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Abstract 

Preeclampsia is a hypertensive disorder of pregnancy that is a leading cause of 

maternal and fetal morbidity worldwide. The development of preeclampsia depends 

upon the interaction between predisposing maternal risk factors and a ‘toxin’ 

released from the placenta. The strongest maternal risk factor for preeclampsia is 

the presence of antiphospholipid antibodies. Throughout pregnancy, a range of 

placental trophoblast debris, including large multinucleated syncytial nuclear 

aggregates, is extruded from the surface of the syncytiotrophoblast and enters into 

the maternal blood. While syncytiotrophoblast death during normal pregnancy is 

thought to involve an apoptosis-like process, this death process may be altered in 

preeclampsia, leading to the extrusion of aponecrotic or necrotic trophoblast debris. 

Necrotic trophoblast debris has been shown to activate endothelial and immune 

cells, and this is proposed to be one pathophysiological mechanism underlying 

preeclampsia. Antiphospholipid antibodies have been shown to cause the extrusion 

of an increased amount of necrotic trophoblast debris, which may be one 

mechanism whereby the presence of antiphospholipid antibodies could predispose 

women to preeclampsia. 

 

In this thesis, a transcriptomic, proteomic and metabolomic approach has been 

applied to investigate the changes in death processes in the syncytiotrophoblast in 

response to antiphospholipid antibodies. On the transcriptomic level, I have shown 

that antiphospholipid antibodies affect the expression of BCL2L1 (Bcl-2-like 1) and 

MCL1 (myeloid cell leukomia-1), regulators of the intrinsic pathway of apoptosis, 

as well as TRAIL (TNF-related apoptosis inducing ligand) a regulator of the 

extrinsic apoptosis pathway in placental explants. On the proteomic level, I have 

demonstrated that antiphospholipid antibodies may cause changes in the expression 

of proteins involved in mitochondrial membrane permeability transition, a central 

event in different modes of cell death, in the syncytiotrophoblast. Antiphospholipid 

antibodies also caused proteomic changes that were indicative of oxidative stress, 

reduced ATP production, and increased calcium flux, suggesting a shift in 

syncytiotrophoblast death mechanisms from apoptosis to aponecrosis/necrosis. 

There is also evidence of alteration in the expression of CALR (calreticulin) and 

ANXA5 (annexin A5), in syncytial nuclear aggregates, which may affect the 

clearance of these structures by maternal phagocytes. On the metabolomic level, I 
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have confirmed that antiphospholipid antibodies caused oxidative stress and 

increased cell death in placentae. The balance between ceramide and diacylglycerol 

metabolites may influence the expression of PRKCE (protein kinase C-epsilon), a 

regulator of apoptosis, the expression of which was also affected by 

antiphospholipid antibodies in placentae. 

 

In summary, the research in this thesis provides a greater understanding of how 

antiphospholipid antibodies cause the increased extrusion of necrotic trophoblast 

debris from the syncytiotrophoblast. From the data presented here, a series of 

testable hypotheses can be generated to allow specific investigation of pathways 

that may be involved in the altered cell death that occurs in the syncytiotrophoblast 

in response to antiphospholipid antibodies. 
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1. Chapter One: Introduction 

 Preeclampsia and Antiphospholipid Antibodies 1.1.

 The Placenta 1.1.1.

The placenta is a fetal organ that is critical to pregnancy, providing an interface for 

nutrient transfer, gas exchange and removal of waste (Benirschke and Kaufmann, 

2006). It also produces hormones such as human chorionic gonadotrophin (hCG) 

that are necessary for fetal growth and development. Placentation is a complex 

process that begins 5-6 days post fertilisation, whereby the implanting human 

embryo or blastocyst adheres to the uterus and establishes the uteroplacental 

circulation by invading the maternal uterine spiral arteries, up to the inner third of 

the uterine myometrium. The blastocyst consists of two distinct cell populations: 

the outer trophoblast cells which form the placenta, and the inner cell mass, 

constituting the embryo proper, which develops into the fetus, umbilical cord and 

amnion (Benirschke and Kaufmann, 2006).  

 

Once the blastocyst adheres to the uterine epithelium, trophoblasts begin to 

proliferate, forming two distinctive placental cell populations: the outer 

multinucleated layer termed the syncytiotrophoblast, which directly faces the 

maternal tissue, and the underlying, rapidly proliferating cytotrophoblasts (Figure 

1.1). The placenta has a branched or villous structure, and these trophoblast 

populations constitute the villous trophoblast (Benirschke and Kaufmann, 2006). 

Proliferating cytotrophoblasts breach the syncytiotrophoblast layer, which is non-

proliferative in nature, and invade into the maternal decidua, forming a population 

termed extravillous trophoblasts (Figure 1.1). These extravillous trophoblasts may 

be interstitial, remaining in the uterine decidua, or endovascular (Benirschke and 

Kaufmann, 2006). Endovascular extravillous trophoblasts invade into the vessel 

walls of the maternal uterine spiral arteries, destroying media and endothelium, 

initially forming trophoblast plugs that occlude the lumen of the spiral arteries 

(Hustin et al., 1988). These trophoblast plugs remain in place until approximately 

the 10
th

 week of gestation, resulting in a low-oxygen environment in the placenta 

(Foidart et al., 1992). From the 10
th

 to the 13
th

 week of gestation, the trophoblast 

plugs gradually loosen, allowing maternal blood to flow into the intervillous spaces 
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and surround the villi, and increasing oxygen tension in the placenta (Foidart et al., 

1992, Genbacev et al., 1997).  

 

 

Figure 1.1: Schematic showing the placenta and the 

physiological changes of pregnancy 

Schematic showing the placental villous structure and different 

populations of trophoblasts: the outer multinucleated 

syncytiotrophoblast and the underlying mononuclear 

cytotrophoblasts, which constitute the villous trophoblast, along 

with the extravillous trophoblasts, which invade the decidua and 

transform the maternal uterine arteries during pregnancy. 

Modified from (James et al., 2012) 
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Since the outer syncytiotrophoblast layer is in direct contact with maternal blood 

from the 13
th

 week of gestation, the human placenta is hemochorial in nature 

(Foidart et al., 1992). The process of invasion of the extravillous trophoblasts into 

the maternal uterine arteries facilitates the transformation of these vessels from 

high-resistance vessels into flaccid, wide-bore low-resistance vessels that are 

capable of ensuring blood flow to the placenta without major fluctuations, in order 

to meet the needs of the rapidly growing fetus (Brosens et al., 1967). These changes 

are collectively termed ‘the physiological changes of pregnancy’ and the timely 

occurrence of these changes is pivotal to the appropriate progression and 

maintenance of pregnancy (Brosens et al., 1967). A failure of the process of 

placentation has been associated with disorders of pregnancy such as preeclampsia.  

 Preeclampsia 1.1.2.

Preeclampsia is a pregnancy-specific hypertensive disorder that is a leading cause 

of maternal and fetal death worldwide (Clark et al., 2008). It occurs in 2-10% of 

women, accounting for 16% of maternal deaths in developed countries (Clark et al., 

2008, Hauth et al., 2000, MacKay et al., 2001). This number may be substantially 

increased in developing countries, as women of African descent are three times 

more likely to die from preeclampsia (MacKay et al., 2001). In New Zealand, 

preeclampsia occurs in 4-7% of pregnancies annually (Stone et al., 1995).  

 

Preeclampsia can range in clinical presentation from mild to severe, and is 

diagnosed by the onset of hypertension; defined as a systolic blood pressure of 

≥140mm/Hg, and proteinuria; defined as the excretion of ≥0.3g protein in the urine, 

in a previously normotensive non-proteinuric woman after 20 weeks of gestation 

(NHBPEP, 2000, Roberts et al., 2003). It is further sub-classified as early onset 

(<34weeks) or late onset (>34 weeks) depending upon the time of manifestation of 

hypertension and proteinuria (von Dadelszen et al., 2003). If left untreated, 

preeclampsia may progress into the maternal convulsive state of eclampsia, 

characterised by cerebral oedema, haemorrhage and hypertensive encephalopathy, 

eventuating in maternal and possibly fetal death (Davis and Harrar, 1926). The 

symptoms of preeclampsia regress upon delivery of the placenta, indicating that it 

is purely a syndrome of pregnancy (Redman and Sargent, 2003). The placenta is 

essential to the development of preeclampsia, since women with hydatidiform mole 
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can develop preeclampsia in the absence of a fetus (Goldstein and Berkowitz, 1994, 

Steller et al., 1994). 

 

This syndrome causes both maternal and fetal complications during pregnancy. The 

maternal complications manifest as multi-organ failure characterised by 

disseminated intravascular coagulopathy, haemolysis, elevated liver enzymes and 

low platelet count (HELLP) syndrome, pulmonary oedema, acute renal failure, liver 

failure and stroke (Sibai et al., 2005). The fetal complications are thought to arise 

due to defective placentation which can lead to intrauterine growth restriction, 

hypoxia-neurologic injury, or perinatal death (Sibai et al., 2005). Since the 

progression of preeclampsia may necessitate immediate delivery to preserve the 

maternal life, this could result in preterm delivery and its associated complications 

for neonates (Redman and Sargent, 2003). Preeclampsia is also associated with an 

increased risk in both mother and child of developing cardiovascular disorders such 

as hypertension and diabetes throughout later life (Agatisa et al., 2004, Bellamy et 

al., 2007, Canti et al., 2010, Skjaerven et al., 2005). This hypertensive syndrome is 

thought to arise due to a complex interaction between maternal and fetal factors.  

 Pathophysiology of Preeclampsia: A Two-stage Model  1.1.2.1.

Since the removal of the placenta is necessary to stop the progression of 

preeclampsia, the primary trigger of the maternal symptoms of preeclampsia is 

known to be of placental origin (Redman and Sargent, 2003). A two-stage model 

for the development of preeclampsia has been proposed: it is thought that aberrant 

placentation leads to the release of a placental ‘toxin’ (stage 1), which interacts with 

predisposing maternal factors to cause the maternal manifestations of the syndrome 

(stage 2) (Roberts and Hubel, 2009, Redman and Sargent, 2000). The maternal 

manifestation of preeclampsia is widely accepted to involve two systems: an 

aberrant maternal inflammatory response (Redman et al., 1999), and widespread 

dysfunction of maternal endothelial cells leading to hypertension (Roberts et al., 

1989). Normal pregnancy itself is associated with an inflammatory response, and in 

preeclampsia this response is thought to be exacerbated, contributing to prolonged 

endothelial activation (Redman et al., 1999). It is likely that these two maternal 

pathophysiological mechanisms feed into each other generating a positive feedback 
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loop, causing dysfunction which results in maternal hypertension, proteinuria and 

multi-organ failure (Redman et al., 1999).  

 

The association between dysfunction of the endothelial cells which line blood 

vessels throughout the body, and hypertension in preeclampsia has long been 

acknowledged (Roberts et al., 1989). Preeclampsia is associated with lesions that 

are indicative of endothelial damage, such as acute atherosis and glomerular 

endotheliosis (De Wolf et al., 1975). Plasma biomarkers of endothelial activation, 

such as soluble von Willebrand factor, thrombomodulin, endothelin-1, tissue 

plasminogen activator and fibronectin are reportedly elevated in women with 

preeclampsia, supporting the role of this mechanism in the pathophysiology of 

preeclampsia (Friedman et al., 1995, Schiff et al., 1992, Poston, 2006). Intracellular 

adhesion molecule-1 (ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1), 

which are markers of endothelial activation, are also elevated and have been 

proposed to be predictive markers for preeclampsia (Higgins et al., 1998, Krauss et 

al., 1997). In addition, the functionality of resistance vessels from preeclamptic 

pregnancies is disrupted, as evidenced by a reduction in endothelium-dependent 

flow-mediated vasodilation (McCarthy et al., 1993), increased responsiveness to 

vasoconstrictor angiotensin II (Gant et al., 1973), and impaired responsiveness to 

vasodilator nitric oxide (Yamamoto et al., 2005). Since the elevation of markers of 

endothelial dysfunction precedes the onset of hypertension by up to several weeks, 

endothelial dysfunction is postulated to be a key part of the pathogenic process 

leading to preeclampsia (Roberts et al., 1989, Poston, 2006).  

 

The concept that endothelial dysfunction may be a component of a widespread 

aberrant maternal inflammatory response to pregnancy was proposed by Redman et 

al (Redman et al., 1999). Normal pregnancy itself is characterised by a delicately 

regulated balance between pro- and anti-inflammatory cytokines (Saito et al., 2007, 

Saito et al., 1999). Inflammation encompasses a range of processes such as 

monocyte and granulocyte activation, activation of the complement and coagulation 

systems, and increased leukocyte migration and adhesion, leading to endothelial 

activation. Excessive inflammation could therefore trigger and propagate 

endothelial dysfunction. Activation of granulocytes and monocytes, increased pro-

inflammatory cytokines such as TNF-α (tumour necrosis factor-alpha), interleukin-
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6 (IL-6), IL-1 receptor antagonist, and IL-8, and dysfunction of the coagulation and 

complement systems are well documented in preeclamptic pregnancies (Greer et 

al., 1994, Freeman et al., 2004, Haeger et al., 1992, Bonnar et al., 1971). 

Upregulation of intracellular reactive oxygen species (ROS) and increased 

expression of cellular adhesion molecules on leukocytes have been observed in 

preeclamptic pregnancies, which are akin to inflammatory changes seen due to 

sepsis in pregnant women (Redman et al., 1999). This has led to the paradigm that 

preeclampsia may be a widespread exaggerated maternal inflammatory response to 

pregnancy that contributes to endothelial dysfunction, eventuating in maternal 

hypertension (Redman et al., 1999, Roberts et al., 1989).  

 

Despite decades of research, the exact placental trigger of preeclampsia remains 

unknown. Aberrations in placentation leading to the release of a placental toxin are 

thought to play a role in the initiation of preeclampsia (Redman and Sargent, 2000).  

 The Placenta in Preeclampsia 1.1.2.2.

Failure of the physiological changes of pregnancy has long been considered a 

feature of preeclamptic pregnancies (Brosens et al., 1972, Meekins et al., 1994, 

Khong et al., 1986, Matijevic and Johnston, 1999). A widely accepted paradigm is 

that the failure of extravillous trophoblasts to invade and transform the maternal 

uterine spiral arteries appropriately, causes impaired blood flow to the placenta, 

inducing placental hypoxia, ischemia-reperfusion injury and oxidative stress, 

resulting in the release of the placental factor that triggers the syndrome of 

preeclampsia (Redman and Sargent, 2000, Roberts and Hubel, 2009). 

Immunohistochemical analysis of uterine spiral arteries in placental bed biopsies 

from preeclamptic pregnancies has shown that trophoblast invasion occurs in 44% 

and 18% of decidual and myometrial segments respectively, compared to 100% and 

76% of segments from normal pregnancies (Meekins et al., 1994). However, failed 

remodelling did not occur in all preeclamptic pregnancies, and furthermore, it is not 

uncommon to encounter an extremely sick mother with a relatively healthy fetus, 

and vice versa, indicating discordance between maternal and fetal phenotypes 

(Sibai et al., 2005). It has therefore been proposed that failed extravillous 

trophoblast invasion leading to placental ischemia may be a consequence and not a 

cause of preeclampsia (Ayuk and Matijevic, 2006).  
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Nevertheless, defective placentation due to failed remodelling of the spiral arteries 

may be one mechanism whereby preeclampsia is triggered, in some cases causing 

intrauterine growth restriction (Brosens et al., 1972, Espinoza et al., 2006, 

Matijevic and Johnston, 1999, Meekins et al., 1994, Sheppard and Bonnar, 1981). 

Placental oxidative stress caused by ischemia-reperfusion injury may result in the 

generation of ROS, including superoxide, hydroxyl radicals and hydrogen peroxide 

(Myatt and Cui, 2004, Redman and Sargent, 2000). If these species are not cleared 

by antioxidants, oxidative stress results, causing placental infarction which is a 

feature observed in some preeclamptic placentae (Hung et al., 2001, Hung et al., 

2002). Placental oxidative stress increases the secretion of pro-inflammatory 

cytokines and activation of maternal neutrophils in vitro, and can thus act to initiate 

and propagate inflammation and endothelial dysfunction (Hung et al., 2004, Lee et 

al., 2003b, Holthe et al., 2004).  

 

In summary, an interaction between the placenta and the maternal cardiovascular 

and immune systems appears to be pivotal in the pathogenesis of preeclampsia 

(Roberts et al., 1989, Redman and Sargent, 2000). Defective placentation due to 

failed remodelling of the maternal uterine spiral arteries, leading to oxidative stress 

may play a role in the initiation of this hypertensive disorder, although this 

hypothesis is no longer universally accepted (Ayuk and Matijevic, 2006). Several 

maternal predisposing factors have been associated with the initiation of 

preeclampsia.  

 Maternal Risk Factors for Preeclampsia 1.1.2.3.

Studies have shown that a previous history of preeclampsia, maternal diabetes, 

multiple pregnancies, nulliparity, hypertension at the time of booking, high body 

mass index prior to pregnancy or at the time of booking, and increased maternal age 

constitute risk factors for developing preeclampsia (Duckitt and Harrington, 2005, 

Mbah et al., 2010, Skjaerven et al., 2005, Eskenazi et al., 1991, Sibai et al., 1995, 

Sibai et al., 1998). The strongest maternal risk factor for preeclampsia appears to be 

the presence of antiphospholipid antibodies (aPLs) (Duckitt and Harrington, 2005). 

The occurrence of these antibodies assessed in 1802 women showed that women 

with aPLs had a 9.72-fold higher chance of developing preeclampsia (Duckitt and 

Harrington, 2005). Understanding the role of aPLs in the pathogenesis of 
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preeclampsia may therefore lead to a better understanding of the pathogenesis of 

preeclampsia in general. Importantly, aPLs are the only maternal risk factor for 

preeclampsia that can be studied using in vitro models (Chen et al., 2004b, Mulla et 

al., 2009, Odiari et al., 2012).  

 Antiphospholipid Antibodies: the Strongest Maternal Risk Factor 1.1.3.

for Preeclampsia 

 Antiphospholipid Antibodies are a Heterogeneous Family of 1.1.3.1.

Autoantibodies 

Antiphospholipid antibodies (aPLs) comprise a heterogeneous family of 

autoantibodies that react with a complex antigen involving a phospholipid and a 

phospholipid-binding protein. The presence of aPLs is commonly associated with 

antiphospholipid syndrome, which is characterised by the occurrence of thrombosis 

and obstetric manifestations defined as the occurrence of either recurrent 

spontaneous abortion prior to the 10
th

 week of gestation, unexplained fetal loss after 

the 10
th

 week of gestation, or the development of preeclampsia-eclampsia or 

placental insufficiency prior to the 34
th

 week of gestation (Miyakis et al., 2006).  

 

While the traditional view was that aPLs bind to negatively charged anionic 

phospholipids, it is evident that the term ‘antiphospholipid antibodies’ is a 

misnomer (McIntyre et al., 1997, de Laat et al., 2007, de Laat et al., 2004). 

Historically, aPLs were first identified in patients with false-positive tests for 

syphilis (Asherson and Cervera, 1993). Patients tested positive for a sphyilitic 

‘reagin’ reactive with a lipid-rich tissue extract that was later found to contain the 

anionic phospholipid cardiolipin (Pangborn, 1941). However, the aPLs that bind 

anionic phospholipids directly such as in syphilitic reagins, are not associated with 

pregnancy loss or thrombosis, and the majority of aPLs that correlate with 

pathology bind an antigenic complex of an anionic phospholipid and a 

phospholipid-binding cofactor (Matsuura et al., 1994a, Chamley et al., 1991, Hunt 

et al., 1992).  

 

The most extensively studied phospholipid-binding cofactor is β2-glycoprotein-1, 

which is a protein that circulates in normal plasma at levels of 300µg/mL and may 

have anticoagulant functions (Chamley, 2002). However, circulating β2-
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glycoprotein-1 is not antigenic for aPLs, and only binds aPLs when bound to a 

negatively-charged surface (Matsuura et al., 1994a). β2-glycoprotein-1 binds to 

anionic phospholipids, for example phosphatidylserine, which is normally restricted 

to the inner leaflet of the plasma membrane except during cell death or activation, 

when it is externalised (Price et al., 1996). The binding of β2-glycoprotein-1 to 

anionic phospholipids induces a conformational change in β2-glycoprotein-1, 

exposing cryptic epitopes that aPLs are capable of binding to (Agar et al., 2010, 

Hammel et al., 2002). It is also possible that the binding of 2-glycoprotein-1 to 

anionic phospholipids results in increased density of antigen for aPLs, allowing 

aPLs to bind bivalently (Roubey et al., 1995, Tincani et al., 1996)  (Figure 1.2).  

 

 

Figure 1.2: Antigenicity of β2-glycoprotein-1 for 

antiphospholipid antibodies 

 

The clinically relevant aPLs are lupus anticoagulant, anticardiolipin antibodies and 

anti-2-glycoprotein-1 antibodies (Cervera et al., 2002, Levine et al., 2002, Miyakis 

et al., 2006). These antibodies are also detected in patients with systemic lupus 

erythmatosus (Love and Santoro, 1990). Antiphospholipid antibodies are usually 

detected by coagulometric tests (as in the case of lupus anticoagulant) or solid 

phase immune assays (for anticardiolipin and anti-2-glycoprotein-1 antibodies) 

(Galarza-Maldonado et al., 2012, Derksen and de Groot, 2004).  
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Lupus anticoagulant was initially identified in patients with systemic lupus 

erythematosus, and is present in approximately 34% of these patients (Love and 

Santoro, 1990). It comprises a heterogeneous population of immunoglobulins (Ig), 

primarily IgG, IgM and IgA isotypes (Love and Santoro, 1990, Galarza-Maldonado 

et al., 2012). The anticoagulant activity of lupus anticoagulant is directed against 

the plasma proteins 2-glycoprotein-1 or prothrombin, both of which have the 

ability to prolong clotting time in vitro (Galarza-Maldonado et al., 2012, Roubey et 

al., 1992, Bevers et al., 1991). Determination of lupus anticoagulant is therefore 

based on its ability to prolong phospholipid-dependent coagulation tests (standard 

activated partial thromboplastin time or kaolin clotting time) in vitro, contrary to 

the prothrombotic action of lupus anticoagulant in vivo (Schleider et al., 1976). 

Anticardiolipin antibodies may also be of IgG, IgM or IgA isotypes (Gharavi et al., 

1987), and bind an antigenic complex comprising cardiolipin 

(diphosphatidylglycerol), a negatively charged phospholipid that is normally found 

in the mitochondrial inner membrane, and a cofactor, 2-glycoprotein-1 (Bevers 

and Galli, 1990, Galli et al., 1990, Loizou et al., 1985). Anti-2-glycoprotein-1 

antibodies recognise 2-glycoprotein-1 bound to a suitable negatively-charged 

surface, including anionic phospholipids (McNeil et al., 1990, Matsuura et al., 

1994a). Some authors claim that these antibodies correlate best with clinical 

complications caused by aPLs during pregnancy, specifically preeclampsia (Faden 

et al., 1997), while others dispute this association (Lee et al., 2003a).  

 

Antibodies to prothrombin comprise another group of antibodies with lupus 

anticoagulant activity (Galli et al., 1997). Other autoantibodies that recognise 

negatively charged phospholipids, including antibodies against phosphatidylserine, 

phosphatidylinositol and phosphatidic acid have also been detected in patients with 

antiphospholipid syndrome (Gharavi et al., 1987, Atsumi et al., 2000, Hirakawa et 

al., 2012, Miyakis et al., 2006). In some cases antibodies to a zwitterionic 

phospholipid phosphatidylethanolamine have been reported (Sanmarco et al., 

2001). Antibodies that react with the proteins annexin V, protein C, protein S, 

thrombomodulin, and oxidised low-density lipoprotein have been observed in some 

patients (Rand et al., 1998, Oosting et al., 1993, Horkko et al., 1996). Although all 

of these antibodies are collectively known as antiphospholipid antibodies, they are 

not the same antibodies and it is not uncommon to find patients who have one 
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antibody and not the others (Galarza-Maldonado et al., 2012, McIntyre et al., 1997). 

It is also not uncommon to encounter patients with aPLs who do not have clinical 

manifestations. The occurrence of preeclampsia has been correlated with the 

presence of antiphospholipid antibodies in multiple studies involving women from 

several different populations. 

 Estimated Prevalence of Antiphospholipid Antibodies in Preeclampsia 1.1.3.2.

The prevalence of aPLs varies greatly depending upon parameters such as the study 

population, the pathology of pregnancy, the criteria for measuring aPLs, and the 

type of aPLs measured (Galarza-Maldonado et al., 2012). Lupus anticoagulant and 

anticardiolipin antibodies show a prevalence of 2-5% in the general obstetric 

population (Pattison et al., 1993, Lockwood et al., 1989).  

 

The occurrence of aPLs in women with preeclampsia appears to be hugely variable: 

11-61% of women with early onset preeclampsia are reported to have elevated 

levels of aPLs (Yasuda et al., 1995, Katano et al., 1996, Branch et al., 2001, 

Heilmann et al., 2003). One recent study of women from a German population 

found elevated levels of lupus anticoagulant, anticardiolipin antibodies and anti-2-

glycoprotein-1 antibodies in 20% of women with severe preeclampsia-eclampsia 

prior to 34 weeks of gestation (Heilmann et al., 2011). Another prospective, 

comparative study of a population of Indian women reported similar levels of the 

occurrence of aPLs in preeclampsia (Saha et al., 2009). That study showed that the 

prevalence of aPLs ranged from 10-46% in women with a history of pregnancy 

morbidity, compared to 8% of women with previous histories of uncomplicated 

pregnancies. Of the women who had aPLs, 25% developed preeclampsia (Saha et 

al., 2009). One study of 43 women who had manifested with severe preeclampsia 

before 34 weeks of gestation, showed that 16% of these women had significant 

levels of aPLs (Branch et al., 1989). Another Spanish study of 99 preeclamptic 

women compared to 83 normal pregnant women showed that the incidence of aPLs 

in women with preeclampsia was double that observed in normal pregnant women 

(Ferrer-Oliveras et al., 2012). In contrast, one study of 180 women in France 

showed that although aPLs was detected in 8 out of the 180 women, there was no 

association between the presence of aPLs and preeclampsia. However, in that study, 

the studied population had no previous history of pregnancy morbidity (Dreyfus et 



    13 

al., 2001). Finally, one New Zealand study demonstrated aPLs in 1% and 1.2% of 

women positive for anticardiolipin and lupus anticoagulant respectively, and 

furthermore 33% of women with aPLs developed preeclampsia in that study 

(Pattison et al., 1993). The variation in the reported occurrence of preeclampsia in 

the presence of aPLs is likely to be due to the differences in populations, lack of 

standardisation of assays to measure aPLs, variability in the past obstetric history of 

the women recruited, and flawed study designs (Galarza-Maldonado et al., 2012, 

Chamley, 2002). Further controlled, standardised studies are required to establish 

the exact incidence of aPLs in women with preeclampsia.  

