, Mostafa and Samir,
2013). These studies are summarised in Table 1.5 below. Following this review,
| decided that visfatin was potentially the most interesting adipokine, relatively
recently discovered, increased with obesity and pregnancy with several systemic
effects, has some pro-inflammatory effects during pregnancy, associated with
multiple pregnancy adverse effects and that it may contribute, along with leptin,

to poor labours in obese women.
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1.11.8.1 Visfatin:

Visfatin, IS also known as nicotinamide
phosphoribosyltransferase (Nampt) or pre-B-cell colony-enhancing factor
1 (PBEF1). It is a 52-KDa adipocyte-derived cytokine with multiple systemic
effects, including pro-inflammatory and endocrine signalling, insulin-mimetic
effects and influence on the lipid profile and insulin resistance (Figure 1.7a)
(Stastny et al., 2012). Visfatin is also synthesised in the bone marrow, liver,
lymphocytes and skeletal muscle (Sethi and Vidal-Puig, 2005). Initially called
PBEF1, the term ediddiattit m ot e ot wt oki neds a
human visceral adipose tissue (Zhang et al., 2011). It was shown to be
upregulated in some animal models of obesity ( Be gt ows kand ha2 0 0 6)
attracted recent attention due to its essential functions. Studies suggest that
plasma visfatin concentration is increased during the development of obesity
( Be gt o ws,kwith,sigri#fiaitlg Nigher expression in morbidly obese women
(Terra et al.,, 2012). Both plasma visfatin and visceral adipose tissue visfatin
MRNA levels show a significant relationship with obesity (Berndt et al., 2005).
The role of visfatin during pregnancy has not yet been clarified, although its
myometrial gene expression is increased in pregnant women at term (Morgan et
al., 2008). In the rat, visfatin mMRNA has been shown to be elevated in white fat
at day 21 (close to term) of gestation (Josephs et al.,, 2007). The pattern of
changes in plasma visfatin concentrations during gestation vary between normal

and obese women (Mazaki-Tovi et al., 2009b).

The uterine visfatin receptor has not yet been identified. Visfatin has been
reported to act through binding to insulin receptor (IR) in an allosteric site from
insulin, although the specific binding site of visfatin in the insulin receptor has not
been identified (Cheng et al., 2011, Brown et al., 2010). Furthermore, visfatin
induces the same insulin receptor signal transduction pathway as insulin and it
induces the phosphorylation of insulin receptor substrate 1 and 2 (IRS1 and IRS)
(Xie et al.,, 2007). It was speculated that visfatin may act on another as yet
unconfirmed receptor to exert its physiological functions (Kim et al., 2008, Dahl
et al., 2012). Importantly, increased visfatin concentrations in early pregnancy
can lead to insulin resistance and, ultimately, the development of gestational

diabetes mellitus (Mastorakos et al., 2007).
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Visfatin had no effect on the smooth muscles of the aorta, even in higher
concentrations (50nM) (Wang et al., 2009). Nevertheless, several studies have
agreed that visfatin has an inhibitory effect on vascular smooth muscle
contractility (Saddi-Rosa et al., 2010, Yamawaki, 2011, Yamawaki et al., 2009).
It was found that visfatin, at a relatively low dose (10nM), exerts a significant
inhibitory effect on both spontaneous and oxytocin-induced contractions in
pregnant rat and human myometrial tissue in vitro (Mumtaz et al., 2015). It
produces both a reduction in the amplitude and the area under the curve (AUC)
of spontaneous contractions, as well as a significant reduction in the AUC of
oxytocin-induced contractions. These findings might explain the association
between obesity and pregnancy-related complications.

The mechanism through which visfatin exerts its effects on the
myometrium and other smooth muscles is unclear and requires further research.
Several mechanisms of action have been postulated (mostly in smooth muscle)
(Figure 1.8), including activation of endothelial nitric oxide synthase (eNOS),
which leads to enhanced production of relaxant nitric oxide (Vallejo et al., 2011),
stimulates the synthesis of cyclic guanosine 3',5'-monophosphate (cGMP) and,
ultimately, prevents calcium release from intracellular stores (Moncada and
Higgs, 2006, Lovren et al., 2009). Visfatin also activated endothelial mitogen-
activated protein (MAP) kinase which was shown to attenuate endothelial nitric
oxide synthase (eNOS) phosphorylation which ultimately increase nitric oxide
production in mesenteric microvessels (Lovren et al., 2009, Vallejo et al., 2011).
Nitric oxide is a potent smooth muscle relaxant in blood vessels and has a role in
endothelial repair and regeneration; however, in intact tissue (rather than cultured
cells), there is only a small, if any, role of nitric oxide in myometrium (Norman,
1996). It was also shown that visfatin may act via prostaglandin E2 (PGE2) in
chondrocytes, which is one of the arachidonic acid-derived prostaglandin
metabolites synthetized through cyclooxygenases (COX) catalysis, exhibits
multiple physiological and pathological actions through different subtypes of
extaracellular protein receptors (EP receptors). Visfatin was found to stimulate
the release of PGE2, by increased microsomal PGE synthase 1 (mPGES-1)
synthesis and decreased NAD*Zlependent 15Zydroxyi PG dehydrogenase (15-
PGDH) biosynthesis, which are essential enzymes involved in the PGE2

biosynthesis and catabolism (Gosset et al.,, 2008). PGE2 was documented to
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have a dose-dependent relaxant effect on spontaneous human myometrial
contractions in vitro through the activation of prostaglandin E2 receptors (EP2)
(Slater et al., 2006, Jana et al., 2010), therefore visfatin might produce its
inhibitory effect on myometrial contractility through PGE2 pathway.

An alternative hypothesis is that visfatin plays a role in the NADs pathway
by acting as rate-limiting Nampt enzyme for conversion of nicotinamide to NADs
in the salvage pathway (Rongvaux et al., 2002) (Figure 1.8). NADsis one of the
active metabolite forms of Vitamin B3, which is essential to cellular energy
metabolism and biosynthesis. The NAD" metabolic pathway is a vital biomarker
of health (Yang and Sauve, 2016) and it has been shown that NADs induces a
reduction in spontaneous and oxytocin-induced myometrial contractility (Wang et
al., 2006). Increasing levels of visfatin in obese women leads to increase the
production of SIRT1 (silent information regulator 2-related protein), which is an
NAD-dependent anti-inflammatory protein deacetylase. This, in turn, will prevent
the pro-inflammatory cascades leading to spontaneous labour from taking place
(Tsai et al.,, 2015). Although SIRT1 was found to be expressed in the
myometrium; however, the SIRT1 related mechanism was not previously tested

on the myometrium.

57



A) Visfatin

B) Leptin

Figure 1.7 The molecular structure of visfain and leptin. The
visfatin molecule consists of 491 amino acids (A) whilst leptin is a

167-amino-acid protein (B). Taken from (Vrachnis et al., 2012)
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Figure 1.8 Proposed mechanisms of the action of visfatin effects on myometrial contractility. a. Through mitogen-activated
protein (MAP) kinase. b. Through activation of nitric oxide synthase (NO synthase) and nitric oxide (NO). c. Through activation NAD*.
d. Through PGE2 activation. Nampt, nicotinamide phosphoribosyltransferase (visfatin); NAD*, nicotinamide adenine dinucleotide;

SIRT1, silent information regulator 2-related protein; cGMP, Cyclic guanosine monophosphate; PGE2, prostaglandin E2.



1.11.8.2 Leptin

Leptin is a 167-amino acid peptide with a molecular weight of 16kD, primarily
produced in and expressed by adipocytes (Figure 1.7b) (Minzberg and
Morrison, 2015). It is synthesised from white fat and the leptin receptor is
expressed in the human myometrium, umbilical cord, foetal membrane and
placenta (Wendremaire et al., 2010, Akerman et al., 2002). Leptin's main function
is energy homeostasis and regulation of food intake (Zhang et al., 2005, Margetic
et al., 2002). It also has a role in glucose metabolism and insulin resistance in
states of energy deficiency (Park and Ahima, 2015, Triantafyllou et al., 2016). In
reproduction, leptin has been recognised as a regulator of ovarian function,
embryonic development and implantation and its receptors have been identified
at every stage of the hypothalamic-pituitary-gonadal axis (Cervero et al., 2006,
Moschos et al., 2002, Lecke et al., 2011). Leptin levels were observed to be
influenced by oestrogen, human chorionic gonadotropin (hCG) and
glucocorticoids (Mathew et al., 2018). Serum leptin concentrations have been
shown to increase throughout pregnancy, then rapidly fall in the post-partum
period. (Considine et al., 1996, Chien et al., 1997, Sivan et al., 1998). Prenatal
and perinatal plasma leptin concentrations have been shown to correlate with
GWG, neonatal weight and post-partum weight retention (Samano et al., 2017,
Stein et al., 1998). The majority of studies reported a lack of association between
plasma leptin levels and the outcomes of assisted reproductive therapies
(Catteau et al., 2016)

Leptin plasma concentrations and leptin (ob) gene expression were found
to be increased with obesity and, in turn, decreasing fat mass reduces adipose
tissue production of leptin (Considine et al., 1996, Hamilton et al., 1995b). There
is a strong relationship between plasma leptin levels and maternal-foetal
outcomes in obese pregnant women (Vernini et al., 2016, Henson and
Castracane, 2006, Plowden et al., 2015). Leptin studied at its physiological
concentrations in both normal weight and obese pregnant women (Hendler et al.,
2005a) and it has been reported to inhibit spontaneous and oxytocin-induced
myometrial contractility in pregnant women (Moynihan et al., 2006). | have
previously confirmed these findings in both pregnant rat and human term elective
C-section deliveries (Mumtaz et al., 2015). It was demonstrated that leptin at 1uM
produced a small but significant inhibitory effect on spontaneous and agonist-

60



induced human contractions, with significant reduction of the AUC observed. A
similar but less potent inhibitory effect of leptin on rat myometrial contractility was
also found. The mechanism by which leptin inhibits myometrial contractions is
still ambiguous. One of the postulated mechanisms is activation of cGMP, which
directly inhibits L-type Ca*? channels and thus intracellular Ca*? (Hu et al., 1997).
Another postulated mechanism, derived from the observed action of leptin on
vascular smooth muscle, is the reduction of intracellular Ca*? release from the
SR (AlSaif et al., 2015). A prospective cohort study conducted recently by Carlhall
et al. has concluded that there is no significant relationship between leptin levels

and duration of the active phase of labour (Carlhall et al., 2018).

1.12 Clinical contribution and physiological justification

Maternal obesity, particularly when accompanied by dyslipidaemia, is
linked to the pathophysiology of pregnancy and delivery-related complications,
including commonly encountered dysfunctional labour. Fat accumulation in the
birth canal may lead to development of birth resistance and reduced muscle
contraction in pregnant women, as well as obstruction of labour and
cephalopelvic disproportion (Zhou et al., 2019). However, the metabolic changes,
not the anatomical reasons, are highly suggestive to explain obesity related
complications. Alteration in serum levels of several adipokines, including leptin
and visfatin, throughout human gestation have been reported. Pharmacological
modulation of adipokines in the myometrium may become an alternative clinical
treatment strategy. It has been suggested that obese women should be treated
differently due to the antagonising action of leptin in labour by using syntocinon
(oxytocin) early in the first and second stages of labour (Wuntakal et al., 2013).

To the best of my knowledge, this is the first study exploring the
mechanism of action of the novel adipokine, visfatin, on pregnant mouse
myometrial contractility. Findings from this study will provide insight for scientists
and clinicians on the effect of obesity on gestation, with the potential of
uncovering new therapeutic targets to manage obesity-related complications.
Given that obesity was observed to reduce gap junction proteins in the mouse
myometrium, it is useful to study the effect of maternal obesity on myometrial gap
junction proteins to potentially uncover the mechanisms underlying poor uterine

contractility in obese pregnant women. In addition, this thesis investigates the
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effect of obesity on pregnancy and delivery outcomes in Saudi women; in

particular, so that the association between adipokines dysregulation and

pregnancy and delivery-related complications in different population can be

understood.

1.13 Aims of thesis

The main objective of this thesis was to examine the effect of obesity on

myometrial contractility in an attempt to explore part of the pathophysiological

interactions linking maternal obesity with dysfunctional labour.

Objectives of this study:

1-

Examine the differences in contractility between WT and ApoE' /'’

mouse myometrium to test the hypothesis that chronic dyslipidaemia
disrupt myometrial contractility (Chapter 3)

Investigate the effect of visfatin on non-pregnant and pregnant WT and
ApoE' / mouse myometrial contractility to test the hypothesis that a
dyslipidaemic environment has an impact on visfatind sffects (Chapter
3)

Compare the contractility between pregnant obese and non-obese
human myometrium, to test the hypothesis that the myometrium of
obese women contracts less well compared to normal weight women
(Chapter 4)

Study the relationship between adipokines dysregulation and
prolonged labour in obese pregnant women to test the hypothesis that
obese women with high plasma visfatin and leptin are more prone to

end with dysfunctional labour than normal weight women (Chapter 5)

Investigate the expression of gap junction proteins, to test the
hypothesis that maternal obesity decreases the expression of the gap

junction proteins, Cx46 and Cx26, during pregnancy (Chapter 6)

By using this range of different techniques, models and approaches a much more

complete understanding of obesity, dyslipidaemia and uterine contractility will be

obtained.
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Chapt et Bodol ogy

2.1 Contractility studies

2.1.1 Tissue collection, preparation and dissection

Access to fresh myometrial tissue samples, both mouse and human, is a
basic requirement for this thesis. Using human myometrial tissue in the
physiological studies of the myometrium has been shown to be safe with no effect
on the morbidity and mortality of the donating women (McElvy et al., 2000).
However, human myometrial samples are often difficult as obtaining them
requires surgical intervention. Mouse tissue, by contrast, is more readily available
than human tissue. Although human and mouse tissues may have similar
responses to certain experimental interventions, it may not be the case in all
responses. Nonetheless, the mouse model of pregnancy is still valuable as a
research tool as it allows insights into aspects of reproductive physiology to be
discovered. Notably, mouse research is of particular value in generating specific
genetically modified models which aid in exploring basic mechanistic pathways.
Therefore, whil e human tissue may ©bne con
vitro studies, animal models, including mouse, should be used as a supportive

tool alongside human studies.

2.1.1.1 Animal tissue

Virgin wild type C57BL/6J and C57BL/6J Apolipoprotein E knockout
(ApoE' ) mice, aged 8 weeks and having a body weight of 1807 240 g, were
purchased and used in this study (Charles River, Kent, UK). The average number
of pups for each mouse was from 3 to 6 pups. Wild type C57BL/6J black mouse
type was the first to have its genome sequenced and is the most widely used
inbred strain. They are susceptible to diet-induced obesity, atherosclerosis and
type 2 diabetes. ApoE" 'are homozygous for the ApoE™U"¢ mutation showing a
marked increase in plasma cholesterol and are wusually used as a
hypercholesterolemia model. The mouse was generated by injecting
electroporated cells that had undergone successful recombination of wild-type
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and plasmid-derived ApoE gene sequences into blastocysts of C57BL/6J mice.

A breeding ApoE' ‘colony was launched and maintained in-house.

All mice were maintained on a normal chow diet. Non-pregnant and 18-
days pregnant mice were humanely killed by cervical dislocation under CO:
anaesthesia in accordance with UK Home Office legislation, for Schedule 1
killing, that | was trained to perform. For the time mated mice, the male of the
same genotype was placed in the cage with the female and left overnight. The
gestational age of the rat was defined from day 0, when the male was placed in
the cage to mate. Final body weight of the mouse was measured using standard

laboratory scales.

After euthanasia of the pregnant mice, the pups were removed from the
uterus and humanely killed by decapitation in accordance with UK Home Office
legislation. The uterine horns were then dissected, cleaned, and placed in Krebs-
Henseleit physiological saline solution (PSS) at pH 7.4 (solution content given
below). Fresh PSS was made daily and all the experimental tissues were placed
into it. All dissection procedures were made in an agar-filled petri dissection dish
at room temperature. The uterine tissue was rinsed and thoroughly cleaned to
remove any remaining placenta, foetal membranes, fat and any excess blood in
preparation for myometrial dissection. A small section of the uterine horn,
approximately 1cm long, was dissected. To do this, a longitudinal incision into the
uterine tube was made and the uterus opened out. The underlying placental

tissue was removed and discarded.

2.1.1.2 Human tissue

Full-thickness biopsies, measuring 1cm x 1cm, were obtained from the
middle of the upper edge, lower segment uterine incision at the time of C-section
section delivery. Uterine biopsies were obtained from the upper lip of the lower
uterine segment incision in the midline at C-section delivery, as previous work
has shown that contractility at this region is also representative of the upper
segment (Luckas and Wray, 2000). All biopsies were placed immediately into
chilled Hanks Balanced Salt Solution (HBSS): (137mM NacCl; 5.1mM KCI;
0.44mM KH2POg4; 0.26 Na2HPO4; 5mM glucose, 10mM HEPES, pH 7.2) and
thereafter transferred to our department. All biopsies were collected and handled
using a protocol to prevent tissue degradation and to ensure all conditions for
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experiments were the same. Biopsies were used either on the day of collection
or the next day after storage at 4°C. Biopsies were used more within the 18 hours

post-delivery.

Samples were transferred from HBSS into PSS where they were trimmed
and cleaned of any accompanying blood vessels, endometrium or peritoneum.
Using blunt dissection, an opening was made between muscle bundles to expose
inner tissue not subjected to any external trauma. Small longitudinal strips of
muscle were dissected from the biopsy, each approximately 1mm x 5mm and
placed in PSS. A copy of the ethics approval for the investigation of pathological
and physiological effect of different agents, novel substances and biomarkers on
human myometrial contractility (Reference. 10/H1002/49, dated 26 August 2010)
and the patient consent form are given in Appendices 2 and 3, respectively.

2.1.2 Organ bath experiments

Longitudinal myometrial strips (~1mm x 4 mm) were mounted for isometric
recording under 2 g of tension in organ baths (5 ml) superfused with PSS at 2
ml/min for human and 4 ml/min for mouse tissue. The tissue baths contained 5
mL of PSS maintained at 37°C and were gassed continuously with a 100%
oxygen at a flow rate of 4ml/min and at pH 7.4. Contractility data was recorded
via a tension transducer (Labscribe 2; World Precision Instruments, Aston, UK)
and the contractions recorded at a sampling rate of 10Hz, amplified and stored in
a commercial data acquisition system (Labscribe 2; World Precision Instruments,
Aston, UK). Myometrial strips were allowed to steady for a period of at least 30
minutes to obtain reproducible spontaneous contractions and enhanced by
oxytocin for a minimum of 45 minutes to achieve a stable baseline activity. The
drugs were then added to the tissue bath at specific intervals. 100% oxygen was

chosen hence HEPES was used as a buffer instead of bicarbonate.

Control experiments were performed simultaneously. The integral of
contractile performance was measured by calculating the area under the curve
for a determined period for each drug concentration. The effect of any drug and
the respective controls were analysed by calculation of the amplitude, duration,
frequency and integrals of force (AUC) before and after incubation using
OriginPro 9.0 software. In some experiments, more than one strip was used for
the same drug application and the average value was calculated and fed as a
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single value.

2.1.3 Force calibration

The overall concept of organ bath experiments is to produce mechanical
signals to be amplified then converted into electrical signals which will be
ultimately be transduced into digital signals using Axon software. To calibrate the
digital signal to force in Newtons, it was compared with force recordings obtained

from a previously known amount of force, where 1kg produces a force of 9.8N.

2.1.4 Drugs and solutions

All chemicals were purchased from Sigma Aldrich (Dorset, UK) unless

otherwise stated.

2.1.4.1 Physiological saline solution (PSS)

Physiological saline solution was freshly prepared at the day of the

experimentation to the following specification:

Salt Molarity Weight
Sodium Chloride (NaCl) 154mM 9g/L
Potassium Chloride (KCI) 5.6mM 0.42g/L
Magnesium Sulphate (MgS0O4) 1.2mM 0.29g/L
HEPES Buffer (HEPES) 10.9mM 2.6g/L
Glucose 8mM 1.44g/L
Calcium Chloride 2mM 2ml/L

The pH of the PSS was adjusted to 7.4. by addition of 4mM alkaline
sodium hydroxide (NaOH). PSS was made on the day of experimentation at room
temperature and was maintained at 37°C during experimentation. The volume
required for each experimental day was calculated according to the number of
tissue baths used, the expected length of the experiment, and the flow rate of the

organ bath system.

2.1.4.2 Oxytocin

1mM Oxytocin stock solution was prepared by dissolving the oxytocin
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acetate salt hydrate lyophilised powder in deionised water. Then,al 0 e M s ol ut i
was prepared from the 1mM stock solution and stored at -20°C as stated in the
manufacturerodds i1nstructions. Adequate 0>
augment the contraction frequency and force without causing tonic contractions.
Concentrations of 1nM and 0.5nM were used for non-pregnant and pregnant

mouse myometrial strips, respectively. A lower oxytocin concentration was used

for the pregnant myometrium because it was more active and easier to be

excitable.

2.1.4.3 Visfatin

Visfatin, murine recombinant, was purchased in lyophilised solid form and
centrifuged prior to opening. 1M stock solution was reconstituted in PBS and
stored at 1 20°C (can be stored up to 12 months). Then different dilutions were
prepared from the stock solution to produce 10nM, 50nM, 100nM. The myometrial
strips were incubated for control and test response for the allocated time at 37°C.
Incubation experiments were used with visfatin to use the lowest amount of the

drug because it is highly expensive.

2.1.4.4 Methyl-B-cyclodextrin (MbCD)

Methyl-R-cyclodextrin was purchased in powder form and freshly prepared

in PSS prior to application. A 2% working concentration was used.

2.1.4.5 FK866

FK866 hydrochloride hydrate was purchased in powder form and prepared
in DMSO (10 mg/mL) to be stored at -20°C f ol | owi ng t he mal
instructions. Typically, 10uM stock solution was prepared in PSS prior to

application.

2.1.4.6 NAD"

b-nicotinamide adenine dinucleotide sodium salt (NAD*) was purchased in
powder form and reconstituted in PSS. A 100eM stock solution was made prior

to experimentation.

2.1.4.7 Nicotinic acid
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Nicotinic acid was purchased in powder form and prepared in NaOH. A
10uM stock solution was made prior to experimentation. Serial dilutions of 1&M,
100nM, 10nM and 1nM were prepared in PSS.

2.1.5 Contractility Data Analysis

The contractility data was calculated from myometrial strips which had
been observed to reach a steady state by producing stable spontaneous
contractions, and then to be compared to internal control prior to the drug
application which included contractions of regular frequency and equal amplitude.
Matched vehicle effects were examined simultaneously. Data analysis was
carried out in Origin Pro (Version 8.5) to analyse the four main contractility
parameters: amplitude, duration, frequency and area under the curve. An
illustration of the contractility parameters measured and statistically analysed for

organ bath experiments is shown in Figure 2.1.
Force amplitude

The amplitude (mN) was measured by subtracting the value of the
baseline from the peak of the contraction waves. It represents the height of the
contraction. Contractions was calculated for the control period which was then
compared to the average obtained from any treatment periods.

Duration

Duration (minutes) of the contraction is represented by how long a simple
contraction lasts and was measured by calculating the time at the half-maximal

amplitude (t;,) point of the contraction.

Frequency

Frequency is the number of contractions at a given time period and was
calculated from the time period between the beginning of one contraction to the
beginning of the next consecutive contraction. Contractions were analysed and

the average time was calculated for both control and treatment periods.
Area under the curve (AUC)

The AUC (or Mean Integral of Force) is an indication of the overall

contractility (frequency, duration and force amplitude combined effects).
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Contractions for both control and treatment drug applications was selected and

the area under each contraction per time was calculated and compared.
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2.2 Enzyme-linked immunosorbent assay (ELISA)

It was found that visfatin and leptin have an inhibitory effect on human
myometrial contractility in vitro. It would be useful to test if there was a relationship
between plasma levels of maternal adipokines, visfatin and leptin, and
dysfunctional labour in obese women. A cross-sectional study was designed to
determine the association between maternal adipokines and prolonged labour in
obese women. ELISA was used to measure maternal plasma leptin and visfatin

concentrations.