 

Antibodies to 2-glycoprotein-1 have been strongly associated with preeclampsia in 

some studies, while others contradict this observation. One recent retrospective 

study of 394 women reported that anti-2-glycoprotein-1 antibodies were present in 

4.5% of women, and of these women, 83.3% developed pregnancy complications 

characterised by preeclampsia, placental dysfunction, intrauterine death, preterm 

delivery and fetal loss (Oron et al., 2011). In one prospective study, the occurrence 

of anticardiolipin antibodies dependent on 2-glycoprotein-1 was observed in 0.7% 

of 1125 pregnant women, and out of these women 50% developed preeclampsia 

(Katano et al., 1996). Another prospective study comparing the occurrence of anti-

2-glycoprotein-1 and anticardiolipin antibodies with the outcome of pregnancy in 

510 healthy pregnant women at 15-18 weeks found that anti-2-glycoprotein-1 

antibodies were present in 3.9% of women, and preeclampsia was significantly 

more frequent in these women (Faden et al., 1997). Multiple other studies have 

suggested that the presence of anti-2-glycoprotein-1 antibodies may be strongly 

predictive of early onset preeclampsia (Yamamoto et al., 1993, Valdes-Macho et 

al., 2002, Ulcova-Gallova et al., 2001). However, in other studies, authors suggest 

that anti-2-glycoprotein-1 antibodies are not predictive of preeclampsia and are 

unrelated to pregnancy morbidity (Lee et al., 2003a, Lynch et al., 1999). Further 

controlled investigations are required to establish the exact link between these 

antibodies and the occurrence of preeclampsia.  
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 Antiphospholipid Antibodies and the Placenta in Preeclampsia 1.2.

In men and non-pregnant women, aPLs are associated with thrombotic disease, and 

early reports suggested that aPLs cause gross placental infarction, which was 

thought to be due to thrombosis of the uterine spiral arteries (Out et al., 1991). 

However histological examination of placentae from women with aPLs has 

demonstrated that thrombus formation does not account for all of the patients who 

present with obstetric complications due to aPLs (Out et al., 1991, Salafia and 

Cowchock, 1997, Van Horn et al., 2004, Stone et al., 2006). This gave rise to a new 

line of thought that aPLs directly interact with trophoblasts and affect their 

function. Given the central role of the placenta in the pathophysiology of 

preeclampsia, it is likely that direct interactions between aPLs and the placenta may 

lead to the development of this hypertensive disorder.  

 The Human Placenta is a ‘Sponge’ for Antiphospholipid 1.2.1.

Antibodies 

There is a substantial body of evidence that supports the theory that aPLs bind to 

and affect trophoblasts, and furthermore that the placenta may act as a ‘biological 

sponge’ for aPLs (Chamley et al., 1993, Di Simone et al., 2000). One study 

demonstrated that 2-glycoprotein-1 and anticardiolipin antibodies could be isolated 

from placental eluates of women with aPLs, and furthermore that placental levels 

did not correlate with circulating serum levels of aPLs. These aPLs were found to 

be localised in the syncytiotrophoblast (Chamley et al., 1993). It has since been 

demonstrated that polyclonal and monoclonal aPLs obtained from patient sera bind 

trophoblasts in a 2-glycoprotein-1-dependent manner (Di Simone et al., 2000, Rote 

et al., 1998). This is suggested to be because, unlike other cell types that only 

expose anionic phospholipids such as phosphatidylserine during apoptosis, the 

syncytiotrophoblast normally expresses anionic phospholipids on its surface, due to 

the continuous process of fusion and renewal occurring in the syncytiotrophoblast 

(Huppertz et al., 1998, Martin et al., 1995, Rote et al., 1998). Since the 

syncytiotrophoblast is directly exposed to the maternal plasma throughout 

pregnancy, these anionic phospholipids therefore constitute binding sites for 

circulating 2-glycoprotein-1, leading to exposure of the cryptic epitopes and 

allowing aPLs to bind to 2-glycoprotein-1  (Foidart et al., 1992, Di Simone et al., 

2000, Rote et al., 1998). Furthermore, trophoblasts are also capable of synthesizing 
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their own 2-glycoprotein-1. Expression of 2-glycoprotein-1 on the 

syncytiotrophoblast may also allow aPLs to bind to dimerised 2-glycoprotein-1 

and increase avidity (Bozic et al., 2005). The placenta therefore appears to display 

high tropism for aPLs (Di Simone et al., 2005, Chamley et al., 1993). 

 

2-glycoprotein-1 binds anionic phospholipids on trophoblasts through its 

phospholipid-binding site in its fifth domain, since mutations in the Cys
281

-Lys-

Asn-Lys-Glu-Lys-Lys-Cys
288

 phospholipid-binding sequence of 2-glycoprotein-1 

results in reduced adhesion of 2-glycoprotein-1 to trophoblasts and consequently 

in decreased binding of aPLs (Di Simone et al., 2005). One recent study has 

demonstrated that inhibition of 2-glycoprotein-1 binding to trophoblasts using a 

peptide that mimics the phospholipid-binding site of 2-glycoprotein-1 appears to 

prevent the binding of aPLs to trophoblasts in a dose-dependent manner in vitro. 

Injection of this same peptide into pregnant mice significantly reduced the growth 

retardation and fetal loss caused by aPLs in vivo (de la Torre et al., 2012).  

 

The presence of aPLs within the syncytiotrophoblast demonstrated using 

immunohistochemistry suggests that these antibodies may be internalised into this 

cell (Chen et al., 2009b). Antiphospholipid antibodies may also affect different 

trophoblast populations differently: work in our laboratory has shown that while 

aPLs are internalised into the syncytiotrophoblast, they appear to be excluded from 

villous cytotrophoblasts, and they can bind to the surface of, but are not internalised 

by extravillous trophoblasts (Viall et al., 2011). Collectively, these observations 

strongly support the theory that aPLs may directly affect trophoblast function 

during pregnancy, possibly leading to adverse outcomes such as preeclampsia. 

Several in vitro, as well as in vivo studies utilising murine models of aPLs have 

suggested that aPLs cause a range of detrimental effects on trophoblast function.  

 Models of Antiphospholipid Antibodies 1.2.1.1.

A number of models have been utilised to study the effects of aPLs on trophoblast 

function. Many groups have utilised murine monoclonal aPLs as well as polyclonal 

aPLs isolated from patient sera. The isolation of aPLs from patient sera is a process 

involving affinity purification using liposomes that yields low amounts of aPLs. 

Often, large amounts of sera are required to purify the amount of aPLs required for 
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a single experiment. Others have isolated IgG fractions from patient sera containing 

aPLs (Di Simone et al., 2000), but these polyclonal aPLs lack specificity, since 

patients can often test positive for the presence of multiple aPLs, as well as other 

antibodies. In many investigations, murine monoclonal aPLs are frequently used in 

order to model the specific effects of one particular aPL, for example anti-β2-

glycoprotein-1 antibodies. The similarity between the effects of monoclonal and 

polyclonal aPLs isolated from patients on trophoblast function has been 

demonstrated in several studies (Di Simone et al., 2000, Mulla et al., 2009, Mulla et 

al., 2010) 

 

Anti-β2-glycoprotein-1 antibodies generated by injecting mice with human β2-

glycoprotein-1 show similar reactivity to human aPLs and bind irradiated 

polystyrene in vitro (Matsuura et al., 1994a). The murine monoclonal aPL ID2 has 

been utilised to examine the effect of aPLs on various aspects of trophoblast 

function in vitro (Mulla et al., 2009, Mulla et al., 2010, Chen et al., 2009b, Quenby 

et al., 2005). Studies in our laboratory utilise this antibody to investigate 1) the 

effect of aPLs on trophoblast death and the extrusion of placental debris, 2) the 

receptors involved in the process of aPL internalisation, and 3) to model the effects 

of necrotic trophoblast debris, as well as aPLs on blood pressure during pregnancy 

in a murine model. Abrahams et al. have used this antibody to examine the specific 

effects of aPLs on the inflammatory profile of first trimester trophoblasts in vitro, 

and have demonstrated that ID2 affects the cytokine milieu, possibly contributing to 

the pro-inflammatory phenotype, reduced trophoblast migration, and increased 

apoptosis (Mulla et al., 2009, Mulla et al., 2010). This group have also investigated 

the effect of ID2 on the production of angiogenic factors by first trimester 

trophoblasts in vitro (Carroll et al., 2011). In unpublished work, ID2 has been 

shown to bind domain V of 2-glycoprotein-1, but only when 2-glycoprotein-1 is 

immobilised on a suitable negatively charged surface, mimicking the binding 

specificities of many human anticardiolipin or anti-2-glycoprotein-1 antibodies. 

ID2 has also been shown to inhibit the binding of human polyclonal aPL-containing 

IgG fractions to 2-glycoprotein-1 (Viall et al., 2013). In summary, murine 

monoclonal aPLs appear to be a suitable model to study the effects of aPLs, and 

several studies have been published utilising this model of aPLs.  
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 The Effect of Antiphospholipid Antibodies on Trophoblast 1.2.2.

Function 

 Antiphospholipid Antibodies Increase Coagulation at the Placental 1.2.2.1.

Surface 

Given the association between the presence of aPLs and thrombosis, there has been 

a considerable amount of research into the mechanisms of coagulation and 

thrombosis leading to placental infarction due to aPLs. Antiphospholipid antibodies 

may cause coagulation in the proximity of the placenta by reducing the expression 

of annexin A5 in placental villi (Rand et al., 2006). Annexin A5, also known as 

placental anticoagulant protein-I and vascular anticoagulant-α, is thought to 

function as a potent anticoagulant by competing with coagulation factors for 

binding sites on anionic phospholipids such as phospatidylserine. Annexin A5 is 

constitutively expressed on the apical surface of syncytiotrophoblast, and may be 

necessary to maintain vascular homeostasis and blood fluidity, functioning as an 

“anticoagulant shield” in the placenta during pregnancy. Disruption of this shield 

due to aPLs has been observed in placental villi from women with antiphospholipid 

syndrome, as well as in trophoblasts cultured with aPLs in vitro (Rand et al., 2003, 

Krikun et al., 1994, Rand et al., 2006, Rand and Wu, 1999, Rand et al., 1998, Rand 

et al., 1994, Rand et al., 1997b, Rand et al., 2004). It has been postulated that the 

disruption of the annexin A5 anticoagulant shield in the placenta results in 

accelerated coagulation and thrombosis at the placental surface, causing recurrent 

fetal loss and fetal growth restriction in pregnancies with aPLs, and this is 

supported by data from an annexin A5 knock out mouse model (Rand et al., 2006, 

Rand et al., 1994, Ueki et al., 2012). However, the disruption of the annexin A5 

shield is not a universal feature of placentae from pregnancies complicated by aPLs 

(Lakasing et al., 1999). Furthermore, while reduced expression of annexin A5 in the 

syncytiotrophoblast has been reported in preeclampsia (Shu et al., 2000), it may be 

associated with the occurrence of fetal growth restriction and reduced birth weight 

in preeclampsia, and not preeclampsia alone (Ornaghi et al., 2011). This suggests 

that while the disruption of the placental annexin A5 anticoagulant shield caused by 

aPLs may play a role in the pathogenesis of thrombosis, recurrent fetal loss, and 

fetal growth restriction in preeclampsia (Rand et al., 1997a), this mechanism may 

not be directly involved in the pathogenesis of preeclampsia, since preeclampsia 
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can occur without thrombosis and fetal growth restriction (Sibai et al., 2005, Stone 

et al., 2006).   

 Antiphospholipid Antibodies Cause Placental Inflammation 1.2.2.2.

It has been hypothesised that aPLs may induce a pro-inflammatory placental 

phenotype during pregnancy, causing thrombosis and thus leading to pregnancy 

morbidity (Stone et al., 2006, Van Horn et al., 2004, Cavazzana et al., 2007). Some 

placentae from women with aPLs show signs of complement activation (Shamonki 

et al., 2007, Cavazzana et al., 2007), and increased macrophage infiltration (Stone 

et al., 2006) compared to normal placentae. Complement activation is a central 

pathophysiological mechanism of thrombosis and fetal loss in murine models of 

aPL-induced fetal loss (Holers et al., 2002, Salmon et al., 2002, Shamonki et al., 

2007). Deficiency of C3 or C5 complement proteins, or treatment with inhibitors of 

complement activation in murine models prevents aPL-mediated fetal loss, 

propagating the theory that complement activation may play a role in inducing 

pregnancy morbidity in the presence of aPLs (Girardi et al., 2003, Holers et al., 

2002). The complement cascade has also been associated with the development of 

preeclampsia (Haeger et al., 1992). One recent prospective study has demonstrated 

that 7 out of 40 patients who had aPLs and developed preeclampsia displayed 

mutations in complement regulatory proteins, suggesting that complement 

activation may play a role in initiating preeclampsia in the presence of aPLs 

(Salmon et al., 2011). However, not all women with preeclampsia and aPLs 

displayed aberrant complement systems, and complement deposition and 

thrombosis are not universal features of placentae from pregnancies complicated by 

aPLs (Cavazzana et al., 2007). This suggests that while complement activation may 

primarily be involved in fetal loss in murine models (Holers et al., 2002), this may 

not be a predominant pathophysiological mechanism in women with aPLs. 

 

Another mechanism whereby aPLs are proposed to cause a pro-inflammatory 

phenotype, is the alteration of the cytokine profile produced by trophoblasts 

(Abrahams, 2009). In vitro studies utilising first trimester trophoblasts and murine 

monoclonal aPLs have demonstrated that aPLs cause decreased secretion of IL-6 in 

a Toll-like receptor 4/MyD88-independent manner, possibly limiting trophoblast 

migration (Mulla et al., 2010). Increased production of IL-8, IL-1β, MCP-1 
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(monocyte chemotactic protein-1) and GRO-α occurs in a TLR4/MyD88-dependent 

manner due to aPLs, and may cause increased trophoblast death (Mulla et al., 

2009). These changes could contribute to the reduced placental invasion and 

increased inflammation caused by aPLs during pregnancy, potentially leading to the 

development of preeclampsia (Abrahams, 2009). However, it has been argued that 

since inflammation is restricted to discrete areas of the placenta, rather than being a 

widespread phenomenon, this may not be a central pathophysiological mechanism 

whereby aPLs predispose women to the development of preeclampsia (Cavazzana 

et al., 2007, Meroni et al., 2011). This is further supported by the observation that 

women with aPLs who receive the immunosuppressant drug prednisone during 

pregnancy still display placental inflammation and fetal loss, suggesting that other 

pathophysiological mechanisms may be involved in pregnancies with aPLs (Van 

Horn et al., 2004).   

 Antiphospholipid Antibodies Reduce Trophoblast Proliferation, Invasion 1.2.2.3.

and Syncytialisation 

Experiments utilising term trophoblasts isolated from normal placentae and 

exposed to aPLs derived from patient sera have demonstrated that aPLs reduce 

trophoblast proliferation and invasiveness through Matrigel, and decrease 

syncytialisation and the production of hCG (Di Simone et al., 2000, Di Simone et 

al., 2001). Studies examining the effect of aPLs on first trimester placental explants 

in vitro have demonstrated reduced trophoblast growth.  (Ornoy et al., 2003, 

Schwartz et al., 2007). Additionally, aPLs have been shown to inhibit the 

proliferation and differentiation of extravillous trophoblasts into giant 

multinucleated cells in vitro (Quenby et al., 2005).   

 

Collectively, these results suggest that aPLs may reduce the ability of trophoblasts 

to invade and transform the maternal uterine spiral arteries in vivo. This failure of 

the physiological changes of pregnancy may lead to inadequate placental perfusion 

and eventual placental insufficiency (Brosens et al., 1972). Since defective 

placentation due to failed remodelling of the uterine spiral arteries is a feature that 

has long been associated with the development of preeclampsia, this may be one 

mechanism whereby aPLs predispose women to the development of preeclampsia 

(Brosens et al., 1972). However, since failed remodelling of the spiral arteries is not 
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observed in 100% of preeclamptic pregnancies (Meekins et al., 1994, Ayuk and 

Matijevic, 2006), nor in all placentae from women with aPLs (Stone et al., 2006), 

there may be other factors at play initiating an aberrant placental response in the 

presence of aPLs.  

 Antiphospholipid Antibodies Increase Placental Apoptosis 1.2.2.4.

Antiphospholipid antibodies appear to accelerate cell death processes in the 

placenta. Several studies have shown that the decreased placental proliferation and 

production of hCG caused by aPLs may be a direct result of an increase in placental 

apoptosis (Bose et al., 2004, Ornoy et al., 2003, Schwartz et al., 2007). Culture of 

first trimester placental explants with aPLs derived from patients with systemic 

lupus erythmatosus or antiphospholipid syndrome has shown that trophoblasts in 

these placental explants display increased apoptosis measured by: 1) increased 

DNA fragmentation as assessed by the TUNEL (terminal deoxynucetidyl 

transferase mediated dUTP nick-end labelling) test, 2) increased DNA laddering 

observed using gel electrophoresis, and 3) increased formation of cytokeratin 18 

neoepitope quantified using the monoclonal antibody M30 (Ornoy et al., 2003, 

Schwartz et al., 2007, Bose et al., 2004). One study has also shown that anti-

annexin V antibodies, a subset of aPLs, cause increased apoptosis in 

syncytiotrophoblast in vitro (Di Simone et al., 2001). It has been suggested that this 

apoptosis occurs via a caspase-3-dependent mechanism in trophoblasts, since a 

caspase-3 inhibitor appeared to reduce these markers of apoptosis (Mulla et al., 

2009, Bose et al., 2004). Passive immunisation of aPLs into mice also results in 

increased placental apoptosis in vivo (Velayuthaprabhu et al., 2011).  

 

This histological feature of increased placental apoptosis caused by aPLs may be 

directly related to the pathophysiology of preeclampsia, since assessment of 

placentae derived from preeclamptic pregnancies has demonstrated increased 

villous trophoblast apoptosis demonstrated using the TUNEL assay and M30 

staining for cleaved cytokeratin 18 (Ishihara et al., 2002, Leung et al., 2001, Allaire 

et al., 2000). The occurrence of increased trophoblast death in the presence of aPLs 

may be one pathophysiological mechanism of preeclampsia (Redman and Sargent, 

2000). How increased trophoblast death could lead to the pathogenesis of 

preeclampsia is unclear, but altered cell death mechanisms in the 
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syncytiotrophoblast might lead to increased extrusion of trophoblast debris, a 

phenomenon which has been linked to preeclampsia (Schmorl, 1893). The 

mechanisms of altered syncytiotrophoblast death due to aPLs that could contribute 

to the development of preeclampsia have not been extensively investigated.  

 Antiphospholipid Antibodies, Trophoblast Deportation and 1.3.

Preeclampsia 

 Trophoblast Deportation is Increased in Preeclampsia 1.3.1.

Death processes in the placenta result in the extrusion of a range of different sizes 

of trophoblast debris from the syncytiotrophoblast directly into the maternal blood 

(Redman and Sargent, 2000). Transport of the trophoblast debris from the placenta 

is known as ‘trophoblast deportation’. This phenomenon was first described and 

associated with preeclamptic pregnancies nearly 120 years ago by the German 

pathologist Georg Schmorl. He observed large multinucleated trophoblastic 

fragments trapped in the pulmonary vessels of 14 out of 17 women who had died of 

eclampsia (Figure 1.3). These fragments were not observed in the pulmonary 

circulation of normal pregnant women that had died of other causes, leading 

Schmorl to propose that this finding was related to the development of 

preeclampsia (Schmorl, 1893). It is now accepted that the phenomenon of extrusion 

of trophoblast debris is a feature of normal pregnancies and that the amount of 

debris is increased in preeclampsia (Chua et al., 1991, Johansen et al., 1995, 

Attwood and Park, 1961).  

 

 

Figure 1.3: Original photomicrographs of multinucleated 

trophoblastic aggregates trapped in the pulmonary circulation of 

women who had died of eclampsia (Schmorl, 1893) 
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Throughout pregnancy, a variety of trophoblast debris, ranging in size from 

nanometers to tens of micrometers, and encompassing, in order of increasing size, 

syncytiotrophoblast microvillous membrane microparticles (STBMs, >100nm), 

mononuclear cytotrophoblasts (25µm) and multinucleated syncytial nuclear 

aggregates (SNAs) (25-200µm) are continuously extruded from the placenta into 

the maternal blood (Schmorl, 1893, Johansen et al., 1999, Mincheva-Nilsson et al., 

2006). Placental exosomes (≤100µm) are also extruded from the 

syncytiotrophoblast throughout pregnancy; however these nanoparticles are 

extruded as part of an active process from live tissue, and are not considered to be a 

component of the trophoblast debris that is extruded as a result of cell death 

processes in the syncytiotrophoblast (Atay et al., 2011, Dragovic et al., 2011, 

Kshirsagar et al., 2012, Taylor et al., 2006). Anuclear cytotrophoblast fragments 

and cell-free DNA and RNA are also released into the maternal circulation 

(Johansen et al., 1999). Of the trophoblast debris that is extruded from the 

syncytiotrophoblast, SNAs form the most substantial component (Benirschke and 

Kaufmann, 2006).  

 

There are differences in the literature in the nomenclature of the structures that I 

refer to as ‘syncytial nuclear aggregates’. These structures are variously termed 

syncytial knots and syncytial sprouts, among other names (Burton and Jones, 2009, 

Cantle et al., 1987). This confusion may arise from the methods of study employed 

by different researchers (Askelund and Chamley, 2011). Syncytial knots and 

syncytial sprouts may represent different populations of multinucleated structures 

with different functionalities that bud off from the syncytiotrophoblast; however 

both these structures are defined as histological features of placentae and the 

phrases do not refer to the structures that have been extruded from the placenta 

(Burton and Jones, 2009). For the sake of simplicity, multinucleated syncytial 

aggregates that have been extruded from the placenta will be referred to as 

‘syncytial nuclear aggregates’ (SNAs) throughout this thesis. The number of SNAs 

deported into the maternal circulation daily during normal pregnancy is estimated 

to be 150,000 per day, possibly reaching 3 grams per day of deported trophoblast 

debris by the end of gestation (Huppertz et al., 1998). However, this approximation 

may be inaccurate, since an in vitro model of trophoblast deportation estimates the 

number of trophoblasts extruded daily by a normal placenta by 12 weeks of 
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gestation to be 4.7 x 10
4
 SNAs daily, increasing to 8.5 x 10

5
 SNAs by 9 months of 

gestation (Abumaree et al., 2006b).  

 

Since the initial observations of trophoblast deportation made in 1893, there have 

been several studies that have demonstrated an unequivocal increase in the amount 

of deported trophoblast debris in preeclamptic pregnancies compared to normal 

pregnancies (Attwood and Park, 1961, Johansen et al., 1999). There are reports of 

increases in the amount of circulating SNAs, syncytial fragments, cytotrophoblast 

clumps, and STBMs in uterine venous blood, as well as peripheral blood samples of 

women with preeclampsia (Johansen et al., 1999). The studies that have 

documented an increase in the phenomenon of trophoblast deportation in women 

with preeclampsia are summarised in Table 1.1. Perhaps the most comprehensive 

example is a study by Johansen et al., who investigated the occurrence of 

multinucleated syncytiotrophoblast fragments (20-200µm), mononuclear 

cytotrophoblasts (20-40µm) and anuclear cytotrophoblasts in uterine and peripheral 

venous blood samples of women in normal pregnancy and preeclampsia, and found 

that these fragments were encountered more commonly in the uterine venous 

plasma of preeclamptic women compared to normal pregnant women. They also 

demonstrated that the number of syncytiotrophoblast fragments per millilitre of 

uterine venous blood was significantly increased (Johansen et al., 1999). Other 

studies have utilised a more quantitative approach, and have found that the amount 

of STBMs, which are >100nm in size, are significantly increased in preeclampsia 

compared to normal pregnancy, as measured using time-resolved 

fluoroimmunoassay in peripheral and uterine venous plasma (Knight et al., 1998, 

Goswami et al., 2006) (Table 1.2). The increased extrusion of trophoblast debris in 

preeclampsia has led several groups to propose that this mechanism may be 

implicitly involved in the pathogenesis of preeclampsia (Sargent et al., 2003, Chen 

et al., 2006). It has been suggested that deported trophoblast debris from normal 

and preeclamptic pregnancies differ in their nature due to an alteration in death 

mechanisms, leading to the activation of endothelial and immune cells that 

phagocytose the trophoblast debris in preeclampsia (Huppertz et al., 2003, 

Abumaree et al., 2006a, Chen et al., 2012b). 
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Table 1.1: Studies demonstrating increased trophoblast deportation in women 

with preeclampsia compared to normal pregnancy women  

Modified from (Askelund and Chamley, 2011) 

Publication 
Sample 

investigated 
Type of debris (size) 

Preeclampsia  Normal 

pregnancy 

(present in 

% of 

women) 

(present in % 

of women) 

(Schmorl, 1893) Intervillous 

space, fresh 

heart blood, 

myometrial 

vessels 

Multinucleated 

trophoblastic 

fragments 

82 0 

(Attwood and 

Park, 1961) 

Maternal 

lungs 

Trophoblastic emboli 82 28 

(O'Sullivan et 

al., 1982) 

Peripheral 

venous blood 

1μg/mL trophoblast P1 

protein 

93 97 

(Chua et al., 

1991) 

Uterine 

venous blood 

Mononuclear 

cytotrophoblasts (11-

25μm) and 

syncytotrophoblast 

fragments (23-88μm) 

100 20 

(Johansen et al., 

1999) 

Uterine 

venous blood 

Syncytiotrophoblast 

fragments (20-200μm) 

71 60 

    Cytotrophoblasts (20-

40μm) 

73 10 

    Anuclear 

cytotrophoblasts 

45 30 

  Peripheral 

venous blood 

Syncytiotrophoblast 

fragments (20-200μm) 

10 10 

    Cytotrophoblasts (20-

40μm) 

36 0 

    Anuclear 

cytotrophoblasts 

18 10 

(Schmidt et al., 

2008) 

Peripheral 

venous blood 

Trophoblast particles 48 5 

(Knight et al., 

1998) 

Peripheral 

and uterine 

venous blood 

Syncytiotrophoblast 

microvillous 

membrane 

microparticles (0.2-

1.2μm diameter) 

85 50 
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Table 1.2: Studies quantifying deported trophoblast debris in normal 

pregnancy and preeclampsia 

Modified from (Askelund and Chamley, 2011) 

Publication 

Sample 

investigated 

Type of debris 

(size) Preeclampsia 

Normal 

Pregnancy 

(Jaameri et 

al., 1965) 

Uterine 

venous blood 

Multinucleated 

trophoblastic 

fragments (60-

200μm) 3 cells/mL* 

0.15 

cells/mL 

(Knight et 

al., 1998) 

Uterine 

venous blood 

 

Syncytiotrophoblast 

microvillous 

membrane 

microparticles (0.2-

1.2μm diameter) 

28.7ng/mL*** 

 

9.1ng/mL 

 

  

Peripheral 

venous blood 

 

10ng/mL*** 2.3ng/mL 

(Goswami 

et al., 2006) 

Peripheral 

venous 

plasma 

Syncytiotrophoblast 

microvillous 

membrane 

microparticles  41ng/mL** 16ng/nL 

Note: *p<0.05, **p<0.005, ***p<0.001 

 

 Models to Study Trophoblast Deportation 1.3.1.1.