2.2.1 Collection of maternal blood and analysis of adipokines O

Maternal blood samples were collected during labour in vacutainer test
tubes with a clot activator and gel for plasma separation and were centrifuged at
4°Cforl5minat1000g. The serum sampl es w# lemn
and visfatin analyses were performed using enzyme-linked immunosorbent
assay (ELISA).

2.2.2 Enzyme-linked immunosorbent assay (ELISA)

The hospital haematology lab automated ELISA machine (ETI-MAX 3000)
was used to conduct the ELISA test. The ETI-MAX 3000 is a fully automated
microliter plate analyser performing the complete sample processing (sample
dilutions, sample and reagent dispensing, wash processes, incubations, plate
transports) and the photometric measurement and sample evaluation. The ELISA
testing was carried out under the supervision and help of a specialised hospital

technician (Ali Alsadiq).

A guantitative sandwich enzyme immunoassay technique was performed
to measure the maternal plasma leptin and visfatin during labour. Human
PBEF/visfatin DuoSet ELISA kit, DuoSet Ancillary Reagent Kit 2 and a human
leptin quantikine ELISA Kit were purchased from R&D Systems, Minneapolis,

USA. The basic principle used was as follows (Figure 2.2).

All reagents were brought to room temperature before use. The Calibrator
Diluent RD5P was used to dilute the standards and the samples and it was diluted
in deionised water (1:5). The substrate solution was prepared by mixing colour

reagents A and B in equal volumes within 15 minutes of use. The substrate
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solution should be protected from light to prevent colour dissociation. 200ul of
this mixture is required per well. The wash buffer was prepared by adding 20 mL
of Wash Buffer Concentrate to deionised or distilled water to prepare 500 mL of

wash buffer.

Monoclonal antibodies specific for human leptin and visfatin were pre-
coated onto a miafAssap Dilaentd&RD1al® dak Addlesd ko each
wel | . T h eoh standar® @antrol, or sample was added per well and
incubated for 2 hours at room temperature. Any leptin or visfatin present was
bound by the immobilised antibody. The wells were washed with the wash buffer
( 4 00 ¢ ) by xhe Bachine autowasher. After washing away any unbound
s ubst an c eofconjudafed enkyme-linked monoclonal antibodies specific
for human leptin and visfatin were added to the wells to be incubated for 1 hour
at room temperature. The wellswerewas hed wi t h t he wa$th
remove any unbound antibody-enzyme reagent. Then, 200¢| of substrate solution
was added to each well and incubated for 30 minutes at room temperature. The
machinepr ovi des | i g h tof Stop Soluor was added to Bagrewell
and colour developed in proportion to the amount of leptin and visfatin bound in
the initial step. The enzymatic activity is stopped due to the acidification of the
sample products by the stop solution. The colour in the wells changed from blue
to yellow. The optical density (OD) of each well was measured within 30 minutes,

using an automated microplate reader set to 450 nm.QA standard curve was

created by reducing the data using computer software capable of generating a
log/log curve (concentration versus OD). A log curve was used to linearize the

data generated.
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2.2.3 Advantages of an automated ELISA machine:

An automated ELISA machine (Figure 2.3) was used in this thesis that

has several advantages:

1- Safe and reliable results: Barcoded samples and reagents reduce operator
error. Full process control to guarantee safe results. No carry-over with
disposable tips.

2- Random access and batch mode: single analyte per plate or multiple
analytes on the same plate.

3- High through-put: four plates and up to seven.

4- Multitasking: Multiple SW functions and options available during the run.
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2.3 Immunohistochemistry

Previous studies have suggested that obesity has an effect on myometrial
gap junction protein expression in pregnant rat myometrium (Muir et al., 2016,
Elmes et al., 2011). None of these studies has examined this effect in pregnant
human myometrium. Immunohistochemistry was used in this study to test the
expression of Cx43 and Cx26 in pregnant human myometrium of obese women

and compare it to normal weight and obese women.

2.3.1 Tissue preparation and fixation:

Biopsies of human myometrial tissues were taken at elective caesarean
section, after informed consent, at Liverpoo
The ethical standards for human experimentation established in the declaration
of Helsinki were followed (WMA Declaration of Helsinki, 2013). A copy of the
patient information sheet and consent form and the ethics approval for
immunohistochemistry testing of human tissue samples (2" amendment,
Reference. 10/H1002/49 dated 12 July 2012) are given in Appendices 3 and 4,
respectively.

Fixation is essential to preserve the cells and prevent their natural
autolysis by the inactivation of the lysosomal enzymes and the inhibition of
bacterial growth. The fixative used was chosen to provide adequate fixation with
maximum cell morphology preservation. Small pieces of human myometrium,
approximately 0.5mm x 0.5mm x 0.5mm were dissected and placed into neutral
buffered formalin (NBF) containing 10 % formalin (4% formaldehyde) for a
minimum of 24 hours at room temperature. The fixed samples were processed
and embedded in paraffin wax, then mounted onto glass slides. For control
tissues and antibody optimisation, animal tissue was also used.(Heart and liver
were dissected from 22-day pregnant Wistar rats. They were then placed in NBF,
10%.

2.3.2 Tissue processing, embedding and sectioning:

After tissue fixation, the samples were removed from the fixative and
prepared for tissue embedding. Automated processing of the samples was done

by a Shandon Citadel 1000 processing machine (Thermoelectron Corporation,
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UK). For tissue embedding, tissue infiltration with paraffin is required. As the
tissue is water-based at this stage, it must be dehydrated before introducing
paraffin. The sections were dipped in a series of ascending grades of ethanol
baths from 60% (1 hour), 70% (1 hour), 90% (1 minute) and 100% (1 hour), 100%
(1% hours) and 100% (2 hours). The tissue then was cleared using xylene (the
15t process: 1 hour; the 2" process: 2% hours; the 3™ process: 2Y% hours). The
tissue was then ready for paraffin (VWR International) infiltration (the 15t process:
2% hours; the 2" process: 2% hours). Tissue embedding was performed by
Shandon Histocentre 3 (Thermoelectron Corporation, UK). The ethanol and the

xylene were purchased from Chemistry solvent stores (University of Liverpool).

After tissue embedding, the samples were sectioned at a thickness of 5uM
by a rotatory microtome (Microm HM335, MIROM UK Ltd, UK). The sections then
transferred to a pre-heated water bath at 37 C and then fixed onto glass slides.
The slides were left to dry overnight and stored in racks at room temperature until
the day of the immunohistochemistry staining. Tissue preparation, fixation,
processing, embedding and sectioning were undertaken by me with the help and
the guidance fromourlab t echni ci ans at t hospital, Bavah

Northy and Helen Cox.

2.3.3 Cx43 and Cx26 IHC staining procedure

Immunohistochemistry (IHC) combines histological, biochemical and
immunological techniques for the identification of specific tissue antigens by
using a specific antigen/antibody reaction tagged with a visible label. Sections
from human myometrium were chosen randomly and labelled before the staining
begin. The slides were baked in section dryer (model E28.5, Thermo Scientific)
for 60 minutes at 60 C prior to the IHC staining to dry them out and ensure that
the tissue sections adhered to the slides. The sample ID, the antibody/ stain used,
the concentration and the date of the experiment were clearly written on the slide.
The slides were kept hydrated during the experiment to prevent unspecific
staining. The slides were settled in an appropriate size staining metal slide rack
(Thermo Scientific). The rack was submerged in a glass bath containing 100%
Xylene (solvent-based agent) for 10 minutes twice to remove the paraffin wax
from the section. By the end of this step, the majority of wax inside and outside

the tissue had been removed. The rehydration step is essential to prepare the
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tissue for the water-based antibodies and stains. The sections were then
immersed in a series of descending grades of ethanol baths from 100% (twice, 5
minutes), 90% (1 minute) and 70% (1 minute) to slowly rehydrate the sample
before being transferred into a bath containing distilled water for 5 minutes. The
steps of dewaxing and rehydration were done inside a fume hood. The slides
were then immersed into a bath of boiling 10mM Sodium Citrate buffer (VWR
International Ltd.) pH=6.0 in a Tefal Clipso Easy 6L pressure cooker for 20
minutes. This acid-base antigen retrieval method is crucial to expose the antigen

for the desired antibodies. The slides were then transferred to distilled water.

The cells have their own hydrogen peroxidases. Excess enzyme will cause
overstaining and oversaturation. To prevent false positive results, H202 (Sigma
Aldrich) was used at 0.3% to remove nonspecific staining by blocking
endogenous hydrogen peroxidase activity which is conjugated to the secondary
antibody. The slides were incubated with H2O2 for 10 minutes at room
temperature. Each slide then was tapped off from excess water before marking
a circle around the tissue section with DAKO hydrophobic barrier pen (Vector
Labs) which creates sufficient space for the reagents and allows the reagents to
remain localised to the tissue. Slides were then incubated for 20 minutes with
nonspecific horse whole-serum block. Slides were left overnight incubation with
the appropriate primary antibody in blocking solution at 4°C (rat connexion 43
and mouse connexion 26 monoclonal antibodies, Thermo Scientific). A 50ul of
solution per tissue section was allowed. This amount is enough to cover the whole
tissue section on the slide. After each step, the slides were washed with buffered
saline solution (TBS, Sigma Aldrich) and all the incubations were made in a
humidified chamber to keep the environment moist and to prevent tissue dry out
which can cause nonspecific binding.

One myometrial section was incubated overnight in blocking solution
without adding the primary antibody, to be used as a negative control. Specific
tissue known to express the protein of interest was used as an external positive
control. One sample was tested in each experimental set with the same antibody
to be used as an internal positive control. The following day (after 16 hours
incubation), the primary antibody was washed twice with TBS before the slides
were incubated with the secondary antibody (labelled polymer-HRP) for 30

minutes at room temperature. The secondary antibody must be raised against
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the immunoglobulin of the species which the primary antibody is made. Impress
universal antibody horse serum for anti-rabbit Ig and goat serum anti-mouse Ig
peroxidase polymer detection kit (Vector Labs) were chosen accordingly to match
the primary antibodies used. The secondary antibody was then washed twice with
TBS.

IMmPACT 3,3'-Diaminobenzidine (DAB, Vector Labs) was chosen as a
stain because horseradish peroxidase (HRP) labelled secondary antibodies were
used. DAB is most commonly used in immunohistochemical (IHC) staining as a
chromogen. DAB is oxidized by hydrogen peroxide in a reaction classically
catalysed by HRP. A brown precipitate (chromogen) is developed by the oxidised
DAB at the location of the HRP, which can be visualised using light microscopy.
DAB solution was added into each slide for 10 minutes at room temperature and
then the reaction was stopped by adding distilled water. Once all slides had
developed stain, some were counterstained with Haematoxylin (nuclear stain) by
adding filtered Shandon Gill 2 Haematoxylin (Thermo Scientific) for 2 minutes
followed by tap water washing until the water clears. The slides were then swiftly
dipped in 1% acid alcohol solution to wash off any extra stain and immediately
rinsed with tap water to maximise the intensity of the blue nuclear stain.

The slides were then dehydrated, to be prepared for mounting, by
immersing them in a series of ethanol solutions from 70% (1 minute), 90% (1
minute), and 100% (twice, for 3 minutes), before being placed back into 100%
xylene (5 minutes then 10 minutes). Cover-slips were then mounted with a xylene
based mounting medium using DPX mountant (Thermo Scientific) and left to dry
overnight before imaging. The steps of rewaxing and dehydration were performed

in a fume hood.

To check the cellular orientation within the myometrial tissue,
haematoxylin and eosin (H&E) staining was used on some samples.
Haematoxylin was used to stain the nuclei with dark blue stain and eosin stains
the cytoplasm and the connective tissue fibres with pink stain (figure 2.4). The
slides were placed in Eosin Y at room temperature after the haematoxylin was
washed by acid alcohol. After the haematoxylin staining step, the process of
dehydration was done as follows: 70% (1 minute), 95% (1 minute), Eosin Y (4
minutes), water rinse and incubation for 2 minutes and 100% (twice, for 1 minute),

before being placed back into 100% xylene (5 minutes then 10 minutes).
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2.3.4 Imaging of myometrial sections

The imaging apparatus used for IHC in this thesis was composed of the

following:

1. Nikon Eclipse 50i Microscope, Nikon Corporation, Tokyo 100-8331,
JapanO

2. Nikon DS-Fil digital camera Head 5M pixel, Nikon Corporation, Tokyo
100-8331, Japan

3. Nikon Digital control unit DS-U2 USB, Nikon Corporation, Tokyo 100-
8331, Japan

4. Nikon C-Mount TV adaptor, 0.63%, Nikon Corporation, Tokyo 100-8331,
Japan

5. Personal computer (minimum specification 1GB RAM, 2.8GHz
processor)

6. NIS-Elements-F software, developed for Nikon InstrumentsO

After loading the NIS- Elements-F software (the image capture software),
a slide was placed on the microscope stage and moved to an area that contained
a section of myometrial tissue to be examined. The microscope was calibrated
by using a scale slide for each objective 4x, 10x, 20x and 40x. The settings were
adjusted to normal mode, 640x480 resolution, auto exposure and high colour
contrast and sharpness. The whole tissue section was thoroughly visualised on
4x and 10x objectives to determine the most representative areas of the entire
tissue for image capture. Spectral images were obtained using 4x, 20x and 40x

objective magnifications and images were saved as TIFF files.

The negative control was examined first to make sure there was no
staining, which is an indicator for a successful experiment. The internal control
was compared after each experiment to ensure replicated results. To avoid
biased results, all slides were blinded to the observer and visualised by two

observers.
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3.1 Introduction

3.1.1 Maternal obesity and reproduction

Obesity is a major problem worldwide, including the United Kingdom.
Almost 61% of women in the United Kingdom are overweight (31%) or obese
(30%) (National Health Service, 2019). This obesity is reflected in women of
childbearing age and is linked to pregnancy and delivery-related complications
(Baeten et al., 2001, Gilead et al., 2012). Aswellasobesi t yés known e
major organs, it has a substantial influence on the contractile cellular physiology
of many smooth muscles including vascular, airway, gastrointestinal, urinary
bladder and interestingly, myometrium (AlSaif et al., 2015). A number of previous
studies have suggested, by both laboratory and clinical observations, that obesity
in humans is associated with impaired myometrial contractility and dyslipidaemia
(Carlson et al., 2015, Wray, 2007, O'Brien et al., 2013).

3.1.2 Dyslipidaemia and myometrial contractility

As discussed in chapter 1, adipose tissue is a multifunctional organ which
secretes a large spectrum of adipokines, such as leptin, resistin, tumour necrosis
factor-alpha, interleukin-6 and adiponectin (Axelsson et al., 2005), which have a
critical role in the development of obesity complications (Hauner, 2005). It is
physiologically normal to have hyperlipidaemia during pregnancy; this is a
normal maternal adaptation to meet the increasing foetal metabolic needs, and
increased steroid hormone synthesis, during pregnancy (Weissgerber and Wolfe,
2006). Hyperlipidaemia beyond the physiological range can; however, open the
door to many obstetric complications. There is evidence that plasma cholesterol
levels are higher in obese pregnant women compared to normal weight women
(Ramsay et al.,, 2002) and dyslipidaemia associated with obesity might
compromise the ability of the labouring uterus to contract efficiently (Azais et al.,

2017, Hajagos-Téth et al., 2017). Cholesterol was found to inhibit myometrial
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contractility and calcium signalling in vitro indicating that dyslipidaemia together
with changes in myometrial membrane cholesterol content might have a critical
effect on obese womend smyometrial contractility (Babiychuk et al., 2004,
Shmygol et al., 2007b, Smith et al., 2005, Amol et al., 2017). In addition to
dyslipidaemia, the metabolic, endocrine, and paracrine products of adipose
tissue exert diverse biological effects on the smooth muscle of the myometrium
(Mumtaz et al., 2015).

3.1.3 Visfatin and myometrial contractility

It has been suggested that adipokines dysregulation could be associated
with pregnancy-related complications (Canverenler, 2015). Of these, visfatin
appear to be particularly important in pregnancy (Marseglia et al., 2015); its
plasma level being increased in preeclampsia (Shaheen et al., 2016, Zorba et al.,
2012, Adali et al.,, 2009), gestational diabetes mellitus (Gok et al., 2011,
Krzyzanowska et al., 2006, Mazaki-Tovi et al., 2009a) and intrauterine growth
retardation (Jaquet et al., 2005, Malamitsi-Puchner et al., 2007). As discussed in
detail in Chapter 1, visfatin is a visceral fat specific adipocytokine which has been
reported to have many effects including pro-inflammatory and endocrine (Stastny
et al., 2012). It is expressed in human myometrium (Esplin et al., 2005), human
amniotic membranes (Ognjanovic and Bryant-Greenwood, 2002) as well as the
placenta (Marvin et al., 2002). Visfatin gene expression was found to be
upregulated in the myometrium and foetal membranes during parturition (Kendal
and Bryant-Greenwood, 2007), resulting in an increase in its maternal plasma
levels (Rosenblatt et al., 2007, Mazaki-Tovi et al., 2009b). Visfatin catalyses the
first rate-limiting step in converting nicotinamide to nicotinamide adenine
dinucleotide (NAD*), an essential coenzyme crucial for cellular metabolism and
energy production (Dahl et al., 2012).

The mechanisms of visfatind sspecific actions on myometrium are
unknown. As discussed in Chapter 1, several mechanisms of action have been
postulated from its actions on other smooth muscles and from the action of other
adipokines on smooth muscles (Figure 1.8). In brief, these include, activation of
endothelial nitric oxide synthase (eNOS) (Vallejo et al., 2011), PGE2 release
(Gosset et al., 2008), elevation of PKC (Sweeney, 2002, Nelson et al., 2008) and
through the NAD™* pathway (Azais et al., 2017, Bi et al., 2012). Unlike in vascular
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tissue, nitric oxide is unlikely to be an important mechanism in myometrium
(Mumtaz et al., 2015). The NAD¢ pathway mechanism might be applicable in
myometrial smooth muscle. Visfatin has been found to have a critical role as the
rate-limiting step in the synthesis of NAD¢ from nicotinamide (Wang et al., 2006).
It is an essential co-enzyme for multiple metabolic processes including oxidative
phosphorylation and glycolysis (Yang and Sauve, 2016). It is proposed to act as
an intracellular ligand (receptor mediated). At the cellular level, it has been found
that increased levels of visfatin in obese women increases the production of
SIRT1 (a silent information regulator 2-related protein), which is an NAD-
dependent anti-inflammatory protein deacetylase. This, in turn, will decrease the
pro-inflammatory cascades leading to spontaneous labour (Tsai et al., 2015).
SIRT1 was also found to promote endothelium-dependent vasodilation
(Mattagajasingh et al., 2007). Thus there may be both negative and positive

effects of visfatin on the myometrium.

3.1.4 Apolipoprotein E knockout (ApoE'’ ) mouse as a model of

dyslipidaemia

As discussed in Chapter 1, obesity is associated with Apolipoprotein E
(ApoE), which has an essential role in lipoprotein metabolism. It is required for
the biological clearance of liver-derived VLDL remnants and diet-derived
chylomicrons by the liver (Mahley, 1988). Therefore, mice lacking the functional
ApoE gene, ApoE'’ | develop hypercholesterolemia followed by obesity and
provide a widely used practical model of hyperlipidaemia and atherosclerosis
(Pendse et al., 2009). The mice are healthy when they born, but have a markedly
altered plasma lipid profile compared to normal mice, and rapidly develop
atherosclerotic plaques. Their cholesterol plasma levels can reach as high as 680
mg/dl compared to 103 mg/dl in normal C57 black mice, with higher cholesterol
levels in females (Appendix 5). They have a significantly elevated plasma
cholesterol, very-low-density lipoproteins (VLDL) and intermediate density
lipoproteins (IDL) (Hakamata et al., 1998). Though extremely rare, some humans
lack the ApoE gene, and have elevated plasma cholesterol levels in the form of
VLDL and IDL (Schaefer et al., 1986). | therefore used ApoE'/ 'mouse to test if

chronic dyslipidaemia affects myometrial contractility. Another reason for
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choosing the ApoE model is that plasma visfatin levels were found to be 2.3 times
higher in ApoE'/ 'mouse than C57BL/6J mouse (Zhou et al., 2013).

3.1.5 Aims of this study

Due to the increase in the serum levels, expression, and metabolic
functions associated with visfatin during pregnancy and parturition, examining the
effect of visfatin on myometrial contractility has become an area of interest. In
research | previously conducted during my masterd studies, it was found that
visfatin has a relaxant effect on both human and rat myometrial contractility in
vitro (Mumtaz et al., 2015). These results suggest that visfatin might have a role

in impaired myometrial contractility associated with obesity.

A major aim of this chapter is to investigate the effects and the mechanism
of action of visfatin on mouse myometrium in vitro. It was examined whether
visfatin has effects on both non-pregnant and pregnant mouse myometrial
contractility in vitro, and whether there were any gestational changes in the
response to visfatin. Mouse species was chosen as this species allowed me to
also study a genetically modified dyslipidaemic model (ApoE'/). This chapter
therefore seeks to determine if there are any differences in myometrial
contractility between non-pregnant WT and ApoE~ mouse. As discussed earlier,
a novel mechanism proposed for visfatin effects is via the NAD* pathway. |
therefore wanted to focus on examining if this NAD* pathway mechanism could
be present in the myometrium. To do this, the NAD* pathway was modulated
using pharmacological inhibition by FK866 and pharmacological activation by
NAD* and NA (See Figures 3.1 and 3.2). FK866 is a highly specific
noncompetitive inhibitor of NAMPT, an enzyme which catalyses the condensation
of nicotinamide with 5-phosphoribosyl-1-pyrophosphate to yield nicotinamide
mononucleotide, an intermediate step in the biosynthesis of NAD* (Hasmann and
Schemainda, 2003). FK866 was also used to inhibit visfatin in adipose tissue
(Dimitriadis et al., 2019). Nicotinamide is the amide derivative of nicotinic acid.
Both are essential for the generation of NAD™. Nicotinic acid is a better precursor,
compared to nicotinamide (Nam), in elevating tissue NAD* levels (Hara et al.,
2007). In general, it was hypothesised that chronic exposure to a hyperlipidemic
environment during pregnancy would influence myometrial contractile

mechanisms and eventually its ability to efficiently contract.
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In summary, in this chapter | examined the following in vitro:

. The differences between non-pregnant WT and ApoE' / mouse myometrial
contractility in spontaneous and oxytocin-induced contractions.

. The effect of visfatin on non-pregnant WT and ApoE' ' mouse myometrial
contractility.

. The effect of visfatin on term pregnant WT and ApoE' / mouse myometrial
contractility.

. The mechanism of action of visfatin on pregnant WT mouse myometrial

contractility by modulation of NAD* salvage pathway.
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Figure 3.1Suggested mechanism of action of visfatin on myometriun

NAMPT /visfatin catalyses the rate-limiting step in the biosynthesis of NAD+
from nicotinamide which is essential for energy production and cellular
metabolism. This might increase cellular metabolism or directly stimulate
SIRT1- Both mechanisms can consequently lead to altered/decreased
myometrial contractility. Nampt, nicotinamide phosphoribosyltransferase
(visfatin); nicotinic acid/nicotinamide mononucleotide adenylyltransferase
(Nmnat), NMN, Nicotinamide mononucleotide; NAD*, nicotinamide adenine

dinucleotide; cGMP, SIRT1, silent information regulator 2-related protein.
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FHgure 3.2Phamacological modulation ofNAD pathway. To examine

the NAD* pathway on oxytocin-induced term pregnant WT mouse, FK866
(10nM) which is a potent inhibitor of NAD+ biosynthesis, NAD* (100mniM) and
Nicotinic acid (10mM) which are NAD* pathway enhancers, were applied.
Enzymes are A) nicotinamide riboside kinase 1 and nicotinamide riboside
kinase 2 (Nrk1, Nrk2) B) purine nucleoside phosphorylase C) nicotinic acid
phosphoribosyltransferase D) nicotinic acid/nicotinamide mononucleotide
adenylyltransferase (Nmnat) E) NAD* synthetase F) nicotinamide
phosphoribosyltransferase (Nampt). NMN, Nicotinamide mononucleotide;
NaMN, nicotinic acid mononucleotide; NAAD, nicotinic acid adenine
dinucleotide; NAD, nicotinamide adenine dinucleotide. Adapted from (Yang
and Sauve, 2016).
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3.2 Methods

3.2.1 Tissue collection

Tissue collection was discussed in detail in Chapter 2. Briefly, the
myometrial tissues used in this chapter were obtained from non-pregnant and
term-pregnant wild type (WT) C57BL/6J and ApoE"’ mice (18-day gestation).
ApoE"’ Tmice were created by targeted inactivation in embryonic stem cells, as
explained in detail by van Ree et al (van Ree et al., 1994). Full thickness uterine
tissue was collected from humanely killed mice using overdose of CO:2
anaesthesia and checked by cervical dislocation according to the UK Home
Office legislative requirements. All experimental procedures were carried out in
accordance with the UK Scientific Procedure Act 1986. Experimental tissues
were placed in physiological saline solution (PSS) at pH 7.4 containing the
following (mmol/L): NaCl 120.4, KCI 5.9, MgS0Oa4 1.2, CaClz 2.0, glucose 8, and
HEPES 11 (Sigma Aldrich, UK). Tissues were stored at 4°C and used within 2
hours of collection. Further details of how the tissue obtained, prepared and

dissected are described in Chapter 2.

3.2.2 Contractility measurements

Contractility experiments were performed as described in Chapter 2.
Briefly, full thickness uterine tissues were dissected, cleaned and longitudinal
strips (~1 mm x 4 mm) were further dissected and attached to a tension
transducer under 10mN tension for mouse tissue in an organ bath filled with 5 ml
of physiological saline superfused at a rate of at 4 ml/min and gassed with 100%
O2. Experiments were performed at 37 °C and myometrial strips were allowed to
equilibrate for at least 1 hour to obtain reproducible spontaneous phasic
contractions. Contractility data were recorded via a tension transducer (World
Precision Instruments, Aston, United Kingdom) and the signal amplified and
stored in a commercial data acquisition system (Labscribe 2; World Precision
Instruments, Aston, United Kingdom).

3.2.3 Drugs and solutions

All chemicals and solutions were prepared as described in chapter 2 and

the drugs used are summarised in Figure 3.2. All the stock solutions were made
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in PSS except for FK866 which was made in dimethyl sulfoxide (DMSO) and
nicotinic acid which was made in NaOH. The drugs used are visfatin (10,
50,100,150nM) 2% MBCD, FK866 (10¢ M NAD* (100¢ M and nicotinic acid
(1e M, 100nM, 1 0)niMMsoraenedperiinentd, Oxytocin was added to
PSS at a final concentration of 1nM (non-pregnant mouse) and 0.5nM (pregnant
mouse). Matched vehicle controls were performed accordingly. All the drugs were
left to pass through the organ bath chambers except visfatin which was directly
applied to the perfusate after stopping the flow and incubated for the designated
time period. Spontaneous contractile control activity can be generated from
paired myometrial strips allowed to contract spontaneously, or with the addition
of the vehicle used for the specific drug solution applied. Myometrial strips were
allowed to equilibrate for at least 30 minutes to obtain reproducible spontaneous
phasic or oxytocin (1nM) induced contractions. Drugs were made in fresh saline
solution on the day of experimentation. All chemicals were purchased from Sigma
Aldrich, (UK), unless otherwise stated.

3.2.4 Data and statistical analysis

The effect of the drugs and the internal controls before the application of
the drugs were analysed and compared by measurements of the average of
amplitude, duration, frequency and the integrals of force. Matched vehicle effects
were examined simultaneously and representative traces were shown. Integrals
of force is an index of the total activity by the tissue over a given time period. Each
uterine strip was tested for a drug, and had a paired control response in their
matched vehicle. In some experiments, more than one strip was used for the
same drug application and the average value was calculated and used as a single
value. The data was recorded with a data acquisition system and statistical
analysis was performed using OriginPro 9.0 software (Microcal). Statistical
analysis was carried out in prism GraphPad Prism version 5.01 (GraphPad
Software, San Diego, USA).

Comparison of force records was performed using mean + se followed by
a paired Student's t-test and one-way ANOVA with Bonferroni post hoc tests used
to compare more than two groups. A probability value (P value) of <0.05 was
taken as level of significance and (n) is the number of myometrial tissue strips

examined from different animals. An asterisk (*) denotes significant difference in
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contractility compared to preceding control period p<0.05, ** p<0.005 and ***
p<0.0005.

3.3 Results

3.3.1 Establishment of spontaneous contractions and control

mouse myometrial traces recording in vitro

The body weight of wild type mouse was 1807 220 g and of ApoE”- mouse
was 200-240 g. All tissues were superfused with physiological salt solution (PSS)
at 37 'C, pH 7.4 until spontaneous contractile activity was established. In general,
the commencement of contractions occurred within 30-60 minutes with
continuous perfusion of PSS. Once contractions became steady, the control
period was recorded and then the drugs to be tested were applied. These
contractions are expected to be steady and regular and can last for many hours
(throughout the experiment) when placed in appropriate physiological conditions,
i.e. continually superfused with buffered PSS solution and bubbled with oxygen
at 377C and pH 7.4. Typical traces of spontaneous uterine contractions examined

in this chapter are shown throughout the chapter results.

3.3.2 Comparing myometrial contractility between non-pregnant
WT and ApoE" 'mice

In total, data was obtained from 7 different myometrial samples from both
non-pregnant WT and ApoE'/ 'mouse. In order to compare the contractile activity
between non-pregnant WT and ApoE'/ Tmouse myometrium, their spontaneous
contractility was compared and their responses to both an agonist (oxytocin) and
a cholesterol chelator drug (MbCD) were tested in vitro. Myometrial activity was
compared directly to the original control contractions preceding the application of
oxytocin and M b C Dy two-tailed t-test.

3.3.2.1 Comparing spontaneous myometrial contractility

Spontaneous contractions from non-pregnant WT and ApoE'/ "mouse
myometrium were established, and the strip left to contract for at least 10 minutes
producing steady stable contractions before the application of test solutions.

Representative traces showing spontaneous myometrial contractions in non-
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pregnant WT (A) and ApoE'/ '(B) mouse are shown in Figure 3.3. The mean
force amplitude, duration, frequency and the integrals of force (AUC) were
compared for 7 non-pregnant WT and 7 non-pregnant ApoE'’ 'mouse (Figure
3.4).

a) Force amplitude

The mean force amplitude of spontaneous contractions calculated for WT
mouse was 10.3 + 1ImN compared to ApoE'” ‘mouse of 10.2 + 1mN. Contraction
amplitude for WT mouse was shown to be not significantly different to ApoE'’ '

mouse myometrium, p>0.05 (Figure 3.4a).
b) Duration

The mean duration of spontaneous contraction for WT mouse was 0.09 +
0.02 minutes compared to 0.13 = 0.01 minutes calculated for ApoE"/ 'mouse.
Duration of contraction for WT mouse myometrium was not significantly different
compared to ApoE'’ ‘'mouse myometrium, p>0.05 (Figure 3.4b).

c) Frequency

Analysis of the number of contractions in a period of 10 minutes revealed
that there was no significant difference between WT and ApoE'’ 'mouse, p>0.05.
The mean frequency for WT mouse was 5.4 + 0.7 contractions per 10 minutes
compared to 5.5 + 1 contractions calculated for ApoE' 'mouse (Figure 3.4c).

d) Integral force of contraction (AUC)

Analysis of AUC over a period of 10 minutes showed that there was no
significant difference between WT and ApoE'’ 'Tmouse, p>0.05. The mean AUC
for WT mouse was 7.7 + 2 (arbitrary units, au) compared to 7.8 £ 1 au calculated
for ApoE' 'mouse (Figure 3.4d).
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Figure 3.3 Non-pregnant mouse myometrium: comparing the

spontaneousmyometrial contractility between Wid Type and ApoBE* ®
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10 min

Typical traces of control spontaneous cattions obtained by dissectin
myometrial strips from A) WT mous®) ApoE "mouse. Tie dataare

paired.In this, and subsequent figuresnless noted otherwise, the strig
were superfused with PSS, the ptds 7.4 and the perfusion rate of the

solution wasdml/minsat 37 iC.
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Figure 3.4 Comparing spontaneous myometrial contractility between non-pregnant WT and ApoE'/ 'mouse.

a) Contraction amplitude b) Duration
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Bar charts showing the percent mean values for a) contraction amplitude (mN), b) duration (min), c) frequency (number of contractions
per 10min) and d) integral of contractions (AUC) (au) for a period of 10 minutes. The contraction profiles shows that there is no significant
difference between WT (n=7) and ApoE'’ '(n=7) mouse spontaneous myometrial contractions (p>0.05).



3.3.2.2 Comparing the response to oxytocin

Contractions stimulated by oxytocin were compared between non-
pregnant WT and ApoE'’ 'mouse in vitro (n=7). 1nM of oxytocin was added to
PSS and applied to myometrial strips of both mouse types. The activity of the
myometrium was examined during the application of oxytocin for 20 minutes. The
tissue was able to fully recover after oxytocin application. Figure 3.5 shows
representative traces for the response of both non-pregnant WT (A) and ApoE'
(B) mouse myometrium to oxytocin (1nM). Oxytocin has a significant stimulatory
effect on both Wild type and ApoE'’ 'Tmouse myometrium. Figure 3.6 illustrates
bar charts showing the mean of each contractile parameter (amplitude, duration,
frequency, and AUC) during the last 10 minutes of oxytocin application with any
significant difference indicated by student t-test.

a) Force amplitude

The mean force amplitude of contractions in response to oxytocin
calculated for WT mouse was 12 + 2.2mN compared to ApoE" 'mouse of 10 +
1.6mN. Contraction amplitude for WT mouse was shown to be not significantly

different from ApoE'’ ‘mouse myometrium, p>0.05 (Figure 3.6a).
b) Duration

The mean duration of contraction for WT mouse was 0.1 + 0.02 minute
compared to 0.1 + 0.01 minute calculated for ApoE' ' mouse. Duration of
contraction for WT mouse myometrium in response to oxytocin however was not
shown to be significantly different compared to ApoE"/ ' mouse myometrium,
p>0.05 (Figure 3.6b).

c) Frequency

The mean frequency in response to oxytocin calculated for WT mouse
was 0.6 = 0.06 contractions per 10 minutes compared to 1.4 + 0.8 contractions
per 10 minutes calculated for ApoE'/ 'mouse. Frequency of contractions for WT
mouse was shown to be not significantly different to ApoE"/ 'mouse myometrium,
p>0.05 (Figure 3.6c).

d) Integral force of contraction (AUC)
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The AUC of contractions was calculated by measuring the area under the
contraction curve in 10 minutes. The integral force of contraction for WT mouse
myometrium was 12.5 + 3.2, compared to 10.1 + 1.2 for ApoE"/ ' mouse.
Contractile activity of WT mouse myometrium in response to oxytocin however
was not significantly higher than non-pregnant ApoE" " mouse myometrium,
p>0.05 (Figure 3.6d).
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Figure 3.9\Non-pregnantmouse myometrium: comparing thenyometrial

contractility between WT andApoE’> mousein response to oxytocin.
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A representative trace for A) WT mouse AppE"' 'mouse. Oxytocin

(InM) had a stimulatory effect on both WT anthoE"" '™ mouse

myometrium.
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Figure 3.@Vlyometrial contractile activity of norpregnant WT andApoE* 'mouse in response to oxytocin.
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3.3.2.3 Comparing the response to Mb CD

Knowing that myometrial cholesterol content in ApoE'’ "mice is greater
than WT mice and myometrial activity declines with cholesterol application
(Zhang et al., 2007Db), It was examined whether the depletion of cholesterol from
contracting myometrial strips will produce different effects between non-pregnant
WT and ApoE'’ " mouse myometrium in vitro (n=5). Myometrial activity was
observed during the application of Mb C Dor 10 minutes. The parameters of
contractions were calculated for the last 5 minutes. Figure 3.7 also shows
representative traces for the response of both non-pregnant WT (A) and ApoE'
(B) mouse myometrium to 2% MIp@daredatp {hd origirealt i o n .
control activity preceding Mb C Bpplication, cholesterol extraction resulted in an
insignificant stimulatory effect on both non-pregnant WT and ApoE'/ ' mouse
myometrium by comparing the AUC. Figure 3.8 shows the mean of each
contractile parameter (amplitude, duration, frequency, and AUC) during the last
5 minutes of Mb C Bpplication with any significant difference.

a) Force amplitude

The mean force amplitude of contractions in response to Mb C Becorded
for WT mouse (10.9+ 2.5 mN) was not significantly different from ApoE'/ 'mouse
(10.9£ 1.8 mN), p>0.05 (Figure 3.8a).

b) Duration

The mean duration of contraction for WT mouse was 0.1 + 0.02 minute
compared to 0.1 + 0.01 minute calculated for ApoE'’ "mouse for 10 minutes.
Duration of contraction for WT mouse myometrium in response to oxytocin
however was not shown to be significantly different form ApoE" ™ mouse

myometrium, p>0.05 (Figure 3.8b).
c) Frequency

The mean frequency in response to Mb C Dalculated for WT mouse was
1.1 + 0.5 contractions per 5 minutes compared to 0.6 = 0.1 contractions per 5
minutes calculated for ApoE"/ 'mouse. However, this difference is not statistically

significant, p>0.05 (Figure 3.8c).

d) Integral force of contraction (AUC)
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Analysis of AUC in a period of 10 minutes showed that the AUC of WT mouse
was 9.6 £ 1.7 compared to 9.6 + 0.9 recorded for ApoE" 'Tmouse. However, this
difference is statistically not significant, p>0.05 (Figure 3.8d).

Overall conclusion: There is no difference in the contractility between WT and
ApoE"" 'mouse myometrium in both spontaneous contractions and the responses

to oxytocin and MbCD.
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Figure 3.MNon-pregnantmouse myometrium: comparing thenyometrial

contractility between WT andApoE* 'mousein responsetaa i /.5
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Figure 3.8Vlyometrial contractile activity of nonpregnant WT and\poB<% 2 dza S Ay NB aLR y a
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3.3.3 Examining the effect of visfatin on non-pregnant WT and

ApoE'" 'mouse myometrial contractility.

Visfatin was tested on spontaneously contracted myometrium in the
presence of, oxytocin. Myometrial activity was compared to the original control

contractions preceding the application of visfatin by Studenté stest.

3.3.3.1 The effect of visfatin on the spontaneous contractile

activity of non-pregnant WT and ApoE'/ 'mouse myometrium.

After establishing steady state for spontaneous contractions, visfatin
(10nM) was applied for a 10-minute period to spontaneously contracting non-
pregnant WT and ApoE'/ "mouse myometrium. Representative control traces
from both spontaneously contracting WT and ApoE" ' mouse myometrium
controls with the paired application of PBS are illustrated in Figures 3.9A and
3.10A. As shown from the recordings presented in Figures 3.9B and 3.10B,
visfatin (10nM) had no effect on spontaneously contracted non-pregnant WT and
ApoE'" " mouse myometrium. As seen in the original traces, no significant
differences in non-pregnant contractility profiles were seen on the application of

visfatin between WT and ApoE"/ 'mouse myometrium (Table 3.1).
a) Force amplitude

The mean amplitudes of WT and ApoE"/ Tmouse myometrium were not
shown to be significantly different after the application of 10nM visfatin compared
to the control (p>0.05, n=8). The mean force amplitudes of spontaneous
contractions of non-pregnant WT and ApoE'’ 'mouse myometrium recorded were
13.2 + 2mN and 9.7 £ 1.4 mN, respectively. Visfatin (10nM) had no effect on the
amplitude of non-pregnant WT and ApoE'/ 'mouse myometrium (p>0.05, n=8).
There was no significant difference in the amplitude between WT and ApoE' T

mouse myometrium (p>0.05, n=8).
b) Duration

The mean duration of both WT and ApoE'/ 'mouse myometrium after the
application of 10nM visfatin was not significantly different from the control,
(p>0.05, n=8). The mean duration of spontaneous contractions of non-pregnant
WT and ApoE"’ "mouse myometrium were 0.7 £ 0.1 minutes and 0.2 + 0.04
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minutes. Visfatin (10nM) had no effect on the duration of non-pregnant WT and
ApoE' 'Tmouse myometrium (p>0.05, n=8). There is no significant difference in
the duration between WT and ApoE'’ 'mouse myometrium (p<0.05, n=8).

c) Frequency

The mean frequency of both WT and ApoE'/ 'mouse myometrium after the
application of 10nM visfatin was not significantly different from the control,
(p>0.05, n=8). The mean frequency of spontaneous contractions of non-pregnant
WT and ApoE'/ "mouse myometrium recorded after the application of visfatin
10nM were 0.1 £ 0.005 and 1.3+ 0.3. Visfatin (10nM) had no effect on the
frequency of non-pregnant WT and ApoE'/ 'mouse myometrium (p>0.05, n=8).
Student t test showed this not to be significantly different from the control of each

mouse and between WT and ApoE'’ 'mouse myometrium (p>0.05, n=8).
d) Integral force of contraction (AUC)

The mean AUC of both WT and ApoE'/ "mouse myometrium after the
application of 10nM visfatin was not significantly different from the 100 control,
(p>0.05, n=8). The mean Integral of contractions of non-pregnant WT and
ApoE' 'mouse myometrium were 10.9 + 2 and 8.3 + 1.4. Visfatin (10nM) had no
effect on the AUC of non-pregnant WT and ApoE'/ 'mouse myometrium (p>0.05,
n=8). Spontaneous contractile activity was not significantly different between non-

pregnant WT and ApoE'/ 'mouse myometrium (p>0.05, n=8).

Conclusion: visfatin (10nM) had no effect on the spontaneous contractions of

both non-pregnant WT (n=8) and ApoE'’ 'mouse myometrium (n=8) (p>0.05).
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Table 3.1 Difference in the spontaneous responses to visfatin (10nM)

between non-pregnant WT and ApoE'/ 'mouse myometrium. t

AYRADKIIEAGKS GNBYR ¢k drRECHWATA Ol y il

gl t dzS

WT mouse (n=8) | ApoE' / mouse P value
(n=8)

Force amplitude 13.2+2 9.7+14 P value>0.05
(mN)
Duration 0.7+£0.1 0.2+0.04 P value>0.05
(minutes)
Frequency 0.1 £ 0.005 1.3+0.3 P value>0.05
(contractions/20
minutes)
AUC (au) 1092 83x14 P value>0.05
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Non-pregnant Wild Type

A 14

control PBS

Force

(MN)

R 25 visfatin 10nM

Force

(mN)

i LLLLULMJ_

5 min

Figure 3.9 Non-pregnant WT mouse myometrium: Effect of 10-
minute application of 10mM visfatin on spontaneously
contracting WT mouse myometrium. A) a paired tissue strip
exposed to PBS for the same length of time B) a representative
trace for the effect of visfatin (10nM) on the spontaneous
contractions of non-pregnant WT mouse myometrium. Visfatin

(10nM) had no effect on non-pregnant WT mouse myometrium.
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Non-pregnant ApoE' 'mouse
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Figure 3.10 Non-pregnant ApoE' 'mouse myometrium: Effect
of 10-minute application of 10mM visfatin on spontaneously
contracting ApoE' 'mouse myometrium. A) a paired tissue strip
exposed to PBS for the same length of time B) a representative
trace for the effect of visfatin (10nM) on the spontaneous
contractions of non-pregnant ApoE'’ 'mouse myometrium. Visfatin
(10nM) had no effect on non-pregnant ApoE'’ " mouse

myometrium.
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3.3.3.2 The effect of visfatin on oxytocin-induced non-pregnant

WT and ApoE'’ 'mouse myometrium.

Oxytocin is known to increase the contractile force in both mouse and
human myometrium. To investigate the effect of visfatin under agonist stimulation
to create a physiological environment closer to labour, the effects of visfatin
(10nM) on oxytocin-induced contractions were studied. 1nM of oxytocin was
added to PSS and applied to myometrial strips. Representative control traces for
oxytocin-induced WT and ApoE'’ 'mouse myometrium with the paired application
of PBS in oxytocin are illustrated in Figures 3.11A and 3.12A. As shown in the
original traces, visfatin (10nM) had a significant inhibitory effect on oxytocin-
induced non-pregnant WT and no effect on oxytocin-induced ApoE'/ "mouse
myometrium (Figures 3.11B and 3.12B). Once visfatin was removed and the
myometrium returned to oxytocin, contractions resumed and returned to control
values. Table 3.2 summarises the contractility differences in the effects of visfatin
(10nM) on oxytocin-induced non-pregnant WT and ApoE'/ 'mouse myometrium.

a) Force amplitude

The mean amplitude of both WT and ApoE'/ 'mouse myometrium was not
shown to be significantly different after the application of 10nM visfatin compared
to the control (p>0.05, n=8). The mean force amplitude of oxytocin-induced
contractions of non-pregnant WT and ApoE'/ 'mouse myometrium recorded after
the application of visfatin 10nM were 7 £ 1.1 mN and 6.2 + 1.8 mN, respectively.
There was no significant difference in the amplitude between WT and ApoE' T

mouse myometrium (p>0.05, n=8).
b) Duration

The mean duration of both WT and ApoE'/ 'mouse myometrium was not
shown to be significantly different after the application of 10nM visfatin compared
to the control (p>0.05, n=8). The mean duration of oxytocin-induced contractions
of non-pregnant WT and ApoE'/ " mouse myometrium recorded after the
application of visfatin 10nM were 0.2 = 0.01 minutes and 0.2 + 0.04 minutes.
However, it was shown not to be significantly different from the control (p>0.05,
n=8).

c) Frequency
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The mean frequency of both WT and ApoE'/ 'mouse myometrium was not
shown to be significantly different after the application of 10nM visfatin compared
to the control (p>0.05, n=8). The mean frequency of oxytocin-induced
contractions of non-pregnant WT and ApoE'’ 'mouse myometrium recorded after
the application of visfatin 10nM were 5 £ 0.7 and 1.5 + 0.3. Student t test showed
this not to be significantly different (p>0.05, n=8).

d) Integral force of contraction (AUC)

The mean AUC of WT mouse myometrium was shown to be significantly
lower after the application of 10nM visfatin compared to the control (p<0.05, n=8).
The mean integral of contractions after the application of visfatin 210nM on non-
pregnant WT and ApoE'’ 'mouse myometrium were 8+ 2.1 and 7.2 + 0.8. The
AUC of WT mouse myometrium was not significantly different from ApoE'/ '

mouse myometrium (p>0.05, n=8).