Trophoblast deportation is a difficult phenomenon to study, since thus far there is 

no effective method to harvest trophoblast debris from the maternal blood in 

substantial numbers (Johansen et al., 1995). Trophoblast deportation appears to be 

restricted to humans and is not a feature of animals that are commonly used in 

laboratories. Several investigators have attempted to model trophoblast deportation 

in rabbits, rats and in one study, chinchillas, by injecting placental emulsions or 

trophoblast cells into these animals (Billington and Weir, 1967, Park, 1958, 

Tedeschi and Tedeschi, 1963). However these models have provided limited 

information, and in vitro models have largely been utilised to investigate the nature 

and effects of trophoblast debris (Chen et al., 2012a, Chen et al., 2012b, Chen et al., 

2006).  

 

Syncytiotrophoblast microvillous membrane microparticles have been extensively 

studied using in vitro models (Cockell et al., 1997, Smarason et al., 1996). 

Mechanisms of generation of STBMs include placental perfusion, explant culture 
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and mechanical dissection, which results in the extrusion of STBMs between 200-

600nm in size (Goswami et al., 2006, Knight et al., 1998). The STBMs produced 

using placental perfusion have been shown to be similar in nature to STBMs in 

vivo. However, when examining the effect of various factors, for example aPLs on 

the extrusion of STBMs, very large amounts of aPLs would be required to study 

their effects using a placental perfusion model.  

 

Another in vitro model of trophoblast death and extrusion of trophoblast debris has 

been established in our laboratory to study the nature of extruded mononuclear and 

multinucleated trophoblast debris and the mechanisms of their clearance in normal 

and pathological conditions (Abumaree et al., 2006b). Placental explants are 

cultured in Netwell
TM 

inserts with 400µm mesh bottoms, which allows trophoblast 

debris of a range of sizes to pass into the bottom of the culture well. This method 

allows for the examination of placental explants, SNAs and other trophoblast debris 

extruded from the placenta, as well as placental culture media (Abumaree et al., 

2006b). This model has been utilised to investigate the effect of various factors 

implicated in the development of preeclampsia on the extrusion of trophoblast 

debris from the syncytiotrophoblast (Chen et al., 2010, Chen et al., 2012b, Chen et 

al., 2006, Chen et al., 2009b).  

 Clearance of Trophoblast Debris during Normal Pregnancy: not 1.3.2.

just a Waste-disposal Mechanism 

It has been suggested that the process of trophoblast deportation is not merely a 

mechanism whereby aged sections of the syncytiotrophoblast are packaged and 

discarded as waste, but that the appropriate progression of this process may be 

involved in the tolerisation of the maternal immune system to the fetal allograft 

(Chamley et al., 2011, Munn et al., 1998). The placenta comprises maternal and 

paternal antigens, and represents an allograft that is surprisingly not rejected during 

normal pregnancies (Medawar, 1953). This constitutes the ‘immunological paradox 

of pregnancy’ and it is thought that the failure of maternal tolerance to the placenta, 

leading to an adverse immune reaction, may contribute to the pathogenesis of 

preeclampsia (Medawar, 1953). It has therefore been proposed that trophoblast 

deportation is necessary in order to maintain an immunosuppressive bias, and that 
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the nature of deported trophoblast debris defines the maternal response to it (Chen 

et al., 2006).  

 

Trophoblast debris in vivo is deported from the placental surface into the maternal 

uterine veins, then via large vessels enters the maternal pulmonary circulation, 

where the larger debris becomes trapped (Schmorl, 1893, Stennett and Khalil, 

2006). However, since normal pregnancies usually proceed without the occurrence 

of pulmonary trophoblastic embolism, there must be a mechanism for the clearance 

of trophoblast debris (Coelho and Valeri, 1977, Attwood and Park, 1961). This 

mechanism has not been studied in vivo due to inaccessibility to the pulmonary 

capillary bed of pregnant women in normal pregnancy and preeclampsia. However, 

the clearance of trophoblast debris has widely been postulated to involve maternal 

phagocytes such as macrophages or endothelial cells (Abumaree et al., 2006a, Chen 

et al., 2006).  

 

The nature of trophoblast debris deported during pregnancy, that is, apoptotic 

versus necrotic, may define the outcome of pregnancy by influencing the maternal 

response to trophoblast debris. It is well known that the process of clearance of 

apoptotic cells is immunologically silent or tolerogenic (Savill and Fadok, 2000). 

The majority of trophoblast debris that is extruded during normal pregnancy is 

likely to be apoptotic in nature due to the progression of a temporally-regulated 

apoptotic cascade in the syncytiotrophoblast (Huppertz et al., 1998, Huppertz et al., 

1999). This is supported by an in vitro model of trophoblast deportation that has 

shown that 90% of trophoblast debris extruded from placentae is apoptotic in nature 

(Abumaree et al., 2006b).  

 

Macrophages have been shown to be capable of phagocytosing apoptotic 

trophoblasts in vitro, leading to the increased secretion of anti-inflammatory 

cytokine IL-10 and decrease in pro-inflammatory IL-1, as well as an increase in 

the immunosuppressive tryptophan-metabolising enzyme indoleamine 2, 3-

dioxygenase (Abumaree et al., 2006a). This enzyme is involved in the tolerisation 

of immune cells to antigens, and suppresses T-cell proliferation (Munn et al., 1998). 

Macrophages are usually present in the alveolar spaces of the lungs and rarely reach 

the pulmonary capillaries, where trophoblast debris is trapped (Burkitt et al., 1993). 
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However, antigen-presenting cells such as macrophages and dendritic cells that are 

present in the maternal circulation may play a role in the clearance of trophoblast 

debris at other sites (Savill et al., 2002, Abumaree et al., 2006a).  

 

An alternative cell type that may effect the clearance of trophoblast debris, is 

endothelial cells, which line blood vessels throughout the body. In vitro evidence 

demonstrates that endothelial cells are capable of phagocytosing trophoblast debris, 

and this ability could be blocked by the addition of a phagocytosis inhibitor (Chen 

et al., 2006). Furthermore, the nature of the phagocytosed trophoblast debris, that is 

apoptotic versus necrotic, influenced endothelial activation and function (Chen et 

al., 2006). The phagocytosis of apoptotic trophoblasts by endothelial cells appears 

to be a tolerogenic process, which is capable of preventing endothelial cells from 

responding to potential activators such as IL-6 (Chen et al., 2006, Chen et al., 

2012b). In contrast, phagocytosis of necrotic debris appears to cause endothelial 

activation, which will be discussed in section 1.3.4. These observations collectively 

suggest that the appropriate progression of apoptotic trophoblast death, coupled 

with the clearance of deported trophoblasts, is an integral and vital process of 

pregnancy that may influence its outcome.  

 Does the Extrusion of Necrotic Trophoblast Debris Occur in 1.3.3.

Preeclampsia? 

The process of apoptosis in the syncytiotrophoblast may be altered in preeclampsia, 

leading to the increased extrusion of necrotic trophoblast debris (Huppertz et al., 

2003, Chen et al., 2006). There is histological evidence that necrosis may occur in 

the syncytiotrophoblast in preeclampsia, and transmission electron microscopy of 

the syncytiotrophoblast of placentae from preeclamptic women has demonstrated 

focal areas of syncytiotrophoblast necrosis (Jones and Fox, 1980). The apoptotic 

cascade in the syncytiotrophoblast is regulated in conjunction with cytotrophoblast 

proliferation, differentiation and fusion (Huppertz et al., 1998). In preeclampsia, 

cytotrophoblast proliferation and turnover may be increased due to a pathological 

insult. If syncytiotrophoblast apoptosis is temporally regulated, it could mean that 

the increased input of material caused by increased proliferation and fusion of the 

cytotrophoblasts is not matched by the output of trophoblast debris, particularly 

SNAs, due to inadequate progression of the apoptotic cascade (Huppertz et al., 
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1998). This could lead to the increased accumulation of regions of the 

syncytiotrophoblast in the end stages of the apoptotic cascade. Huppertz et al. 

suggest that this could lead to a switch from the energy-dependent process of 

apoptosis to energy-independent ‘aponecrosis’ or secondary necrosis, causing the 

extrusion of trophoblast debris that is of a necrotic nature compared to debris 

extruded under normal circumstances (Huppertz et al., 2003) (Figure 1.4). This 

necrotic trophoblast debris may then lead to an adverse immune or endothelial 

reaction, contributing to the development of preeclampsia. While there is no direct 

in vivo evidence that trophoblast debris in preeclampsia is of a necrotic nature, in 

vitro studies have shown that various conditions associated with preeclampsia led 

to the extrusion of necrotic trophoblast debris (Chen et al., 2006, Chen et al., 2010). 

 

 

Figure 1.4: Schematic of proposed mechanisms of villous 

trophoblast turnover in normal and preeclamptic 

pregnancy 

In normal pregnancy, villous trophoblast turnover results in the 

extrusion of apoptotic trophoblast debris, whilst in preeclampsia 

this may be altered resulting in the extrusion of 

aponecrotic/necrotic trophoblast debris. Adapted from 

(Huppertz et al., 1998) 
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One mechanism that may lead to the extrusion of necrotic trophoblast debris is 

proposed to be placental hypoxia, as a consequence of impaired remodelling of the 

maternal spiral arteries (Huppertz et al., 1998). It has been demonstrated that 

hypoxia causes the formation of necrotic syncytial knots in placental explants in 

vitro. In this case these structures are termed ‘syncytial knots’ as the authors 

examined the formation of aggregates in the placental tissue and not the structures 

that were released from the tissue in vitro, but the authors assume that syncytial 

knots are the precursors of SNAs (Hung et al., 2002, Huppertz et al., 2003). This 

necrotic debris may cause endothelial dysfunction and immune activation, 

contributing to the development of preeclampsia (Chen et al., 2006).  

 The Impact of Aberrant Trophoblast Debris on the Maternal Immune 1.3.3.1.

and Cardiovascular Systems in Preeclampsia 

The effect of trophoblast debris isolated from preeclamptic placentae on endothelial 

cells has been extensively investigated in vitro. Syncytiotrophoblast microvillous 

membrane microparticles (STBMs) isolated from the plasma of preeclamptic 

women have been shown to suppress endothelial cell proliferation in vitro (Knight 

et al., 1998, Smarason et al., 1996, Smarason et al., 1993, Cockell et al., 1997). In 

addition, STBMs isolated from preeclamptic placentae suppress endothelial cell 

proliferation and induce a change in the morphology of endothelial cells prior to 

cell death (Smarason et al., 1993). This was later demonstrated to be due to a 

complex of proteins identified to be integrins α5 and αv, dipeptidyl peptidase IV, α-

actinin, transferrin, transferrin receptor, placental alkaline phosphatase and 

monoamine oxidase A, that may interact with an unknown factor to generate 

endothelial dysfunction in vivo (Kertesz et al., 1999, Kertesz et al., 2000). It is 

possible that STBMs also interact with the maternal immune system, since STBMs 

from preeclamptic placentae have been shown to activate neutrophils in vitro (Aly 

et al., 2004). This may result in the generation of neutrophil extracellular traps 

(NETs), fibrous DNA-containing lattices that have been implicated in the trapping 

and clearance of bacterial cells (Gupta et al., 2007). Upon exposure to STBMs and 

placentally derived IL-8, increased activation of isolated neutrophils and formation 

of NETs has been observed. The formation of NETs was increased in the 

intervillous space of preeclamptic placentae compared to normal placentae, and was 

localised within villi or adjacent to the syncytiotrophoblast, as observed using 
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electron and fluorescence microscopy (Gupta et al., 2005). The co-culture of 

neutrophils with activated endothelial cells has been shown to cause increased 

formation of neutrophil NETs in an IL-8 and NADPH oxidase-dependent manner, 

providing a direct link between trophoblast debris, inflammation and endothelial 

activation that are all pathophysiological features of preeclamptic pregnancies 

(Gupta et al., 2010, Redman and Sargent, 2003).  

 

The nature of larger deported trophoblast debris has also been shown to affect 

endothelial and immune cells. Endothelial cells phagocytose necrotic trophoblast 

debris (SNAs and mononuclear cytotrophoblasts), resulting in the activation of 

endothelial cells (Chen et al., 2006). In many other systems, the clearance of cells 

that have died via necrosis, which is an unregulated, energy independent process, is 

generally accompanied by inflammation. Phagocytosis of necrotic but not apoptotic 

trophoblasts resulted in the upregulation of pro-inflammatory cytokines IL-6 and 

TGF-β (transforming growth factor-beta), as well as increased expression of 

ICAM-1, VCAM-1 and E-selectin, which are markers of endothelial activation 

(Chen et al., 2009a, Chen et al., 2006). Phagocytosis of apoptotic trophoblast debris 

elicits no such reaction, and instead appears to have a suppressive or tolerogenic 

effect (Chen et al., 2012b). It has therefore been hypothesised that the aberrant 

effects of a variety of trophoblast debris on immune and cardiovascular cells in vivo 

may be caused by a change in the nature of deported trophoblasts from apoptotic to 

necrotic (Chen et al., 2006) (Figure 1.5).  

 

While we do not know the exact nature of the trophoblast debris in preeclampsia, 

we do know that the amount of trophoblast debris extruded is increased in 

preeclampsia, and if this debris is not rapidly cleared, secondary necrosis will occur 

(Savill and Fadok, 2000). A variety of factors associated with preeclampsia cause 

the formation and extrusion of necrotic trophoblast debris, specifically SNAs, in 

vitro. Antiphospholipid antibodies constitute one such factor (Chen et al., 2009b, 

Chen et al., 2008).  
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Figure 1.5: Summary schematic of the effect of extrusion of ‘safe’ versus ‘unsafe’ trophoblast debris on the maternal 

immune and cardiovascular systems  

In normal pregnancy, extrusion of apoptotic trophoblast debris may elicit an immunosuppressive response while in 

preeclampsia the extrusion of necrotic trophoblast debris may result in endothelial and immune activation. Modified from 

(Pantham et al., 2011) 
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 Antiphospholipid Antibodies Increase the Extrusion of Necrotic 1.3.4.

Trophoblast Debris from Placentae 

It has been demonstrated that the treatment of placental explants, as well as isolated 

trophoblasts with aPLs causes increased apoptosis (Ornoy et al., 2003, Di Simone 

et al., 2001). Studies in our laboratory examining the effect of aPLs on extruded 

trophoblast debris have suggested that the treatment of first trimester placental 

explants with aPLs results in the extrusion of twice the amount of trophoblast 

debris compared to control placental explants, where trophoblast debris quantified 

using an automated cell counter >20um or less than <20um in size were classified 

as SNAs or mononuclear cytotrophoblasts respectively (Chen et al., 2012b).  

 

Immunohistochemical investigation showed that while the SNAs extruded from 

aPL-treated placentae were definitively ‘dead’, as evidenced by the staining of their 

nuclei using propidium iodide, they were not apoptotic in nature, since they did not 

appear to stain positively for the final executioners of the apoptosis cascade, 

caspase-3 and caspase-7. Furthermore, the syncytiotrophoblast, as well as SNAs 

appeared to selectively internalise aPLs compared to control antibody (Chen et al., 

2009b). This appeared to be an Fc-receptor independent process, and is postulated 

to involve receptors of the low-density lipoprotein family (LDLR) (Viall et al., 

2013). It has been suggested that the internalised aPLs may interact with 

mitochondria in the syncytiotrophoblast, since cardiolipin, a constituent of the 

mitochondrial inner membrane, is part of the antigenic complex for aPLs (Sorice et 

al., 2004). This interaction could lead to an alteration in death processes, similar to 

other antibodies that have been shown to disrupt mitochondrial apoptotic machinery 

(Shiraga and Adamus, 2002). 

 

The results from this study suggest that aPLs may alter the nature of 

syncytiotrophoblast death, resulting in the extrusion of necrotic SNAs from the 

placenta (Chen et al., 2009b). These SNAs were also shown to cause endothelial 

cell activation in vitro, measured by the upregulation of ICAM-1 (Chen et al., 

2009b). Another study investigating the effect of necrotic trophoblast debris in 

conjunction with aPLs on endothelial cell function demonstrated that aPLs were 

capable of prolonging the endothelial activation induced by necrotic trophoblasts in 
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vitro (Chen et al., 2012a). Since SNAs form the most substantial fragments of 

extruded trophoblast debris, it is necessary to understand the processes involved in 

the formation and extrusion of these structures in normal pregnancy.  

 Regulation of Death Processes in the Syncytiotrophoblast 1.4.

leading to the Formation and Extrusion of Syncytial Nuclear 

Aggregates 

Before addressing the complex process of regulation of death processes involved in 

the turnover of placental villous trophoblast, it is necessary to first review the key 

aspects of different types of cell death. 

 Types of Cell Death 1.4.1.

Histologically, cell death is divided into two morphologically distinct processes: 

programmed cell death and necrosis (Edinger and Thompson, 2004, Searle et al., 

1982). Programmed cell death is further divided into autophagy or apoptosis. 

Apoptosis, which in Greek means “curling up and dropping off” of leaves from a 

tree, is an energy-dependent process which entails several specific processes that 

results in characteristic morphological and physiological changes (Kerr et al., 

1972). These changes include: condensation of the cytoplasm and nucleus; 

condensation of chromatin against the nuclear envelope (pyknosis); fragmentation 

of nuclear DNA in a non-sequence specific manner into 200 base pair fragments 

(endonucleolysis) and nuclear fragmentation (karyorrhexis); formation of 

membrane-enclosed blebs termed apoptotic bodies which are extruded from the cell 

and phagocytosed (Kroemer et al., 1998, Kerr et al., 1972, Heazell and Crocker, 

2008). The lipid plasma membrane also undergoes specific changes such as the 

externalisation of phosphatidylserine to assist phagocytic clearance of apoptotic 

bodies by neighbouring cells, such as macrophages (Fadok et al., 1992b, Fadok et 

al., 1992a). The highly regulated nature of this process means that it is energy-

dependent. Importantly, there is no leakage of cellular contents, which is pivotal to 

avoiding an inflammatory response (Kerr et al., 1972, Heazell and Crocker, 2008).  

 

The process of necrosis has been likened to a train wreck, compared to death by 

suicide as seen in apoptosis (Edinger and Thompson, 2004). Necrosis is an 

unregulated or poorly regulated process that constitutes a bioenergetic catastrophe 



    35 

due to depletion of ATP, and is thought to be induced accidentally by toxic insults 

or physical damage (Searle et al., 1982, Edinger and Thompson, 2004). 

Morphologically, necrosis is characterised by cytoplasmic vacuolation, early 

breakdown of the plasma membrane, and resulting inflammation due to release of 

cellular contents (Kroemer et al., 1998, Searle et al., 1982). While no mitochondrial 

swelling is observed during apoptosis, mitochondrial swelling does occur in 

necrosis (Kroemer et al., 1998). Necrosis can either occur as primary necrosis 

which is sudden, or secondary necrosis which is induced as a result of failure to 

complete the apoptotic cascade (Kroemer et al., 1998).  

 

Autophagic cell death appears to share components of both apoptosis and necrosis, 

and is a catabolic method of “self-consumption” of the cell by formation of a 

double-membrane vesicle in the cytosol encapsulating organelles and cytoplasm, 

termed the ‘autophagosome’; fusion of the autophagosome with the lysosome; and 

degradation and recycling of contents (Xie and Klionsky, 2007, Mizushima et al., 

1998). Autophagy thus plays a role in the turnover of damaged organelles and long-

lived proteins, and it has been postulated that this mechanism is more representative 

of cellular survival than cell death (Xie and Klionsky, 2007, Edinger and 

Thompson, 2004).  

 

Over the years, research has suggested that apoptosis and necrosis represent two 

extremes on the spectrum of cell death; whilst pathological and physiological cell 

death are likely to involve intermediate forms of cell death that share characteristics 

with both these mechanisms, termed ‘aponecrosis’ or ‘necrapoptosis’ by different 

researchers (Formigli et al., 2000, Lemasters, 1999, Lemasters et al., 1998a, 

Lemasters et al., 1998b).  

 Molecular Regulation of Apoptosis 1.4.2.

The process of apoptosis can be initiated via either an extrinsic or intrinsic or 

mitochondrial pathway, both of which culminate in a cascade of protein interactions 

orchestrated by a family of 14 aspartate-specific cysteine proteases, or caspases, 

resulting in cell death in a highly controlled manner (Cohen, 1997, Nuñez et al., 

1998, Thornberry and Lazebnik, 1998). Caspases act to cleave intracellular 

structural proteins, thus producing the characteristic morphology related to the 
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occurrence of apoptotic cell death. Caspases also activate other pro-apoptotic 

proteins, propagating the apoptotic signal in a positive feedback loop. Caspases are 

synthesized as inactive precursors, which exist as procaspases until they are 

activated. Caspases contain a cysteine residue within their active site and cleave 

proteins after aspartate amino acid residues, enabling them to be highly specific 

(Straszewski-Chavez et al., 2005, Chen et al., 1998). The caspase family can be 

divided into two groups based on their functionality: the initiator caspases-2, -8, -9, 

-10, which trigger apoptosis by activating the effector or executioner caspases-3, -6 

and -7 (Straszewski-Chavez et al., 2005, Thornberry and Lazebnik, 1998). 

 The Extrinsic Apoptotic Pathway 1.4.2.1.

The extrinsic apoptotic pathway is controlled by members of the tumour necrosis 

factor (TNF) death receptor family, which consists of eight members: Fas, TNF-

receptor-1 (TNF-R1), death receptors 3-6, ectodermal dysplasia receptor and nerve 

growth factor receptor (Aggarwal, 2003). These receptors are part of the TNF-R 

superfamily, and share in common a C-terminal region consisting of 80 amino acids 

known as the death domain. Amongst these, Fas, TNF-R, and TNF-related 

apoptosis inducing ligand (TRAIL) are the most extensively studied (Straszewski-

Chavez et al., 2005). Several of these receptors and their ligands exist in two forms: 

a membrane-bound form, or a soluble form, which is capable of protecting from 

death receptor-induced apoptosis under some conditions. Interaction between a 

ligand and its membrane-bound death receptor is necessary to activate pre-

associated cytoplasmic death trimers. TNF death receptors contain intracellular 

death domains, which, upon ligation, can mediate protein-protein interactions 

between the death domain of the receptor and cytoplasmic death domain-containing 

adaptor proteins such as the Fas-associated death domain (FADD) and the TNF-R-

associated death domain (Chinnaiyan et al., 1996). Binding of FADD to the 

cytoplasmic tail of the death receptor either directly or indirectly, as in the case of 

TNF-R1 binding to TNF-R-associated death domain, results in the recruitment of 

procaspase-8 and -10 via the formation of death effector domains (DED), ultimately 

forming the death inducing signalling complex (DISC) (Kischkel et al., 1995). The 

formation of the DISC is the point at which the TNF death receptor-mediated 

pathways converge. Assembly of the DISC enables activation of the procaspases 

into their active forms, which in turn activates the effector or executioner caspases, 
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caspase-3, -6 and 7, eventually culminating in the death of the cell (Nuñez et al., 

1998).  

 The Intrinsic Apoptotic Pathway 1.4.2.2.

In the intrinsic apoptosis pathway, apoptotic signals are initiated by and directed 

toward the mitochondrion (Kuwana and Newmeyer, 2003). Cellular stressors such 

as DNA damage, growth factor deprivation, generation of ROS, or the misfolded 

protein response to name a few, can result in the activation of the intrinsic apoptotic 

pathway (Heazell and Crocker, 2008). Activation of the intrinsic pathway leads to 

an imbalance between the Bcl-2 family of proteins, which is comprised of pro- and 

anti-apoptotic members (Kuwana and Newmeyer, 2003). Caspase-8 activation 

results in cleavage and translocation of Bid, a pro-apoptotic member of the Bcl-2 

family, into mitochondria, activating the intrinsic pathway (Stoka et al., 2001). 

Disruption of pro-apoptotic members Bax and Bak results in increased permeability 

of the mitochondrial membrane, possibly resulting in the release of cytochrome c, a 

mitochondrial inner membrane-bound heme protein that is centrally involved in the 

process of cell death (Desagher et al., 1999, Crompton, 1999). Other apoptotic 

factors such as apoptosis-inducing factor and apoptotic proteases are also released 

into the cytosol following increased mitochondrial membrane permeability 

(Crompton, 1999). Cytchrome c then binds an adaptor protein, apoptotic protease 

activating factor-1 (APAF-1), which recruits and activates the initiator caspase-9 in 

an ATP-dependent fashion, forming the macromolecular ‘apoptosome’ complex (Li 

et al., 1997). Similar to the formation of DISC in the extrinsic apoptotic pathway, 

the formation of the apoptosome leads to the activation of caspase-9, followed by 

its dimerisation and recruitment of effector caspases-3, -6 and -7 (Li et al., 1997). It 

is at this point that the intrinsic and extrinsic apoptotic pathways converge, and 

there is often crosstalk between the two pathways (Basu et al., 2006) (Figure 1.6).  
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Figure 1.6: Schematic showing the key molecular regulators of intrinsic and extrinsic apoptosis 

Intrinsic and extrinsic apoptosis involve different regulators and coincide in the activation of the caspase cascade, 

leading to the morphological changes associated with apoptosis. Modified from (MacFarlane and Williams, 2004) 
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 Molecular Processes of Necrosis 1.4.3.

In contrast with the changes accompanying apoptosis, necrosis is characterised by 

oncosis, or swelling of the cytoplasm as well as mitochondrial matrix, followed by 

rupture of the cell membrane and release of contents. Necrosis can occur as 

primary necrosis, which may be accidental or in response to pathological insults, 

or secondary necrosis, which occurs due to a failure of the completion of the 

apoptotic cascade and lack of clearance of apoptotic cells by surrounding 

phagocytes. While apoptosis is not accompanied by an immune response due to 

silent clearance of apoptotic cells, necrosis elicits an immune response (Kroemer 

et al., 1998).  

 

It is a long-held view that the mitochondrion plays a primary role in the process of 

necrosis. Swelling of the mitochondrial membrane and prolonged opening of 

mitochondrial membrane permeability transition pores may lead to the sustained 

loss of ATP, along with uncoupling of the electron transport chain, increased 

formation of reactive oxygen species (ROS), disruption of intracellular calcium 

homeostasis, liberation of caspases, and increased release of cyctochrome c from 

the mitochondria to the cytosol. The presence or absence of ATP is thought to 

primarily define the outcome of cell death, and when a cell is unable the meet 

ATP requirements, necrosis ensues (Kroemer et al., 1998).  