Conclusion: visfatin (10nM) had an inhibitory effect on the oxytocin-induced

contractions of non- pregnant WT mouse myometrium.
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Table 3.2 Dfference in the response to visfatin (10nM)etween non

pregnant WT andApoBX foxytocin-induced mouse myometriumt
Fnonp NWRNONKSa GNEYRB fbadrRICHWAFA O

@l t dzS

WT mouse (n=8) | ApoE' / mouse P value
(n=8)

Force amplitude 7+11 6.2+1.8 P value<0.05
(mN)
Duration 0.2+0.01 0.2+.04 P value>0.05
(minutes)
Frequency 5+£0.7 1.5+0.3 P value>0.05
(contractions/20
minutes)
AUC (au) 8+21* 7.2+0.8 P value>0.05
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Non-pregnant WT mouse
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Figure 3.11 Non-pregnant mouse myometrium: Effect of 10
minute application of 10mM visfatin on oxytocin-induced WT
mouse myometrium. A) a paired tissue strip exposed to PBS for the
same length of time B) a representative trace for the effect of visfatin
(10nM) on the oxytocini induced contractions of non-pregnant WT
mouse myometrium which illustrates that Visfatin (10nM) caused a
reduction of contractile activity of oxytocini induced non-pregnant WT

mouse myometrium.
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Non-pregnant ApoE'/ 'mouse
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Figure 3.12 Non-pregnant mouse myometrium: Effect of 10-
minute application of 10mM visfatin on oxytocin-induced
ApoE" 'mouse myometrium. A) a paired tissue strip exposed
to PBS for the same length of time B) a representative trace for
the effect of visfatin (10nM) on the oxytociniinduced
contractions of non-pregnant ApoE'/ ' mouse myometrium.
Visfatin (10nM) had no effect on oxytocini induced non-pregnant

ApoE' 'mouse myometrium.
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3.3.4 Examining the effect of visfatin on term pregnant WT and

ApoET/ Tmouse myometrial contractility

After studying the effects of visfatin on non-pregnant mouse myometrium,
| moved on to study its effect on both WT and ApoE'/ "term pregnant mouse
myometrium. Visfatin was also tested on spontaneously contracted term
pregnant myometrium and in the presence of oxytocin. Myometrial activity was
compared directly to the original control contractions preceding the application of

visfatin by Studentd stest.

3.3.4.1 The effect of visfatin on the spontaneous contractile

activity of term pregnant WT and ApoET/ imouse myometrium.

Serial concentrations of visfatin, from 10nM to 150mM, were applied
extracellularly to spontaneously contracting term pregnant WT mouse myometrial
strips for a 10-minute period and the effects on contractility were determined
(10nM, n=9, 50nM, n=2, 100nM, n=1, 150nM, n=1). These were simply pilot
studies to ensure that using a highe
Recordings for each concentration are shown in Figure 3.13. As seen in the
original traces, visfatin had no effect on term pregnant WT mouse myometrial
contractility, even with increasing concentrations of visfatin from 10nM up to
150nM. Therefore, for term pregnant ApoE'’ "mouse myometrium, only 10nM
concentration of visfatin was used (Figure 3.14). Even with longer applications
of visfatin on term pregnant WT mouse myometrial (20 minutes), doses higher
than 10nM had no effect (traces are not shown). As shown in the original
recordings, visfatin (10nM) had no effect on term pregnant ApoE'/ 'mouse (n=4).
Table 3.3 summarises the contractile parameters of the responses to visfatin
(10nM) between spontaneously contracted term pregnant WT and ApoE”- mouse

myometrium.

a) Force amplitude

The mean amplitude of both WT and ApoEX ‘mouse myometrium was not

shown to be significantly different after the application of 10nM visfatin compared

to the control (p>0.05, n=9). The mean force amplitude of spontaneous

contractions of term pregnant WT and ApoE“ *'mouse myometrium recorded
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were 12.6 £ 2.3 mN and 9.3 £ 1.3 mN, respectively. Contraction amplitude
between WT and ApoE™ Pmouse was not shown to be significantly different

(p>0.05, n=9).
b) Duration

The mean duration of both WT and ApoE* fmouse myometrium was not

shown to be significantly different after the application of 10nM visfatin compared
to the control (p>0.05, n=9). The mean duration of spontaneous contractions of

term pregnant WT and ApOFL_"K ‘mouse myometrium were 0.3 £ 0.03 minutes and
0.2 £ 0.02 minutes. However, it was shown not to be significantly different
(p>0.05, n=9).

c) Frequency

The mean frequency of both WT and ApOFL_“’K fmouse myometrium was not

shown to be significantly different after the application of 10nM visfatin compared

to the control (p>0.05, n=9). The mean frequency of spontaneous contractions of
term pregnant WT and ApoE* 'mouse myometrium recorded were 6.5 + 0.4 and

4.8 £ 0.7. Student t test showed this not to be significantly different (p>0.05, n=9).

d) Integral force of contraction (AUC)

The mean AUC of both WT and ApOEX "mouse myometrium was not

shown to be significantly different after the application of 10nM visfatin compared

to the control (p>0.05, n=9). The mean integral of contractions after the
application of visfatin 10nM on term pregnant WT and ApPOEX > mouse

myometrium were 28.6 + 5.1 and 17.8 + 2.8. Spontaneous contractile activity of
term pregnant WT mouse myometrium was not shown to be significantly different

between WT and ApPoEX 'mouse (p>0.05, n=9).

Conclusion: visfatin (10nM) hasio effect on the spontaneous contractions

of bothterm pregnant WT andpoE* 'mouse myometriun{p>0.05, n=9).
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Table 33 Difference in the effect of visfatin (10nM) between
spontaneously contractedterm pregnant WT and ApoE*®> mouse
myometrium. t @ £ dzS f ki AYRS OB NB§Re 5| 3
{GdzRBy ®Qa i

WT mouse (n=9) | ApoE' / mouse P value
(n=9)

Force amplitude 126+£2.3 9.3+ 1.3 P value>0.05
(mN)
Duration 0.3+£0.03 0.2+£0.02 P value>0.05
(minutes)
Frequency 6.5+04 4.8 £0.7 P value>0.05
(contractions/20
minutes)
AUC (au) 28.6+5.1 17.8+2.8 P value>0.05

117
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Figure 3.13 Term pregnant mouse myometrium: Effect of I@inute
application of visfatin on spontaneously contracting WT mouse myometriul
A) A paired tissue strip exposed to PBS for the same length of t
Representative traces for the effect of visfatin B) 10nM, C) 50nM, D) 100n\
E) 150nM on the spontaneous contractions of term pregnant WT mc
myometrium. Visfatin (10nM50nM) had o effect on term pregnant W1

mouse myometrium.

118



Pregnant ApoE'/ 'mouse
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Figure 3.14Term pregnant ApoE* "'mouse myometrium:Effect of 10

minute application of 1GnM visfatin on spontaneously contracting
ApoB* 'mousemyometrium. A) a paired tissue strip exposed to PBS
the same length of tim8) a representative trace fone effect of visfatin
(10nM) on the spontaneous contractions of term pregnant Apé
mouse myometrium Visfatin (10nM) had no effect ospontareously

contracting termpregnantApoE* 'mouse myometrium.
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3.3.4.2 The effect of visfatin on oxytocin-induced term

pregnant WT and ApoE'/ 'mouse myometrium.,

These experiments were commenced by establishing a dose response
assessment of visfatin concentration on term pregnant WT mouse myometrium.
Serial concentrations of visfatin, from 10nM to 100mM, were applied
extracellularly to oxytocin driven term pregnant WT mouse myometrial
contractions for a 10-minute period and the effects on contractility were
determined (10nM, n=20, 50nM, n=2, 100nM, n=1). Oxytocin (0.5nM) was added
to PSS and applied to term pregnant myometrial strips. Typical recordings for
each concentration are shown in Figure 3.15. As seen in the original traces, the
response to visfatin was almost the same on increasing concentrations of visfatin
up to 150nM. Therefore, for upcoming experiments on term pregnant mouse
myometrium, a 10nM concentration of visfatin was chosen. Visfatin (10nM)
caused a reduction of the contractile activity on term pregnant WT mouse

myometrium (Figure 3.16). Representative control traces for oxytocin-induced
WT and ApOFEK fmouse myometrium with paired application of PBS in oxytocin

are illustrated in Figures 3.15A and 3.16A. As shown in the original recordings,
visfatin (10nM) had a significant inhibitory effect on oxytocin-induced term
pregnant WT mouse myometrium (n=20) and no effect on ApoE' '(n=4) mouse
myometrium (Figures 3.15B and 3.16B). The end number of oxytocin-induced
term pregnant WT mouse myometrial tissue was high hence the visfatin effect
measurements done alone and during studying the visfatin mechanism of action

on myometrium were added. Even when the visfatin effect on oxytocin-induced
term pregnant WT mouse measurements done alone was compared with ApOFL_"K b

mouse myometrial contractility, the same statistically significant finding was
found. Even with longer applications of visfatin on oxytocin induced term pregnant
WT mouse myometrium (for 30 minutes), doses higher than 10nM had the almost
similar effects of 10nM concentration (traces are not shown). Once visfatin was
withdrawn and the myometrium returned to oxytocin, contractions did not return
to control values. Table 3.4 summarises the contractility differences in the effects
of visfatin (10nM) on oxytocin-induced term pregnant WT and ApoE'’ 'mouse

myometrium.
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a) Force amplitude

The mean amplitude of both WT (n=20) and ApoE* ®(n=4) mouse

myometrium was not found to be significantly different after the application of

10nM visfatin compared to the control (p>0.05). The mean force amplitude of
oxytocin-induced contractions of term pregnant WT and ApOF:DK ® mouse

myometrium were 16.4 + 2 mN and 23.4 =+ 5.2mN, respectively.

b) Duration

The mean duration of both WT (n=20) and ApoEX >(n=4) mouse

myometrium was not shown to be significantly different after the application of

10nM visfatin compared to the control (p>0.05). The mean duration of oxytocin-
induced contractions of term pregnant WT and APOEX mouse myometrium were

7.4 + 0.7 minutes and 6.7+ 0.2 minutes. However, it was shown not to be

significantly different (p>0.05).
c) Frequency

The mean frequency of both WT (n=20) and ApoE* *(n=4) mouse

myometrium was not shown to be significantly different after the application of
10nM visfatin compared to the control (p>0.05). The mean frequency of oxytocin-

induced contractions of term pregnant WT and ApOFlE’K mouse myometrium were

0.2 £ 0.01 and 0.2 £+ 0.03. However, it is not shown to be significantly different
(p>0.05).

d) Integral force of contraction (AUC)

The mean AUC of WT (n=20) mouse myometrium was shown to be
significantly lower after the application of 10nM visfatin compared to the control
(p<0.05). The mean integral of contractions after the application of visfatin 10nM

on non-pregnant WT (n=20) and ApoFEK Yn=4) mouse myometrium were 9.7 +

1.4 and 15.7 + 3. However, it was not found to be significantly different (p>0.05).

Conclusion: visfatin had a significant inhibitory effect on the AUC of oxytocin-

induced term pregnant WT mouse myometrium.
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Table 34 Difference in the response to viatin (10nM) between term

pregnant WT andApoEX foxytocininduced mousemyometrium. t

Fnodnp

dl t dzS

NKRNOMKSa 6§ NSYR ¢ K drR SEwdees A O

significant difference in contractility compared to preceding control pgrio

p<0.05 **p<0.005 ***p<0.0005

WT mouse ApoE' / mouse P value
(n=20) (n=4)

Force amplitude 16.4+£2 23.4.3+5.2 P value>0.05
(mN)
Duration 7.4+0.7 6.7+0.2 P value>0.05
(minutes)
Frequency 0.2+0.01 0.2x+0.03 P value>0.05
(contractions/20
minutes)
AUC (au) 9.7 + 1.4* 15.7+3 P value>0.05
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Figure 3.15Term pregnant mouse myometrium: Effect of 4@inute

application of visfatin on oxytociinduced WT mouse myometrium
A) A paired tissue strip exposed to PBS for the same length of t
Representative traces for the effect of visfatin B) 10nM, C) 50nM,
D) 100nM on the oxytoc#mduced contractions of term pregnant W
mouse myometrium. Visfatin (10m¥00nM) caused eeduction of the

contractile activity.
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Pregnant ApoE'/ 'mouse

Oxytocin 0.5nM
26 control PBS
Force
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25 1 visfatin 10nM
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Figure 3.16I'erm pregnant mouse myometrium: Effect of 4@inute

application of 10mM visfatin on oxytocifinduced ApoE* ®"mouse
myometrium. A) a paired tissue strip exposed to PBS for the s¢
length of time B) a representative trace for the effect of visfe
(10nM) on the oxytociginduced contractions of nopregnant
ApoE* Pmouse myometrium. Vfatin (10nM) had an inbitory effect
on oxytocirginduced term pregnantApoEX Pmouse myometrium

however, this effect is not statistically significant
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Figure 3.17 Summary of the effects of visfatin on non-pregnant and pregnant WT and ApoEi/ T mouse my.ometr.i
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| | I ' l '
Apog « b Apoe- K b
mouse mouse
[ | [ [ : [ [ | [ [ | [
Spontan_eous ?ﬁéﬁ%ﬂg Spontan_eous ﬁ);(g&(écelg Spontan_eous ?ﬁg&%ﬂg Spontan_eous ?ﬁg&%gg
contractions contractions contractions contractions contractions contractions contractions contractions

\— No effect \— Inhibitory effect \— No effect \— No effect \— No effect \— Inhibitory effect \— No effect \— No effect

The
mechanism of

action ?

Visfatin had an inhibitory effect on both non-pregnant and pregnant WT oxytocin-induced mouse myometrium based on analysis of the

integrated tension records. With no observed effect on ApoE'’ 'mouse myometrial contractility. To explore the mechanism of action of

visfatin on myometrium, term pregnant WT mouse myometrium under the exposure of oxytocin drive was used.
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3.3.5 Exploring the mechanism of action of visfatin on pregnant

WT mouse myometrial contractility - NAD* pathway

Figure 3.17 summarises the effects of visfatin on non-pregnant and
pregnant WT and ApoE'/ 'mouse myometrium. It had an inhibitory effect on both
non-pregnant and pregnant WT oxytocin-induced mouse myometrium. To further
study the mechanism of action of visfatin on myometrium, the NAD* pathway was
examined on term pregnant WT mice. To examine whether visfatin inhibits
oxytocin-induced term pregnant WT mouse myometrial contractility through
NAD* pathway, FK866, NAD* and Nicotinic Acid were added to PSS with the
direct application of visfatin and the effect on mouse myometrial contractility was

recorded (Figure 3.2).
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1- FK866

Initial control experiments were carried out to examine the effect of FK866
alone on myometrial contractility, and to determine how long stable contractions
in its presence could be observed. Two concentrations of FK866 1uM and 10uM
were examined (Figures 3.18 A and B). Neither concentration had an effect on
myometrial contractility during 45min applications. Therefore FK866 at 10uM

concentration was used to maximise its inhibitory activity.

10pM FK866 was added to contracting myometrium alone for 10 minutes
to allow sufficient inhibition of the NAD* pathway and visfatin was then directly
applied to the myometrial tissue for 10 minutes. The negative effect of visfatin on
myometrial contractility was inhibited in the presence of FK866 (Figure 3.19B).
There was no significant decrease in amplitude, duration, frequency or AUC in
the presence of FK866 (Figure 3.19B). On comparison of mouse myometrium in
response to 10nM visfatin with and without FK866, my data showed that inhibiting
NAD™* pathway significantly cancelling the inhibitory effect of visfatin on the AUC
of contractions (Figure 3.20d). Once visfatin was removed and the myometrium

returned to oxytocin, contractions did not return to control values.

Visfatin 10nM was found to decrease the AUC of term pregnant WT mouse
myometrial contractility, therefore a one-way ANOVA test was done by comparing
the A U Cliesnean ifitegral of contractions after the application of visfatin 10nM
on non-pregnant WT mouse myometrium (n=20) was 14.54 + 1.4 which is
significantly different from the control (p<0.05). The end number of oxytocin-
induced term pregnant WT mouse myometrial tissue (the control) was high hence
the visfatin effect measurements done alone (see section 3.3.4.2) and during
studying the visfatin mechanism of action on myometrium in this section were
added There was no statistical difference between the AUC if FK866 was applied
alone (19.8 £ 2.3, n=7) or in combination with visfatin (22.3 + 1.5, n=8) (p>0.05)
(Figure 3.20d). This indicates that FK866 has inhibited (cancelled) the effect of

visfatin on myometrial contractility.
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Figure 3.18The effect of FK866 on oxytocinduced term pregnant
WT mouse myometriumRepresentative traces showing the effect
FK866 A) 1um and B) 10pum on oxytocin induced mouse myom
contractility (45 min). FK866 on bottoncentrationsproduced no

effect on oxytociginduced pregnant WT mouse myometrium.
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Figure 3.19The effect of FK866 and visfatin on oxytodimduced term
pregnant WT mousenyometrium. Representative traceillustrating the
effect of 10nM visfatin in B) the absence and C) the presefcEOum
FK866.FK866 reduced the inhibitory effect visfatin on oxytqancluced

term pregnant WT mouse myometrium.
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2- Nicotinamide Adenine Dinucleotide (NAD")

Application of NAD* metabolite was used to accelerate the NAD* pathway
(Figure 3.2). NAD" is a metabolic product of glycolysis (Wang et al., 2006). Initial
control experiments were carried out to examine the effect of NAD* alone on
myometrial contractility, and to determine how long stable contractions in its
presence could be observed (Figure 3.21A). A 100uM concentration of NAD*
was used and applied for 90 minutes. NAD* (100uM) caused no effect on
myometrial contractility, therefore it could be used to examine the mechanism of
action of visfatin on myometrial contractility. 100uM NAD* was added to the
contracting myometrium alone for 20 minutes to allow potentiation of the NAD*
pathway and visfatin was then directly applied to the myometrial tissue for 10
minutes (n=3). The negative effect of visfatin on myometrial contractility was
enhanced in the presence of NAD* (Figure 3.21B).
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Figure 3.21IThe effect of NADon oxytocintinduced pregnant WT mouse
myometrium. A) A representative trace showing the effect of 100}
NAD on mousemyometrial contractility NAD (100uM) caused no effec
on oxytocininduced myometrial contractility. B) Representative trace
the effect of 10nM visfatin in the absence and the presence of 10(
NAD. NAD enhanced the effect visfatin on oxytoginduced pregnant

WT mouse myometrium
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2- Nicotinic Acid

The effect of another cellular metabolite was also examined. Application
of nicotinic acid (NA) was used to indirectly increase NAD* production. Initial
control experiments were carried out to examine the effect of NA alone on
myometrial contractility (Figure 3.22A). Serial concentrations of NA were used
and applied for 15 minutes (1nM, 10nM, 100nM, 1uM and 10uM). NA caused no
effect on myometrial contractility, therefore it can be used to examine the
mechanism of action of visfatin on myometrial contractility. NA (10uM) was added
to the contracting myometrium alone for 15 minutes to allow sufficient stimulation
of the NAD* pathway and visfatin was then directly applied to the myometrial
tissue for 10 minutes (n=2). The negative effect of visfatin on myometrial

contractility was enhanced in the presence of NA (Figure 3.22B).
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Figure 3.2ZThe effect of nicotinic acidon oxytocininduced pregnant
WT mouse myometriumA) A representative tracshowing the effect
of NA (1nM, 10nM, 100nM, 1pM and 10uM) on mouse myomel
contractility after application for 15 minutes. NA even in hi
concentration (10uM) has no effect on myometrial contractilitiie

baselinemoveddown). B) Representative tracer the effect of 10nM
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effect visfatin on oxytociginduced pregnant WT mouse myometrium
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3.4 Discussion

A better understanding of the pathophysiological impact of obesity on
pregnancy and labour could provide effective targets for the prevention and
management of obesity complications in pregnant women. The results of this
study have shown no differences in contractility between non-pregnant WT and
the dyslipidaemic animal model, the ApoE’- mouse in spontaneous contractions
and in responses to oxytocin drive and Mb C @pplication. Interestingly, the
stimulatory effect of oxytocin was higher in WT compared to ApoE'/ "mouse
myometrium; however, this difference was not statistically significant. This
indicates a lack of evidence that having a hyperlipidaemic environment might
disrupt myometrial contractility. The effects of dyslipidaemia may be
underestimated in my study as other factors, such as hormonal, paracrine,
autocrine effects produced by adipose tissue accumulation are missing or

reduced in in vitro experiments.

It was disappointing that the lowering of cholesterol with Mb C Dand its
disruption of membrane caveolae, showed no difference between WT and
ApoE'/ 'mice. Cholesterol has been shown to increase the activity of K* channels
producing large outward currents in uterine myocytes (Shmygol et al., 2007b),
and that will decrease contractility. The oxytocin receptor activity was reported to
be reduced in lipid rafts when disrupted b y ~ M b(Kldn et al., 1995). Although it
was noticed that our in-house female ApoE'/ "mice were having difficulties
becoming pregnant and breeding them in our lab was a challenging task;
however, their reproductive physiology was reported by others to be normal
(Kashyap et al., 1995).

It was shown that cholesterol has a profound inhibitory effect on force
production of both spontaneous and oxytocin induced contractions impairing the
ability of the uterus to contract effectively during labour (Zhang et al., 2010a).
Some insights were gleaned from the simultaneous recording of intracellular
calcium and spontaneous contraction in the presence of cholesterol which found
that this inhibition occurs due to reduced Ca*? influx (Smith et al., 2005). Gam et
al recently found that myometrial mitochondrial quantity and capacity in the
isolated state was not affected in obese pregnant women, nevertheless, they

observed an increase in myometrial lipid content and reduction in myocyte
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density which might explain poor uterine contractility in obese women (Gam et
al., 2017).

In this chapter, It was shown that visfatin has no effect on non-pregnant
and pregnant WT and ApoE'/ 'mouse spontaneous myometrial contractility or on
oxytocin-induced non-pregnant and term pregnant ApoE'/ "mouse myometrial
contractility. This might be due to the adaptation to high lipids and visfatin levels
in the chronic hyperlipidaemic environment suggested to develop in ApoE'/ '
mouse to maintain cholesterol homeostasis. However, it was shown that visfatin,
has a significant inhibitory effect on the AUC, which is an index of the total
contractile activity, of oxytocin-induced non-pregnant and term pregnant WT
mouse. These results suggest that visfatin has a relaxant effect only if the tissue
was under physiological conditions (i.e. oxytocin). This inhibitory effect was
detected at a relatively low concentration for in vitro experiments. A lack of a
concentration dependence of the inhibitory effect of visfatin on mouse
myometrium was observed. This is a general characteristic of a receptor
mediated effect to be likely a concentration dependent effect. It might be due to
the little amount of inhibition produced by visfatin on myometrial contractility. A
possible supramaximal response at 10nM might also occurred. However, it was
found to be a concentration dependent effect on human myometrium and the ICso
of the AUC was 1.08nM (Mumtaz et al., 2015).

Strips were compared directly from the same myometrial tissue
maintaining reproducible results on myometrial contractility and controlling for
physical conditions, stretch, vehicleandtime. Ther e wer e no si
vehicles. Time was chosen carefully to give the drug sufficient time to work and
long enough to avoid tissue fatigue. The effects of visfatin on myometrial
contractility were reliable, obvious, reproducible and s i gcanit, §nd in agreement

to its effects on both rat and human.

The inhibitory effect of visfatin was observed at relatively low
concentrations (10nM) and is within the physiological maternal plasma range for
visfatin during pregnancy (Mazaki-Tovi et al., 2009b). The data obtained from this
present study is in line with our previous study on pregnant rat and human
myometrium which found that visfatin produced a significant reduction in the

amplitude and AUC of spontaneous contractions and a significant reduction in
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the AUC of oxytocin-induced myometrial contractions in vitro (Mumtaz et al.,

2015). However no effect on spontaneous contractions was found in this study.

Other adipokines investigated in connection with uterine contractility have
been found to have an inhibitory effect on myometrial contractility in vitro. Leptin
has been documented to have a relaxant effect on spontaneous and oxytocin-
induced rat and human myometrial contractions (Mumtaz et al., 2015) and this
effect was cumulative on human myometrium (Moynihan et al., 2006). Apelin was
found to exert a potent dose-dependent inhibitory effect on spontaneous and
oxytocin-induced pregnant human myometrial contractility (Hehir and Morrison,
2012). Despite the contradictory published data about the effect of ghrelin on
myometrial contractility, three studies have reported that it has a relaxant effect
on myometrial contractility. Mostafa and Samir reported that ghrelin has an
inhibitory effect on virgin rat spontaneous and oxytocin-induced myometrial
(Mostafa and Samir, 2013) and Hehir et al indicated that this effect is
concentration-dependent on pregnant human myometrium (Hehir et al., 2008).
O'Brien et al found that ghrelin plays a significant role in the maintenance of
uterine relaxation during pregnancy (O'Brien et al., 2010). Thus, all four of these
adipokines - visfatin, leptin, apelin and ghrelin - have been reported to relax
human myometrium in vitro, which leads to the suggestion that there may be a
metabolic modulation of myometrium by adipokines which are produced in high
concentrations in the dyslipidaemic environment frequently developed in obese
pregnant women. Therefore, my results, along with the previous data from the
effect of other adipokines on myometrial contractility, introduce a narrative aspect
that adipokines released from the excess adipose tissue developed with obesity
modulate myometrial contractility and may contribute to dysfunctional labour, and
failed post term induction (Arrowsmith et al., 2011).

There are some studies of the effect of visfatin on other smooth muscle
contractility, particularly on vascular smooth muscle. It has a vasodilating effect
on isolated noradrenaline stimulated aortic smooth muscle and this effect was
found to be mediated through endothelium-derived nitric oxide (Yamawaki et al.,
2009). Visfatin significantly tempers endothelium-dependent vasodilation in small
bradykinin-stimulated coronary arteries, an effect thought to be as a result of
endothelial cell NADPH oxidase activation by membrane lipid raft clustering (Xia

137



et al., 2011), which are potent modulators of myometrial force (Noble et al., 2006,
Shmygol et al., 2007b). Perivascular adipokines have been reported to lose their
anti-contractile activity with obesity indicating that responses to adipokines can

be affected by underlying obesity (Boydens et al., 2012, Meyer et al., 2013).

In this study, it was demonstrated that visfatin reduces contractility in term
pregnant WT mouse myometrium when it is augmented with oxytocin. But what
is the cellular mechanism of action behind this reduced contractile activity? Many
studies have indicated that visfatin may play a role in dysfunctional labour;
however, no previous functional studies have investigated the effect of visfatin on
myometrial contractility. A potential mechanism which might underlie the effect of
visfatin on term pregnant WT mouse, the NAD* pathway, was investigated in this
study. This pathway was also reported to be important in visfatin's vasodilator
effects on mesenteric microvessels in rat and human (Vallejo et al., 2011).
NAMPT enzyme catalyses the rate-limiting step in the biosynthesis of NAD*
cofactor from nicotinamide which is essential for energy production and cellular
metabolism (Garten et al., 2009). Its metabolic role in priming the myometrial
contractions could be involved under conditions of stress or hypoxia (Mumtaz et
al., 2015). Human visfatin gene expression has been shown to be stimulated by
hypoxia (Bae et al.,, 2006, Segawa et al., 2006). Although normal uterine
contractions are found to be associated with transient hypoxia (Alotaibi et al.,
2015), hypoxia is known to decrease contractile strength per se (Wray, 2007).
Stretch also induces the profound production of visfatin (Kendal-Wright et al.,
2010, Kendal-Wright et al., 2008), a mechanism which can explain the increased
supply of energy and metabolites required for the single cell to effectively modify
its cytoskeleton structure and gene expression necessary for the extra

mechanical work needed during successful labour.

To the best of my knowledge, no previous study has examined the
mechanism of action of visfatin on myometrium. To assess whether or not visfatin
works through the NAD* pathway, pharmacological modulation of the
myometrium by FK866, NAD* and NA in the presence of visfatin were examined.
By using FK866 as an inhibitor of the NAD* pathway, it was found that visfatin
might work via this pathway. Findings from the application of NAD* and NA further
consolidate this mechanism of action. FK866 cancelled the effect of visfatin whilst

NAD* and NA enhanced its effect on WT oxytocin-induced myometrium. A direct
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inhibitory effect of excessive NAD™* application was expected; however it was
shown that it has an enhancing effect of visfatin which made the mechanism more
complicated. Therefore, visfatin inhibitory effect is likely to be independent of the
direct enzyme action of visfatin. In addition, the enhancing effect of NA suggests
that inhibitory effect is upstream of visfatin. Nonetheless, it is not yet clearly
indicated whether visfatin acting extracellularly or intracellularly on myometrium.
Visfatin, therefore, probably might work through increasing the NAD* pathway.
These are preliminary observations hence visfatin theoretically might work on the
myometrium through different mechanisms It would be interesting for future
studies to investigate if PGE2 pathway is importantforvi sf at i nds a
myometrium. In addition, it is not known whether visfatin is acting extracellularly

or intracellularly. This is a subject of a future work.

My results, along with previous data on other adipokines consolidate the
suggestion that adipokines play an essential role in pregnancy and parturition
(Denison et al., 2008) but its role in pregnant women is not fully known. Apart
from its production in adipose tissue, visfatin is not only found to be expressed in
human myometrium, but also in foetal membranes and placenta during normal
gestation and parturition (Esplin et al., 2005, Marvin et al., 2002, Ognjanovic and
Bryant-Greenwood, 2002). The acute relaxant effect that we observed for visfatin
on myometrium may counteract a contractile drive coming from its release from
the placenta during pregnancy. Hence visfatin has been documented to cause
upregulation of pro-contractile and pro-inflammatory cytokines expression such
as IL-6 and IL-8 which have been suggested to have a physiologic role during
normal gestation (Ognjanovic and Bryant-Greenwood, 2002, Osmers et al., 1995,
Prins et al., 2012). Moreover, the visfatin gene itself (in amniotic epithelium) is
also upregulated in response to inflammatory stimuli, suggesting a role in pre-
term labour (Ognjanovic et al., 2005). Normal pregnancy and infection-associated
preterm labour are both associated with increased levels of visfatin, and visfatin
changes have been reported in pregnancies complicated by gestational diabetes
mellitus, preeclampsia, preterm labour and foetal growth restriction (Pavlova et
al., 2015). However, the effects of circulating visfatin on labour onset and delivery

needs further studies and in vivo approaches.
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3.5 Conclusion

This study demonstrates through the use of in vitro contractility studies
that there are no differences in the contractility of WT and ApoE'/ 'non-pregnant
mouse myometrium. It was also found that visfatin has a relaxant effect on
pregnant WT mouse myometrium in vitro and NAD* pathway might to be involved
in the mechanism of action of visfatin on myometrium. My data clearly shows that
visfatin only works when contractility is augmented by oxytocin. This data adds
to our earlier data in human and rat myometrium showing that visfatin can reduce
myometrial contractility, especially under physiological conditions. Together the
data suggests that increased output of visfatin, possibly due to dyslipidaemia in
obese pregnant women, may impair uterine contractility resulting in obesity-
related complications. This study may provide a basis on which new approaches
for the prevention and treatment of pregnancy-related complications in obese

women can be developed.

3.6 Limitations of the study

One of the limitations of this study is that it only reflects the effect of acute
changes in contractility in response to visfatin irrespective of body weight. It is
suggested that examining the chronic effects and complications associated with
high visfatin levels in a cross-sectional study involving obese pregnant women
would build on these findings. It was very difficult to know where visfatin is acting
on the myometrium. In addition, high organ bath POz may increase NAD*
saturating system and affect the results. It would be of interest to examine the
direct measurements of NAD* and [Ca?*]i and visfatin's effects under hypoxic
conditions. The mechanism of the effects of visfatin on human myometrial
contractility should be a topic for future study. Although organ bath experiments
are technically robust and shows good validity and reproducibility, they do have
some limitations. Dissection can be a tricky procedure and unless that the strip
size and temperature are fixed, and the tension applied was standardised, the

results observed will be affected.
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4.1 Introduction

The prevalence of obesity has risen accounting for a worldwide epidemic
(WHO, 2000). Obesity rate increases along with increasing numbers of women
of childbearing age who are overweight and obese, not to mention the increasing
rate of morbid obesity. Pregnancy, by itself, also contributes towards maternal
obesity through large gestational weight gain and postnatal weight retention
(Heslehurst et al., 2011a).

High BMI has an impact on many aspects of female reproductive function
including the core reproductive signalling pathways leading to multiple maternal
and foetal complications (OECD, 2018). This is a subject of increasing research
interest. Gestational diabetes mellitus, preeclampsia, postpartum haemorrhage,
obstructive labour, postdate pregnancy and infertility are all recognized to be
related to maternal obesity (Baeten et al., 2001, Cedergren, 2004, Vesco et al.,
2009, Magann et al., 2013, Gilead et al., 2012, Bautista-Castafio et al., 2013,
Wang et al.,, 2002). Moreover, obesity was proven to be an independent risk
factor for elective and emergency C-section delivery (Gilead et al., 2012,
Poobalan et al., 2009). It was established that obese women associated with a
significantly higher rate of induction of labour (IOL) and that IOL for these women
was correlated with increasing rates of C-section delivery compared to normal
weight women (Arrowsmith et al.,, 2011). As progress in labour is critically
dependent on myometrial contractions, this data further suggests that the uterine
environment and the myometrial signalling pathways are adversely influenced by

obesity.

As discussed in Chapter 3, multiple studies have established that maternal
obesity is strongly associated with a wide spectrum of adverse pregnancy and
delivery outcomes, particularly dysfunctional labour and intrapartum C-section
deliveries. These observational studies, collectively with the functional studies of
cholesterol and adipokines on myometrium, suggest that maternal obesity has an
inhibitory effect on myometrial function. Although modulation of myometrial

membrane composition by direct application of modulatory substances has been
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studied; the variations in maternal BMI were barely considered. Based on in vitro
myometrial functional contractility studies, Zhang et al. observed poor uterine
contractility in obese women, in the form of reduced amplitude, frequency of
uterine contraction and Ca?* influx, associated with increased rates of prolonged
labour, C-section deliveries and postpartum haemorrhage, which are commonly
encountered in obese mothers (Zhang et al., 2007a). Similar findings were found
by Cedergren; he reported that the risk of emergency C-section deliveries due to
ineffective myometrial contractility was correlated with increasing maternal BMI
(Cedergren, 2009). Other studies, however, have found no differences in in vitro
myometrial contractility between obese and normal weight pregnant women
(Higgins et al., 2010, Sweeney et al., 2013). It has been found that the time to
commencement of spontaneous contractions in human pregnant myometrium

increases with increasing maternal BMI in vitro (Crankshaw et al., 2017).

Some additional factors underlying poor myometrial contractility in obese
women have been addressed. Fat accumulation in the birth canal may lead to
the development of birth resistance and reduced muscle contraction in pregnant
women, and obstruction of labour and cephalopelvic disproportion (Zhou et al.,
2019). The human ether-a-go-go-related gene (hERG) activity, which codes for
a specific potassium channel, has been found to increase in obese women and
this change could result in weaker uterine contractions with increasing BMI
(Parkington et al., 2014). It has also been observed that myometrial p160 ROCK-
1 protein expression is significantly reduced in obese women towards the end of
pregnancy, which may contribute to poor uterine contractility at labour, due to its
contribution to Ca*? sensitisation through phosphorylation of MLCP and possibly
other signalling pathways (O'Brien et al., 2013). However, it was found that
myometrial mitochondrial function and morphology were not altered at term with
obesity apart from the observed increase in fat content and myocyte density
(Gam et al., 2015, Gam et al., 2017).

Based on the relaxant effect of visfatin which is an adipokine believed to
be raised in obesity, on myometrial contractility (see Chapter 3), It was
hypothesised that spontaneous contractility in myometrium is reduced in obese
women and would be further reduced with the augmentation of oxytocin. The
study in this chapter was designed to provide further elaboration in the in vitro

variation of myometrial contractile activity among pregnant women with different
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BMI categories. This study, specifically, aimed to investigate the relationship
between maternal BMI and the ability of the myometrium to contract
spontaneously and in response to an uterotonic hormone, oxytocin. A secondary
objective was to investigate the effect of maternal obesity in the time taken to

start spontaneous myometrial contractions.

4.2 Methods

4.2.1 Tissue collection and preparation

Myometrial strips were dissected from non-labouring term uterine biopsies
obtained with informed consent to participate from women undergoing an elective
Csection wi t h a singleton pregnancy at
Liverpool, United Kingdom (Appendix 4). The women were recruited by the
hospi t al 0 Fheethicdstandardsfor human experimentation established
by the Declaration of Helsinki were followed (WHO, 1997). Ethics approval for
sample collection was obtained from the University of Liverpool Ethics Committee
(Reference. 10/H1002/49, see appendix 2). | was blinded to the demographic
details of the sample until experiments had been performed and data statistically
analysed. Once performed, thewo me n 6 s i nobtaineddrar theoLiverpool
Wo me nHospital database; including BMI at time of the first trimester, maternal
age, gestational age at the time of delivery, parity, pre-existing medical diseases,
pregnancy-related complications, indication for planned C-section delivery and
birth weight were obtained for each woman. Women were excluded if they had
not given consent, if they had uterine abnormalities, placenta praevia, extensive
adhesions, significant intraoperative haemorrhage, malignancy or pregnancy-
related complications including pre-existing and gestational diabetes and
hypertensive diseases. Eligible participants were then classified into three BMI
categories based on their first trimester BMI: (1) normal (BMI 18.50 - 24.99
kg/m2), (2) overweight (BMI: 25.00 - 29.99kg/m2), (3) obese (class | combined
with class 1l) (BMI30.00 i 39.99 kg/m2) and morbidly obese (class IIl) (BMI
040.00 kg/ m2) accor di (Diet, 2003). MH®perichenfali ni t i
tissues were placed in physiological saline solution (PSS) and tissues were

stored at 4°C and used within 18 hours of collection.
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4.2.2 Contractility measurements

Contractility studies were carried out as described in Chapter 2. In
summary, the human myometrium was dissected along the plane of the muscle,
cleaned and longitudinal myometrial strips (~1 mm x 4 mm) were dissected from
the human biopsies and attached to a force transducer under 2 mN of tension in
an organ bath filled with 5 ml of physiological saline superfused with PSS at a
rate of at 2 ml/min and gassed with 100% O2. Experiments were performed at 37
°C and myometrial strips were allowed to equilibrate for at least 2 hours to obtain
reproducible spontaneous phasic contractions. Matched vehicle controls were
performed in PSS. Contractility data were recorded via a tension transducer
(World Precision Instruments, Aston, United Kingdom) and the signal amplified
and stored in a commercial data acquisition system (Labscribe 2; World Precision
Instruments, Aston, United Kingdom). To examine differences in the myometrial
contractility between different BMI categories, average measurements of force of
contraction, duration, frequency and mean integral force in 20 minutes were
determined and comparisons made between the categories. The response to
oxytocin was calculated after 15 minutes of exposure. The comparison was
carried out for spontaneous and oxytocin-induced contractions. Oxytocin was

added to PSS at a final concentration of 0.5nM.
4.2.3 Data and statistical analysis

Statistical analysis was carried out in prism GraphPad Prism version 5.01
(GraphPad Software, San Diego, USA). A D'Agostino & Pearson test was used
to determine the normal distribution of the data. The comparisions of the time for
the initiation of spontaneous contractions were done by Spearman rank
correlation test because the data was not normally distributed. To statistically
compare more than two groups, one-way ANOVA was used for normally
distributed data; so comparison of force records was performed using mean * se
and Kruskal-Wallis test with Dunn's Multiple Comparison test was used for data
which is not normally distributed; so comparison of force records was performed

using median £ IQR. Bar chart was used to present the normally distributed data

and Box and Wisker plot was used to present the data whiclisiormally

distributed.P value was taken as showing a significant difference when P value
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<0.05 and (n) is the number of myometrial tissue strips examined from different

women.

4.3 Results

4.3.1 Demographic data

A summary of the demographic characteristics of the women in this study
are shown in Table 4.1. Myometrial biopsies were obtained from 42 term
singleton pregnant women with an average maternal age of 32.2 ° 0.8 years and
an average gestational age of 274.4 ° 1 days. Maternal BMI ranged from 19.5 to
50.7 kg/m? and according to WHO definitions of BMI, 38.1% were normal weight,
26.2% were overweight, 26.2% were obese and 9.5% were morbidly obese.
Among the study population, 19.1% were nulliparous, 45.2% were primiparous
and 35.7% were multiparous. The average neonatal birthweight was 3698 ° 81.9
g. Indications for planned C-section delivery were previous C-section delivery
(n=29), breech presentation (n=2), previous traumatic vaginal delivery (n=5),
maternal request (n=5), and foetal reasons (n=1).

The demographics for the women included in this study are presented for
each BMI category in Table 4.2. Statistical analysis using one-way ANOVA test
showed that there was no significant difference in maternal ages, gestational
ages, parity and neonatal birthweights between different BMI categories (p value
>0.05). The myometrial contractility of all 42 women was assessed for time to
establishment of activity, spontaneous contraction and in response to an agonist,
oxytocin. For analysis of contractile parameters, including time to establishment of
activity, data are first analysed then divided into the following sub-categories (1)
normal weight (n=16), (2) the overweight (n=11), (3) obese and morbidly obese
(n=15) women. Since morbidly obese women are small in number (n=4), It was

decided to be combined with obese women (n=11) in one category.
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Table 4.1 Summary of demographics characteristics for my study sample.
This table shows the study sample characteristics of maternal age (year, mean
se), gestational age (days, mean + se), maternal weight (Kg, median = IQR),
maternal height (m, median £ IQR) and the percentage (%) of BMI categories,

parity and neonatal birthweight (g, mean * se).

Demographic Garacteristics (n = 42)
Maternal age(years) (se) 32.2 (0.8)
Gestational agddays) (se) 274.4 (1)
Maternal Weight(Kgs) (IQR) 72.7 (25.7)
Maternal Height(m) (IQR) 1.64 (0.1)
Maternal BMI(kg/m2) n (%)
Normal weight 16 (38.1)
Overweight 11 (26.2)
Obese 11 (26.2)
Morbidly obese 4 (9.5)
Parity n (%)
Nulliparous 8 (19.1)
Primiparous 19 (45.2)
Multiparous 15 (35.7)
Birthweight (g) (se) 3703 (83.8)
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Table 4.2 Demographics for each BMI category.
This table showing maternal ages, gestational ages, parity, reason for C-section
and neonatal birthweight for each women and average results for each BMI

category. No significant difference was found between the BMI categories in

regards to other demographic characteristics (P value >0.05).

Normal weight women n=16

BMI maternal Gestational | Parity Indication for C-section Neonatal
(kg/m?) | Age (years) | Age (days) delivery Birthweight ()
19.5 25 272 0  Maternal request 2565
19.6 32 276 0  Maternal request 3740
19.8 31 276 1 | Previous Gsection 4150
20.6 32 267 1 | Previous €ection 3870
20.9 36 284 0 Breech 3615
22.6 32 268 1 | Previous &ection 4590
22.8 28 274 1 | Previous traumatic 3855
delivery
23 38 274 2 | Previous traumatic 4240
delivery
23.4 31 269 3 | Previous &ection 3270
23.5 36 276 1 | Previous &ection 3690
23.7 unknown 269 1 | Previous &ection 3340
23.8 42 273 2  Previous &ection 3520
24 31 263 2  Previous &ection 2615
24.4 37 275 3 | Previous &ection 3880
24.6 35 276 0 | maternal request 3370
24.6 27 287 1 | Previous Gsection 4200
Average
22.6 32.9 273.7 1 3656.9
Overweight women n=11
BMI maternal Gestational | Parity Indication for C-section Neonatal
(kg/m?) | Age (years) | Age (days) delivery Birthweight ()
25.1 32 274 3 | PreviousGsection 3165
25.4 31 259 1 | Previous &ection 2800
26 40 273 2 | Previous &ection 3035
26.8 43 274 1 | Previous &ection 3795
27.2 28 290 1 | Previous &ection 4220
27.5 37 274 2 | Previous &ection 3740
28.1 40 275 0 | maternal request 3000
28.2 33 280 1 | Previous traumatic 3910
delivery
29 30 283 0 | foetal reasons 4180
29.2 26 280 0 | Breech 4920
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29.7| 38| 269] 2| Previous &ection | 3170

Average

27.5| 34.4) 2755 1] | 3630.5

Obese women n=11

BMI maternal Gestational Parity Indication for C-section Neonatal
(kg/m?) | Age (years) | Age (days) delivery Birthweight (g)
30.3 27 273 2 | Previous &ection 3150
30.4 33 271 3 | Previous traumatic 3170
vaginal delivery
32 36 276 2 | Previous &ection 4605
32.8 26 275 3 | Previous &ection 3465
33 29 273 4 | Previous tramatic 3550
vaginal delivery
33.3 32 266 3 | Previous &ection 3670
33.7 34 272 1 | Previous &ection 3710
34.3 28 272 1 | Previous &ection 3465
35.4 23 270 1 | Previous &ection 4224
36 28 272 1 | Previous &ection 3505
39.9 34 273 1 | Previous &ection 3590
Average
33.7| 30.0| 272.1] 2 3645.8

Morbidly Obese women n=4

BMI maternal Gestational Parity Indication for C-section Neonatal
(kg/m?) | Age (years) | Age (days) delivery Birthweight (g)

40.3 32 281 0 | maternal request 4515

43.9 34 273 1 | Previous &ection 4280

44.9 30 277 1 | Previous &ection 3970

50.7 23 290 1 | Previous &ection 4200
Average

45.0| 29.8| 280.3 1 4241.3
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4.3.2 Comparing the time to commencement of spontaneous

activity

No association was found between the time to commencement of
spontaneous contractions occurred in vitro and maternal BMI. This was tested
using Spearman correlation test (R? = 0.000006, P value >0.05, n=40) (Figure
4.1). Two samples were exposed to an extra tension which was applied after a
period of time of the original tension due to failure to successfully start

spontaneous contractions. Therefore, they were not included in the analysis.
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4.3.3 Comparing spontaneous contractile activity between

different BMI categories

To examine whether increased maternal BMI could be related to poor
myometrial contractility in obese women, variation in spontaneous activity
between women with different BMI categories was examined. Spontaneous
contractions from women with different BIM categories were established and the
strip was left to contract for approximately 2 hours to obtain a control period from
which to analyse the correlation between maternal BMI and the myometrial
contraction indices including contraction amplitude, duration, frequency and AUC
in a 10-minute period was tested. This was done for 16 normal weight, 11
overweight and 15 obese women. Representative traces showing spontaneous
myometrial contractions in each BMI category are shown in Figure 4.2. To test
the difference in the spontaneous myometrial contractions between maternal BMI
categories, one-way ANOVA test was used for the amplitude and duration (mean
+ se) and Kruskal-Wallis test was used for frequency and AUC (median + IQR)
(Table 4.3). No significant difference was found between the spontaneous

myometrial contractions of different maternal BMI categories.

152



Normal weight

A 7 - ‘oxytocin

Force

(mN)

Overweight

oxytocin

Force

(mN)

C 4 oxytocin

Force

(MN)

20 min

Figure 4.2Spontaneous and oxytocimduce myometrial contractility in
all BMI categoriesRepresentative traces of the myometrium of A) norn
weight, B) overweight, C) obese women. No difference was not

between the different BMI categories.
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Table 4.3 Difference in the contractile indices of spontaneous
myometrial contractions in different BMI categories. The data

tested using one-way ANOVA test for the amplitude and duration

(mean x se) and Kruskal-Wallis test for frequency and AUC (median

(IQR)). After testing all the contractile parameters, no si gni f i
di fference was found bet ween t he
contractions toer ndiil f fBMle Pt avtieehguoer | €& .
i ndicates that the trend wast signi f

Normal weight | Overweight P
(n=16) (n=11) value
Force amplitude 3.7+£0.6 29+0.3 41+0.8 >0.05
(mN)
Duration 0.8+0.1 0.7+0.1 0.8+0.1 >0.05
(minutes)
Frequency 3.5(2.1-4.7) 3 (2-4) 3 (2-5) >0.05
(contractions/

20 minutes)

AUC (au) 11 (6.6-17.5) 9(7-11.3) |10.2(4.1-19.5) | >0.05
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Figure 4.3 Comparing spontaneous myometrial contractile activity in different BMI categories.
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4.3.4 Comparing oxytocin-induced contractile activity between

different BMI categories

Variation in the myometrial tissue response to oxytocin between women
with different BMI categories was also examined. A single dose of the drug was
applied after the establishment of regular contractile activity resulting in a bath
concentration of 0.5nM with the contractile response observed for 20 minutes.
The correlation between maternal BMI and the myometrial contraction indices
including contraction amplitude, duration, frequency and AUC was examined for
16 normal weight, 11 overweight and 15 obese women. Representative traces
showing spontaneous myometrial contractions in each BMI category are shown

in Figure 4.2.