 

In recent years, a number of researchers have postulated that the distinction 

between apoptosis and necrosis may be blurred, with different cell and tissue 

types displaying a mix of the two processes, termed ‘necrapoptosis’ or 

‘aponecrosis’ by different researchers based on the final outcome of cell death 

(Lemasters, 1999, Huppertz et al., 2003). Recently, a mechanism of necrosis 

termed ‘necroptosis’ has been described, which may occur in a programmed or 

regulated manner in response to pathogen-induced inflammation, and may involve 

kinases such as receptor-interacting protein kinases (Moriwaki and Chan, 2013).  

In summary, cell death in physiological and pathological conditions is a complex 

process, and is defined and regulated by various modifying influences.  

 

 

 



40 
 

 Molecular Regulation of Death Processes in the 1.4.4.

Syncytiotrophoblast  

There is evidence that the process of extrusion of SNAs from the 

syncytiotrophoblast is a tightly regulated one, likely to involve an apoptosis-like 

mechanism during normal pregnancy (Huppertz et al., 1998, Huppertz et al., 

1999, Huppertz et al., 2003). The syncytiotrophoblast is non-proliferative and is 

entirely dependent on proliferation and fusion of underlying cytotrophoblasts for 

its renewal, incorporating fresh organelles into the syncytiotrophoblast throughout 

pregnancy (Benirschke and Kaufmann, 2006). It is thought that the rate of 

cytotrophoblast fusion may exceed the requirements of the placental villi, leading 

to discrete areas of apoptosis, particularly in areas of fibrin deposition, in the 

syncytiotrophoblast (Nelson, 1996).  

 

Progression of the apoptotic cascade in the syncytiotrophoblast in vivo causes the 

aggregation of syncytial nuclei into structures that were initially termed ‘syncytial 

knots’ that protrude from the syncytial membrane and eventually bud off and 

enter the maternal circulation (Benirschke and Kaufmann, 2006). The nuclei of 

these aggregates are observed to be aged and in the later stages of apoptotic 

degeneration, with heterochromatic nuclei showing peripheral chromatin 

condensation or pyknosis, prompting the theory that the formation of SNAs is 

akin to the ‘blebbing’ of cells that occurs during apoptosis (Heazell and Crocker, 

2008).  

 

It has been observed that the expression of molecular regulators of apoptosis is 

not homogenous throughout the syncytiotrophoblast. It is not uncommon to find 

patches of the syncytiotrophoblast that do not stain positively for a particular 

protein, next to regions that do stain (Abumaree et al., 2012, Huppertz et al., 

1998). This fits in with the recent observation that syncytiotrophoblast apoptosis 

is initiated in a single location and spreads radially (Longtine et al., 2012). The 

studies conducted thus far to elucidate the mechanisms of cell death in the 

syncytiotrophoblast may therefore provide single snapshots in time of the death 

process, and not a continuum of events (Abumaree et al., 2012). 
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The role of the apoptotic cascade in villous trophoblast turnover during normal 

pregnancy and preeclampsia has been examined over the past two decades, and is 

thought to involve extrinsic and intrinsic regulators of the apoptotic cascade 

(Heazell and Crocker, 2008, Straszewski-Chavez et al., 2005). Investigation of the 

occurrence of apoptosis in the placenta using immunostaining for cytokeratin M30 

neoepitope formation and the TUNEL test has indicated the apoptosis occurs in 

the syncytiotrophoblast in first and third trimester placentae from normal 

pregnancies, and increases as gestation progresses (Smith et al., 1997). Apoptosis 

in the cytotrophoblast is restricted and has been reported in 0.49% of first 

trimester cytotrophoblast cells under normal circumstances (Burton et al., 2003). 

It is therefore proposed that apoptosis in the villous trophoblast involves the 

‘initiation’ stages of the apoptotic cascade in proliferating, highly mitotic 

cytotrophoblasts. Apoptosis arrests after the cytotrophoblasts fuse into the 

syncytiotrophoblast, and reactivates at a later point to the final or ‘executioner’ 

stages in the syncytiotrophoblast leading to the extrusion of trophoblast debris 

(Huppertz et al., 2006).  

 

The expression of extrinsic regulators of apoptosis, primarily Fas/FasL and the 

TNF-α family has been observed in the syncytiotrophoblast during normal 

pregnancy, with patterns that vary throughout gestation (Mor et al., 1998, Chen et 

al., 2004a, Bamberger et al., 1997). However, the primary role of these signalling 

systems appears to be the mediation of apoptosis of maternal leukocytes and T-

cells at the maternofetal interface, maintaining the immunosuppressive bias of 

pregnancy (Abrahams et al., 2004, Bai et al., 2009). The expression of members 

of the Bcl-2 family have been extensively investigated in the villous trophoblast 

(Huppertz et al., 2006). The expression of anti-apoptotic Bcl-2 and Mcl-1 appears 

to be strong in syncytiotrophoblast with minimal variation throughout gestation 

(Huppertz et al., 1998, Ratts et al., 2000, Abumaree et al., 2012). The expression 

of both these proteins may be inversely correlated with apoptosis in syncytial 

knots protruding from the syncytiotrophoblast surface (Toki et al., 1999). The 

expression of pro-apoptotic Bax and Bak has been observed in the 

syncytiotrophoblast cytoplasm in the third trimester (Ratts et al., 2000). The 

expression pattern of the proteins of the Bcl-2 family and their variation 

throughout gestation implies that the balance between pro- and anti-apoptotic 
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members of this family plays a key role in syncytiotrophoblast apoptosis 

throughout pregnancy (Ishihara et al., 2002).  

 

Several caspases are present in villous trophoblast. Given its pivotal role in 

apoptosis, caspase-3 has been extensively investigated. Pro-caspase-3 is present 

on the mRNA and protein level and is localised to cytotrophoblasts. However 

caspase-3 in its active form is weakly expressed in cytotrophoblasts and 

predominantly localises to syncytiotrophoblast cytoplasm (Huppertz et al., 1998). 

Active caspase-6 and -7 show similar expression patterns as caspase-3. Caspase-8 

appears to play an important role in the process of cytotrophoblast-

syncytiotrophoblast fusion, and both its pro- and active form is expressed in 

cytotrophoblasts. Caspase-8 may be involved in initiating the phosphatidylserine 

flip, which has been shown to occur in cytotrophoblasts prior to fusion (Black et 

al., 2004).  Caspase-9 is expressed weakly in cytotrophoblasts and 

syncytiotrophoblast in the first trimester but more strongly in the third trimester. 

Pro-caspase-10 is expressed in cytotrophoblasts while pro-caspase-14 is expressed 

in cytotrophoblasts and syncytiotrophoblast (Huppertz et al., 2006). In summary, 

many families of molecular regulators act to control the apoptotic process in the 

syncytiotrophoblast and may be deregulated leading to increased extrusion of 

SNAs. Despite extensive research, the control of cell death in villous trophoblast 

is as yet poorly understood.  

 ‘-Omics’ technologies 1.5.

Systems biology involves an integrated approach to understanding the 

mechanisms of disease as well as physiological function, by investigating the 

integrated network of genes, proteins and metabolites that are involved in 

molecular networks and regulatory pathways, within and between cells (Butcher 

et al., 2004). ‘-Omics’ technology or high dimensional biology involves the non-

targeted holistic study of the variation in genes (genomics), mRNA 

(transcriptomics), proteins (proteomics) and metabolites (metabolomics) due to a 

condition of interest, in a biological sample. As opposed to targeted, hypothesis-

driven reductionist approaches, an integration of -omics techniques provides a 

platform for hypothesis generating, discovery-driven research that leads to the 

identification of new molecular targets of interest involved in a disease process. 
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Recent advances in high dimensional biology have been facilitated by the 

development of high-throughput technologies and bioinformatic analytical tools 

that allow for the simultaneous detection and interpretation of changes in 

thousands of genes, transcripts, proteins and metabolites simultaneously (Horgan 

and Kenny, 2011).  

 

Transcriptomics entails the study of the transcriptome, or the total mRNA 

expressed in a cell at a particular snapshot in time. The human genome contains 

30,000-40,000 protein-coding genes, which may differ in expression due to a 

particular disease process at any given time in cells or tissues. Microarray 

technology is employed to measure changes in mRNA abundance. Proteomics 

involves the study of the complete complement of proteins expressed in a tissue or 

cell. Proteomics is confounded by the fact that the human proteome encompasses 

approximately 100,000 proteins, of which up to 20,000 may be expressed at one 

time based on the interactions between genes and environment (Robinson et al., 

2008). This technology therefore requires the fractionation and separation of 

protein mixtures prior to protein identification using mass spectrometry (MS), 

which can be conducted using multiple methods, all of which have different 

limitations (Issaq et al., 2002). Finally, metabolomics involves the investigation of 

the global profile of small molecule metabolites, final downstream targets of gene 

transcription. To date, 40,444 have been annotated (identified and described) in 

the human metabolome (Wishart et al., 2009). Changes in the metabolome are 

greatly amplified compared to the proteome and transcriptome, and closely reflect 

the phenotype of the biological system under study (Dunn and Ellis, 2005). Mass 

spectrometry and nuclear magnetic resonance techniques have frequently been 

employed to investigate the human metabolome under different conditions (Dunn 

et al., 2011b).  

 

Thus far, a number of studies have been conducted to investigate the placental 

metabolome in normal and diseased states (Heazell et al., 2011). The techniques 

employed are gas-chromatography mass spectrometry (GC-MS), to maximise 

detection of polar compounds such as sugars, and ultra-high performance liquid 

chromatography mass spectrometry (UHPLC-MS) to maximise detection of non-

polar compounds such as lipids and alcohols (Dunn and Ellis, 2005). 
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Metabolomic investigation can involve investigation of the metabolites expressed 

in tissue (metabolic fingerprint), or the metabolites secreted or taken up by tissue 

over a period of time (metabolic footprint) (Heazell et al., 2011). Metabolomic 

analysis of placental tissue is more difficult than analysis of the metabolic 

footprint in vitro (Heazell et al., 2011). It has therefore been proposed that the 

investigation of the secreted placental metabolome, or the placental metabolic 

footprint, provides an overview of the function of the human placenta under 

different conditions, over a prolonged period of time. In summary, a combination 

of different approaches and high-throughput techniques are often used to obtain a 

global overview of particular disease processes, in order to gain a greater 

understanding of underlying pathophysiological mechanisms.  

 Summary and Research Objectives 1.6.

Antiphospholipid antibodies constitute the strongest maternal risk factor for 

preeclampsia (Duckitt and Harrington, 2005). Antiphospholipid antibodies have 

been shown to cause increased extrusion of necrotic trophoblast debris from the 

placental surface in a placental explant model (Chen et al., 2009b). An increase in 

the extrusion of trophoblast debris has been associated with preeclampsia, and 

may contribute to the development of preeclampsia. To date, there is no 

mechanistic explanation of how aPLs may cause increased cell death in the 

syncytiotrophoblast, resulting in the extrusion of necrotic trophoblast debris.  

 

Since there is no hypothesis suggesting a mechanism by which aPLs cause 

increased extrusion of necrotic trophoblast debris from the placenta, I conducted a 

series of unbiased analyses investigating the effect of aPLs on:  

1) The transcriptome of placental explants 

2) The proteome of SNAs extruded from placental explants 

3) The metabolic footprint of placental explants 

 

These experiments were conducted in order to generate testable hypotheses to 

explain the effects of aPLs on the syncytiotrophoblast and the production of 

necrotic trophoblast debris.  
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2. Materials and Methods 

 Ethical Approval 2.1.

All investigations involving human tissue performed at The University of 

Auckland, NZ, were approved by The University of Auckland Human Participants 

Ethics Committee or The Auckland Regional Health and Disability Ethics 

Committee (NTX/06/04/035, NTC/12/06/057). Studies involving human tissue 

performed at the University of Manchester, UK, were approved by the Central 

Manchester Research Ethics Committee.  

 Materials 2.2.

All chemical and organic solvents were of Analar or Laboratory Reagent grade. 

Solutions utilised in sample preparation and mass spectrometry conducted at the 

University of Otago, NZ and the University of Manchester, UK were purchased 

by the respective laboratories and are not included in these tables. All other 

materials are described in Tables 2.1-2.7. Equipment, software and bioinformatics 

databases are described in Tables 2.8-2.11. 
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Table 2.1: Buffers and solutions 

Buffer Constituent 

PBS (phosphate buffered 

saline) 

120 mM NaCl, 2.7 mM KCl, 1.5mM NaH2PO4, 8mM 

KH2HPO4, pH 7.4 

Tris-EDTA buffer  10mM Tris-HCl, 1mM EDTA, pH 8 

RIPA buffer 50mM Tris (pH 4), 150nM NaCl, 1% Non-idet P40, 1% 

sodium deoxycholate, 0.1% sodium dodecyl sulphate 

(SDS), 5x cOmplete EDTA-free protease inhibitor cocktail, 

and 1mM phenylmethanesulfonylfluoride 

iTRAQ-compatible lysis 

buffer 

0.05% SDS, 0.1% Non-idet P40 and 2M urea in PBS 

Blocking solution for 

immunohistochemistry 10% normal goat serum in PBS 

Quenching solution for 

immunohistochemistry 3% hydrogen peroxide in methanol 

 

 

Table 2.2: Fine chemicals and reagents used in tissue culture 

Reagent Manufacturer & Distributor 

Advanced Dulbecco’s Modified Eagle Medium 

(DMEM/F12) Invitrogen, Auckland, NZ 

Fetal bovine serum (FBS) Invitrogen, Auckland, NZ 

Penicillin and streptomycin (P/S) Invitrogen, Auckland, NZ 

Chemically defined medium for high density cell 

culture (CDM-HD) serum replacement FiberCell
®
 Systems, MD, USA 

Murine monoclonal IgG1 antibody (cat. no. 02-

6100) Invitrogen, Auckland, NZ 

Antiphospholipid antibody ID2 (aPL ID2)  Produced in our laboratory 

 

 

Table 2.3: Culture media 

Media Constituents 

Media for ID2-producing 

hybridoma cells 

Advanced DMEMF/12 containing 5% CDM-HD serum 

replacement and 1% penicillin/streptomycin (P/S) 

Placental explant culture 

media 

Advanced DMEMF/12 containing 10% heat-inactivated 

fetal bovine serum (FBS) and 1% 

penicillin/streptomycin (P/S) 
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Table 2.4: Standardised kits  

Kit Manufacturer or supplier 

Dynabeads® CD45 Invitrogen, Auckland, NZ 

Ambion PureLink
TM

 mini-kit  Invitrogen, Auckland, NZ 

Experion
TM

 RNA StdSens analysis kit  BioRad, Auckland, NZ 

HT One-cycle cDNA synthesis kit  Affymetrix, CA, USA 

In vitro transcription (IVT) labelling kit  Affymetrix, CA, USA 

Superscript III
®
 First-Strand Synthesis System  Invitrogen, Auckland, NZ 

SYBR
® 

Green PCR master mix kit  

Applied Biosystems, Auckland, 

NZ 

Pierce
TM

 BCA protein assay kit  

Thermo Fisher Scientific, 

Auckland, NZ 

 

 

Table 2.5: Reagents used in molecular biology 

Solution/ reagent Local supplier 

RNA-Later
®
 Invitrogen, Auckland, NZ 

TRIzol Invitrogen, Auckland, NZ 

Chloroform Sigma-Aldrich, Auckland, NZ 

DEPC-treated RNase-free water Invitrogen, Auckland, NZ 

Ethanol BDH, Auckland, NZ 

DNase I Invitrogen, Auckland, NZ 
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Table 2.6: Antibody dilutions and sources 

Antibody 

Catalogue 

number Dilution Manufacturer/Local supplier 

TRAIL ab2435 1 in100 

Abcam/ Sapphire biosciences, 

Auckland, NZ 

Calreticulin LS-C105731 1 in 200 

Lifespan Biosciences/ 

Sapphire biosciences, 

Auckland, NZ 

Annexin A5 ab14196 1 in 200 

Abcam/ Sapphire biosciences, 

Auckland, NZ 

Protein kinase C-

epsilon LS-C138817 1 in 1000 

Lifespan Biosciences/ 

Sapphire biosciences, 

Auckland, NZ 

Purified rabbit IgG I5006 1 in 100 Sigma-Aldrich, Auckland, NZ 

Biotin conjugated 

goat anti-rabbit IgG 111-065-045 1 in 150 

Jackson ImmunoResearch 

labs/Abacus Als, Auckland, 

NZ 

Streptavidin-

conjugated 

horseradish 

peroxidase 016-030-084 1 in 300 

Jackson ImmunoResearch 

labs/Abacus Als, Auckland, 

NZ 

 

Table 2.7: Materials used in immunohistochemistry 

Solution/Reagent Local supplier  

Jung tissue cryoembedding medium Biostrategy, Auckland, NZ 

2-methylbutane 95% Sigma-Aldrich, Auckland, NZ 

Microscope coverslips Biolab, Auckland, NZ 

Pre-cleaned microscope slides Biolab, Auckland, NZ 

Aquatex Merck, Auckland, NZ 

Poly-L-lysine Sigma-Aldrich, Auckland, NZ 

Normal goat serum Invitrogen, Auckland, NZ 

DAKO pen Medbio, Christchurch, NZ 

Acetone Biolab, Auckland, NZ 

Methanol Biolab, Auckland, NZ 

Lithium carbonate Sigma-Aldrich, Auckland, NZ 

3-amino-9-ethylcarbazole (AEC+) substrate-

chromagen (Dako) Medbio, Christchurch, NZ 

Hematoxylin (Gills No. 2) Biostrategy, Auckland, NZ 
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Table 2.8: Equipment 

Instruments Manufacturer or supplier 

Culture incubator Biolab, Auckland, NZ 

FiberCell
®
 Systems bioreactor  FiberCell

®
 Systems Inc, MD, USA 

Heraeus Fresco 21 mini-centrifuge Thermo Scientific, Auckland, NZ 

Heraeus Multifuge X3R centrifuge Thermo Scientific, Auckland, NZ 

Avanti J-301 High-performance ultracentrifuge  Beckman Coulter, CA, USA 

ÄKTAprime plus chromatography system 

GE Healthcare, Global Sciences, 

Auckland, NZ 

Automated Cellometer
®
 Nexcelom, MA, USA 

T25 rotor-stator homogeniser  IKA, KL, Malaysia 

NanoDrop ND-1000 spectrophotometer  

NanoDrop Technologies, Thermo Fisher 

Scientific, DE, USA 

Experion
TM

 automated electrophoresis system  BioRad, Auckland, NZ 

Affymetrix Genechip
®
 scanner 3000 7G Affymetrix, CA, USA 

X-Mark BioRad Microplate Spectrophotometer BioRad, Auckland, NZ 

7900HT Fast Real-Time PCR System  Applied Biosystems, Auckland NZ 

Nikon/Narishige NT V-88-V3 Micromanipulator 

system  Narishige, Tokyo, Japan 

Nikon Eclipse Ti inverted microscope  Nikon, USA 

PC-10 puller  Narishige, Tokyo, Japan 

Sonorex Digitec ultrasonic bath Thermo Scientific, Auckland, NZ 

Nikon E400 microscope Nikon, USA 

Cryostar NX70 cryostat Thermo Scientific, Auckland, NZ 

 

Table 2.9: Instrumentation used in chromatography and mass spectrometry 

Mass spectrometry and chromatography 

instruments Manufacturer or supplier 

FUS-10-CP column (300μm ID x 10cm length, 

packed with Poros 10S, SCX, 500-10000 Å) Dionex, Thermo Scientific, CA, USA 

C18-trap cartridge (C18 PepTrap nano flow)  Dionex, Thermo Scientific, CA, USA 

Ultimate 3000 nano-flow UHPLC-System  Dionex, Thermo Scientific, CA, USA 

LTQ-Orbitrap XL hybrid mass spectrometer  Thermo Scientific, CA, USA 

Accela UHPLC system coupled to an 

electrospray LTQ-Orbitrap Velos hybrid mass 

spectrometer  

ThermoFisher Scientific, Hemel 

Hempstead, UK 

Hypersil GOLD column (100 x 2.1 mm, 1.9 μm) ThermoFisher Scientific, Runcorn, UK 

Agilent 7890 Gas Chromatograph Agilent Technologies, Stockport, UK 

Pegasus HT TOF mass spectrometer  LECO Corp., Stockport, UK 
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Table 2.10: Software 

Software Source 

PrimeView 5.0  GE Healthcare Life Sciences, Auckland, 

New Zealand 

GraphPad Prism
®
 version 5.0 for 

Windows 

GraphPad Software, CA, USA, 

www.graphpad.com 

ExperionTM automated electrophoresis 

software BioRad, Auckland, NZ 

R version 2.14 http://www.r-project.org.  

Bioconductor web software repository  http://www.bioconductor.org 

Ingenuity Pathway Analysis software  

www.ingenuity.com, Redwood City, CA, 

USA 

Primer3 software version 0.4.0 http://frodo.wi.mit.edu/primer3/  

Proteome Discoverer software  Thermo Scientific, San Diego, CA, USA 

XCalibur  

ThermoFisher Scientific, Bremen, 

Germany 

XCMS software  https://xcmsonline.scripps.edu/  

ChromaTOF software version 4.22 LECO Corp., MI, USA 

Mascot http://www.matrixscience.com 

SEQUEST Thermo Scientific, CA, USA 

Microsoft Excel®  Microsoft, USA 

Golm metabolome database http://gmd.mpimp-golm.mpg.de/ 

Manchester metabolomics database http://dbkgroup.org/MMD/ 

NIST 08 mass spectral library 

http://www.sisweb.com/software/ms/nist.ht

m 

 

Table 2.11: Bioinformatics databases used for biological interpretation of 

data 

Bioinformatic database Website 

Gene Annotation Tool to Help Explain  

Relationships (GATHER) http://gather.genome.duke.edu/ 

PANTHER  http://www.pantherdb.org/ 

Database for Annotation, Visualization 

and Integrated Discovery (DAVID) 

version 6.7  david.abcc.ncifcrf.gov/ 

Human MitoCarta Database 

http://www.broadinstitute.org/pubs/MitoCar

ta/human.mitocarta.html 

Human Metabolite Database (HMDB) http://www.hmdb.ca/ 

Kyoto Encyclopedia of Genes and 

Genomes (KEGG) 

http://www.genome

.jp/kegg/pathway.ht

ml 

 

http://www.r-project.org/
http://www.bioconductor.org/
http://frodo.wi.mit.edu/primer3/
https://xcmsonline.scripps.edu/
http://www.matrixscience.com/
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 Participants and Tissue Collection 2.3.

First trimester placentae were donated anonymously by patients undergoing 

elective surgical termination of pregnancy at Epsom Day Unit, Greenlane 

Hospital, Auckland, NZ. Gestational age and fetal viability was assessed prior to 

termination using ultrasound. Placentae were collected within 3 hours of surgical 

termination, separated from the conceptus and rinsed thoroughly in sterile 

phosphate-buffered saline (PBS, pH 7.4) to remove excess blood clots and placed 

in fresh PBS for transportation to the laboratory.  

 

Third trimester placentae were collected from patients with uncomplicated term 

pregnancies who delivered a healthy singleton fetus following Caesarean section 

or labour at St. Mary’s Hospital, the University of Manchester. Placentae were 

collected and processed no more than 20 minutes after delivery.  

 Methods 2.4.

Where the techniques outlined below are general, the relevant experimental 

information is provided in the associated results section as indicated. All tissue 

culture was performed under sterile conditions in a Class-II laminar flow hood. 

 Culture, Harvesting and Purification of the Antiphospholipid 2.4.1.

Antibody ID2 

 Culture and Harvesting of the Antiphospholipid Antibody ID2  2.4.1.1.

The murine monoclonal aPL ID2 was utilised to model the action of aPLs on 

human placenta. ID2 is an IgG1-isotype antibody generated from mice immunised 

with purified human β2 glygcoprotein-1 (Matsuura et al., 1994b). This antibody 

has similar reactivity to human aPLs and reacts with β2 glycoprotein-1 when it is 

immobilised on a suitable negatively charged surface such as irradiated 

polystyrene, cardiolipin, or phosphatidyl serine (Matsuura et al., 1994b). The aPL 

ID2 was grown in serum-free medium in our laboratory and harvested in vitro 

using a FiberCell
®
 Systems bioreactor (FiberCell

®
 Systems Inc, Table 2.8). ID2-

producing hybridoma cells were taken out of storage in liquid nitrogen and rapidly 

thawed by immersion in 37ºC. The cells were then transferred to a 30mL 

universal tube with 10mL PBS and centrifuged at 220 x g for 5 minutes at 4ºC. 
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Cells were suspended in 10mL Advanced Dulbecco’s Modified Eagle Medium 

(DMEM) containing 5% sterile-filtered CDM-HD serum replacement and 1% 

penicillin-streptomycin (P/S) (Table 2.2, 2.3) in T75 flasks. Approximately 100 x 

10
6
 ID2-producing cells were then seeded into a 4300-C2008 medium cartridge 

attached to a FiberCell
®

 Systems Duet Pump at a packing density of 50% in a 

volume of 2.5mL (Caldwell, 2011). The FiberCell
®
 Systems bioreactor is a 

hollow fibre system whereby hydrophilic hollow polysulphone fibres form a semi-

permeable barrier, with a molecular weight cut-off of 5kD between the 

compartment where the cells are grown and the media flows. This allows the 

accumulation of proteins of a known molecular weight at high concentrations, 

which can then be harvested and further purified (Caldwell, 2011). Every three 

days, two syringes were attached to the inlets of the FiberCell
®
. 20mL Advanced 

DMEM with 5% CDM-HD and 1% P/S was injected from one syringe into the 

FiberCell
®
, and 20mL of media containing ID2 was aspirated into the other 

syringe. The aspirate from the FiberCell
®
 was centrifuged at 3500 x g for 15 

minutes, and the supernatant stored at -20°C until purification. A total of 100mL 

of media containing ID2 was collected for experimental use and underwent 

affinity chromatography for further purification.  

 Purification of the Antiphospholipid Antibody ID2 using Protein G 2.4.1.2.

Affinity Chromatography 

Media containing the aPL ID2 harvested using the FiberCell
®
 Bioreactor system 

was centrifuged using an ultracentrifuge (Beckman Coulter, Table 2.8) at 2000 x g 

for 30 minutes. Supernatant was removed and filtered using 0.2µm filter 

(Millipore, NZ), to completely remove cellular debris. Affinity chromatography 

was performed at room temperature using an ÄKTAprime plus chromatography 

system and HiTrap Protein G HP 1mL columns (GE Healthcare, Table 2.8). These 

columns are prepacked with 1mL of recombinant protein G produced in E.Coli. 

Protein G has a strong affinity for polyclonal and monoclonal IgG isotype 

antibodies at pH 7. Columns were equilibrated with 6mL of sterile PBS (pH 7.4) 

at a flow rate of 0.5mL/min. Media containing ID2 harvested from the FiberCell
®
 

Systems bioreactor were injected into the columns in 5mL batches. The column 

was washed again with 6mL of PBS (pH 7.4) to remove unbound antibody. 