Oxytocin has a signi foincaanltl stthhemumat o1
cat egbosmyemet ri al .CTablet 4.4a summanias sthe contractile
indices of oxytocin-induced myometrial contractions for each maternal BMI
category. Al | the mater naslh oBwkli cpat Egomanési ncr
comrtct i on ampl it utdrekeocnammpdr edP tviah e em@t 66 h:
B MI cat egar ise g fhydaincgeenrt dur att amecompal ed(
val ue<Uheddnt.racti on fgiegmiefiicgnaemtaldyot h nor
wei ght and O bceopma r vdtmeenont (r® 1 val ueBolt.h05) .
over wei ght and obesesiwomdn cahbwaedcmBrease
compatretdeontr ol ( P To test the differen@ebin) the oxytocin-
induced myometrial contractions between maternal BMI categories, the Kruskal-
Wallis test was used except for the AUC parameter where a one-way ANOVA
test was used. No significant difference was found between the oxytocin-induced

myometrial contractions in different maternal BMI categories (Table 4.4).
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Table 4.4 Difference in the contractile indices of oxytocin-
induced myometrial contractions in different maternal BMI
category. The data tested using Kruskal-Wallis test (median (IQR))
except for AUC which was tested using one-way ANOVA test. After
testing all the contractile parameters, no si gni fi cant di
found bet wexeggt -obhtheangd met ri al contr
di fferent mater nGxly tBoMli nc ahtaesg oar i setsi.n
on the myometrium ¢at ead.dr ideasi ler <t
i ndi cathees ttrheantd twas s i g nti fti‘*ecsdDretn ol ye s
significant di fference in contract
period p<0.05 **p<0.005 ***p<0.000¢

Normal Overweight P value
weight (n=11)
(n=16)
Force 4.3 (3-6.4)** | 5.1 (3.4-5.6)*** | 5.6 (2.8-8.8)** |>0.05
amplitude
(mN)
Duration 1.1 (0.85-1.7) 1(0.7-1.4) 1.3 (0.8-1.5)*** | >0.05
(minutes)
Frequency 2 (1.1-2.9)*** 2 (2-3) 2 (2-3)* >0.05
(contractions/
20 minutes)
AUC (au) 146+1.7 15.4 +1.8** 15.4 £ 2.2** >0.05
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Figure 4.4 Comparing oxytocin-induced myometrial contractile activity in different BMI categories.
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4.4 Discussion

This chapter adds to the knowledge of the effects of obese environment
on myometrial contractility during gestation. In contrast to my original hypothesis,
the results of this chapter show no relationship between increasing maternal BMI
and impairment of the ability of the human myometrium to contract spontaneously
or in response to an agonist, oxytocin. No significant variations were observed in
the time taken for the commencement of spontaneous myometrial contractility
between pregnant women with different BMI categories. Even with a relatively
small sample size, our findings from human myometrial samples are valid to the
obstetric population because the maternal BMI distribution in our sample set is

comparable to that in the obstetric female population (Kanagalingam et al., 2005).

Oxyt omaisn f ound ¢ iogrhiafviec aan't stimul ator
mat er nal BMIimyoateegormilesontractilitiyn TBhi
a strong uterinehygomnmilotgi gcradd ke edws migt h a
Wr ay, 2014, Bl anks .anldt Tihsorint toer e s2t0iOn3g) t
women response to oxytodihmani swaimpghithent ed |
Oxytocin receptors are highly expressed in the pregnant myometrium (Gimpl and
Fahrenholz, 2001) and increase at term and parturition in both the human and rat
(Kimura et al., 1996, Larcher et al., 1995). Oxytocin binds to oxytocin receptors
to increase internal Ca?* through G-protein activation of phospholipase C (PLC),
which liberates inositol-1,4,5, triphosphate (IP3) and releases internally stored
Ca?* ions from the SR. It also stimulates the opening of L-type calcium channels
and inhibits Ca?* extrusion by suppression of the Ca?*ATPase pump.
Interestingly, uterine expression of oxytocin receptors was recently found to be
significantly higher in the virgin female Wistar rats maintained with high-fat, high-
cholesterol diet compared to those who were maintained with standard laboratory

chow, which is consistent with my finding (Muir et al., 2016).

The hypothesis that an intrinsic biological impairment in myometrial
contractility may occur in women with high maternal BMI is controversial and
inconclusive. Higgins et al published a relatively similar study with a larger sample
size, also finds no correlation between maternal BMI and the myometrial
contractility in pregnant women (Higgins et al., 2010). Sweeney et al. found that
there were no changes in the smooth muscle content or extracellular matrix of
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human myometrium with increased maternal BMI (Sweeney et al., 2013). In
addition, expression of oxytocin receptor in human myometrium was reported to
not be affected by maternal BMI (Grotegut et al., 2013) and this observation is in
line with my results which show no effect of maternal obesity on oxytocin-induced
myometrial contractility. As tissues were obtained from different women, there is
naturally some variation in the basic spontaneous contractility between samples.
Samples from a large number of women would minimise this variation
(Crankshaw and Morrison, 2011). Further work to relate maternal plasma
cholesterol and myometrial cholesterol content and their changes during

pregnancy and parturition according to maternal BMI therefore suggested.

The results from my study are in contrast to previous studies examining
spontaneous activity in vitro. It has been reported that the human myometrium
contracts with decreased frequency and amplitude of simultaneously measured
Ca*? transients force in pregnant women with high BMI (Zhang et al., 2007a).
Crankshaw et al found that the time to start spontaneous contractions of human
pregnant myometrium, maximal amplitude and mean force of contraction in vitro
increases with increasing maternal BMI (Crankshaw et al., 2017). These different
results potentially reflect technical variations between the studies with respect to
the degree of stretch applied, flow rate, the organ bath solutions, pH and
temperature, or on another way it may reflect the sample number and variability

in the inclusion criteria.

The metabolic status of obese women is often altered and thus other
endocrine factors involved in pregnancy and labour may be altered in women with
high BMI. Obese pregnant women have a long-term chronic exposure to high
levels of hyperlipidaemia for the period of pregnancy where the myometrium
might physiologically adapt to these changes and maintain a pro-contractile
phenotype at delivery (Higgins et al., 2010). This suggests that the in vivo adverse
influences of obesity on parturition cannot be explained by isolated in vitro
myometrial examination isolated from hormonal and nervous input. It also
indicates that there may be a larger picture of alternative mechanisms which
explain the clinically observed increased risk of pregnancy-related complications
in obese women. Chen and Scholl reported that effects of elevated free fatty acids
on pregnancy outcomes were independent of the effects of maternal BMI (Chen
and Scholl, 2008).
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4.5 Conclusion

My study indicated a lack of evidence for an effect of maternal obesity on
spontaneous contractions, oxytocin-induced contractions, or the commencement
of spontaneous contractions, in human myometrium in vitro. It concludes that the
observed complications of maternal obesity on pregnancy and parturition in vivo
cannot be explained by a direct, in vitro, effect on myometrial contractile
mechanisms. This suggests that there may be alternative mechanisms
underlying the pregnancy and delivery-related complications observed in obese
mothers. This indicates further exploration to provide proper prevention and

management protocols for these complications in obese mothers.

4.6 Limitation of the study

As mentioned in Chapter 3, it must be acknowledged that an isolated in
vitro approach was used. Although it is an efficient method, it does mean that the
myometrium is separated from hormonal and neuronal modulatory effects. The
myometrial biopsies used were from the lower uterine segments, which may not
adequately reproduce the reactions of the fundus. Nonetheless, lower uterine
segment biopsies were observed to have no difference in contractile properties
compared to uterine biopsies obtained from the upper uterine segment (Luckas
and Wray, 2000).Fi nal l'y, although this studyd san
obstetric population, further increase in the sample size is recommended to avoid

any sampling bias.
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5.1 Introduction:

5.1.1 Maternal obesity and pregnancy adverse outcomes

Obesity is a common disorder worldwide and its prevalence has increased
particularly among women of childbearing age (Jungheim et al., 2012). The
prevalence of obesity in Saudi women is high, 41% compared to 35% normal
weight and 23% overweight women (Al-Kadi et al., 2018). Several studies have
demonstrated that maternal obesity is associated with a wide spectrum of
adverse pregnancy outcomes including gestational diabetes mellitus,
preeclampsia, post-dated pregnancy, postpartum haemorrhage and foetal death
(Yogev and Catalano, 2009, Heslehurst et al., 2008, Stubert et al., 2018). These
complications have led to more elective and emergency C-sections deliveries in
these women compared to those of normal weight (Berendzen and Howard,
2013, Abenhaim and Benjamin, 2011). Many factors, including mechanical and
biochemical, have been examined to explain the close association between

maternal obesity and pregnancy and delivery-related complications.

In addition to its fundamental role as a fat storage organ, adipose tissue
functions as an endocrine organ and secretes a large spectrum of bioactive
mediators, known as adipocytokines, including leptin, resistin, visfatin, tumour
necrosis factor-alpha, interleukin-6 and adiponectin (Axelsson et al., 2005).
Adipokines are indicated to be relevant to the pathogenesis of common metabolic
complications including obesity, insulin resistance, type 2 diabetes mellitus,
metabolic syndrome, cardiovascular diseases and atherosclerosis (Rabe et al.,
2008, Antuna-Puente et al., 2008, Deng and Scherer, 2010, Freitas Lima et al.,
2015, Kralisch et al., 2007). Adipokines are also found to have a role in the

development of obesity-related complications in pregnant women (Hauner,
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2005). A recent review of the literature indicated that adipokines dysregulation

could be associated with pregnancy-related complications (AlSaif et al., 2015).
5.1.2 Leptin and reproduction

Leptin, a critical hormone that regulates body nutritional status, is secreted
by adipose tissue, is under the control of obesity genes and is increased in
obesity (Haynes et al., 1998, Al Maskari and Alnagdy, 2006, Alex, 2014). It is also
secreted by the placenta (Domali and Messinis, 2002, Anderson et al., 2005),
and increases in maternal blood during pregnancy, and then interestingly,
decreases around parturition (Krizova et al., 2004, Nuamah et al., 2004). It has

inflammatory, autonomic and endocrine effects (Haynes et al., 1998).

Lept iroedis the pathophysiology of several pregnancy related
complications has been noted, including preeclampsia (Anderson et al., 2005,
Song et al., 2016, Kalinderis et al., 2015, Taylor et al., 2015, Ozkan et al., 2005,
Adali et al., 2009, Hendler et al., 2005a) and gestational diabetes mellitus (Pérez-
Pérez et al., 2013, Ategbo et al., 2006, Chen et al., 2010, Kautzky-Willer et al.,
2001, Vitoratos et al., 2001). Leptin was recently proposed as an early pregnancy
biomarker of gestational diabetes mellitus (Powe, 2017) and elevated leptin
levels have been suggested to have a prognostic significance for the
development of preeclampsia even before the clinical onset of the disease
(Miehle et al., 2012).

Leptin has been reported to have a cumulative inhibitory effect on
spontaneous and oxytocin-induced myometrial contractility in biopsies from
pregnant women having term elective C-sections (Wuntakal and Hollingworth,
2010, Moynihan et al., 2006). We previously showed that leptinatle M pr oduced
a small but significant inhibitory effect on spontaneous and oxytocin-induced
human myometrial contractions, with the AUC, falling to around 80% of that found
with control conditions (Mumtaz et al., 2015). Similar but less potent inhibitory
effects of leptin have been found on contractions of isolated rat myometrium. If it
acts in a way similar to that reported in vascular smooth muscle, decreasing
intracellular Ca?* release from the sarcoplasmic reticulum (Fortuno et al., 2002),
then this could explain the fall in uterine force (Wray et al., 2003, Noble et al.,
2009).
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After testing in vitro application of leptin on human myometrium, it was
logical to examine maternal leptin levels in plasma and relate it to prolonged
labour in obese women. My idea was strengthened by the positive relation
between the duration of labour and cord blood leptin levels reported by Logan et
al (Logan et al., 2016). There were; however, no existing studies of maternal
leptin and labour outcome. Nonetheless, during my study in 2018, it was reported
that plasma leptin levels are not associated with the duration of active phase
(stage 1) of labour (Carlhall et al., 2018).

5.1.3 Visfatin and reproduction

Visfatin is a novel adipocyte-derived cytokine reported to have many
effects including pro-inflammatory, paracrine, autocrine and endocrine effects
(Stastny et al., 2012). The role of visfatin during pregnancy has not yet been
clarified. It induces its effect in the same manner as the insulin/insulin receptor
signal transduction pathway (Brown et al., 2010). Visfatin is constitutively
expressed in the myometrium, foetal (amnion and chorion) and maternal
(decidual) portions of the foetal membranes and placenta during normal gestation
(Ognjanovic et al., 2003).

Plasma visfatin concentration increases during the development of
obesity, with significantly higher expression in morbidly obese women (Beltowski,
2006). Levels have been found to increase with advanced gestational age during
pregnancy (Morgan et al., 2008) Although Mazaki-Tovi et al found that median
maternal plasma concentrations of visfatin peak between 19 and 26 weeks of
gestation in normal weight women then decrease towards the end of pregnancy
(Mazaki-Tovi et al., 2009b), these authors also found that this pattern of changes

in circulating visfatin concentrations was absent in obese pregnant women.

As with leptin, visfatin has been found to be associated with many
pregnancy and delivery-related complications such as preeclampsia, foetal
growth restriction and impaired glucose metabolism (AlSaif et al., 2015). Several
studies have investigated the relationship between visfatin and preeclampsia with
contradictory results. Plasma visfatin levels have been found to be increased in
preeclampsia in some studies (Fasshauer et al., 2008, Adali et al., 2009),
whereas other studies showed similar (Mazaki-Tovi et al.,, 2010) or even

decreased levels (Hu et al.,, 2008). Other studies have investigated the
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association between visfatin and gestational diabetes mellitus. Maternal visfatin
levels were found to be lower (Haider et al., 2007, Chan et al., 2006, Mazaki-Tovi
et al., 2009a) and higher (Lewandowski et al., 2007) in patients with gestational
diabetes mellitus than in normal pregnant women. An association between
circulating maternal visfatin and altered foetal growth, has also been identified
(Briana and Malamitsi-Puchner, 2010). Plasma maternal visfatin in the third
trimester was found to be higher in patients with foetal growth restriction (FGR)
(Fasshauer et al., 2007, Malamitsi-Puchner et al., 2007). Another study; however,
in gestational diabetes mellitus patients, found higher visfatin levels in large for
gestational age (LGA) neonates (Mazaki-Tovi et al., 2009a). It has also been
suggested that visfatin could play an important role in the regulation of infant
adiposity by breast milk (Bienertova-Vasku et al., 2012). Therefore, visfatin is

closely related to pregnancy- related complications

It was previously reported that visfatin, at a relatively low concentration
(10nM), exerted a significant inhibitory effect on both spontaneous and oxytocin-
induced contractions of pregnant rat and human myometrial tissue in vitro in
comparison to controls (Mumtaz et al., 2015). It produced both a reduction in the
amplitude and area under the curve (AUC) of spontaneous contractions and a
significant reduction in the AUC of oxytocin-induced contractions in rat and
human myometrium. Of the four adipokines studied to date, three (leptin, visfatin
and apelin) reduce contractility, with visfatin being the most potent. It was
demonstrated in Chapter 3 that the NAD* pathway might be involved in the

mechanism of action of visfatin on myometrium.

The inflammatory process plays a critical role during normal labour
(Romero et al., 2006), but the role of visfatin during labour is still unknown.
Preterm labour with intra-amniotic infection or inflammation was found to be
associated with high maternal plasma visfatin concentrations (Mazaki-Tovi et al.,
2008, Mazaki-Tovi et al., 2009c). Visfatin plays a role in the inflammatory process
of many inflammatory disorders and its role in the inflammatory cascade of
labour, including the induction of several inflammatory cytokines and
prostaglandins, is one research focus (Lappas, 2012). Its roles in the
inflammation and smooth muscle contractility are overlapping and complicated.

Therefore, studying visfatin, and being able to directly compared to leptin and
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uterine effects in normal weight and obese pregnant women will provide

increased understanding of obesity-related complication.
5.1.4 Maternal obesity and prolonged/dysfunctional labour

Obese pregnant women show a higher risk of post-dated pregnancies and
a lower risk of preterm delivery (Wuntakal and Hollingworth, 2010, Arrowsmith et
al., 2012), and high maternal BMI at booking increases the chance of induced
labour with no association with prolonged labour (Arrowsmith et al., 2012). In
addition, Robinson et al observed that increasing maternal BMI is not associated
with prolonged labour (Robinson et al.,, 2011), and a more recent study has
concluded that maternal BMI has no significant effect on the total duration of
active labour (Ellekjaer et al., 2017). However, many studies have suggested that
labour progresses more slowly as maternal BMI increases (Vahratian et al., 2004,
Olesen et al., 2006, Kominiarek et al., 2011, Beyer et al., 2011, Hilliard et al.,
2012, Norman et al., 2012, Samy et al., 2015, Hautakangas et al., 2018, Shahi et
al., 2017, Carlhall et al.,, 2018). These studies established that the risk of
prolonged labour increases in obese women, particularly morbidly obese women,
and that the duration of the active phase of labour increases significantly with
increasing maternal BMI. Although the biological mechanisms linking obesity to

dysfunctional labour are largely unknown.

It was previously suggested that adipocytokines released from the
excessive adipose mass that occurs in obesity may modulate uterine function.
The work described in this chapter will test our main hypothesis that there is a
close relationship between adipokines dysregulation and prolonged fist stage of
labour in obese pregnant women. It uses a cross-sectional study of pregnant
women with different BMI categories followed by ELISA test for the selected
adipokinesinthep ar t i cplagma.nirhoagh, the general recommendations for
diagnosing dysfunctional labour are not defined according to the maternal BMI
category however, high maternal BMI has been found to cause many delivery-
related complications, including prolonged labour. The findings from this chapter
might find a relationship between maternal BMI and prolonged labour and a

possible clinical role of plasma leptin and visfatin in this process.
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5.2 Methods

5.2.1 Study design and participants

This study was designed as a cross-sectional study of Saudi women with
a singleton pregnancy delivered in King Fahad Hospital of the University, Imam
Abdulrahman Bin Faisal University, Alkhobar, Saudi Arabia. This hospital
provides maternity care for 7,000 women per annum and is the largest
government hospital in Alkhobar. All women between 18 and 45 years old were
asked to participate in this study by the collection of maternal blood samples at
the start of labour. Patients were recruited primarily by me when attending
antenatal clinics at King Fahad Hospital of the University, Imam Abdulrahman Bin
Faisal University. Alkhobar, Saudi Arabia. Patients who attended at night were
recruited by the midwives at the department of Obstetrics and Gynaecology

(Rabab Emshamea, Shaikha Aldossary and Asrar Alrashed).

Patients were given the participantso

who consented were asked to fill out and sign the informed consent forms. The
patient information sheets and informed consent forms were available in English
and Arabic. The patient 6s i n inaduded elnicatlynimportartt
demographic data such as maternal and gestational age, parity, previous and
current pregnancy complications, medical history and first trimester body weight.
After obtaining informed written consent, the women were recruited to the study
and were further investigated to determine whether they met the study criteria.
Women who were underweight (BMI<18.50 kg/m?), those having preterm delivery
(gestation week <37+0), premature rupture of the membrane, elective C-section
delivery and malformed foetuses were excluded. Women from whom a blood
sample was not taken and thus were missing leptin and visfatin values or had
incomplete information on their first trimester BMI, were also excluded. After
further examination, a total of 119 out of 171 pregnant women were found to

satisfy the pre-determined inclusion criteria for the study (Figure 5.1).
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5.2.2 Sampling strategy and variables included in the study

Study variables that were evaluated included maternal and gestational age,
maternal height and weight at the first trimester of pregnancy, parity, medical
history, maternal and neonatal outcomes and maternal plasma leptin and visfatin
levels. Maternal outcomes included mode of delivery (non-operative vaginal
delivery, operative vaginal delivery and C-section delivery), oxytocin use for
augmentation, induction of labour and epidural anaesthesia. Neonatal outcomes
including baby gender, birth weight and Apgar scores at 5 minutes post-delivery.
Pregnancy-related complications were also assessed including: postdates,
preeclampsia, eclampsia, GDM, polyhydramnios, oligohydramnios and IUGR.
The diagnostic criteria of each pregnancy-related complication is shown in table
5.1. Maternal BMI was calculated based upon maternal weight (Kg) and height
(m) measurements provided during booking at the first trimester of pregnancy.
Eligible participants were then classified into three categories; (1) normal (BMI
18.50 - 24.99 kg/m?), (2) high BMI (BMI: 25.00 - 29.99kg/m?), (3) obese BMI
O30 .kg/Mm2) and mor bi dl'y obese ( Battordit4t® WED
definitions (Diet, 2003).

Maternal age defined as the age of the mother in years at the time of
delivery. Gestational age was based on ultrasound scan performed during the
first trimester. Term delivery was defined as delivery between 37 and 41*2 (259-
289 days) gestation. Postdate delivery was defined as delivery on or after 41*3
(290 days) gestation. Parity was defined as the number of times that the
participant had given birth to a foetus with a gestational age of 24 weeks or more,
regardless of whether the child was born alive or was stillborn. The term
A wlliparousodefines women who have never given birth to a baby. Primiparous
is a term indicated for women who have given only one birth to a baby, and
multiparous is a term described women who have given birth to more than one
baby.
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Non-operative vaginal delivery defines a childbirth which takes place without
any form of instrument intervention. Operative vaginal delivery was defined as a
delivery in which the operator uses instruments such as forceps or a ventouse to
extract the foetus via the vagina route, with the assistance of maternal pushing.
C-section delivery is a surgical procedure used to deliver a baby through an
incision made in the abdomen and the uterus of the mother. C-section delivery
for failed induction was indicated if there was no cervical dilatation after 10 hours
of intravenous oxytocin and 12 hours of vaginal prostaglandins in those who had
unfavourable cervix at the initial assessment. C-section delivery was performed
for a prolonged second stage of labour if the foetal head had not successfully
descended below the ischial spines for two hours without active pushing and one
hour with active pushing. The sample was also divided into two categories
according to the duration of labour: normal length and prolonged. Prolonged
labour is defined as labour | asts for O 20 hkvomen and 014
hours in multiparous women. In general terms, postpartum haemorrhage is
defined as 500ml of blood loss. Vaginal delivery is usually expected to result in
approximately 500ml or less of blood loss while C-section delivery is commonly
associated with more blood loss. Therefore, the more clinically relevant definition
of postpartum haemorrhage in these types of deliveries will be a blood loss of
>500 ml for vaginal deliveries and >1000 ml for C-section delivery and thus was

significant in this study.

Neonatal birth weight was measured immediately after delivery. Normal
Saudi Neonatal birth weight is between 2,500-4,000 g (Wong, 1990, EI-Gilany
and Hammad, 2010). Neonatal birthweight < 2,500 g is considered to be low birth
weight (LBW). Macrosomia is defined as a birth weight of > 4,000 g. Apgar score
after 1 and 5 minutes was measured and recorded by the attending physician
and it was considered normal if between 7 and 10 (2014). Neonatal complications
observed including LBW (<2500 g), macrosomia (&4000 g) and Apgar score < 7

after 5 minutes.

5.2.3 Ethical considerations:

Data was handled in compliance with the new GDPR law, 2018. It was
confidentially held and stored manually and electronically. The handling of

personal data complied with King Fahad Hospital of the University Personal Data
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Protection Act. This study was approved externallybyt he Saudi etlicals pi t a
committee (Reference. PGS2018240)14)26, see Appendix 6) and was recognised
by Liverpool Research Ethics committee (Reference. 2685, see Appendix 7).
Patient approval and consent is part of the legal requirements for any research

involving human subijects.

Each woman recruited for the study was initially approved and was handed
a patient information sheet giving a detailed description of what the study involved
and the relevant risks (see Appendix 8). The research subject and the details of
involvement were further clarified orally for each interviewed woman. Questions
were answered and those who agreed to join the study were recruited and signed
a consent form signifying informed consent to take part (see Appendix 8).

Patients were consented when they were admitted to the hospital with
labour pain by the primary investigator except if the admission was out of work
hours, in which case, they were recruited after obtaining informed consent by the
labour room and inpatients ward midwives who had been previously trained.
Consent forms were stored in a locked office with a key kept with the primary
investigator and electronic data was stored in a password-protected personal
computer to maintain patient confidentiality. The files collecting the informed
consent forms and the patient information sheets were transferred from Saudi

Arabia to the UK in a locked bag which was kept in the aeroplane seat cabinet.

5.2.4 Sample size determination

Six to seven thousand pregnant women attending the antenatal clinics at
King Fahad Hospital of the University each year and there are 1,300-1,500
deliveries per year according to the hospital records. A previous retrospective
chart review results from the Saudi Arabian Eastern region showed that 39.3%,
23.6% and 28.7% of patients of measured BMI are normal weight, overweight
and obese, respectively (El-Gilany and EI-Wehady, 2009). Another study
examined the maternal plasma concentration of visfatin with advanced gestation
at the first, second and third trimester in normal weight and obese women used
a sample size of 93 at the third trimester (Mazaki-Tovi et al.,, 2009b). By
calculating the sample size, predicting that the confidence level is 95% and the
confidence interval 5% and the population proportion 50%, the sample size
required is at least 96. The following equation was used:
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Where N = population size (1500); e = Margin of error (confidence interval); z =
z-score. The z-score is the number of standard deviations a given proportion is

away from the mean. It is equal to 1.96 if the desired confidence level = 95%.

5.2.5 Analysis of plasma leptin and visfatin levels

A maternal blood sample was collected shortly after women were admitted
tothehospi t al at the first stage of | abour w
self-reporting of pain. For leptin and visfatin analysis, 2ml of blood was collected
in vacutainer tube and transferred to the hospital haematology lab. The blood

then centrifuged, aliquot ed and pl as ma 0°®SELISA apalysisd a't

The plasma leptin and visfatin concentrations were measured by an
automated ELISA machine according to the manufacturer's instructions (ETI-
MAX 3000, Diasorin S.p.A, Saluggia, Italy). An indirect (sandwich) ELISA
technique was used. Human leptin and visfatin were captured by pre-coated
monoclonal antibodies on a 96ZAvell microtiter plate (R&D systems, USA),
followed by addition of conjugated enzyme-linked monoclonal secondary
antibodies. The substrate solution was then added to the secondary antibodies,
Spectrophotometric examination of the enzyme activity was done automatically
by the machine at 450 nm after adding stop solution to stop the enzymatic
reaction. The wells were washed by a wash buffer in between each step (3 times)
to remove unbound substances. Increased absorbance was directly proportional
to the amount of captured human leptin in the samples, and quantification was
derived from a generated standard curve with reference calibrators of known
concentrations. The specificity of the assay was 100% for both human leptin and
visfatin with no crossZeactivity observed. The Intraz&assay and interZassay

variations are 3.2% and 3.5%, respectively.
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5.2.6 Data management and statistical analysis

The BMI of the women in relationship to maternal and neonatal outcomes
and maternal leptin and visfatin levels were analysed. A D'Agostino & Pearson
test was used to determine the normal distribution of the data. For continuous
data that was normally distributed (maternal age, maternal height, neonatal birth
weight), the mean and the standard error values were calculated. The
significance was tested by paired Student's t-tests to analyse two groups, or a
one-way ANOVA test with Bonferroni's multiple comparison post hoc test to
analyse more than two groups. To address the relationship between maternal

BMI and maternal plasma leptin levels, a one-way ANOVA test was used.

For continuous variables that are not normally distributed (gestational age,
maternal weight, maternal BMI and maternal leptin and visfatin levels),
significance was tested by Mann-Whitney test between two groups, or if more
than two groups were tested, a Kruskal-Wallis ANOVA test with Dunns multiple
comparison post hoc test was performed and the median and interquartile range
(IQR) were calculated. To examine the relationship between the length of labour
and maternal leptin and visfatin, a Mann-Whitney test was used. The Mann-
Whitney test was also used to test the association between BMI and Apgar scores
after 5 minutes. To examine maternal plasma leptin and visfatin in relationship to
oxytocin usage, induction of labour and pregnancy-related complications,
Kruskal-Wallis ANOVA test to test the association between maternal BMI and

maternal plasma visfatin levels and the relationship between the mode of delivery

and maternal leptin and visfatin levels was used. Bar chart was used to present
the normally distributed data anBox and Wisker plot was used to present

the data which is not normally distributie

Percentages were calculated for categorical data used in this study
including maternal BMI, parity, induction of labour, gestational age, duration of
labour, pregnancy-related complications and baby gender. Bivariate analysis was
used to study the relationship between maternal BMI and maternal characteristics
including parity, oxytocin usage, induction of labour, epidural anaesthesia, mode
of delivery, and pregnancy-related complications. Bivariate analysis was also
used to study the association between maternal BMI and neonatal baby gender.

This analysis was performed by Chi square (X?) test. Linear regression analysis
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was used to study the correlation between maternal BMI and continuous
variables including maternal and gestational age, neonatal birth weight, maternal
plasma leptin and visfatin. It was also performed to test the association between
maternal and gestational age, mode of delivery and neonatal birth weight with

maternal leptin and visfatin levels.

Statistical analysis was performed using GraphPad Prism version 5.01
(GraphPad Software, San Diego, USA). For all statistical tests, p value < .05 was
statistically significant. @ 6 i s t h e n u mdachrepresénting a differene s
woman. An asterisk (*) denotes significant difference in contractility compared to
preceding control period p<0.05, ** p<0.005 and *** p<0.0005.

5.3 Results:

5.3.1 Study sample characteristics:

A summary of the key study sample characteristics is presented in Table 5.2.
The total study population was 119 Saudi singleton pregnant women who were
recruited at the start of labour. The study population is ethnically homogenous.
Only 3 participants refused to be recruited in the study which represents a 2%
refusal rate. The mean maternal age of the participants was 30 * 0.5 years with
half of the sample being 30 years old or younger. The median gestational age
was 273 £ 112 days. The incidence of maternal obesity in this study population
was 29 % (n=34), with 27% (n=32) of them were classified as having BMI at
obese level and 2% (n=2) of them were classified as having morbidly obese level
of BMI. Maternal BMI level corresponding to overweight levels was observed in
37% (n=44) of the population whilst 34% (n=41) of women were classified as
having a BMI within the normal range (Figure 5.2). Therefore, more than 65% of
the participants were either overweight or obese. Almost half of the study
population (51%) were multiparous, and the other half were distributed almost
equally between nulliparous (24%) and primiparous (25%). Labour started
spontaneously in 77% of the study sample whilst 33% of the women underwent
labour induction. The most commonly occurring pregnancy-related complications
encountered in this study was gestational diabetes (11%) followed by
oligohydramnios (4%), intrauterine growth retardation (IUGR) (2%) and
polyhydramnios (1%). No cases of preeclampsia or eclampsia were reported. The
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majority of women (89%) had term delivery while 11% of them were postdates
and 9% of them had prolonged labour. Of the total sample, only one women had
postpartum haemorrhage and none of them were smokers. The average neonatal
birth weight was 3069 g. Among all the neonates delivered, 7% were LBW. Apgar
scores after 1 minute were between 5 and 9 and Apgar scores after 5 minutes
were between 7 and 10. Male and female gender were equally distributed in the
offspring of the study population.
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5.3.2 The relationship between maternal BMI and maternal

demographic characteristics

This study aimed to examine the relationship between maternal BMI and
maternal demographic characteristics. The maternal demographic characteristics
tested including maternal age, gestational age and parity. Maternal BMI was found
to increase with maternal age and this relationship was statistically significant
(R?=0.04, P value<0.05); however, an R? with 4% of variation is not enough to
explain/predict the variation in the outcome (BMI) (Figure 5.3). There is no relation
between maternal BMI and gestational age (R>=0.01, P value>0.05) (Figure 5.4).
Maternal BMI was observed to be significantly higher with increasing parity
(R?=0.06, P value<0.05, n=119); however 6% R? explains some of the variation but

it is not enough to predict the changes in the outcome (parity) (Figure 5.5).
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5.3.3 The relationship between maternal BMI and pregnancy-

related complications

The risks of pregnancy-related complications according to maternal BMI
categories were also examined. Of the 119 women examined, 7% of normal weight
women developed GDM compared to 9% of overweight and 17% of obese women
(X?=2, df=2, P value>0.05). Furthermore, 4% of normal weight women developed
oligohydramnios compared to 2% of overweight and 5% of obese women (X?=2,
df=2, P value>0.05). Only one obese women delivered a neonate with IUGR and
none of them has polyhydramnios which made it impossible to test for an
association between maternal BMI and these pregnancy-related complications.

5.34 The effect of maternal BMI on obstetric maternal

interventions and maternal outcomes

The obstetric maternal interventions examined in this study were oxytocin
use, induction of labour and epidural anaesthesia. Oxytocin was administered for
augmentation of labour in 46% of normal weight, 63% of overweight and 50% of
obese women (X°=2, df=2, P value>0.05). Labour was induced in 14% of normal
weight, 22% of overweight and 32% of obese women (X?=3, df=2, P value>0.05).
Epidural anaesthesia was used in 6% of normal weight, 4% of overweight and 5%

of obese women (X?=0.7, df=2, P value>0.05).

The relationship between maternal BMI and the mode of delivery was also
investigated. Most of the study sample population (80%) had non-operative vaginal
delivery compared to 5% who had an operative vaginal delivery and 15% who
required an emergency C-section delivery (Figure 5.6). The incidence and the end
numbers of each mode of delivery in relationship to different maternal BMI
categories are shown in Table 5.3. The incidence of non-operative vaginal delivery
in normal weight women was 70 % compared to 90% in overweight and 76% in
obese women (X?=5, df=2, P value>0.05). The incidence of operative vaginal
delivery in normal weight women was 10 % in contrast to 2% in overweight and 3%
in obese women (X?=2, df=2, P value>0.05). The emergency C-section delivery

rate in normal weight women was 20% compared to 8% in overweight and 19% in
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obese women (X?=2, df=2, P value>0.05). Indications for C-section encountered in
this study included: foetal distress, failed induction, the prolonged second stage of

labour, unsuccessful operative delivery and breach presentation.
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Table 5.3. The relationship between the mode of delivery and

maternal BMI.

P value >0.05 indicates that the trend was insignificant by chi-square test (n=119).

nofoper at operat i C-section
vaginal dvaginal ¢ delivery
n (%) n (%) n (%)
Normal weight BMI, 29 (70) 4 (10) 8 (20)
(%), (n=41)
Overweight BMI 40 (90) 1(2) 4 (8)
(%), (n=44)
26 (76) 1(3) 7 (21)
P value >0.05
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5.3.5 The relationship between maternal BMI and neonatal

characteristics

The relationship between maternal BMI and neonatal characteristics was
also assessed. The normal weight women were less likely to deliver a female baby
(incidence of baby girls was 34%), compared with overweight (61% female babies)
and obese (56% female babies) mothers (X?=6, df=2, P value<0.05). Neonatal birth
weight was found to increase with increasing BMI and this association was found
to be statistically significant (r>=0.03, P value<0.05) (figure 5.7); however, an R?
with 3% variation is not enough to predict the variation in the model. Of the 119
women, 7% of normal weight women delivered a LBW baby compared to 2% of
overweight and 14% of obese women (X°=4, df=2, P value>0.05). All neonatal
Apgar scores after 5 minutes were within the normal range in all maternal BMI
groups. There was no significant relationship between maternal BMIs of women
who delivered neonates having Apgar scores between 7 and 8 after 5 minutes (27
+ 10, n=4) compared to those who delivered neonates having Apgar scores
between 9 and 10 (26+7, n=115) (P value>0.05).
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5.3.6 The relationship between maternal BMI and maternal

plasma leptin levels at the start of labour

Maternal plasma leptin concentrations at the start of labour were
measured using the ELISA technique, as described earlier. Leptin was detected
in the plasma of all samples and all the values lay within the standard curve
detection levels (Appendix 9). The mean maternal plasma leptin levels were 33
ng/ml + 32 (n=98).

The relationship between maternal plasma leptin and maternal BMI was
examined. Comparisons of maternal plasma leptin levels between BMI
categories showed that its levels were significantly higher in obese women (46.1
ng/ml £ 4.6, n=29) and overweight (45 ng/ml + 4.4, n=36) in comparison to

normal weight women (29.1 ng/ml £ 29, n=33) (P value<0.05) with no

significant difference between overweight and obese women (P value>0.05)

(figure 5.8). The data was normally distributed (mean + se).
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5.3.7 The relationship between maternal BMI and maternal

plasma visfatin levels at the start of labour

Maternal plasma visfatin concentrations at the start of labour were also
measured using the ELISA technique. Visfatin was detected in the plasma of all

subjects. All the values lay within the standard curve detection levels (Appendix

9). The median maternal plasma visfatin levels is 0.9 ng/ml (0.6-2), (n=116).

Comparisons of maternal plasma visfatin levels between BMI categories

showed no significant difference in its levels between normal weight women (0.9

ng/ml (0.8-2.1), n=39) and overweight (0.7 ng/ml (0.6-2.1), n=43) in comparison
to obese women (0.95 ng/ml (0.5-2), n=34) (P value>0.05) (figure 5.9). The data

was not normally distributed (median £ IQR).
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5.3.8. The relationship between prolonged labour and maternal
plasma leptin and visfatin levels at the start of labour in obese

women

The main hypothesis was that obese women are more prone to have
prolonged labour if they have high leptin and visfatin levels. However, of the 119
women, only a small proportion (9%, n=11) experienced prolonged labour and
only 3% (n=3) of obese women had prolonged labour. These numbers are
insufficient to establish a relationship between prolonged labour and maternal
leptin and visfatin levels in obese women due to insufficient events (prolonged
labour) in the sample set. When the whole study sample population (regardless
of BMI category) was considered, there was no relationship between the duration

of labour and maternal plasma leptin and visfatin levels.

5.4.9. The relationship between maternal characteristics and

maternal plasma leptin and visfatin levels during labour

A summary of the key maternal characteristics in relation to maternal
plasma leptin and visfatin levels at the start of labour is given in table 5.4. No
relationship was found between maternal age and maternal plasma leptin levels
(R?=0.01, P value>0.05, n=98) and visfatin levels (R?=0.05, P value<0.05,
n=116). There was no association between gestational age (including postdates)
and maternal plasma leptin (R?=0.005, P value>0.05, n=98) and visfatin levels
(R?=0.0008, P value>0.05, n=116). In addition, parity was found to have no
relationship with maternal plasma leptin (R>=0.01, P value>0.05, n=98) and

visfatin concentrations (R?=0.01, P value>0.05, n=116).
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ClLof@IpIBMY+FE OKINIOGSNAREAGAOA AY
YR GAaTFTEOAY PSOSta RdNAYy3I I 62
leptin (pg/ml) visfatin (pg/ml)
Characteristic N 1st median 3rd n 1st median 3rd
quartile quartile quartile quartile
age <25 17| 235 40.5 64.8 21 0.6 15 2.4
age >25 81| 205 33.5 47.3 95 0.6 0.8 1.4
Normal BMI 33| 175 235 38.4 39 0.8 0.9 2.1
overweight BMI | 36 | 26.9 37.6 64.4 43 0.6 0.7 2.1
obese BMI 29| 30.2 37.9 67.1 34 0.5 0.9 2
Nulliparous 23| 19.6 30.2 745 | 27 0.6 0.9 1.9
Primiparous 23| 28.7 40.5 63.9 29 0.7 1.1 2.2
Multiparous 52| 195 32.8 445 | 60 0.5 0.8 15
Gestational 12| 226 40.1 64.1 13 0.5 1.4 4.5
Diabetes yes
Gestational 86| 19.6 334 52 103 0.6 0.9 1.9
Diabetes no
Polyhydramnios yeq 1 76.8 24
Polyhydramnios no| 98 | 20.2 33.6 52 115 0.6 0.9 2
Oligohydramnios | 4 15.1 27.2 45 5 0.7 1.4 4.7
yes
Oligohydramnios | 94| 20.5 33.6 55 111 0.6 0.9 2
no
IUGR vyes 2 11.6 29.4 47.3 2 0.6 1.8 3
IUGR no 96 | 205 33.6 53.6 |114 0.6 0.9 2
Normal length 90| 20.2 34.6 52 105 0.6 0.9 1.8
labour
Prolonged labour | 7 14.7 21.6 85.6 10 .05 15 12.7
Term pregnancy | 87 | 20.6 34.3 51.2 | 103 0.6 0.9 2.1
postdate pregnancy| 11 | 17.9 30.9 64.8 13 0.5 0.9 2.65
Induced delivery | 22| 18.8 35.1 65.8 27 0.7 1.2 3
Spontaneous 77| 19.6 33.3 47.3 90 0.6 0.8 1.4
delivery
Epidural 16| 19.8 34 67.1 17 0.5 0.7 3.8
anaesthesia yes
epidural 82| 20.2 335 52 99 0.6 0.9 2
anaesthesia no
oxytocin use yes | 47| 195 30.5 494 62 0.6 1 2.1
Oxytocinuse no | 51| 20.5 375 544 | 54 0.5 0.8 15
vaginal delivery | 79| 23.5 37.1 58.7 94 0.6 0.9 1.9
Instrumental 4 16.1 21.9 28.4 6 0.7 2.1 28.9
delivery
Gsectiondelivery | 15| 16.2 27.6 47.6 16 0.5 0.8 1.3
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5.3.10 The relationship between pregnhancy-related
complications and maternal plasma leptin and visfatin levels at

the start of labour

The relationship of pregnancy-related complications with maternal plasma
leptin and visfatin levels was tested at the start of labour in normal and
complicated pregnancy. The pregnancy-related complications tested were GDM
and oligohydramnios and no association was found between these complications
and maternal plasma leptin and visfatin levels (P value>0.05). Other pregnancy-
related complications, including polyhydramnios (n=1) and IUGR (n=2), had
insufficient numbers to be tested.

5.3.11 The association between maternal outcomes and maternal

plasma leptin and visfatin levels at the start of labour

The obstetric maternal interventions were initially tested and no
association was found between oxytocin use and maternal plasma leptin and
visfatin levels (P value>0.05). There was also no association between the
induction of labour and maternal plasma leptin levels (P value>0.05). However, it
was found that maternal plasma visfatin levels are significantly higher in women
who experienced induction of labour (1.2 (0.7-3) ng/ml, n=27) in contrast to
women who delivered spontaneously (0.8 (0.5-1.7) ng/ml, n=89) (P value<0.05)
(figure 5.10). There was no relationship between the mode of delivery and

maternal plasma leptin and visfatin levels (P value>0.05).

5.3.12 The relationship between neonatal characteristics and

maternal plasma leptin and visfatin levels at the start of labour

In regard to neonatal characteristics, there was no correlation between
neonatal birth weight (including SGA) and maternal plasma leptin and visfatin
levels. Apgar scores after 5 minutes were within the normal range in all the
sample population and it was unnecessary to relate them to maternal plasma

leptin and visfatin levels.
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5.4 Discussion

In this study, an attempt was made to establish an association between
maternal leptin and visfatin, and prolonged labour in Saudi obese pregnant
women. It was hypothesised that obese women with high plasma leptin and
visfatin, are more prone to prolonged/dysfunctional labour. This hypothesis was
based on my findings from in vitro studies described in Chapter 3. In this study a
population of 119 women, with a relatively representative prevalence of obesity,
it was difficult to test for the association between maternal plasma leptin and
visfatin and prolonged labour in obese women due to the low numbers of obese

women who had prolonged labour.

No significant relationship was found between maternal BMI and both
maternal and neonatal characteristics. It was observed that maternal plasma
leptin levels, but not visfatin, increased with maternal BMI. No significant
correlation was found between maternal plasma leptin and visfatin levels and
maternal and neonatal characteristics. It was also found that maternal plasma
visfatin levels are higher in women who were induced in comparison to those who

delivered spontaneously.

Saudi Arabia is among the highest obesity and overweight rates in the
world (Al-Kadi et al., 2018). The incidence of maternal obesity in my study was
high (29%) with more than 65% of participants either overweight or obese. This
rate is in line with the prevalence of obesity and overweight (65.9%) among
females aged 15 or older in Saudi Arabia reported by WHO (Al-Quwaidhi et al.,
2014). A more recent assessment conducted in several Saudi maternity hospitals
in Riyadh reported that they had 68% of the participants were either overweight
or obese (Wahabi et al., 2016), which is slightly higher than in my sample.

The maternal weight, which was used to calculate the maternal BMI in this
study, was the weight taken at the first trimester of pregnancy and not weight at
delivery hence most of the pregnancy and delivery-related risks in obese women
are related to early pregnancy maternal BMI (Fitzsimons et al., 2009). Maternal
BMI at delivery can be misleading as later in pregnancy, not only can the maternal
body fat mass contribute to the weight, the amount of gestational weight gain,
total body water, placenta weight, amniotic fluid volume and the foetal and uterus
weight can have a considerable contribution to maternal BMI (Scholl et al., 1991).
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It was determined that there was no relationship between maternal age
and maternal BMI. My data, therefore, contradicts several previous studies which
found that there was a strong positive association between maternal BMI and
advancing maternal age (Pomerleau et al., 2000, Makgoba et al., 2012,
Francaite-Daugeliene et al., 2016), that is partly explained by hormonal
imbalance and restricted physical activity in older women. It was previously found
that high maternal BMI is associated with increasing gestational age (Stotland et
al., 2007, Denison et al., 2008) however, no relationship was found between

maternal BMI and gestational age in my study.

Unlike other studies (Wolfe et al., 1997, Rosenberg et al., 2003, Ertem et
al., 2008, El-Gilany and EI-Wehady, 2009, Paulino et al., 2016, Iversen et al.,
2018), maternal BMI in my study sample was found to have no association with
increasing parity. Childbearing is associated with permanent weight gain (Abrams
etal., 2013, Rosenberg et al., 2003). The mechanisms underlying the association
between maternal obesity and parity are uncertain; however, new evidence
suggests that there is an increase in the release of placental corticotropin-
releasing hormone and cortisol concentrations during pregnancy (Magiakou et
al., 1996). Both hormones have been found to contribute to the pathophysiology
of abdominal obesity (Pasquali et al., 2006), which is known to be partly mediated
by insulin resistance (Bjorntorp, 1993). Besides, non-biological factors during
pregnancy including unhealthy lifestyles and socioeconomic and psychosocial
stress may also lead to hypothalamic-pituitary-adrenal hyperactivity (Li et al.,
2016). Peripheral insulin resistance is also triggered by pregnancy and ultimately
increases calorie storage and triacylglycerol deposition in visceral adipose

tissues and so might also play an independent role (Dahlgren, 2006).

Limited studies have examined the association between maternal obesity
and pregnancy-related complications in Saudi pregnant women and concluded
that GDM and preeclampsia are the most common complications in obese Saudi
pregnant women (Wahabi et al., 2014, El-Gilany and Hammad, 2010). Although
it is widely known that obesity is strongly associated with pregnancy-related
complications, no association was found between maternal BMI and the

pregnancy-related complications encountered in this study.