Antibody was eluted from the column using 0.1M glycine (pH 2.7) and 
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immediately neutralised with 1M Tris HCl (pH 9.3). PrimeView 5.0 software (GE 

Healthcare, Table 2.10) was continuously used to monitor each chromatographic 

separation. Columns were stored in 20% ethanol at 4ºC when not in use. Purified 

antibody was pooled and concentrated using Vivaspin
®
 20 concentrator tubes 

(Vivaproducts, Auckland, NZ) containing vertical polyethersulphone membranes. 

Batches of 20mL ID2 were centrifuged at 4000 x g at 4°C for 20 minutes each. A 

total of 12mL of purified ID2 was collected after concentration, and underwent 

dialysis using a sterilised dialysis membrane in 5L of PBS (pH 7.4) which was 

changed twice after 2 hours each before dialysing at 4ºC overnight. Purified, 

dialysed ID2 was filtered using a 0.2µm filter (Millipore, Auckland, NZ), 

antibody concentration was tested using the bicinchoninic assay (BCA, Table 2.4, 

described in section 2.4.4.3) and finally, ID2 was diluted to produce a stock 

solution of 1mg/mL in sterile PBS (pH 7.4) for use in subsequent experiments.  

 Culture of Placental Explants with the Antiphospholipid 2.4.2.

Antibody ID2 

Placental tissue was collected as outlined in section 2.3 and washed three times in 

separate tissue culture dishes with fresh sterile PBS (pH 7.4) until excess blood 

was removed from the tissue. From first trimester placentae, explants of 

approximately 290±32mg wet weight were dissected carefully using sterile 

dissecting scissors and forceps. Third trimester placentae were sampled at three 

placental lobules following removal of chorionic and decidual surfaces: edge, 

centre, and mid-way between these edge and centre, and explants 3mm x 3mm x 

3mm were dissected from each location.  

 

Explants were then transferred into 12-well culture plates containing sterile 

400µm mesh-bottom Netwell™ inserts using sterile blunt forceps. All placental 

tissue was cultured in Advanced Dulbecco’s Modified Eagle medium containing 

2% heat-inactivated FBS and 1% P/S (Table 2.2, 2.3) and incubated at 5% CO2 

and 95% O2 at 37°C. The media used in the proteomic and metabolomic studies 

was prepared at the same time using media, FBS, and P/S from the same 

manufactured batch (Table 2.2). Media was aliquoted and stored at -80º C until 

use in experiments. This was conducted to avoid medium-related inconsistencies 

in the placental metabolome, which has been documented (Dunn et al., 2009).  



55 
 

 

The aPL ID2 or the isotype-matched control antibody (murine monoclonal IgG1, 

Invitrogen, NZ, Table 2.2) were diluted to the appropriate concentration using 

culture media in each experiment. To ensure consistency, the control antibody 

used in the proteomic and metabolomic studies was also derived from the same 

manufactured batch. The number of placentae, the number of explants, and the 

different treatment conditions used in each experiment are summarised in Table 

2.12. 
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Table 2.12: Placental culture conditions for transcriptomic, proteomic and metabolomic experiments 

Experiment 
Gestation 

(weeks) 

No. of 

placentae 

(n) 

No. of 

explants/placentae 

Total no. 

of 

explants Control 

aPL ID2 

 (µg/mL) 

Time in culture 

(hours) 

Transcriptomics               

Dose-response 9-9.5  3 8 24 Untreated media only 

12.5µg/mL (or) 25µg/mL 

(or) 50µg/mL 20h 

Time-course 10.5-12  3 6 18 Untreated media only 25µg/mL 4h (or) 16h (or) 20h 

Microarray 8-8.5  3 2 6 Untreated media only 25µg/mL 16h 

RT-qPCR (microarray 

validation) 8-8.5  3 2 6 Untreated media only 25µg/mL 16h 

RT-qPCR (apoptosis genes) 8-8.5  3 4 12 Untreated media only 25µg/mL (or) 50µg/mL 

25µg/mL for 16h;  

50µg/mL for 24h 

Immunohistochemical 

validation  8-8.5 3 2 6 Untreated media only 25µg/mL 16h 

Proteomics             

  Lysis of Syncytial nuclear 

aggregates 8.4-10.6  6 2 12 Untreated media only 24h 

iTRAQ 8.1-12.6  10 12 120 

Untreated media 

only 

Control 

antibody 

50µg/mL 50µg/mL 24h 

Immunohistochemical 

validation 11-12.6  6 3 18 

Untreated media 

only 

Control 

antibody 

50µg/mL 50µg/mL 24h 

Metabolomics       

    

First trimester placental 

metabolic footprint analysis 11-12.6  10 9 90 

Untreated media 

only 

Control 

antibody 

50µg/mL 50µg/mL 24h 

Third trimester placental 

metabolic footprint analysis Term 6 27 162* 

Untreated media 

only 

Control 

antibody 

50µg/mL 50µg/mL 24h 

Immunohistochemical 

validation 11-12.6  3 4 12 

Untreated media 

only 

Control 

antibody 

50µg/mL 25µg/mL (or) 50µg/mL 

25µg/mL for 16h;  

50µg/mL for 24h 

Total  

 

59 

placentae 

 

486 

explants 

    * Note: Three term placental explants were cultured per Netwell
TM

, constituting a single replicate 
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 Transcriptomic Analysis of Placental Explants treated with the 2.4.3.

Antiphospholipid Antibody ID2 

 Harvesting and Counting of Trophoblast Debris 2.4.3.1.

Netwells
TM

 containing placental explants were removed, culture media containing 

trophoblast debris was collected, wells were washed thoroughly with PBS (pH 

7.4), and culture media was centrifuged at 2000 x g for 10 minutes at room 

temperature. The supernatant was removed, the pellet was resuspended in 100µL 

of PBS (pH 7.4), and transferred to a 1.5mL microcentrifuge tube. Red blood cells 

were lysed by adding 800µL of water for 1 minute followed by addition of 200µL 

of 10 x concentrated PBS (pH 7.4) containing 10% FBS to neutralise the pH. 

Microtubes were centrifuged in a mini-centrifuge at 3000 x g for 10 minutes at 

room temperature. The supernatant was removed and the pellet containing 

trophoblast debris was resuspended in 1mL of PBS (pH 7.4). CD45 Dynabeads
®

 

(Invitrogen, Table 2.4) were used to deplete the trophoblast debris of CD45+ 

cells. Briefly, 20µL of washed beads were added to each sample and incubated on 

a rotor for 30 minutes at 4°C. CD45 beads were depleted using a magnetic particle 

concentrator according to manufacturer’s instructions, at 2 minutes per separation 

with 3 separations in total. The depleted supernatant was removed, centrifuged at 

3000 x g for 10 minutes and resuspended in 100µL of PBS (pH 7.4). The 

trophoblast debris was counted by diluting 1:1 in Trypan blue solution, loaded 

onto a Cellometer
®
 cell counting chamber and counted using an automated 

Cellometer
®
 (Nexcelom, Table 2.8), using the following settings: minimum cell 

diameter 2μm, maximum cell diameter 200μm, cell roundness 0.1, and contrast 

enhancement 0.4. Trophoblast debris <20µm in size was classified as 

mononuclear trophoblasts, while trophoblast debris >20µm was classified as 

syncytial nuclear aggregates (SNAs) (Chen et al., 2009b). Data represent mean 

±S.E.M. of the total trophoblast debris extruded per placental explant in each 

treatment condition. Statistical analysis was conducted using the one-way analysis 

of variance (ANOVA) test for the dose-response experiment, and the two-way 

ANOVA for the time-course experiment, on the statistical programme GraphPad 

Prism
®
 version 5.04 for Windows (GraphPad Software, Table 2.10).  
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 Extraction of Total RNA from Placental Explants 2.4.3.2.

After 16 hours in culture with either media-only or the aPL ID2, placental 

explants were transferred into RNA-Later® (Invitrogen, Table 2.5) and stored at -

20°C until homogenisation and RNA extraction, which was performed using 

TRIzol reagent (Invitrogen, Table 2.5). Up to 75mg of placental villous tissue was 

dissolved in 1mL of TRIzol (Invitrogen, Table 2.5) and homogenized on a T25 

rotor-stator homogeniser (IKA, Table 2.8). Lysates were incubated in TRIzol for 5 

minutes at room temperature. 200μL of chloroform (Sigma-Aldrich, Table 2.5) 

was added to each sample, shaken vigorously, and incubated for 3 minutes at 

room temperature. Samples were centrifuged at 16,100 x g in a mini-centrifuge 

for 10 minutes at 22°C and the upper aqueous phase transferred to a fresh tube. 

Equal volumes of 70% ethanol (BDH, Table 2.5) were added to all samples, 

which were further purified as per the instructions using the Ambion PureLink
TM

 

mini-kit (Invitrogen, Table 2.4). Briefly, samples were vortexed to remove any 

precipitate, 700µL of the sample was transferred a spin cartridge, centrifuged for 

13, 200 x g for 15 seconds using a mini-centrifuge, and flow-through was 

discarded. This was repeated until the entire sample was processed. Samples were 

then washed twice in a series of wash steps including the addition of 700µL of 

wash buffer I and 500µL of wash buffer II, and centrifuged as described above 

after the addition of each wash buffer. RNA was eluted using 20µL of DEPC-

treated RNase-free water (Invitrogen, Table 2.5) into RNase-free tubes, and stored 

at -80°C until processing.  

 Assessment of RNA Quality and Quantity 2.4.3.3.

Final RNA concentration (A260) and purity (A260:A280) was measured using a 

NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific, Table 2.8). 

RNA quality was assessed for 28S and 18S degradation using an Experion
TM

 

automated electrophoresis system and Experion
TM

 RNA StdSens analysis kit 

(BioRad, Table 2.4, 2.8). 1µL of RNA was added along with 5µL of loading dye 

to each well on an RNA StdSense chip. Samples were separated using 

microfluidic electrophoresis, and an electropherogram was generated based on the 

detected fluorescence from which the ribosomal RNA ratio (28S:18S) was 

calculated to provide an RNA quality indicator (RQI) for each sample (Denisov et 

al., 2008).  
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 Microarray Labelling, Hybridisation and Scanning 2.4.3.4.

For the microarrays, 1µg of total RNA extracted was labelled using the HT One-

cycle cDNA synthesis kit according to manufacturer’s instructions (Affymetrix, 

Table 2.4). Briefly, in the first-strand cDNA synthesis reaction, 2µL of poly-A 

RNA controls were ‘spiked-in’ to each sample, and RNA was reverse-transcribed 

using 2µL of T7-Oligo (dT) promotor primer. Samples were incubated for 10 

minutes at 70°C and cooled to 4°C for 2 minutes. 7µL of reaction mix comprising 

4µL of 5 x 1
st
 strand reaction buffer, 2µL of 0.1M DTT, and 1µL of 10mM dNTP 

was added to each sample, and transferred to 42°C. Samples were incubated with 

2µL of SuperScript II for 1 hour and cooled to 4°C for two minutes. The second-

strand cDNA synthesis reaction was mediated by adding 130µL of a reaction 

mixture containing 30µL of 5 x 2
nd

 strand reaction buffer, 3µL of 10mM dNTP, 

1µL each of E.Coli DNA ligase and DNA polymerase-1, 1µL of RNase-H and 

91µL of RNase-free water, and incubating at 16°C for 2 hours. 2µL of T4 DNA 

polymerase was added to each sample, incubated for 5 minutes at 16°C, following 

which 10µL 0.5M EDTA was added. Double-stranded cDNA was purified for use 

in the subsequent in vitro transcription (IVT) reaction, which was performed using 

the IVT labelling kit (Affymetrix, Table 2.4), according to manufacturer’s 

instructions. The IVT reaction was conducted in the presence of T7 RNA 

polymerase and a biotinylated  nucleotide analogue for amplification and biotin 

labelling of complementary RNA (cRNA) (Affymetrix). 4µL of 10 x IVT 

labelling buffer, 12µL of IVT labelling NTP mix, and 4µL of IVT labelling 

enzyme mix was added to each sample containing cDNA, incubated for 37°C for 

16 hours, and stored at -70°C until cleanup. Biotinylated cRNA was cleaned up in 

a series of wash steps using ethanol and an IVT cRNA cleanup column, eluted 

using 10µL of RNase-free water, fragmented and hybridised onto Human Genome 

U133 Plus 2.0 microarrays according to manufacturer’s instructions, and scanned 

using an Affymetrix Genechip
®
 scanner (Affymetrix, USA). The hybridisation 

and scanning of the microarrays was conducted by Liam C. Williams, at the 

Centre of Genomics and Proteomics, The University of Auckland.  

 Analysis of Microarray Data 2.4.3.5.

Quality control, normalisation and statistical analysis of the microarray data was 

conducted using the statistical programme R. R scripts for microarray data 
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analysis were written by Associate Professor Cristin Print, The University of 

Auckland. The programme R was initially developed at The University of 

Auckland (Ihaka and Gentleman, 1996), and is freely available at http://www.r-

project.org (Table 2.10). Packages and manuals for use on R were downloaded 

from the open-source Bioconductor web software repository 

(http://www.bioconductor.org, Table 2.10) for the purpose of statistical analysis 

and visualisation of biological experiments (Reimers and Carey, 2006).  

2.4.3.5.1. Quality Control Analysis of Microarray Data using affyQC Report 

The “affyQCReport” package available on the statistical programme R was used 

to generate a report of the quality control of the microarrays, analysing the raw 

data at the level of the probes as opposed to the level of probe sets (Parman and 

Halling, 2008). For all 6 microarrays, the 3’:5’ signal intensity ratios for the 

‘spiked-in’ control genes β-actin (ACTB) and glyceraldehyde 3-phosphate 

dehydrogenase (GADPH)  were 3 and 1.25 respectively, indicative of no potential 

outliers or mRNA degradation within the samples. The kernel density estimate 

from the affyQCReport demonstrated that all 6 chips were within the same range 

of intensity, had overlapping plot profiles and did not show bi- or multi-modal 

distributions, indicative of normal array data with minimal differences in raw 

signal intensities (Figure 2.1). 

 

 

Figure 2.1: Kernel density plot of log2-scale perfect 

match probe intensities                            

Smoothed histogram showing the estimated log2 perfect 

match probe intensities for microarrays 1-6 

http://www.r-project.org/
http://www.r-project.org/
http://www.bioconductor.org/
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2.4.3.5.2. Normalisation using Robust Multiarray Average 

The probe-level data were background corrected, quantile normalised and 

summarised into probe sets using the RMA (Robust Multiarray Average) 

algorithm without the use of mismatch probe sets using the Bioconductor Affy 

package (Irizarry et al., 2003). Significance analysis of microarrays (SAM) to 

generate a false discovery rate was conducted using the ‘samr’ package in R 

(Zhang, 2007).  

 Statistical Analysis using the LIMMA Model 2.4.3.6.

Differentially expressed RNAs were identified using the Linear Models for 

Microarray Data (LIMMA) package on R (Smyth, 2005). Annotations were 

obtained from NetAffx (Affymetrix), and changes in gene expression with a p-

value of ≤0.01 were considered differentially expressed genes and were analysed 

further.  

 In-silico Functional Analysis using GATHER and IPA 2.4.3.7.

Relationships between differentially expressed genes were analysed utilising two 

pathway analysis tools: Gene Annotation Tool to Help Explain Relationships 

(GATHER, Table 2.11) (Chang and Nevins, 2006), and Ingenuity Pathway 

Analysis software (IPA, www.ingenuity.com, Table 2.10). Both tools are web-

based applications that allow biologists to visualise and explore gene sets and 

networks relevant to gene expression data sets. GATHER is a web-based 

algorithm that assesses the statistical significance of the enrichment of several 

types of gene set within a submitted list of genes. Pathways identified by 

GATHER (with a –log2 Bayes Factor ≥ 1) were analysed further using a limited 

permutation analysis.  

 Permutation Analysis 2.4.3.8.

Pathways identified by GATHER (with a –log2 Bayes Factor ≥ 1) were analysed 

further using a limited permutation analysis, which compared the enrichment of 

the list of genes of interest for a specific gene set with the enrichment of 10,000 

randomly generated lists of genes the same size as the actual list, for the same 

specific gene set. If the degree of enrichment was ≥ that seen in the actual list in  

less than 5% of the 10,000 randomly generated lists of genes, then the enrichment 

http://www.ingenuity.com/
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seen for the actual gene list was judged to be unlikely to have occurred due to 

chance alone (p ≤0.05).  

 Semi-quantitative Real-Time Reverse-Transcription Polymerase Chain 2.4.3.9.

Reaction (RT-qPCR) 

2.4.3.9.1. Reverse Transcription-Polymerase Chain Reaction 

1µg of total RNA from aPL ID2-treated and untreated placental explants was 

reverse transcribed using the Superscript III
®

 First-Strand Synthesis System for 

RT-PCR, performed according to the manufacturer’s instructions (Invitrogen, 

Auckland, NZ, Table 2.4). Prior to reverse transcription, total RNA samples were 

treated with 1U DNase I (Invitrogen, Table 2.5) to eliminate genomic DNA 

contamination. 1µL oligo dT primers and 1µL of dNTPs were added to RNA and 

incubated at 65°C for 10 minutes to denature RNA. A cDNA synthesis mix of 

2µL of 10X cDNA synthesis buffer, 2µL of 0.1M DTT, 1µL of 40U/µL RNase 

OUT RNase inhibitor, 4µL of Mg2Cl2, and finally 1µL of 200U/µL Superscript III 

reverse transcriptase were added to denatured RNA and incubated at 50°C for 50 

minutes, following which Superscript III was inactivated by further heating to 

85°C for 5 minutes. The RNA template was degraded by the addition of 1µL of 

2U/µL RNase H and incubating at 37°C for 20 minutes. Finally, first strand 

cDNA was diluted in sterile water to a volume of 100µL for RT-qPCR. 

2.4.3.9.2. Primer Design and Sequences for RT-qPCR 

Oligonucleotide primers for qRT-PCR were designed within the region of the 

gene detected by the Affymetrix HGU133 Plus 2 probe sets using the Primer3 

Software Version 0.4.0 (http://frodo.wi.mit.edu/primer3/), and were manufactured 

by Invitrogen, NZ. Primers were received in lyophilised form and were 

reconstituted in Tris-EDTA buffer (Table 2.1) to a stock solution of 100pmol/µL, 

which was stored at -80°C, and a working solution of 2pmol/µL, which was stored 

at -20°C until use. The RT-qPCR primers for the internal references genes ACTB, 

HPRT1, PPIA, RPL0, TBP and UBC were a kind gift from Roseanne Rosario, 

Molecular Reproduction laboratory, The University of Auckland. Complete 

primer sequences are provided in Table 2.13.  

 

 

http://frodo.wi.mit.edu/primer3/
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Table 2.13: Sequences of primers used for RT-qPCR 

Primer pair Sequence Amplicon length 

AA703280FW GCCCTGTGGATGCTCTGTAT 108 

AA703280RV TTGAGCAGGAATCCCAACAT   

GHRFW GAAGCAAGCTTAATGGCTGA 148 

GHRRV TGGAGAAAACCATAGCAGCA   

GRB10FW GCTGGCGGTAGATTTGTGAT 134 

GRB10RV TGAAGCAAAGCACATGGAAT   

NOGFW TTTATATTCCAGTGCCCTTCG 134 

NOGRV CCAAAACACTTTCCGAAGAA   

PODXLFW GAGGGACCAAGGAAACATGA   

PODXLRV TGTGTCCTCCATGCTGTGTT 123 

RBP7FW CGAACAGCAGCCTAAGGAAC 126 

RBP7RV AGGTGAGCCTGTCATTGTCC   

TNFSF10FW CCAGAGGAAGAAGCAACACA 109 

TNFSF10RV CTCAGGAATGAATGCCCACT   

BCL2L1RTFW CATTTAGGGGCCACTTTTGA 111 

BCL2L1RTRV TTTGGACTGGGAGTGAGGAC   

SEMA6ARTFW CCTGGACACCAGTTCCTGAT 133 

SEMA6ARTRV GGGTGCGTCTTGATGAAGTT   

PRKCERTFW AAGGCAGCCAGTCAGTCTGT 149 

PRKCERTRV TACTCAACGAACACGCAAGC   

PDCD2LRTFW CGCTCTTCCTGCCCTACTAC 138 

PDCD2LRTRV TTTGGGAAAGCAACTGATCC   

FASLGRTFW GGGGGCAGTGTTCAATCTTA 137 

FASLGRTRV TGGAAAGAATCCCAAAGTGC   

MCL1RTFW TTTTTGCATTGGCATCTTTG 104 

MCL1RTRV GAGGGAGCAGAACAATCAGC   

ACTBFW GCGGACTATGACTTAGTTGCGTTA 67 

ACTBRV CATCTTGTTTTCTGCGCAAGTT   

HPRT1FW GAAAGGGTGTTTATTCCTCTCATGGA 108 

HPRT1RV GAGCACACAGAGGGCTACAATGT   

PPIAFW GGGTTCCTGCTTTCACAGAATT 138 

PPIARV GGACCCGTATGCTTTACCATGA   

RPL0FW ATGGGCAAGAACACCATGATG 118 

RPL0RV CCTCCTTGGTGAACACAAAGC   

TBPFW TAAACTTGACCTAAAGACCATTGCA 101 

TBPRV TGGTTCGTGGCTCTCTTATCCT   

UBCFW GGGCACTGGTTTTCTTTCCA 65 

UBCRV AGAATCGCCGACAAGGGACTA   

Note: FW= forward primer; RV= reverse primer 
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2.4.3.9.3. RT-qPCR Conditions 

RT-qPCR was performed using the SYBR
® 

Green PCR master mix kit (Applied 

Biosystems, NZ). A final reaction volume of 10µL consisting of 5µL 5 x SYBR
® 

Green PCR master mix, 1µL each of forward and reverse primer at a 

concentration of 100pmol/µL, 1µL of water and 2µL of template cDNA was used 

for RT-qPCR amplification. No-template controls were included in each 

experiment. Reactions were run on a 7900HT Fast Real-Time PCR System 

(Applied Biosystems, Table 2.8) as follows: 50°C for 2 minutes, 95°C for 2 

minutes, 95°C for 15 seconds (40 cycles), 60°C for 1 minute, 95°C for 15 

seconds, and 60°C for 15 seconds. Total processing time was approximately 2 

hours. 

2.4.3.9.4. RT-qPCR Data Analysis 

In an RT-qPCR experiment, the Ct (cycle threshold), defined as the number of 

cycles required to reach a threshold of fluorescence that is greater than the 

background level, is used to quantify the amount of DNA in each sample. This 

means that the lower the cycle threshold, the greater the amount of starting DNA 

present in the sample (Schefe et al., 2006). The fluorescence values are recorded 

continuously and are used to plot dissociation curves, and different amplification 

products will have distinct dissociation curves based on their melting point. Each 

sample was run in triplicate and threshold cycle values that differed by <0.5 times 

the standard deviation were averaged for analysis. PCR efficiency was calculated 

using the Excel applet LinRegPCR programme (Ramakers et al., 2003). Average 

PCR efficiency and Ct values were used to calculate the ‘raw’ quantity and 

standard deviation of each transcript in triplicate samples. The gene stability of 

the 6 internal reference genes (ACTB, PPIA, RPL0, HPRT1, TBP, UBC) was 

calculated using the SLqPCR package on R and the three most stable genes in 

each experiment were chosen to calculate a geometric mean, which was used as 

the normalisation factor (Vandesompele et al., 2002, Bustin et al., 2009). The 

relative abundance of each transcript was then calculated by dividing the raw 

quantity of each transcript by the normalisation factor. Mean target gene 

abundance for each tissue type was compared with the data obtained from 

microarray experiments. Data represent log2 fold-change. The statistical 
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significance of the results was assessed using a two-tailed paired Student’s t-test 

on GraphPad Prism
®
, and p≤0.05 was considered significant. 

 Proteomic Analysis of Syncytial Nuclear Aggregates Extruded 2.4.4.

from Placentae Treated with the Antiphospholipid Antibody ID2 

 Isolation of Syncytial Nuclear Aggregates  2.4.4.1.

Following culture of placental explants, Netwells™ containing the placental 

explants were removed and 3mL of culture media containing trophoblast debris 

was aspirated from each well and transferred into a culture dish (60 x 15mm, BD, 

New Zealand). A Nikon/Narishige NT V-88-V3 Micromanipulator system 

(Narishige, Table 2.8) connected to a Nikon Eclipse Ti inverted microscope 

(Nikon, Table 2.8) was utilised to isolate individual syncytial nuclear aggregates 

(SNAs) that were extruded from placental explants and had passed through the 

mesh of the Netwells™ into the lower chamber of the culture wells over the 

course of 24 hours, in each of the three different treatment conditions. The 

micromanipulator system consisted of a pneumatic microinjector (IM9C) which 

utilised air pressure to aspirate and eject liquid, connected to an injection holder 

with a glass capillary (1mm outer diameter x 0.58mm inner diameter) that was 

pulled using a PC-10 puller (Narishige, Table 2.8) to create a pointed end which 

was lowered down into the culture media to collect the individual SNAs. 

Syncytial nuclear aggregates were picked and washed in PBS twice, counted 

manually using a cell counter and transferred into a microcentrifuge tube 

containing PBS with complete EDTA-free protease inhibitor cocktail tablets 

(Roche, Auckland, NZ), following which they were stored at -80ºC until 

proteolysis. The Friedman test was conducted on GraphPad Prism
®

 to investigate 

whether the number of SNAs extruded from placentae was significantly different 

between treatments and p<0.05 was considered significant. Data represent mean ± 

S.E.M.  

 Extraction of Proteins from Syncytial Nuclear Aggregates using 2.4.4.2.

Different Lysis Buffers 

Six pools of 100 SNAs collected from each of six placentae underwent lysis using 

one of two buffers. Three pools of 100 SNAs each were lysed using 
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radioimmunoprecipitation assay (RIPA) buffer, and the other three pools of 100 

SNAs each were lysed using an iTRAQ-compatible lysis buffer (Table 2.1).  

 

Samples were centrifuged in a minicentrifuge at 17000 x g for 15 minutes and 

supernatant was discarded. 100µL of either RIPA or iTRAQ-compatible lysis 

buffer was added to the microcentrifuge tubes containing pooled SNAs and 

pipetted vigorously on ice for 5 minutes. Samples were sonicated using an 

ultrasonic bath (Thermo Scientific, Table 2.8) for 1 minute (250V, 50Hz), 

centrifuged at 17000 x g at 4ºC for 10 minutes, and lysate was removed and stored 

at -80ºC.  

 Bicinchoninic Assay to Quantify Protein Yield from Syncytial Nuclear 2.4.4.3.

Aggregates using Different Lysis Buffers 

The bichinchoninic assay (BCA) was used to estimate the protein quantity of 

pooled, lysed SNAs, using the Pierce
TM

 BCA protein assay kit according to 

manufacturer’s instructions (Thermo Fisher, Table 2.4). The basis of this assay is 

that BCA forms a purple complex with cuprous ions in an alkaline medium, 

known as the biuret reaction (Smith et al., 1985). This complex is stable and 

exhibits a strong absorbance at 562nm, and the colour increases in a linear manner 

with increasing protein concentrations. Bovine serum albumin standards were 

prepared from 2mg/mL stock by diluting the standard provided in the kit in a 5-

fold dilution series of 25-2000µg/mL using the diluent, which was either RIPA 

buffer or iTRAQ-compatible lysis buffer. Lysate from SNAs were diluted 2.5-fold 

to provide an end volume of 50µL. 25µL of samples and standards were added to 

a 96-well Bd OptEIA
TM

 plate (BD Biosciences, NZ). 2% w/v cupric acid solution 

was added to BCA solution in a 1:50 ratio and 25µL of this mixture was added to 

each well. The well was incubated in the dark at 37°C for 30 minutes, following 

which the absorbance was read at 562nm using a spectrophotometer (BioRad, 

Table 2.8), a standard curve was created, and the protein concentration was 

calculated. Data represent mean ± S.E.M. of protein present per SNA, and were 

analysed using the two-tailed student’s t-test on GraphPad Prism
®
, with a p<0.05 

considered significant.  
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 iTRAQ Proteomic Analysis 2.4.4.4.

2.4.4.4.1. Lysis of Syncytial Nuclear Aggregates for iTRAQ 

Syncytial nuclear aggregates that were isolated from each placenta were pooled 

according to each one of the three treatments: untreated media-only, aPL ID2-

treated and control antibody-treated, giving a total of three samples. Samples were 

lysed using 100µL of lysis buffer compatible with iTRAQ labelling reagents as 

described in section 2.4.4.2.  

2.4.4.4.2. Sample Preparation and iTRAQ Labelling  

Pooled SNAs from the 3 different treatments were re-buffered to 500mM 

Triethylammonium bicarbonate (TEAB), 0.1% SDS in water by two consecutive 

ultrafiltration steps through 0.5mL spin filter units with a molecular weight (MW) 

cutoff of 3kDa. Each sample was then reduced, alkylated and digested with 

trypsin following the protocol of the 4-plex iTRAQ kit. Tryptic peptides of 

untreated media-only, control antibody-treated and aPL ID2-treated samples were 

labelled with the iTRAQ reagents 116, 114 and 115 respectively. After pooling of 

labelled samples peptides were dried down to 50µL using a centrifugal 

concentrator, reconstituted in 1ml of 0.2% formic acid in water and purified by 

Sep-Pak (Waters) C-18 solid phase extraction. Purified peptides were dried using 

a centrifugal vacuum concentrator. 

2.4.4.4.3. Liquid Chromatography of Tryptic Peptides and Mass Spectrometry  

The combined and concentrated sample was reconstituted in 10% (vol/vol) 

acetonitrile (ACN), 0.2% (vol/vol) formic acid in water to a total volume of 60µL 

and then split into three samples of 20µL each. All three samples were then 

subjected to 2-dimensional liquid chromatography using microflow (10µL/min) 

salt plug-strong cation exchange (SP/SCX) chromatography on a FUS-10-CP 

column (300μm ID x 10cm length, packed with Poros 10S, SCX, 500-10000 Å 

Dionex, Thermo Scientific, Table 2.9) coupled to nanoflow (400nL/min) 

reversed-phase liquid chromatography (RPLC) using a C18-trap cartridge (C18 

PepTrap nano flow; Dionex, Thermo Scientific, Table 2.9) and RP-analytical 

column (in-house packed emitter tip column; 75 μm ID Pickotip fused silica 

packed with C18 beads (5μm, 100Ǻ) on a length of 10cm.  
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Two samples were separated by SP/SCX inline coupled to RPLC and one sample 

by an offline method:  

1) For inline SP/SCX RPLC, 20µL of sample were injected onto an Ultimate 

3000 nano-flow UHPLC-System (Dionex, Thermo Scientific, Table 2.9) 

that was inline coupled to the nanospray source of a LTQ-Orbitrap XL 

hybrid mass spectrometer (Thermo Scientific, Table 2.9). Peptides were 

separated in the first dimension by the following salt steps: 0mM NaCl 

(flow through), 5mM, 10mM, 20mM, 30mM, 40mM, 50mM 60mM, 

70mM, 80mM, 90mM, 100mM, 200mM, 300mM, 400mM, 500mM, 

1000mM. In the second dimension peptides were separated by a linear 

ACN gradient from 10% to 40% ACN in 0.2% aqueous formic acid over 

45 minutes. acetonitrile followed by an increase to 99% ACN in 0.2% 

aqueous formic acid over 10 minutes 

2) For the offline method peptides were fractionated by the following salt 

steps: 0mM NaCl (flow through), 10mM, 20mM, 30mM, 40mM, 60mM, 

80mM, 100mM, 500mM. Fractions were then desalted by solid phase 

extraction and subjected to RPLC-MS/MS as described above 

Full mass spectrometry (MS) in a mass range between m/z (mass to charge ratio) 

400-2000 was performed in the Orbitrap mass analyser with a resolution of 

60,000 at m/z 400. The strongest 4 signals were selected for CID (collision 

induced dissociation)-MS/MS in the LTQ ion trap at a normalised collision 

energy of 35%. The same 4 precursors were selected again for HCD (high energy 

collision induced dissociation)-MS/MS at a relative collision energy of 52% and 

subsequent fragment ion measurement in the Orbitrap analyser at a resolution of 

7500 at m/z 400. Dynamic exclusion was enabled with 2 repeat counts during 90 

seconds and an exclusion period of 180 seconds. 

2.4.4.4.4. Data Processing and Peptide Identification 

Raw data were processed through the Proteome Discoverer software (Thermo 

Scientific, Table 2.10) using default settings for peak processing. For protein 

identification, both CID and HCD spectra were searched against the human 

reference amino acid sequence database (downloaded May 2011) using the 

Mascot (http://www.matrixscience.com) and SEQUEST (Thermo Scientific, 

Table 2.10) search engines. The search was set up for full tryptic peptides with a 

http://www.matrixscience.com/
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maximum of 3 missed cleavage sites. Methylthiocysteine, oxidised methionine 

and iTRAQ labeling on Lys, Tyr and the peptide N-terminus were included as 

variable modifications. The precursor mass tolerance threshold was 10 ppm and 

the maximum fragment mass error 0.8 Da. Only high confidence peptide hits at a 

false discovery rate of <1% were considered for protein identification and 

quantification. Reporter ion quantification was performed on HCD spectra using a 

threshold of 1.2-fold change for up- and down-regulation. Only unique peptides 

considering protein groups for peptide uniqueness were used for quantification. 

The ratios were normalised on the median of 50 protein identifications. 

 

Sample preparation, iTRAQ labelling, mass spectrometry, data processing and 

peptide identification was performed by Dr. Torsten Kleffmann at the Centre for 

Protein Research, the University of Otago, NZ.  

2.4.4.4.5. Analysis of Differentially Regulated Proteins and Biological 

Interpretation of Proteomic Data 

Regulated proteins that had exhibited changes in expression in SNAs extruded in 

response to treatment with the aPL ID2 compared to control antibody-treated 

placental explants were identified using two different ways:  

1) Using a cut-off of ≥1.2-fold on the aPL ID2/control antibody peptide ratios 

(Griffiths et al., 2007, Pierce et al., 2008, Unwin, 2010, Unwin et al., 2010) 

2) Statistical analysis using the one-sample t-test to assess the probability that 

the mean aPL ID2/control antibody (cAb) ratio for each protein varied from 

the expected ratio of 1, to the degree observed due to chance alone, given 

the observed variation in the ratios for that particular protein. P-values were 

calculated only for proteins with ≥2 peptide ratios. The Benjamini-Hochberg 

method was used to control for false discovery rate due to multiple 

hypothesis testing. This analysis was conducted on R by Associate Professor 

Cristin Print, Department of Molecular Medicine and Pathology, The 

University of Auckland 

Proteins that displayed >1.2-fold regulation between the two controls, untreated 

and control antibody-treated, were removed prior to analysis of molecular 

pathways, in order to ensure that the remaining proteins were dysregulated due to 

the effect of the aPL ID2 alone.   
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The biological function of each protein was considered using the online databases 

PANTHER (Mi et al., 2010) and DAVID (Database for annotation, visualization 

and integrated discovery) version 6.7 (Table 2.11) (Da Wei Huang and Lempicki, 

2008). The PANTHER database was used to annotate the list of proteins that were 

identified in SNAs, and the Gene Ontology Annotation function on the DAVID 

database was used to confirm molecular functions. The list of proteins was also 

compared to the Human MitoCarta database (Table 2.11), a compendium of 1013 

proteins localised to mitochondria (Pagliarini et al., 2008).  

 Analysis of the Metabolic Footprint of Placentae treated with the 2.4.8.

Antiphospholipid Antibody ID2 

 Placental Sampling Locations and Metabolic Footprint Samples 2.4.8.1.

First trimester placentae (n=10) were dissected into 9 explants each giving a total 

of 90 explants which were cultured in Netwells
TM

 inserts in one of three different 

treatment conditions as described in section 2.4.2, giving a total of 90 metabolic 

footprint samples. Third trimester placentae (n=6) were sampled at three placental 

lobules following removal of chorionic and decidual surfaces: edge, centre, and 

mid-way between these edge and centre.  Nine explants (3 sets of 3) were cut 

from each lobule, giving 27 explants per placenta, and stratified so that 3 explant 

sets (one from each lobule) were cultured in one Netwell
TM

 in one of three 

different treatment conditions, as described in section 2.4.2, giving a total of 54 

metabolic footprint samples.  

 

After 24 hours, Netwells™ containing the explants were removed and 1mL of the 

metabolic footprint was collected using a 3mL syringe, filtered through a 0.2µm 

filter to remove cellular debris, and frozen immediately at -80°C until use. In each 

study, 3 samples containing media that had been cultured in the absence of 

placental tissue were also collected. 
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 Preparation of Quality Control and Metabolic Footprint Samples for 2.4.8.1.

Mass Spectrometry 

2.4.8.1.1. Preparation of Quality Control Samples 

Quality control (QC) samples consisting of pooled aliquots of all the biological 

samples under study are utilised in metabolomics experiments (Dunn et al., 

2012a). Pooled QC samples are used to provide a measure of repeatability and 

reproducibility of the data acquired between different batches and within batches 

respectively, and where required, are used to correct for excessive drift in signal 

within an analytical batch of samples analysed applying chromatography-mass 

spectrometry platforms (Dunn et al., 2012a, Dunn et al., 2011b). This provides a 

quality assurance step to allow for the identification and removal of metabolite 

features affected by drift in signal prior to data analysis. Quality control samples 

are essential during each analytical run for the following reasons:  

1) To equilibrate the analytical platform before biological samples of importance 

are analysed in order to ensure the reproducibility of the data. For GC-MS and 

UHPLC-MS respectively, five and ten QC samples are analysed at the start of 

each analytical batch to equilibrate the system 

2) To provide raw data that can be used for quality assurance in order to calculate 

the technical precision within an analytical batch. In a study involving the 

detection of thousands of metabolites, metabolite features in the QC samples with 

relative standard deviation of >20% for UHPLC-MS and >30% for GC-MS are 

removed as being unreliable and not reproducible, as multiple analysis of QC 

samples is equivalent to multiple analysis of the same sample which should be 

reproducible (Dunn et al., 2011b) 

3) To provide data that can be preprocessed and used for signal correction within 

and between analytical blocks, using the univariate quality control-based robust 

locally estimated scatterplot smoothing (LOESS) signal correction method (QC-

RLSC) (Dunn et al., 2011b) 

4) To allow for the integration of data from multiple analytical experiments, if the 

same QC samples are used (Dunn et al., 2012a) 

 

In this study, QC samples were prepared by combining 200µL of media from 90 

first trimester or 54 third trimester placental metabolic footprint samples into one 
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Falcon tube, mixed using a vortex mixer for 30 seconds to ensure homogeneity, 

and divided into 400µL aliquots that were prepared for GC-MS and UHPLC-MS. 

A total of 45 and 27 QC samples were thus obtained using first trimester and third 

trimester placental metabolic footprint samples, respectively.  

2.4.8.1.2. Preparation of Metabolic Footprint and Quality Control Samples for 

Ultra-High Performance Liquid Chromatography-Mass Spectrometry and Gas 

Chromatography-Mass Spectrometry 

Metabolic footprint and QC samples were thawed on ice at 4ºC, and 400µL of 

each sample was deproteinised by adding 1200µL methanol, vortexed for 15 

seconds using a vortex mixer, and centrifuged at 15,800 x g for 15 minutes at 

room temperature. Supernatant was removed, and separated into four aliquots of 

370µL each for 1) GC-MS, 2) UHPLC-MS (positive ion mode), 3) UHPLC-MS 

(negative ion mode), and 4) one reserve sample. Each sample was lyophilised in a 

centrifugal vacuum evaporator for 18 hours and stored at -20ºC until analysis by 

chromatography coupled with mass spectrometry. 

 Mass Spectrometry Analysis of Metabolic Footprint Samples 2.4.8.2.

2.4.8.2.1. Ultra-High Performance Liquid Chromatography-Mass Spectrometry  

All samples and QC samples were reconstituted in 100µL of water prior to 

analysis. Samples were analysed on an Accela UHPLC system coupled to an 

electrospray LTQ-Orbitrap Velos hybrid mass spectrometer (ThermoFisher 

Scientific, Table 2.9). Samples were analysed separately in positive- and negative-

ion modes. Chromatographic separations were performed on a Hypersil GOLD 

column (100 x 2.1 mm, 1.9 μm; ThermoFisher Scientific, Table 2.9) operating at a 

column temperature of 50°C. Two solvents were applied (solvent A - 0.1% formic 

acid in water (vol/vol) and solvent B - 0.1% formic acid in methanol (vol/vol) at a 

flow rate of 400μL/min. Solvent A was held at 100% for 0.5 minutes followed by 

an increase to 100% solvent B over 4.5 minutes, which was then held at 100% 

solvent B for a further 7.5 minutes. A step change to 100% solvent A was 

performed at 12.5 minutes and then held at 100% solvent A to equilibrate for 2.5 

minutes. All column eluent was transferred to the mass spectrometer and full-scan 

profiling data were acquired in the Orbitrap mass analyser (mass resolution 

30,000 at m/z = 400). The source and ion transfer parameters applied were as 
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follows; source heater = 200°C, sheath gas = 50 (arbitrary units), aux gas = 15 

(arbitrary units), capillary temperature = 300°C, ISpray voltage = 4kV (positive-

ion mode) and 3kV (negative-ion mode), slens = 65% and AGC = 5 x 10
5
. All 

samples were analysed in a random order. Ten QC samples were analysed at the 

start of each analytical batch followed by a QC sample analysed every 10
th

  

injection and two QC sample injections at the end of the analytical batch. This 

analysis and the associated preprocessing of raw data were conducted by Dr. 

Graham Mullard at the Centre for Advanced Discovery and Experimental 

Therapeutics, the University of Manchester, UK.  

2.4.8.2.2. Gas-Chromatography-Mass Spectrometry  

Sample preparation for GC-MS includes chemical derivatisation to reduce the 

boiling points of metabolites to allow their passage through a GC column at 

temperatures of up to 350ºC, thus allowing the detection of several chemical 

classes such as carbohydrates, organic acids, amino acids and amines (Dunn et al., 

2011b). 60µL of a 20 mg/mL methoxylamine hydrochloride in dry pyridine 

solution was added to each sample followed by vortex mixing and heating at 80°C 

for 20 minutes. Subsequently 60µL of N-methyl-N-trimethylsilyl-

trifluoroacetamide was added followed by vortex mixing and heating at 80°C for 

20 minutes. After cooling 20µL of a retention index solution (3mg/mL in pyridine 

of n-alkanes; C10, C12, C15, C19, C22, C26, C28, C30, C32) was added, the solution 

was centrifuged and the supernatant was transferred to GC vials for analysis. 

 

All samples were analysed using an Agilent 7890 Gas Chromatograph, 1µL 

pulsed splitless injections were made at 270⁰C with a Gerstel MPS2 autosampler, 

using a 30 second pressure pulse and purge time, and a ‘hot, empty needle’ 

technique, onto a 30m x 0.25mm x 0.25µm RXi-17 column (Restek) coupled to a 

2m x 0.25 mm intermediate polarity retention gap (Restek), via an Agilent 

Split/Splitless injector equipped with a 4mm splitless liner (P/N 5062-3587), 

helium carrier at 1.4mL/min constant flow, oven temperature programme hold at 

50⁰C (4 minutes), linear ramp of 50-150⁰C at 20⁰C/min, linear ramp of 150-

300⁰C at 15⁰C /min and hold at 300⁰C (4 minutes). The column was led directly 

into the ion source of a Pegasus HT TOF mass spectrometer (LECO Corp., Table 

2.9) via a transfer line held at 240⁰C. Ion source temperature was 220⁰C. Data 
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acquisition was performed at 20 Hz in the m/z range of 45-600, with a 420 second 

solvent delay prior to data acquistion. All samples were analysed in a random 

order. Five QC samples were analysed at the start of each analytical batch 

followed by a QC sample analysed every 10
th

 injection and two QC sample 

injections at the end of the analytical batch. This analysis and the associated 

preprocessing of raw data were conducted by Dr. Paul Begley at the Centre for 

Advanced Discovery and Experimental Therapeutics, the University of 

Manchester, UK. 

 Raw Data Preprocessing 2.4.8.3.

Raw data acquired using UHPLC-MS and GC-MS underwent preprocessing to 

convert or deconvolve chromatography-MS data for a single sample and align 

data across different samples. Following acquisition of raw data applying 

UHPLC-MS, data (in .RAW format) were converted to NetCDF file format with 

the FileConverter program available in XCalibur (ThermoFisher Scientific, Table 

2.10). The freely available XCMS software (Smith et al., 2006) was employed to 

convert  (or deconvolve) each 3- dimensional data matrix (intensity × m/z × time - 

one per sample) into a 2-dimensional matrix of metabolite feature (with associated 

m/z and retention time) versus chromatographic peak area. Default settings were 

employed in XCMS with the exception of S/N threshold (3), step (0.02), m/z diff 

(0.05) and for grouping bandwidth (10), mzwidth (0.05) and minfrac (0.15). The 

esi package available with the XCMS software package was used to write peak 

output files to an annotated version (as a .csv file). Raw instrument data following 

GC-MS were pre-processed applying the ChromaTOF software v4.22 (LECO 

Corp., Table 2.10) (Dunn et al., 2011b).  

 Quality Control-Based Robust LOESS Signal Correction  2.4.8.4.

Data acquired using GC-MS and UHPLC-MS was corrected for drift in signal 

correlated with analysis order, by applying the univariate quality control-based 

robust LOESS (locally estimated/weighted scatterplot smoothing) signal 

correction (QC-RLSC) method. This was conducted by Dr. Maria Brown, at the 

Centre for Advanced Discovery and Experimental Therapeutics, the University of 

Manchester, UK. The use of QC samples ‘bracketing’ the actual biological 

samples under study during analysis by chromatography-mass spectrometry 

platforms allowed for signal correction of the data within analytical blocks. All 
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biological samples (aPL ID2-treated, control antibody-treated, untreated, media-

only) were analysed in a randomised order, with two QC samples bracketing each 

set of 4-6 biological samples.  

 

Clear machine drift over time was observed when the raw, uncorrected data 

acquired from the analysis of first trimester placental metabolic footprint samples 

using UHPLC-MS in positive ion mode was visualised using principal component 

analysis. Unsupervised multivariate principal component analysis is an 

exploratory analysis performed to determine the origin of variation within a 

dataset, and is conducted by converting a set of possibly correlated variables to 

uncorrelated independent variables called principal components, where each 

principal component (PC) accounts for as much variance in the data as possible 

(Wold et al., 1987, Dunn et al., 2011b, Xia et al., 2012).  

 

The pattern of variance amongst first trimester metabolic footprint samples 

analysed by UHPLC-MS in positive ion mode was visibly due to the run order in 

which they were analysed on the LTQ-Orbitrap Velos hybrid mass spectrometer 

(Figure 2.2A). Fitting of a nonlinear locally estimated smoothing function 

(LOESS) to each metabolite feature present in the quality control data with 

respect to the order of injection during the GC-MS and UHPLC-MS analytical 

runs provided a correction curve for the whole analytical run to which the data set 

for that metabolite feature was normalised (Dunn et al., 2011b). Using this quality 

control-based robust LOESS (locally estimated/weighted scatterplot smoothing) 

signal correction (QC-RSLC) method of signal correction, attenuation of peak 

response over time during each analytical run was minimised (Figure 2.2B) (Dunn 

et al., 2011b). It is highly likely that this drift in signal intensity over time was due 

to the high amount of glucose (17.51mM) present in the media used to culture 

placental explants (Invitrogen), which contaminates the source region of the mass 

spectrometer and reduces ion transmission from the atmospheric region of the ESI 

source to the mass analyser of the mass spectrometer.  
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Figure 2.2: Variation in UHPLC-MS data was corrected using 

univariate quality control-based robust LOESS (locally 

estimated/weighted scatterplot smoothing) signal correction (QC-

RLSC) for machine drift between analytical blocks 

(A)Principal component analysis showing raw uncorrected signal data for 

biological and quality control (QC) samples acquired using UHPLC-MS 

on first trimester metabolic footprint samples, labelled according to run 

order (positive ion mode). (B) Principal component analysis showing the 

same samples following correction of raw data using QC-RSLC  
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 Univariate and Multivariate Data Analysis 2.4.8.5.

Prior to performing univariate statistical analysis in order to statistically 

interrogate the data and determine changes in the metabolome that have occurred 

due to different treatment conditions, it is necessary to perform normalisation, 

scaling or transformation of the data; imputation of missing values; and detection 

and removal of outliers (Dunn et al., 2011a, Wold et al., 1987). Pre-processed data 

were exported for univariate and multivariate data analysis in R (version 2.14, 

Table 2.10) as a data matrix of metabolite feature versus sample and with 

chromatographic peak areas included for each feature detected in each sample. 

Associated information was included for each metabolite feature for identification 

purposes. For GC–MS, retention index and EI-fragmentation mass spectrum were 

included and for UHPLC–MS, retention time and accurate m/z were included.  

 

In order to characterise and visualise global changes in the placental metabolic 

footprint, unsupervised multivariate principal component analysis was performed 

on data normalised to zero mean and unit variance in order to give equal 

weighting to all metabolite features and not allow domination by a small number 

of high intensity peaks (Dunn et al., 2009, Horgan et al., 2010). Major causes of 

variance can usually be described in the first few principal components (Xia and 

Wishart, 2011, Dunn et al., 2011a).  

 

Univariate statistical analysis was performed to mine the data further, using the 

non-parametric Wilcoxon matched pairs signed-rank tests to calculate whether 

there were statistically significant differences for any given metabolite feature 

between samples cultured under different treatments. Only metabolite features 

that were not significantly changed (p>0.05) between the two controls groups 

(untreated and isotype-matched control antibody-treated placental metabolic 

footprint samples) were considered for further statistical analysis, in order to 

ensure that the metabolites considered as biologically important were 

dysregulated due to the effect of the aPL ID2 alone. Additionally, a 

Receiver_Operator Characteristic (ROC) curve was calculated to assess each 

peak’s effectiveness as a univariate discriminatory biomarker. The area under the 

ROC curve (AUROC) provides a good estimate of biomarker utility (an AUROC 

= 1 demonstrates perfect biomarker separation; AUC = 0.5 demonstrates no utility 
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at all). The relative difference (fold-change) between sample classes was also 

calculated as the difference between the median values of two sample classes 

along with the 95% confidence limit.  

 Metabolite Identification  2.4.8.6.

The human metabolome consists of endogenous and exogenous metabolites, 

metabolic products of those metabolites and metabolites released from microflora 

present in the gut (Dunn et al., 2011b). Metabolomics studies involving the 

investigation of human samples is confounded by the fact that the human 

metabolome is incompletely characterised, posing the problem of annotation or 

identification of metabolites. Many metabolites present with chromatographic 

peaks that are not identifiable as they are not present in metabolomics libraries 

and datasets. Different levels of identification have been outlined by the 

Metabolomics Standards Initiative and were applied in this study (Sumner et al., 

2007). The four levels of metabolite annotation include: 1) definitively identified 

compounds, 2) putatively annotated compounds, 3) putatively characterised 

compounds based upon physicochemical properties of a chemical class, and 4) 

unknown compounds (Sumner et al., 2007).  

 

Putative annotation involves the matching of a single measured parameter, in this 

case accurately measured m/z, to molecular formula and subsequently metabolites 

present in the Manchester Metabolomics Database. Definitive identification 

involves the matching of two or more parameters, in this case m/z or electron 

impact mass spectrum and retention time/retention index, to authentic chemical 

standards analysed under identical conditions. Multiple metabolites can be 

reported for a single metabolite feature since several metabolites may be isomers 

with the same molecular formula and retention times (Dunn et al., 2011b, Sumner 

et al., 2007). Therefore, the identification of 4000-5000 metabolite features does 

not equate to the identification of that number of metabolites. Chromatographic 

peaks that were not assigned with a putative/definitive identification were not 

reported in this thesis. 

 

Preprocessed UHPLC-MS data were directly exported to Microsoft Excel
®
 (.xls) 

worksheets for further data comparisons. Putative metabolite annotation was 
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performed applying the PUTMEDID-LCMS workflows as previously described 

with a RT window of 3 seconds and a m/z error of +/-5 ppm (Brown et al., 2009). 

 

Preprocessed GC-MS data were directly exported to Microsoft Excel
®
 (.xls) 

worksheets for further data comparisons. Metabolite identification was performed 

by comparison of retention index and electron impact mass spectra acquired for 

samples with those present in mass spectral libraries (NIST08, Golm Metabolome 

Database and Manchester Metabolomics Database, Table 2.10). The identification 

and classification of metabolites was performed by Dr. Warwick Dunn at the 

Centre for Advanced Discovery and Experimental Therapeutics, the University of 

Manchester, UK.  

 In-silico Biological Interpretation of Metabolic Pathways using KEGG 2.4.8.7.

Identified and classified metabolites were manually searched against the KEGG 

(Kyoto Encyclopedia of Genes and Genomes) and HMDB (Human Metabolite 

Database) databases (Table 2.11), and related metabolites were manually 

compiled into metabolic pathways where possible as provided on the KEGG 

“Pathways” database. The overlap between individual metabolites that were 

significantly different (p<0.05) due to treatment with the aPL ID2 in the first and 

third trimester metabolic footprints were also compared using the molecular 

formulas and names of the metabolites identified, with the online program Venny 

(Oliveros, 2007).  

 Immunohistochemistry 2.4.9.

 Preparation of Fresh-frozen Placental Sections  2.4.9.1.