The intrapartum medical management associated with obese pregnant

women was found to be different from normal weight women. It was found that
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induction of labour, failed induction, oxytocin augmentation and epidural
anaesthesia are significantly more used in obese nulliparous women in
comparison to normal weight women (Carlson and Lowe, 2014). Oxytocin
treatment for arrested dilatation required a larger dose (Frey et al., 2015) and is
less effective in obese pregnant women (Soni et al., 2013). The indications for
oxytocin usage and induction of | abo
In general, It was observed that they were indicated for complicated labour;
however, most women in my study sample who received oxytocin or underwent
induced labour were having uncomplicated labour. Despite these discussed
efforts to make the labour less complicated, obese pregnant women have a
progressive reduction in non-operative vaginal delivery rate (Lynch et al., 2008)
with an increased rate of operative vaginal delivery (Sydsjo et al., 2010). They
are also more likely to end labour with emergency C-section delivery (Sheiner et
al., 2004, Chu et al., 2007c). They also had a significantly higher rate of IOL
ending in C-section delivery (Arrowsmith et al., 2011). Nevertheless, no
correlation was found between maternal obesity and operative vaginal delivery
or C-section delivery in my study sample. No association was found between
maternal BMI and neonatal characteristics. Although several studies have found
that there is a significant correlation between neonatal birth weight and maternal
BMI (Hull et al., 2008, Upadhyay et al., 2011, Singh et al., 2016, Zoya et al., 2017,
Papazian et al., 2017).

Primarily it was found that the mean maternal plasma leptin levels were
higher with increasing maternal BMI (29ng/ml in normal weight compared to
46ng/ml in obese women). This finding is consistent with a number of other
studies that have been publish previously (Hamilton et al., 1995a, Ramsay et al.,
2002, Al Maskari and Alnaqdy, 2006, Considine et al., 1996). It is biologically
plausible that such an association would be predicted as adipose tissue mass
increases with increasing BMI. The maternal plasma leptin levels in different BMI
categories are very diverse in these studies which made it difficult for comparative
purposes. Our results are close to the recent similar study of Carlhall et al group
(20ng/ml in normal weight compared to 50ng/ml in in obese women) (Carlhall et
al., 2018), although the nature of the study population was different as they only
included nulliparous women. They found that maternal plasma leptin in obese

women was correlated with pre-pregnancy BMI rather than gestational weight
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gain. Obesity has also been proven to be associated with leptin resistance (Myers
et al.,, 2010). Leptin levels are higher during pregnancy in obese women in
comparison to normal weight women (Yang, 2005, van der Wijden et al., 2013,
Franco-Sena et al., 2015). The rate of this increase during pregnancy is lower in

obese women (Misra and Trudeau, 2011, Castellano Filho et al., 2013).

Several studies have documented that leptin might produce a modulatory
effect on human myometrial contractility (Moynihan et al., 2006, Wendremaire et
al., 2011, Harrod et al., 2011, Wuntakal et al., 2013, Wendremaire et al., 2013,
Mumtaz et al., 2015). Two of these studies, one of which we published, have
observed a relaxant effect of leptin on human spontaneous and oxytocin induced
myometrial contractility in vitro (Moynihan et al., 2006, Mumtaz et al., 2015).
Moynihan et al demonstrated that leptin has a cumulative inhibitory effect on the
amplitude and frequecy of myometrial contractility. | have found that leptin, in a
relativiey high concentration (1e M,)produced a reduction in the amplitude and
AUC of myometrial contractions (Moynihan et al., 2006). The mechanism of
action of leptin on myometrial contractility is unknown, but it has been suggested
that , it stimulates BK channels which causes hyperpolarization and thus smooth
muscle relaxation (O'Malley et al., 2005).

Plasma visfatin levels are known to have a significant relationship with BMI
(Berndt et al.,, 2005, Zahorska-Markiewicz e t al ., 2007,
Nevertheless, this relationship was not found in my study sample. Berndt et al
have used a sample size of 189, which is relatively close to my study sample
number however, they included both men and women. Zahorska-Markiewicz et
al. used a smaller study sample of 37 women, of whom 21 of them are obese. My
data also showed that maternal plasma visfatin has no relationship with maternal
age. This is unlike a study done previously which found a negative relationship
between plasma visfatin concentrations and maternal age (Chan et al., 2006).
This might partly explain the reason behind insulin resistance observed in old
women. A possible explanation for this reduction in the levels of visfatin could be
due to the reduction in muscle mass in older women which is an important source
of visfatin. Additionally, maternal plasma visfatin levels found to be higher in
women underwent induction of labour. This can be explained by the inflammatory

role of visfatin during labour.
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5.5 Conclusion:

In this study, the main aim was to address an association between
adipokines and prolonged labour in obese women and compare it to normal
weight women. This aim was not met as the number of women in the sample who
had a prolonged labour was small. Mat er nal obesity doesndt
to dysfunctional labour in Saudi women. This study confirmed that maternal
plasma leptin levels are higher with increasing maternal BMI. It should be
acknowledged that this study can be considered as a preliminary pilot study due
to its underpowered sample size. It was demonstrated that maternal plasma
visfatin levels have a positive correlation with induction of labour. With the
increasing rate of maternal obesity in Saudi Arabia, it is of substantial interest to
identify new targets for obstetricians to control both pregnancy and delivery-
related complications in obese women. Modulating adipokines dysregulation in
obese women might be a future option in the management of obstetric

complications associated with maternal obesity.

5.6 Limitations of the study:

Recruitment of the women during labour has its own methodological
limitation; for example women were often be in pain and unable to be engaged
with any kind of conversation. This was a hard challenge for me during the data
collection period. Increasing the sample number is often of advantage to get more
reliable results and to avoid random errors. No relationship was found between
prolonged labour and maternal obesity because the number was small.
Increasing the sample number might help to sub classify the sample to find more
clinically significant associations such as classifying the sample according to
parity. It chosen to classify the study sample into women who have a normal
length of labour and those who have prolonged labour, though it will be more
informative to calculate the labour time and relate it to maternal obesity. It was
decided that because Carlhéll et al measured the time of active phase of labour

and found it unrelated to maternal obesity (Carlhall et al., 2018).

At the first trimester, obese women are classed as a high-risk group and
given lifestyle modification counselling, including nutritional advice, thus | cannot
account for any changes that might have taken place nor can | account for the

changes in maternal weight during pregnancy. Although early pregnancy
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maternal BMI measurements are representative of pregnant womend sody
weight, calculating the total amount of weight gain during pregnancy (GWG) and
relating it to maternal BMI at the first trimester could enhance the study findings.
Another limitation of this study involved merging obese and morbidly obese
groups into a single group due to the relatively small number of morbidly obese

women in my study sample (n=2)

Some methodological limitations of the study should be identified. |
designed my study as a cross-sectional study which has some limitations. A
cross-sectional study, also known as a prevalence study or transversal study, is
a type of observational study that analyses data from a population, or a
representative group, at a specific point in time or time interval. In a cross-
sectional study, exposure and outcomes are ascertained simultaneously. It has
level 1l evidence as it is placed lower down the ranking at the hierarchy of
evidence; however, it can provide very useful data. Advantages of cross-sectional
studies including the relatively low cost and less time-consuming design. It is
often described as taking a snapshot of data with multiple variables happening at
a specific time however, the timing of the snapshot is not guaranteed to be
representative. So, data may not be premeditated to answer a specific question.
The study timeline was designed to be 6 months which was enough to collect
more than the calculated sample number, 96 women. However, prolonged labour
is a delivery outcome and it is statistically impossible to control the outcomes

encountered in your sample to meet your desired sample size.

A cross-sectional study has a low internal validity; which measures the
degree to which the results are correct for the specific study sample included.
Internal validity is affected by random errors (chance) and systematic errors
(bias). Having a low sample size can raise the possibility of random errors as a
result of chance. Significance testing is used to avoid random errors in statistics
by calculating P value. Nevertheless, low P value, does not always indicate that
the significant difference is clinically significant or of clinical advantage (Brahman,
1991).

Cross sectional observational studies usually susceptible to three types of
systematic errors: selection, information (observational) and confounding bias.
Reducing systematic errors strengthen the validity of the study. Selection bias is

when the selected groups are different in variables other than the primarily
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studied outcome and these variables affect the measured outcome. It usually
occurs in the design phase of the study. To reduce the risk of selection bias, a
clear definition of the study population should be identified in the study protocol
which was done by determining clear and relative inclusion and exclusion criteria.
The study sample was also restricted to women who agreed to participate in the
study and might not represent the total population. Nevertheless, the non-

response rate in my sample was very low which minimizes the selection bias.

Information (observational) bias happens when the investigator
inaccurately measures, records or misclassifies the collected data. It usually
occurs at the data collection stage of the study. Interviewer and questionnaire
subjective bias was avoided by designing a clear and well-defined participant
datasheet. The data taken from the medical record files were prospectively
documented which restricts the recall bias risk. Information bias can also occur
duetothest udy p ar t reportipgaFortpatients mvhosdid not have their
weight at the first trimester of pregnancy recorded in their files, self-reported
weight was used. Although many studies have found that self-reported weight
and BMl is reliable (Seijo et al., 2018, Natamba et al., 2016), it may be a possible

source of bias.

Confounding bias can be encountered if the investigator fails to adjust for
known factors associated with the exposure of outcome and is also associated
with the development of the outcome of interest independently of exposure. The
confounder, in this case, is not part of the causal pathway; i.e. an intermediate
variable, therefore adjusting for intermediate variables which are not confounders
might cause a bias instead of eliminating it. The confounding variable can affect
the association between the exposure and the outcome of interest which
ultimately, can misestimate the true effect. Only true well proven known
confounders should be controlled for in statistical analyses. Further adjustments
of confounders in my sample should be considered; however, that was difficult to
achieve due to the small sample size. If | was successful finding a relationship
between prolonged labour and leptin and visfatin levels in obese women,
confounding factors including maternal age, parity, induction of labour and
neonatal birth weight should be taken into consideration as they were found to

affect the length of labour. Hence, nulliparous women and women who deliver
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spontaneously have longer labour length than multiparous women and women
who have induced labour (Zhang et al., 2010a, Ostborg et al., 2017).

A cross sectional study has a high external validity; which is defined as the
degree to which the results can be applied to other individuals and settings
outside the context of the study. The results can be generalised to the Saudi
population or other similar populations and settings but not to different
populations without eliminating the ethnic difference. The prevalence of maternal
obesity is also different between populations, therefore, generalisation of this
study results to other different populations is inappropriate.
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CHAPTER 6
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Chapténvéstigating the
junction proteins, Cx46

human myometrium

6.1 Introduction

Connexions (Cx), or gap junction proteins are essential cellular structures
involved in in the regulation and coordination of multiple physiological processes
(Mese et al.,, 2007). They are highly specialised regions of the cell plasma
membrane that contain collections of transmembrane proteins functioning as
channels to link the cytoplasmic compartments of neighbouring cells, ensuring
direct cell to cell communication (Kumar and Gilula, 1996, Goodenough and Paul,
2009, Yeager and Nicholson, 1996). These proteins provide sites of low electrical
resistance that allow the intercellular exchange of small metabolites, nutrients,
second messengers and ions (Loewenstein, 1981). Structurally, gap junctions
are composed of a hexameric assembly of four transmembrane domains and two
extracellular loops, and details of which are provided in Chapter 1 (Bruzzone et
al., 1996).

The role of gap junctions in the process of parturition is well known. They
facilitate the regulation and coordination of myometrial contractile machinery
during labour (Ou et al.,, 1997). There is a rapid increase in the number of
functional gap junctions at the onset of labour, which allows the synchronised
contractility of the myometrium (Garfield et al., 1977, Garfield et al., 1979, Garfield
et al., 1988). The gap junction total proteins amount increases 5-fold prior to the
initiation of labour (Winterhager et al.,, 1991). In addition, gap junction
permeability is altered during pregnancy and parturition (Cole and Garfield,
1986). Increasing the function of gap junction seems to be a necessary, but
inadequate, factor in initiating normal labour in human (Young and Hession,
1999). A notable characteristic of gap junctions is that they have a relatively short
half-life, which reflects their physiologically dynamic nature; gap junction coupling
alternately upregulates and downregulates during the delicate physiological

process of parturition (Laird, 2006). There are multiple gap junction proteins
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which were found to be expressed in the myometrium including, Cx26, Cx40,
Cx43, and Cx45 (Winterhager and Kidder, 2015). Sex steroid hormones play a
significant regulatory role in the formation of uterine gap junction proteins
(Garfield et al.,, 1980). Steroid hormones may operate via modulation of
prostaglandin synthesis or may directly affect gap junction proteins synthesis in
uterus (Garfield et al., 1977).

Cx43, also known as Gap Junction U1l (C
junction protein that permits synchronised myometrial contractions by facilitating
intracellular propagation of electrical signals (Chow and Lye, 1994, Orsino et al.,
1996, Willecke et al., 2002). This protein is expressed in low levels in non-
pregnant rat uterus, and its levels increase dramatically during labour in both
human and rat (Chow and Lye, 1994, Orsino et al., 1996, Ou et al., 1997). Risek
et al. detected the presence of Cx43 in both rat circular (more prominent) and
longitudinal smooth muscle layer of myometrium and decidual endometrium
(stromal cells). The authors also found that the abundance of its transcript in term
rat is 5.5 times higher than non-pregnant myometrium (Risek et al., 1990). The
relative abundance of Cx43 mRNA is shown to increase by ~ 30% at term; in
contrast, it remains unchanged in postpartum rat myometrium (Lang et al., 1991).
Cx43 is also detected in ovaries from pregnant and non-pregnant rats, where its
levels were found to increase during pregnancy (Risek et al., 1990). Loss of this
protein was found to disrupt uterine contractility leading to prolonged labour in
mouse, which is one of the key complications of obesity in women (Doring et al.,
2006). Moreover, it was found that the mRNA expression and protein
immunoreactivity of Cx43 in women experiencing prolonged labour were lower
than in women undergoing normal length labour (Cluff et al., 2006). This may
suggest a role for this protein in the physiological co-ordination of myometrial

contractility.

It was suggested that Cx43 biosynthesis or its post-translational
phosphorylation is altered in prolonged labour (Burden et al., 1999). Obese high
fat high cholesterol (HFHC) fed pregnant rats showed a reduction in the
myometrial expression of Cx43 at term pregnancy and during labour (Muir et al.,
2016, Elmes et al., 2011). It has also been found that myometrial stretch is
required for the maximum expression of Cx43 during labour in rats (Ou et al.,

1997). Both progesterone and human chorionic gonadotropin (hCG) hormones
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were found to suppress Cx43 myometrial expression, a mechanism crucial for
the maintenance of myometrial quiescence and the prevention of preterm labour
(G and Winterhager, 2015, Ambrus and Rao, 1994). Conversely, Cx43
myometrial levels are upregulated by high levels of oestrogen hormone
production (Lye et al., 1993). In addition, Cx43 myometrial expression during
labour is influenced by pro-i nf | ammat ory prost ag(lCekeali ns,
al., 2000, Xu et al., 2013) and PGI2, (Fetalvero et al., 2008). Pregnant rats were
found to have lower levels of myometrial Cx43 and require more labour

contractions for successful delivery after space flight (Burden et al., 1999).

Cx26 is the most abundant gap junction protein in the endometrium,
particularly in the endometrial epithelium, luminal and glandular epithelium. Its
levels in the myometrium, however, are low (Risek et al., 1990, Risek et al., 1995).
Cx26 plays an essential role in embryo implantation, placenta formation, early
foetal development and menstrual cycle secretory phase (Jahn et al., 1995,
Winterhager et al., 1988, Winterhager et al., 1993). Unlike Cx43, Cx26
myometrial expression is high during late pregnancy and then falls during labour
in rat (Orsino et al., 1996). Cx26 uterine expression was also found to be
regulated hormonally by oestrogen and progesterone (Grummer et al., 1994,
Risek et al., 1990). Its expression, however, is not altered by stretch (Ou et al.,
1997) or space flight (Burden et al., 1999). Thus, the contribution of Cx26 to the
regulation of myometrial contractility is unclear. Also, there is no evidence

suggesting that Cx26 myometrial expression changes with obesity.

Although current studies suggested that myometrial contractility of obese
women is altered by cholesterol and adipokines disruption, no research to date
has examined the effect of obesity on gap junction proteins expression in the
human myometrium. Therefore, this chapter aimed to study the effect of obesity
on the expression of key markers of myometrial contractility during pregnancy;
Cx43 and Cx26. This might provide a potential mechanism underling poor uterine

contractility, which is commonly experienced by obese pregnant women.

6.2 Methods

6.2.1 Tissue

Human myometrial tissues were obtained from normal weight (BMI 18.50
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- 24.99 kg/m?), overweight (BMI: 25.00 - 29.99kg/m?), obese (BMI 30.00-39.99
kg/mand morbidly obese women ( BMI -sebtib®d. 00
deliveries. Biopsies of human myometrial tissue were obtained from a total of 39
healthy term pregnant women, between 38 and 40 weeks of gestation, with a
maternal BMI between 16 and 48. The reasons for C-section deliveries were
previous C-section, failed induction of labour, breach presentation and previous
traumatic vaginal delivery. The mean maternal age at delivery was 31.8 + 0.7

years. The average parity value of the women at the time of delivery was 1-2

(range 043). C-section delivery were carried out under regional anaesthesia. The
maternal BMI measur e ment s were taken from the p:
trimester. Immunohistochemical (IHC) analysis was performed in a blinded
manner, wher eby Mvalueswaeronly reveéaledafter dormpleBon

of experiments and data analysis, to reduce any bias. Details of how the tissue

was collected, prepared, fixed, processed, embedded and sectioned are

described in the general material and methods section in Chapter 2.
6.2.2 IHC procedure

The expression of two gap junction proteins, Cx43 and Cx26, was
compared in myometrial samples from obese and non-obese women. Sections
Gem thickness) were cut i n tysielogylabwaedr p o ol
baked before IHC experiments. Before starting the IHC procedure, dewaxing and
rehydration of the samples were required to prepare the myometrial tissues for
the water-based solutions. The detailed IHC protocol is described in Chapter 2,
Section 2.2.

Briefly, human myometrial sections were placed into boiling sodium citrate
buffer for antigen retrieval and 3% hydrogen peroxide (Sigma Aldrich) was used
to block endogenous peroxidise activity, before overnight incubation with rat
Cx43 (1:250, Thermo Scientific) and mouse Cx26 antibodies (1:100, Thermo
Scientific). The primary antibody was chosen according to the species reactivity
to human tissue and the suitability for IHC test. Then, sections were washed in
TBS and incubated for 30 minutes with the secondary antibodies: peroxidase-
conjugated horse serum for anti-rabbit IgG (Vector Labs) and goat serum for anti-
mouse IgG (Vector Labs). The primary antibody concentrations used in this study

were determined following optimisation experiments (described in the following
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Results section). DAB chromogen (Sigma Aldrich) was added to develop the
required stain (brown stain). Stained samples were dehydrated, mounted onto
microscope slides, then visualised and photographed under a light microscope.

One section from normal weight term pregnant myometrium was
incubated overnight in the blocking solution without adding the primary antibody,
to be used as a negative control. Tissues (animal and human) known to express
the protein of interest was used as an external positive control. Three positive
controls were used in total: the heart (rat and human) for Cx43 and the liver
(human) for Cx26 antibodies. One sample was repeatedly tested in each
experimental set with the same antibody to obtain an internal positive control. The

positive control tissues were taken from the universityd s h u ma ank.i s s u e
6.2.3 Scoring technique and statistical analysis

Samples were analysed by high content screening for rapid quantitation
and comparison of data from multiple samples (scoring). The 20X objective was
used to capture 10 different images per section, following which the average
staining score was calculated. This was performed for all sections in each IHC
experiment. Both stain intensity (weak, intermediate, strong) and percentage of
positive cells (0-25%, 26-50%, 51-75% and >75%) were manually scored. The
intensity was determined subjectively by comparing the slides to determine the
lowest (mild) and the highest (strong) intensity. The sections were scored by
multiplying the intensity (I) by the percentage of positive cells (P) using the
formula Q = | x P. The scoring was performed by viewing the sections with a
Nikon Eclipse 50i microscope (Nikon Corporation, Tokyo 100-8331, Japan) under
the 20X power objective. For statistical analysis, comparison of myometrial
expression of Cx43 and Cx26 was performed using the average score + se,
followed by one-way analysis of variance (ANOVA). P values < 0.05 indicated a

statistically significant difference. Each n indicated a human myometrial sample.
6.3 Results

6.3.1 Cx43 antibody optimisation

Primary antibody optimisation experiments were performed to define the
minimum antibody concentration required to generate optimal IHC results. The
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following antibody concentrations were used for rat Cx43 monoclonal antibody
titration, 1:50, 1:100, 1:250 and 1:500 (Figure 6.1). These concentrations were
chosen after identifying previous studies using these antibodies on myometrial
tissue. Section 6.1A was stained with the highest antibody concentration used
(1:50), section 6.1B was stained at a 1:100 concentration, section 6.1C at 1:250,
section 6.1D at 1:500 and section 6.1E was not labelled with primary antibody
(negative control). Section 6.1F is rat heart and was stained at a 1:250

concentration (positive control), which was optimal.
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6.3.2 Comparing the myometrial expression of Cx43 in normal

weight, overweight and obese pregnant women:

Light microscopic examination of DAB-stained myometrial sections
obtained from 38 women of different body weight was carried out. The expression
of Cx43 was examined by DAB staining, which is equivalent to Cx43 expression.
Positive and negative controls for Cx43 antibody staining are shown in Figure
6.2. The human heart, which is known to express the Cx43 epitope, was used as
a positive control, and showed clear DAB staining between the intercalated discs
(Figure 6.2A). The negative control is a myometrial section with no primary
antibody used. This section did not show any staining, which indicates that DAB
staining is specific to the Cx43 antibody and absence of non-specific staining
(Figure 6.2B). Representative images of the myometrium from normal weight
(5.6 £ 0.61, n=10), overweight (6.6 £ 0.6, n=10), obese (6.6 + 0.45, n=10) and
morbidly obese (4.7 + 0.57, n=9) pregnant women are shown in Figure 6.3 A-D.
Staining was found in the myometrium of all samples; however, Cx43 myometrial
expression was not significantly different between normal weight, overweight and

obese women (p>0.05).
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6.3.3 Cx26 Antibody optimisation

The following antibody concentrations were used for the mouse Cx26
monoclonal antibody titration experiment: 1:50, 1:100, 1:250, 1:500 and 1:1000
(Figure 6.4 A-F). Section 6.4A was stained with the highest antibody
concentration used (1:50), section 6.4B was stained with 1:100 of antibody
concentration, section 6.4C was stained with 1:250 of antibody concentration,
section 6.4D was stained with 1:500 of antibody concentration, section 6.4E was
stained with no primary antibody (negative control), and section 6.4F is rat liver,
which was stained with 1:100 of antibody concentration (positive control). The

antibody concentration of 1:100 was found to be optimal for staining.
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6.3.4 Comparing the myometrial expression of Cx26 in normal

weight, overweight and obese pregnant women

As carried out above for Cx43 myometrial expression, detection of DAB
staining by light microscope was used to determine the expression of Cx26 in the
myometrial tissue of normal weight, overweight and obese women. Positive and
negative controls for Cx26 antibody staining are shown in Figure 6.5. The human
liver was used as a positive control, showing clear DAB staining of hepatocytes
(Figure 6.5A). The negative control is a myometrial section that was not labelled
with primary antibody, showing no staining (Figure 6.5B). Representative images
of the myometrium from normal weight (3.1+1, n=10), overweight (3.8 £ 0.9,
n=10), obese (3.3 + 0.8, n=10) and morbidly obese (2.1 + 1.7, n=7) pregnant
women are shown in Figure 6.6 (A-C). It was found that Cx26 human myometrial
expression is not significantly different between normal weight, overweight and

obese pregnant women (p>0.05).
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