Placental explants were cultured as described in section 2.4.2 and were removed 

from Netwells
TM

, excess media was removed from the explants by blotting on an 

absorbent tissue, and 5mm x 5mm pieces were dissected from the explant and 

placed into 1cm diameter aluminum foil caps containing tissue freeze-medium 

(Jung, Table 2.7). The samples were snap-frozen in 2-methylbutane 95% (Sigma-

Aldrich, Table 2.7) floating in a bath of liquid nitrogen and stored at -80°C until 

use. A cryostat (Thermo Scientific, Table 2.8) was used to cut 5µm sections of 

placental tissue which were mounted onto poly-L-lysine coated glass slides (Table 

2.7), allowed to air dry for 1 hour, fixed in ice cold acetone (-20°C, Biolab, Table 
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2.7) for 5 minutes, air dried overnight, and used for immunohistochemistry the 

next day.  

 Preparation of Trophoblast Debris Smears 2.4.9.2.

Placental explants were cultured as described in section 2.4.2, removed from 

Netwells
TM

, media was collected from each well, placed into Universal tubes, and 

centrifuged at 1500 x g for 15 minutes. The supernatant was removed and the 

pellet containing trophoblast debris was resuspended in 1mL of sterile PBS (pH 

7.4). A pipette tip was used to smear 100µL of trophoblast debris onto poly-L-

lysine coated slides, allowed to air dry overnight and used for 

immunohistochemistry the next day.  

 Immunostaining Protocol 2.4.9.3.

A Dako pen was used to draw a ring around the tissue section or cell smear. Slides 

were washed in water, and tissue/cells were quenched for endogenous peroxidase 

activity using 3% hydrogen peroxide in methanol. Slides were then blocked using 

10% normal goat serum in PBS (pH 7.4) (Table 2.1) and incubated for 1 hour at 

room temperature in a humidity chamber. The block solution was tipped off the 

slide and 100µL of primary rabbit antibody (Table 2.6) or purified rabbit IgG as 

an irrelevant control antibody (0.2µg/mL, Sigma-Aldrich, Table 2.6) was added to 

each slide and incubated for 1 hour at room temperature. Slides were washed 3 

times using PBS (pH 7.4), and sections were incubated with 100µL of biotin-

conjugated goat anti-rabbit IgG (Jackson ImmunoResearch labs, Table 2.6) for 1 

hour at room temperature. Slides were washed with PBS (pH 7.4) and incubated 

with 100µL of streptavidin-conjugated horseradish peroxidase (Jackson 

ImmunoResearch labs, Table 2.6)  for 1 hour at room temperature. Slides were 

washed with PBS (pH 7.4) and 100µL of the substrate AEC (3-amino-9-

ethylcarbazole, Dako, Table 2.6) was added and slides were incubated for 3-20 

minutes depending upon the colour development. Slides were counterstained 

using Gills II hematoxylin (Biostrategy, Table 2.7) for 30-60 seconds, dipped in a 

1% lithium carbonate solution (Sigma-Aldrich, Table 2.6), washed with distilled 

water, and coverslips were mounted using Aquatex (Merck, Table 2.7) and 

allowed to dry. Tissue sections and SNAs were visualised using a Nikon Eclipse 

E400 microscope (Nikon, Table 2.8) at magnifications of 10X, 20X and 40X.  
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 Characterisation of Immunostaining of Syncytial Nuclear Aggregates  2.4.9.4.

The expression of proteins in SNAs was scored using the following graded semi-

quantitative intensity score (Figure 2.3):  

1) 0- no staining 

2) 1- discrete spots of staining in SNAs 

3) 2- non-homogenous staining of SNA 

4) 3- intense dark red staining in entire SNA 

During optimisation of the process of scoring and grading of SNAs positive for 

protein expression using immunocytochemistry, assignment of the grades 0-3  

dependent on intensity of staining was conducted by myself and my colleague 

Sandy Lau independently. During the final experiments investigating the 

expression of proteins in SNAs extruded from aPL-treated placentae compared to 

control antibody-treated and untreated placentae, I alone performed the scoring 

and grading of SNAs in order to maintain consistency between experiments. 

Scoring was performed in a non-blinded manner and each experiment was 

repeated three times on SNAs extruded from three separate placentae.  

 

Syncytial nuclear aggregates with an intensity score of 3 were considered positive 

for protein expression and counted manually using a cell counter. Data represent 

mean ± S.E.M and were analysed using the Friedman test on GraphPad Prism
®
.  
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Figure 2.3: Scoring of syncytial nuclear aggregates for 

protein expression based on the intensity of staining 

Syncytial nuclear aggregates stained for the expression of 

calreticulin, and scored on a scale of 0-3. A) SNA with an 

intensity score 0, stained with an irrelevant control rabbit IgG; 

B) SNA with an intensity score of 1, showing discrete spots of 

staining; C) SNA with an intensity score of 2, showing non-

homogenous staining; D) SNA with an intensity score of 3, 

showing complete staining. Scale-bars represent 20µm 
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3. Transcriptomic Analysis of Placentae treated with an 

Antiphospholipid Antibody 

 Introduction and Rationale 3.1.

Antiphospholipid antibodies  increase the risk of women developing preeclampsia 

9-fold (Duckitt and Harrington, 2005). Previous work has suggested that these 

maternal autoantibodies increase the amount of trophoblast debris extruded from 

the placenta and may cause a shift towards the extrusion of necrotic trophoblast 

debris (Chen et al., 2009b, Chen et al., 2008). However, the molecular pathways 

in the syncytiotrophoblast leading to the altered death process and increased 

extrusion of necrotic trophoblast debris are unknown. Antiphospholipid antibodies 

are a diverse family of autoantibodies that react with an antigen complex of a 

negatively charged phospholipid and a phospholipid-binding protein. The main 

phospholipid-binding protein is β2 glycoprotein-1.  Since it is difficult to purify 

aPLs from patient serum, monoclonal antibodies are frequently utilised as a useful 

model of aPLs. The murine monoclonal antibody ID2 was produced following 

immunisation of a mouse with human serum-derived β2-GP1. ID2 has similar 

reactivity to human aPLs, and has been used previously to model human aPLs 

(Chen et al., 2009b, Mulla et al., 2010, Quenby et al., 2005). This study was 

undertaken to investigate the changes in mRNA expression in the 

syncytiotrophoblast upon treatment of placentae with antiphospholipid antibodies, 

using mRNA microarrays to provide an overview of changes at the level of the 

transcriptome.  
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 Determination of the Appropriate Dose and Time-point for 3.2.

Treatment of Placental Explants with the Antiphospholipid 

Antibody  

Two preliminary experiments were conducted in order to determine the 

appropriate dose of the aPL ID2 and time-point in culture with placental explants 

to use for subsequent transcriptomic investigations. These experiments 

investigated the effect of the aPL ID2 on the extrusion of trophoblast debris from 

placental explants, and RNA quality of placental explants after varying times in 

culture.  

 The Antiphospholipid Antibody Increased the Extrusion of 3.2.1.

Trophoblast Debris from Placental Explants in a Linear Manner 

In order to investigate the effect of increasing concentrations of the aPL ID2 on 

the extrusion of trophoblast debris, 8 explants each were dissected from three 

different placentae, and incubated with the aPL ID2 at doses of 12.5µg/mL, 

25µg/mL and 50µg/mL for 24 hours, along with a matched control explant, giving 

a total of 24 explants. The amount of trophoblast debris extruded from placental 

explants was quantified by harvesting the debris and counting it using an 

automated cell counter after Trypan blue staining. This treatment resulted in 

increasing trophoblast debris extruded from the explants at each concentration of 

aPL ID2 compared to the controls (pANOVA=0.05, Figure 3.1).  
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Figure 3.1: The antiphospholipid antibody caused an increase in the 

total numbers of trophoblast debris extruded from placentae in a 

linear manner 

Treatment of placentae with increasing doses of the aPL ID2 (12.5µg/mL, 

25µg/mL, and 50µg/mL) caused a significant increase in the extrusion of 

trophoblast debris compared to control placentae after 24 hours in culture 

(8 explants per placenta, n=3 placentae, *pANOVA=0.05). Trophoblast 

debris was counted using an automated cell-counter, and debris <20µm 

was classified as mononuclear trophoblasts, while debris >20µm was 

classified as SNAs 
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 The Quality of RNA from Antiphospholipid Antibody-treated 3.2.2.

Placental Explants Decreased with Increasing Time in Culture 

In order to investigate the effect of increasing amounts of time in culture with the 

aPL ID2 on the extrusion of trophoblast debris and RNA quality over time, six 

placental explants dissected from three different placentae and were cultured with 

25µg/mL of the aPL ID2 for either 4, 16 or 20 hours along with matched control 

placental explants at each time-point, giving a total of 18 explants. RNA was 

extracted from placental explants, and trophoblast debris was harvested and 

quantified using an automated cell counter following Trypan blue staining.  

 

Extracted placental RNA was analysed using the Experion™ Automated 

Electrophoresis System to assess RNA quality. All explants yielded RNA with 

intact 28S and 18S rRNA (Figure 3.2). Untreated and aPL ID2-treated samples 

cultured for 4 hours (samples 1 and 4) and 16 hours (samples 2,and 6) had higher 

28S: 18S ratios compared to samples cultured for 20 hours (Table 3.1). The 

integrity of the RNA appeared to decrease as time in culture increased, as 

indicated by reduction of the RNA quality indicator (RQI) as time in culture of the 

placental explants increased.  

 

Table 3.1: Ratio of 28S: 18S ribosomal RNA and RNA Quality Indicator of 

RNA extracted from placental explants and cultured with the 

antiphospholipid antibody for increasing time periods 

Sample (10.5 weeks gestation) Ratio [28S: 18S] RQI 

Untreated 4h 1.04 9 

Untreated 16h 1.11 7.6 

Untreated 20h 0.97 7.2 

25µg/mL aPL ID2 4h 1.15 8.9 

25µg/mL aPL ID2 16h 1.02 7.6 

25µg/mL aPL ID2 20h 0.88 6.8 
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Figure 3.2: Representative electropherogram of an RNA sample derived from a placental explant treated with the 

antiphospholipid antibody for 16 hours, showing intact 28S and 18S ribosomal subunits  

Analysis of RNA extracted from placental explants showed intact 28S (4kb) and 18S (2kb) ribosomal RNA subunits  after increasing time 

in culture (4, 16, or 20 hours) with the aPL ID2 (25µg/mL, n=1)  
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Treatment of placentae with 25µg/mL of the aPL ID2 resulted in no significant 

increase in the amount of trophoblast debris extruded from the explants at any 

time-point compared to control placental explants (pTREATMENT=0.7354, 

pTIME=0.0907, two-way ANOVA, Figure 3.3).  

 

 

Figure 3.3: The antiphospholipid antibody caused no change in the 

extrusion of trophoblast debris after up to 20 hours in culture 

Treatment of placentae with the aPL ID2 (25µg/mL) for different lengths 

of time (4, 16 or 20h) caused no significant increase in the extrusion of 

trophoblast debris compared to control placentae (6 explants per placenta, 

n=3 placentae, pTREATMENT=0.7354, pTIME=0.0907, two-way ANOVA). 

Trophoblast debris was counted using an automated cell-counter, and 

debris <20µm was classified as mononuclear trophoblasts, while debris 

>20µm was classified as SNAs 
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 Microarray Analysis of Placental Explants Treated with the 3.3.

Antiphospholipid Antibody  

 Extraction of RNA for Microarrays 3.3.1.

Based on the optimisation experiments in the preceding sections and the 

availability of the antibody, I determined that the most obvious effect of the aPL 

ID2 on the extrusion of trophoblast debris while retaining reasonable RNA quality 

for microarray analysis, involved culturing placental explants in the presence of 

the aPL ID2 at 25µg/mL for 16 hours. One previous study has shown that the 

treatment of placental explants with aPL ID2 caused a significant increase in the 

amount of trophoblast debris extruded, compared to control antibody-treated and 

untreated placental explants. There was no significant difference between the 

amount of trophoblast extruded from control antibody-treated and untreated 

placental explants in that study, indicating that untreated placental explants can be 

used as an appropriate control when investigating the phenomenon of increased 

trophoblast extrusion in comparison with placental explants treated with aPL 

(Chen et al., 2009b). Consequently, 2 explants dissected from 3 placentae were 

cultured either in the presence of the aPL ID2 at 25µg/mL for 16 hours or with 

media only, giving a total of 6 explants from which RNA was extracted, 

converted to cDNA and hybridised onto Affymetrix HGU133 Plus 2 microarrays.  

 Normalisation and Assessment of Raw Microarray Data  3.3.1.1.

Raw microarray data underwent stringent quality control analysis using the 

“affyQCReport” package on the statistical programme R (Parman and Halling, 

2008). Raw microarray data was normalised using Robust Multiarray Analysis 

(RMA) and visualised using R (Irizarry et al., 2003). Un-normalised boxplots 

show unprocessed log2-scale probe intensities sitting at a similar level across all 6 

arrays (Figure 3.4a). Figure 3.4b shows probe intensities normalised using the 

RMA algorithm, which fits a robust linear model at the level of the probe sets in 

order to scale the median intensities on each array such that the signal intensities 

of all 6 samples have a similar distribution, thus minimising differences that may 

occur due to variations in the hybridisation, washing and scanning processes. 
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Figure 3.4: Normalisation of log2-scale probe intensities using Robust Multiarray Analysis 

Normalisation of raw microarray data showing (a) Un-normalised and (b) normalised log2-scale probe intensities, using the RMA algorithm. All 

6 arrays (samples 1-6) showed similar raw probe intensities and minor differences in signal intensity data that could be further minimised by 

normalisation using the RMA algorithm on R 
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 Comparison of Differences in mRNA Expression between 3.3.2.

Antiphospholipid Antibody-treated and Control Placentae 

 Statistical Analysis of Microarray Data using Linear Models for 3.3.2.1.

Microarray Data 

To investigate how aPLs might alter the extrusion of trophoblast debris from the 

placenta, the global gene expression profile of a total of 6 explants from three 

placentae treated with the aPL ID2 along with matched controls compared using 

Affymetrix HGU133 Plus 2 microarrays. Analysis using the Linear Models for 

Microarray Data (LIMMA) package (Smyth, 2005) on R indicated that that 118 

probe sets were differentially regulated between the aPL ID2-treated and control 

placental explants (Figure 3.5). Significance analysis of microarrays (SAM) 

indicated that the number and degree of differentially expressed probe sets was 

insufficient to estimate a false discovery rate, and LIMMA indicated that the 

differential expression of these 118 probe sets became statistically insignificant 

(p>0.01) when false discovery rate-control or multiple testing correction was 

applied. Selection of larger numbers of probe sets using less stringent cut-offs in 

LIMMA resulted in inconsistent expression profiles, while selection of fewer probe 

sets using more stringent cut-offs in LIMMA resulted in the omission of probe sets 

that appeared to be regulated consistently. Ninety-eight specific characterised 

mRNAs were identified by the 118 regulated probe sets. Of the 98 known regulated 

mRNAs, 42 were up-regulated and 56 were down-regulated (Figure 3.5, Table 3.2).  
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Figure 3.5: Heatmap showing the 118 differentially regulated probe 

sets in antiphospholipid antibody-treated placentae compared to 

control placentae 

Hierarchical clustering of placental based on the differential expression of 

118 probe sets between untreated (light blue bars) and the aPL ID2-treated 

(dark blue bars) placentae. The 118 probe sets coded for 98 known 

mRNAs, 42 of which were upregulated and 56 were down-regulated due to 

the aPL ID2 (25µg/mL, 2 explants per placenta, n=3 placentae, p≤0.01, no 

false discovery rate-control) 
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Table 3.2: Probe sets upregulated and down-regulated (p≤0.01) in placentae 

treated with the antiphospholipid antibody  

Gene symbol Gene description Affymetrix 

probe ID 

Log fold-

change 

p-value 

FMO1 Flavin containing 

monooxygenase 1 

205666_at 1.089 5.00E-05 

CENPV Centromere protein V 226611_s_at 0.997 0.00114 

GHR Growth hormone receptor 205498_at 0.973 0.00392 

HMGCS2 3-hydroxy-3-methylglutaryl-

Coenzyme A synthase 2 

(mitochondrial) 

204607_at 0.967 0.00962 

ZCCHC11 Zinc finger, CCHC domain 

containing 11 

217594_at 0.922 5.00E-05 

DIRAS3 DIRAS family, GTP-binding 

RAS-like 3 

215506_s_at 0.919 0.00341 

RBP7 Retinol binding protein 7, 

cellular 

238066_at 0.881 0.00267 

HSD17B6 Hydroxysteroid (17-β) 

dehydrogenase 6 homolog 

(mouse) 

205700_at 0.847 0.00196 

RSPO2 R-spondin 2 homolog 

(Xenopus laevis) 

1554012_at 0.822 0.00324 

SKP2 S-phase kinase-associated 

protein 2 (p45) 

210567_s_at 0.794 0.00389 

FKBP7 FK506 binding protein 7 224002_s_at 0.718 0.00104 

HSD11B2 Hydroxysteroid (11-β) 

dehydrogenase 2 

204130_at 0.715 0.0054 

CENPV Centromere protein V 226610_at 0.704 0.0076 

GBP2 Guanylate binding protein 2, 

interferon-inducible 

202748_at 0.69 0.00787 

LIPC Lipase, hepatic 206606_at 0.619 0.00109 

FLRT2 Fibronectin leucine rich 

transmembrane protein 2 

240259_at 0.611 0.00899 

KDELR3 KDEL (Lys-Asp-Glu-Leu) 

endoplasmic reticulum 

protein retention receptor 3 

207265_s_at 0.593 0.00518 
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GLS glutaminase 203157_s_at 0.561 0.00927 

C6ORF170 Chromosome 6 open reading 

frame 170 

1553726_s_at 0.557 0.00156 

EXPH5 Exophilin 5 213929_at 0.544 0.00385 

EPHA7 EPH receptor A7 229288_at 0.542 0.00659 

C5orf33 Chromosome 5 open reading 

frame 33 

229299_at 0.518 0.00631 

PCDHA10 Protocadherin α 10 224212_s_at 0.509 0.00791 

SH2D1A SH2 domain protein 1A 210116_at 0.501 0.00497 

SLC2A10 Solute carrier family 2 

(facilitated glucose 

transporter), member 10 

221024_s_at 0.499 0.0029 

ENAH Enabled homolog 

(Drosophila) 

222434_at 0.493 0.00453 

SESTD1 SEC14 and spectrin domains 

1 

227041_at 0.49 0.00396 

FAM86A Family with sequence 

similarity 86, member A 

222013_x_at 0.465 0.00798 

RCN2 Reticulocalbin 2, EF-hand 

calcium binding domain 

201486_at 0.461 0.00992 

SGCD Sarcoglycan, delta (35kDa 

dystrophin-associated 

glycoprotein) 

210329_s_at 0.451 0.00427 

POLN Polymerase (DNA directed) 

nu 

242804_at 0.446 0.00616 

LOC388692 Hypothetical LOC388692 235185_s_at 0.444 0.00593 

TLR5 Toll-like receptor 5 210166_at 0.434 0.00622 

FKTN Fukutin 205283_at 0.43 0.00721 

EIF5B Eukaryotic translation 

initiation factor 5B 

201027_s_at 0.426 0.0085 

PDCD2L Programmed cell death 2-

like 

224467_s_at 0.424 0.00788 

FILIP1 Filamin A interacting protein 

1 

231945_at 0.42 0.00645 

C1QBP Complement component 1, q 

subcomponent binding 

214214_s_at 0.409 0.00593 
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protein 

KLRD1 Killer cell lectin-like 

receptor subfamily D, 

member 1 

210606_x_at 0.391 0.00969 

KDELC2 KDEL (Lys-Asp-Glu-Leu) 

containing 2 

225128_at 0.384 0.00663 

SLFNL1 Schlafen-like 1 1553315_at 0.378 0.00737 

TATDN3 TatD DNase domain 

containing 3 

228867_at 0.377 0.00914 

PHF6 PHD finger protein 6 224442_at 0.374 0.009 

DAB2IP DAB2 interacting protein 225020_at -0.393 0.00814 

FBXO42 F-box protein 42 47773_at -0.401 0.00626 

ANKRD23 Ankyrin repeat domain 23 1553366_s_at -0.403 0.00662 

CMIP c-Maf-inducing protein 231643_s_at -0.422 0.00725 

FASLG Fas ligand (TNF 

superfamily, member 6) 

210865_at -0.428 0.0064 

TRIM24 Tripartite motif-containing 

24 

204391_x_at -0.437 0.003 

RHOF Ras homolog gene family, 

member F (in filopodia) 

1554538_at -0.438 0.00408 

RUSC2 RUN and SH3 domain 

containing 2 

213066_at -0.443 0.00497 

SUSD4 Sushi domain containing 4 223821_s_at -0.444 0.00592 

TRAK2 Trafficking protein, kinesin 

binding 2 

202124_s_at -0.444 0.00467 

CBL Cas-Br-M (murine) ecotropic 

retroviral transforming 

sequence 

225234_at -0.448 0.0085 

TRIM24 Tripartite motif-containing 

24 

213301_x_at -0.448 0.00269 

RSBN1 Round spermatid basic 

protein 1 

222790_s_at -0.453 0.00789 

ABCC1 ATP-binding cassette, sub-

family C (CFTR/MRP), 

member 1 

202805_s_at -0.454 0.00988 

XAF1 XIAP associated factor 1 242234_at -0.462 0.00986 
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FAM62B Family with sequence 

similarity 62 (C2 domain 

containing) member B 

224699_s_at -0.467 0.00943 

ZFX Zinc finger protein, X-linked 217176_s_at -0.469 0.00841 

ZNF614 Zinc finger protein 614 227045_at -0.47 0.00558 

LONP1 lon peptidase 1, 

mitochondrial 

209017_s_at -0.477 0.00826 

C20orf12 Chromosome 20 open 

reading frame 12 

1554818_s_at -0.481 0.00745 

CTBP2 C-terminal binding protein 2 201218_at -0.484 0.00551 

EIF2C2 Eukaryotic translation 

initiation factor 2C, 2 

225827_at -0.51 0.00983 

CTBP2 C-terminal binding protein 2 210835_s_at -0.516 0.00909 

SLC6A6 Solute carrier family 6 

(neurotransmitter transporter, 

taurine), member 6 

205920_at -0.519 0.00812 

CTBP2 C-terminal binding protein 2 201220_x_at -0.52 0.00953 

GJC1 Gap junction protein, γ 1, 

45kDa 

228563_at -0.523 0.00367 

CABP1 Calcium binding protein 1 210181_s_at -0.537 0.00229 

TLR3 Toll-like receptor 3 206271_at -0.538 0.00921 

BCL2L1 BCL2-like 1 206665_s_at -0.546 0.00377 

ZCCHC2 Zinc finger, CCHC domain 

containing 2 

219062_s_at -0.56 0.00887 

RBAK RB-associated KRAB zinc 

finger 

1553122_s_at -0.565 0.00125 

POU5F1P3 POU class 5 homeobox 1 

pseudogene 3 

210265_x_at -0.577 0.00854 

PTPRB Protein tyrosine phosphatase, 

receptor type, B 

205846_at -0.585 0.00705 

GAS2L1 Growth arrest-specific 2 like 

1 

31874_at -0.586 0.00853 

RIT1 Ras-like without CAAX 1 236224_at -0.592 0.00455 

PRKAA2 Protein kinase, AMP-

activated, α 2 catalytic 

subunit 

227892_at -0.619 0.00243 
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CLDN14 claudin 14 210689_at -0.632 0.00664 

MCL1 Myeloid cell leukemia 

sequence 1 (BCL2-related) 

214056_at -0.64 0.00885 

GBE1 Glucan (1,4- α -), branching 

enzyme 1 

203282_at -0.685 0.0099 

BCL2L1 BCL2-like 1 215037_s_at -0.696 0.00738 

TRIM14 Tripartite motif-containing 

14 

203148_s_at -0.707 0.00591 

C16orf35 Chromosome 16 open 

reading frame 35 

203289_s_at -0.721 0.00891 

CABP1 Calcium binding protein 1 208320_at -0.722 0.00438 

SEMA6A Sema domain, 

transmembrane domain 

(TM), and cytoplasmic 

domain, (semaphorin) 6A 

215028_at -0.742 0.00253 

LIMCH1 LIM and calponin homology 

domains 1 

241459_at -0.75 0.00409 

RORA RAR-related orphan receptor 

A 

236266_at -0.761 0.00339 

PPP2R5B Protein phosphatase 2, 

regulatory subunit B', β 

isoform 

635_s_at -0.77 0.00259 

FAM62B Family with sequence 

similarity 62 (C2 domain 

containing) member B 

1555830_s_at -0.79 0.00139 

STAMBPL1 STAM binding protein-like 1 227607_at -0.827 0.00489 

RNF144B Ring finger protein 144B 239012_at -0.831 0.00382 

SERPINB6 Serpin peptidase inhibitor, 

clade B (ovalbumin), 

member 6 

1556950_s_at -0.841 0.00033 

AK3L1 Adenylate kinase 3-like 1 230630_at -0.857 0.00317 

ARHGEF7 Rho guanine nucleotide 

exchange factor (GEF) 7 

235412_at -0.861 0.0053 

PRKCE Protein kinase C, epsilon 226101_at -0.874 0.00987 

MICAL3 Microtubule associated 

monoxygenase, calponin and 

212715_s_at -0.88 0.00171 
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LIM domain containing 3 

PFKFB4 6-phosphofructo-2-

kinase/fructose-2,6-

biphosphatase 4 

228499_at -0.904 0.00817 

GRB10 Growth factor receptor-

bound protein 10 

209409_at -0.935 0.00342 

DPYSL4 Dihydropyrimidinase-like 4 205493_s_at -1.005 0.00429 

PODXL Podocalyxin-like 201578_at -1.006 0.00848 

GRB10 Growth factor receptor-

bound protein 10 

215248_at -1.14 0.00924 

NOG Noggin 231798_at -1.26 0.00711 

RORA RAR-related orphan receptor 

A 

226682_at -1.622 0.00129 

TNFSF10 Tumor necrosis factor 

(ligand) superfamily, 

member 10 

202688_at -1.655 0.00991 

TNFSF10 Tumor necrosis factor 

(ligand) superfamily, 

member 10 

202687_s_at -1.724 0.00811 

Note: Green= increased in aPL ID2-treated placental explants; purple= decreased in aPL 

ID2-treated placental explants 
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 Validation of Microarray Data using Semi-quantitative Real-time 3.3.3.

RT-PCR (RT-qPCR) 

As a proof of principle experiment to evaluate the reliability of the microarray 

results, a semi-quantitative real-time RT-PCR (RT-qPCR) study was conducted on 

a total of 6 placental explants treated with the aPL ID2 at a dose of 25µg/mL or 

matched control explants derived from 3 placentae. The levels of seven mRNAs 

selected based on the magnitude of their fold-change (RBP7, GHR, PODXL, 

TNFSF10/TRAIL, non-annotated gene AA703280, GRB10 and NOG), were 

examined. This analysis confirmed that there were differences in expression levels 

for each of these genes in the same direction of change as in the microarray 

experiment (Figure 3.6). However, the magnitude of differential expression seen in 

the RT-qPCR was less than that seen in the microarray data, and only two genes, 

NOG and TRAIL, were differentially expressed to a statistically significant degree 

in aPL ID2-treated placental explants compared to control explants in the RT-qPCR 

validation experiment (pNOG=0.032, pTRAIL=0.033, t-test). 
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Figure 3.6: Validation of microarray data using RT-qPCR showing 

similar directional changes in gene expression due to the 

antiphospholipid antibody 

Analysis of 7 mRNAs that were differentially regulated following 

treatment of placentae with the aPL ID2 showed that directional changes 

measured by microarrays could be replicated by RT-qPCR. Purple bars 

indicate mRNA log2 fold-change detected by microarrays and red bars 

represent log2 fold-change detected by RT-qPCR in aPL ID2-treated 

placentae compared to control placentae. NOG and TRAIL mRNA were 

significantly different in aPL ID2-treated placentae compared to control 

placentae (RT-qPCR, 2 explants per placenta, n=3 placentae,*pT-

TEST<0.05). Data represents mean ±S.E.M. 
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 Analysis of the Molecular Pathways Dysregulated in Placentae by 3.3.4.

Treatment with the Antiphospholipid Antibody  

 Analysis of Molecular Pathways using GATHER and IPA 3.3.4.1.

The list of 118 differentially expressed probe sets was annotated using the Gene 

Ontology (GO) accession using GATHER (Gene Annotation Tool to Help Explain 

Relationships). Four pathways had a log2 Bayes factor >1 using GATHER’s GO 

pathway analysis. This analysis found that genes involved in steroid biosynthesis; 

negative regulation of cell differentiation; nucleobase, nucleoside, nucleotide and 

nucleic acid metabolism, and apoptosis were significantly different in aPL ID2-

treated placental explants (Table 3.3). Analysis of molecular and cellular functions 

using IPA (Ingenuity Pathways Analysis) also showed that cell death was the top 

function that was significantly altered in aPL ID2-treated placental explants.  

 

Table 3.3: Gene Ontology Annotations generated using GATHER for 

pathways that were associated with the dysregulated genes in placental 

explants treated with the antiphospholipid antibody 

Gene Ontology 

Annotation 

Bayes 

Factor 
p-value Regulated genes 

GO:0006694 [7]: 

Steroid biosynthesis 
6 0.0001 

HMGCS2, HSD11B2, PRKAA2, 

RODH 

GO:0045596 [5]: 

Negative regulation of 

cell differentiation 

2 0.0061 NOG, TLR3 

GO:0006139 [5]: 

Nucleobase, nucleoside, 

nucleotide and nucleic 

acid metabolism 

1 0.0087 

AK3, DIRAS3, DPYSL3, PHF6, 

POLN, RBAK, TIF1, ZFX, 

ZNF614 

GO:0006915 [6]: 

Apoptosis 
1 0.0129 

BCL2L1, FASLG, MCL1, 

PDCD2L, PRKCE, SEMA6A, 

TNFSF10/TRAIL 
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 Permutation Analysis of Molecular Pathways 3.3.4.2.

A robust permutation analysis comparing the list of annotated genes generated by 

GATHER to 1000 lists of randomly generated genes revealed that the steroid 

biosynthesis (GO:0006694 [7], p=0.03) and apoptosis (GO:0006915 [6], p=0.013) 

pathways were significantly different in aPL ID2-treated placental explants. The 

frequency of randomly chosen sets of 118 probe sets having the degree of 

enrichment of our 118 differentially expressed probe sets for apoptosis-associated 

(GO:0006915) and steroid biosynthesis-associated (GO:0006694) annotations was 

1.3 in 100 and 3 in 100, respectively. P-values≤0.05 indicate a 95% confidence 

interval, and  >95% of randomly chosen gene lists had less number of genes from 

the relevant pathway associated with them, that is, there is a less than 5% chance 

that the genes in these two pathways were dysregulated by chance alone. This 

suggests that the 118 RNAs that were identified as being regulated by the aPL ID2 

were more enriched for molecules involved in apoptosis (Figure 3.7) and steroid 

biosynthesis than would be expected due to chance.  
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Figure 3.7: Frequency distribution histogram of permutation 

analysis of apoptosis-related genes related to the list of differentially 

expressed probe sets due to treatment of placental explants with the 

antiphospholipid antibody 

Permutation analysis conducted using R showed that there is a <5% 

chance that the apoptosis-related genes in the list of genes of interest 

were altered due to chance alone (p=0.013) 
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 Investigation of Apoptotic Genes in Placental Explants Treated with the 3.3.4.3.

Antiphospholipid Antibody using Semi-quantitative Real-time RTPCR (RT-

qPCR) 

In order to confirm the association of apoptosis with the treatment of placental 

explants with aPLs, the expression levels of seven apoptosis-related genes 

identified in the GATHER analysis of the microarray data to be regulated by the 

aPL ID2 in placentae were further investigated in aPL ID2-treated placental 

explants (Table 3.4). In the following experiment, placentae were cultured with two 

different doses of aPL ID2 for two different lengths of time: 25 µg/mL for 16 

hours, and 50µg/mL for 24 hours. This was conducted in order to (1) validate the 

changes in the expression of the seven selected apoptosis-related genes at the dose 

and time point investigated using microarrays (25 µg/mL for 16 hours), and to (2) 

to compare the changes in mRNA expression of the seven genes to changes that 

may be observed at the dose and time-point used in the proteomic and 

metabolomics studies (50µg/mL for 24 hours) described in Chapters 4 and 5 

respectively. To do this, four placental explants dissected from three separate 

placentae giving a total of 12 explants were treated with the aPL ID2 at 25µg/mL 

for 16 hours, or 50µg/mL for 24 hours along with matched control placental 

explants at each time-point. The expression levels of two genes, programmed cell 

death 2-like (PDCDL) and TNF-α related apoptosis-inducing ligand (TRAIL), were 

consistent with microarray data in placental explants treated with the aPL ID2 at a 

dose of 25µg/mL for 16 hours as well as at a dose of 50µg/mL for 24 hours. The 

change in expression of FASLG could not be replicated using RT-qPCR. 

Expression levels of BCL2L1, MCL1 and SEMA6A mRNAs appeared to be 

increased in aPL ID2-treated explants at both doses, contrary to the effect seen in 

the microarray analysis. Protein kinase C-epsilon (PRKCE) expression was 

decreased in placental explants treated with a dose of 25µg/mL of the aPL ID2, but 

was increased in explants treated with a dose of 50µg/mL of the aPL ID2. Of all 7 

seven mRNAs measured, only the expression of MCL1 (pTTEST=0.001) and PRKCE 

(pTTEST=0.037) were significantly different in placental explants treated with the 

aPL ID2 at a dose of 25µg/mL compared to control placental explants (Figure 3.8).  
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Table 3.4: Seven mRNAs involved in the regulation of apoptosis that were 

deregulated in antiphospholipid antibody-treated compared to untreated 

placentae investigated using RT-qPCR 

Gene name Gene Symbol Microarray 

fold-change 

(aPL/Unt)  

p-value 

BCL2-like 1 BCL2L1 -1.62 0.007 

Fas ligand (TNF superfamily, 

member 6) 

FASLG -1.35 0.006 

Myeloid cell leukemia 

sequence 1 (BCL2-related) 

MCL1 -1.56 0.009 

Programmed cell death 2-like PDCD2L 1.34 0.008 

Protein kinase C, epsilon PRKCE -1.83 0.01 

Sema domain (semaphorin) 6A SEMA6A -1.67 0.003 

Tumour necrosis factor 

(ligand) superfamily, member 

10 

TRAIL/ TNFSF10 -3.3 0.008 
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Figure 3.8: Differential mRNA expression of apoptosis-related genes 

in placental explants treated with different doses and at different 

time-points with the antiphospholipid antibody 

Analysis of 6 apoptosis-related genes using RT-qPCR following placental 

treatment with the aPL ID2 . Purple bars indicate log fold-change as 

detected by microarrays, dark red and light red bars represent fold-change 

measured in placentae treated with the aPL ID2 at a dose of 25µg/mL for 

16 hours and 50µg/mL for 24 hours respectively (RT-qPCR, 4 explants 

per placenta, n=3 placentae,*pT-TEST<0.05). Data represents mean ± 

S.E.M. Out of the seven genes investigated using RT-qPCR, PRKCE 

mRNA expression was significantly reduced in placental explants treated 

with aPL ID2 at a dose of 25µg/mL for 16 hours compared to untreated 

controls, similar to the change in PRKCE mRNA expression observed 

using microarrays 
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 Immunohistochemical Investigation of TRAIL Expression in 3.4.

the Placenta in Response to treatment with the Antiphospholipid 

Antibody  

Since TRAIL mRNA was consistently down-regulated in aPL ID2-treated placental 

explants as shown by both microarrays and RT-qPCR, the expression of TRAIL 

protein in aPL-treated and control placental explants was investigated using 

immunohistochemistry. TRAIL was expressed in the syncytiotrophoblast, as well 

as stromal cells of both aPL ID2-treated and control placental explants. TRAIL 

expression was downregulated in the syncytiotrophoblast of placental explants 

treated with the aPL ID2, although this was not quantified (Figure 3.9). 

 

 

Figure 3.9: Reduction in TRAIL expression in placentae due to 

treatment with the antiphospholipid antibody 

Representative photomicrographs demonstrating TRAIL expression in 

control (C, D) and aPL ID2-treated (E, F) placental explants. TRAIL is 

expressed within the syncytiotrophoblast (arrows) as well as stromal 

macrophage-like cells, and appears to be reduced in the 

syncytiotrophoblast of aPL ID2-treated placentae (25µg/mL, 24 hours). A 

and B show sections stained with an irrelevant control rabbit IgG. Images 

are representative of three first trimester placentae, and each experiment 

was repeated three times. Scale-bars represent 100µm or 50µm as 

indicated 
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 Summary of Key Findings 3.5.

 Treatment of placental explants with aPLs at doses of 12.5µg/mL, 25µg/mL 

and 50µg/mL for 24h in culture resulted in an increase in the amount of 

trophoblast debris extruded from the placental explants (p<0.05) 

 Treatment of placental explants with aPLs at a dose of 25µg/mL for 4h, 16h 

and 20 h did not cause a significant increase in the amount of trophoblast 

debris extruded at any time point compared to control placental explants 

(p<0.05) 

 118 probe sets representing 98 specific annotated mRNAs were 

differentially regulated in aPL-treated placental explants, with 42 mRNAs 

upregulated and 56 down-regulated (p<0.01) 

 Genes in pathways relating to apoptosis (BCL2L1, FASLG, MCL1, 

PDCD2L, PRKCE, SEMA6A and TRAIL/TNFSF10) and steroid biosynthesis 

(HMGCS2, HSD11B2, PRKAA2, RODH) were found to be significantly 

associated with treatment of placental explants with aPLs 

 Directional changes in genes suggested to be regulated in the microarray 

data were verified using RT-qPCR for 7 mRNAs. The expression of TRAIL 

and NOG was found to be significantly different in aPL-treated explants 

compared to the controls (p<0.05) 

 Out of the seven genes involved in the regulation of apoptosis that were 

found to be dysregulated due to aPLs, directional changes in the expression 

of 2 genes, PDCD2L and TRAIL was confirmed using RT-qPCR. 

Expression of MCL1, BCL2L1 and SEMA6A was found to be increased 

contrary to the data from the microarray analysis 

 Consistent with the RNA-based analysis, the expression of TRAIL protein 

was reduced in the syncytiotrophoblast of aPL-treated explants 
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 Discussion 3.6.

 Overview 3.6.1.

Antiphospholipid antibodies are the strongest maternal risk factor for women 

developing preeclampsia (Duckitt and Harrington, 2005). The phenomenon of 

increased death and extrusion of necrotic trophoblast debris from the placenta has 

previously been reported in response to treatment of placentae with 

antiphospholipid antibodies in vitro (Chen et al., 2009b). This study was 

undertaken to investigate the molecular changes that occur in placental explants 

treated with aPLs that may lead to the increased extrusion of trophoblast debris. 

Studies involving the investigation of the transcriptome or mRNA expression in a 

biological sample of interest compared to control samples are useful to provide a 

snapshot in time of the molecular changes that accompany a particular disease 

process. A transcriptomic study to identify potential molecular candidates of 

interest involves extraction of RNA from the sample of interest; microarray 

analysis; assessment of quality and statistical analysis of microarray data; validation 

of mRNA expression changes measured in the microarrays using RT-qPCR; 

identification of molecular regulators and pathways of interest; and further 

validation of molecular targets of interest at a protein level in a different set of 

biological samples using experimental techniques such as immunohistochemistry 

(Lockhart and Winzeler, 2000). The work in this chapter followed this general 

approach to investigating molecular mechanisms by which aPLs increase the 

extrusion of necrotic trophoblast debris from placentae.  

 Determination of a Dose and Time-point to use in the Microarray 3.6.2.

Analysis of Placentae treated with Antiphospholipid Antibodies 

Experiments that were conducted to test the effect of increasing doses of aPLs on 

the amount of trophoblast debris extruded from placental explants, showed that 

increasing doses of aPLs (12.5µg, 25µg or 50 µg per mL) significantly increased 

the extrusion of trophoblast debris from placental explants in culture in a linear 

manner following 24 hours in culture (Figure 3.1). In the subsequent microarray 

study, a dose of 25µg/mL of the aPL ID2 was used for placental explant culture. 

This dose was utilised because a) it caused a significant increase in the amount of 

trophoblast debris extruded in culture compared to control explants when cultured 
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for 24 hours, and b) diagnostic criteria for anticardiolipin antibodies is a moderate-

positive in a clinical setting if the levels of antibody is >20GPL (IgG phospholipid 

units, where 1 GPL=1µg of IgG antibody) (Wilson, 2001, Wong, 2004). The aPL 

ID2 is an anticardiolipin antibody with similar reactivity to human aPLs and 

therefore 25µg is at the lower end of the clinically-relevant dose range. Thus any 

effects seen at this dose might be expected to be at the lower end of disease 

severity.  

 

Preliminary experiments were undertaken to determine an appropriate time-point in 

culture with placental explants to use in subsequent microarray experiments. The 16 

hour time-point was chosen as the appropriate time-point to investigate using 

microarrays, since the quality of RNA extracted from placental explants was 

reasonable as indicated by an RQI (RNA quality indicator) value of 7.6, indicating 

that good quality RNA could be converted into cDNA for the microarray analysis 

(Denisov et al., 2008). The amount of time in culture affected RNA quality with 

RQI values reducing with increasing time in culture, indicative of RNA 

degradation, in both aPL-treated and control placental explants (Table 3.1). 

Explants cultured with 25µg/mL of aPLs for 16 hours displayed the highest 

28S/18S rRNA ratio with RNA integrity closest to 2 (Denisov et al., 2008).  

 

Previous work has shown that aPLs  cause an increase in the amount of trophoblast 

debris extruded from placental explants compared to untreated and control 

antibody-treated placental explants when cultured for 24 hours (Chen et al., 2009b). 

However in this study, increasing amounts of time in culture with 25µg/mL of aPLs 

appeared to have no effect on the amount of trophoblast debris extruded from 

placental explants at 4 hours, 16 hours or 20 hours (Figure 3.1). This lack of 

increase in trophoblast debris at each time-point in culture with aPLs  may be due 

to the possibility that the majority of trophoblast death and extrusion occurs in the 

window between 20 and 24 hours in culture (Chen et al., 2008, Chen et al., 2009b). 

Since these experiments were undertaken to investigate the changes in the 

transcriptome of placental explants occurring due to treatment with aPLs, prior to 

and leading up to the measurable phenotype of increased extrusion of trophoblast 

debris, 16 hours in culture was deemed to be a time-point that was early enough to 

measure these changes. It was thought that analysis of the placental transcriptome 
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at this 16-hour time-point may shed light on the molecular processes leading up to 

the increased extrusion of trophoblast debris due to aPLs observed at 24 hours 

(Chen et al., 2009b, Chen et al., 2008).  

 

Having weighed all of these considerations, I determined that it would be optimal to 

culture placental explants with 25µg/mL the aPL ID2 for 16 hours and use the 

mRNA obtained from these explants to examine the effect of aPLs. However, this 

single dose and time-point are far from ideal measures of the effects of aPLs on 

placentae. A major limitation in the design of the microarray experiments was the 

cost of the arrays, which prevented a more extensive time-course and dose-ranging 

series of studies of the effects of aPLs on the transcriptome of placentae. In this 

transcriptomic study, placental explants that were cultured with media only were 

utilised as controls. Previously, it has been shown that the treatment of placental 

explants with two different murine monoclonal aPLs, namely IIC5 and ID2, caused 

a significant increase in the extrusion of total trophoblast debris, compared to 

untreated and control antibody-treated placental explants (Chen et al., 2009b). 

Furthermore, there was no significant difference between the amounts of 

trophoblast debris extruded form untreated and control antibody-treated placental 

explants (Chen et al., 2009b). For this reason, and due to cost limitations, untreated 

placental explants were utilised as controls to investigate the changes in the 

transcriptome of placentae in the presence and absence of aPLs.  

 Antiphospholipid Antibodies Caused Changes in the 3.6.3.

Transcriptome of Placentae 

In this work, mRNAs for 98 genes were differentially expressed (p<0.05) following 

treatment of placental explants with aPLs. When significance analysis for 

microarrays (SAM) was applied to determine the false discovery rate, there were no 

mRNAs that were significantly regulated. The high false discovery rate could have 

been due to the possibility that (1) no genes were differentially regulated between 

the aPL-treated and control groups, or (2) the genes that were found to be expressed 

differentially appeared due to chance alone. However, consistency between 

replicates when visualising the data using heat maps suggested that the 98 genes did 

appear to be regulated and were candidates for the molecular changes underlying 

the altered trophoblast death and extrusion in aPL-treated placentae.  Consequently, 
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the uncorrected p-values were ranked in order of significance with no multiple 

testing correction applied, and the LIMMA analysis was used conservatively, as a 

tool for ranking and selecting probe sets for further study, and is not intended to 

imply any statistical significance.  

 

Further analysis of mRNAs selected on the basis of fold-change, p-value ranking 

and RT-qPCR showed that the changes in mRNA expression measured by the 

microarrays could be replicated using RT-qPCR, albeit that the fold-changes were 

less pronounced (Figure 3.6). The lesser degree of change in expression measured 

by RT-qPCR could be due to the observation that less correlation has been reported 

in RT-qPCR validation of microarray results when regulation detected in 

microarrays is less than 1.4 (Morey et al., 2006). The observation that the 

directional changes in placental mRNA expression due to aPL treatment measured 

using microarrays could be replicated using RT-qPCR supports the theory that 98 

genes dysregulated due to aPLs were consistent across all the placental samples and 

represent potential molecular targets of interest to investigate the effect of aPLs on 

the placental transcriptome.  

 Antiphospholipid Antibodies Caused Changes in the Molecular 3.6.4.

Regulators of Apoptosis in Placentae 

Gene Ontology analysis using GATHER identified four pathways that were 

significantly altered by treating placental explants with aPLs, with a positive Bayes 

factor. Although a recommended cut-off is a Bayes factor of 6, a positive Bayes 

factor of less than 6 indicates that the evidence supports the association, indicating 

that these processes may be suitably followed-up if further statistical analysis 

proves encouraging (Chang and Nevins, 2006). When these pathways were further 

analysed using a robust permutation analysis which compares the overlap of these 

genes with 10,000 randomly generated gene lists, the pathways regulating apoptosis 

and steroid biosynthesis were significantly different, with p-values≤0.05 indicating 

that identification of the dysregulation of genes involved in these two pathways did 

not occur by chance alone (Chang and Nevins, 2006).  

 

Since the analysis of molecular pathways as well as further statistical analysis 

highlighted cell death as the primary pathway associated with the list of genes that 
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were dysregulated in placental explants due to aPLs, the molecular regulators 

involved in this pathway were further investigated using RT-qPCR. Further 

experiments were conducted to investigate whether treatment of placentae with a 

higher dose of aPLs for a longer period of time would amplify the mRNA 

responses in the regulators of cell death observed in the microarray study at the 16-

hour time-point. However, out of the six genes investigated, only programmed cell-

death 2-like (PDCD2L) and TRAIL followed the same directional trends as the 

microarray data, where PDCD2L increased and TRAIL decreased in aPL-treated 

explants at both doses of aPLs compared to controls (Figure 3.8). In the RT-qPCR 

study, expression of BCL2L1, MCL1 and SEMA6A exhibited changes in the 

opposite direction as those detected by the microarrays. Another gene, PRKCE, 

followed the trend detected in the microarray data in aPL-treated explants at a dose 

of 25µg/mL for 16 hours (the same dose as in the microarray study) but exhibited 

an increase in explants treated with aPLs at a dose of 50µg/mL for 24 hours.  

 

The lack of concordance between the microarray and RT-qPCR mRNA expression 

levels for the genes BCL2L1, MCL1 and SEMA6A may be explained by the 

observation that it is more difficult to validate fold-changes in mRNA levels that 

display a 2-4-fold difference, and may be dependent on hybridisation intensities of 

the microarrays (Rajeevan et al., 2001).  

 

There are several possible biological explanations for the differences in the mRNA 

expression of molecular regulators of apoptosis following the culture of placental 

explants with two different doses of aPLs at two different time-points. Firstly, the 

mRNA used in the microarrays was derived from three placentae that had been 

treated with aPLs for 16 hours only whilst the mRNA extracted for the RT-qPCR 

experiments was derived from three different placentae with two different doses of 

aPLs cultured for two different lengths of time- 16 hours and 24 hours. It could be 

that this difference in time in culture caused differential transcriptomic changes in 

the explants compared to the microarray study (Virtaneva et al., 2005, Marchand et 

al., 2011). One study has investigated the changes in global gene expression in 

human embryonic stem cells (hESCs) during their differentiation into trophoblasts 

following treatment with bone morphogenetic protein 4 after days 0, 2, 4, 6, 8, 10 

and 12 in culture. Using microarrays, it was demonstrated that approximately 3800 
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genes displayed temporal differences in expression in differentiating hESCs over 

the time-course in culture (Marchand et al., 2011). It is therefore possible that 

culturing placental explants with aPLs for 16 hours and 24 hours caused differential 

regulation of the same apoptotic genes at the two different time-points. 

 

Secondly, these differences in apoptotic gene expression could be reflective of the 

regulation of apoptosis in placental explants at that particular dose and time-point in 

response to aPLs. One study investigating the activity of cDNA clones in MCF7 

and HepG2 cells in response to different doses and time in culture with the 

carcinogen Benzo(a)pyrene (BaP) demonstrated that a number of genes displayed 

dose- and time-dependent changes in expression in both cell lines following 6, 24 

and 48 hours in culture with different doses of BaP. The authors further proposed 

that genes that displayed differential expression in a dose- and time-dependent 

manner were more likely to be indicative of the true effects of BaP exposure 

(Hockley et al., 2006).  

 

Finally, the differential expression of apoptotic genes in placentae following 

different doses and times in culture with aPLs more likely reflects the complicated 

nature of the regulation of apoptosis in the villous trophoblast. The molecular 

regulation of this process has been broadly postulated to involve the Fas-FasL 

signalling system, the Bcl-2 family, and the TNF- family and its receptors 

(Heazell and Crocker, 2008). Most studies investigating the regulation of apoptosis 

in villous trophoblast have utilised immunohistochemistry, since this is the only 

method that enables visualisation of cytotrophoblasts and the syncytiotrophoblast as 

separate layers (Huppertz et al., 1998, Abumaree et al., 2012). Although most 

studies have related the expression of these protein families to the regulation of the 

apoptotic cascade in villous trophoblast; some studies have observed the occurrence 

of “patchiness” in the expression of some of these molecular regulators in the 

syncytiotrophoblast (Abumaree et al., 2012). It is therefore highly likely that the 

molecular regulators involved in the apoptotic process in villous trophoblast are not 

homogenous at any given time-point studied, even during normal pregnancies 

(Abumaree et al., 2012). This makes good sense given that some regions of the 

syncytiotrophoblast will contain newly incorporated cytotrophoblasts while other 

regions are older and closer to death (Huppertz et al., 1998).  
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If these observations are extrapolated to the transcriptomic study described in this 

chapter, the lack of homogeneity in the regulation of the apoptotic cascade in the 

syncytiotrophoblast in normal pregnancies could account for the discordance in 

gene regulation between different doses and time-points of aPLs studied; and this in 

turn reflects the disruptions that could occur in pathological pregnancies 

complicated by the presence of aPLs.  

 Antiphospholipid Antibodies Affected Molecular Regulators of the 3.6.5.

Intrinsic and Extrinsic Apoptosis Pathways in Placentae 

 Antiphospholipid Antibodies Altered the Expression of the Intrinsic 3.6.5.1.

Apoptosis-regulating Bcl-2 Family in Placentae 

The mRNA for two genes belonging to the Bcl-2 family, BCL2L1 (BCL-X) and 

MCL1 were regulated by aPLs in placentae in both the microarray experiments and 

the RT-qPCR experiments. The Bcl-2 family is closely involved with the regulation 

of the intrinsic pathway of apoptosis via their actions on mitochondria (Certo et al., 

2006, Shimizu et al., 1999). These genes function as inhibitors or activators of 

apoptosis depending upon the isoform, as well as subcellular localisation of the 

proteins. The long isoforms of BCL2L1 (BCL-XL) and MCL1 (MCL1L) function as 

inhibitors of apoptosis whilst the short isoforms (BCL-XS, MCL1S) act to promote 

apoptosis within cells (Cirelli et al., 1999, Soleymanlou et al., 2007).  

 

The genes BCL2L1 and MCL1 are of interest due to their involvement in the 

process of apoptosis, particularly in maintaining villous trophoblast turnover 

(Huppertz et al., 1998, Charles et al., 2005, Hu et al., 2006a, Ratts et al., 2000). The 

expression and function of BCL2L1 and MCL1 has been previously studied in the 

human placenta. Protein expression of Bcl-2-l1 has been reported in the 

syncytiotrophoblast, as well as stromal and endothelial cells of placentae at term 

(Cirelli et al., 1999), whilst Mcl-1 has been observed in syncytiotrophoblast and 

cytotrophoblast (Soleymanlou et al., 2007, Huppertz et al., 1998). Redistribution of 

Bcl-2-l1 from the cytosol to the nucleus within trophoblasts and placental stromal 

cells might be indicative of apoptosis (Cirelli et al., 1999).  
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Members of the Bcl-2 family play a pivotal role in the regulation of the intrinsic 

pathway of apoptosis via their influence on the permeability of the mitochondrial 

membrane (Shimizu et al., 1999, Marzo et al., 1998b). It has been shown that two 

pro-apoptotic members of the Bcl-2 family, Bax and Bak, act together to cause the 

opening of VDAC1 or voltage dependent anion channel 1, the predominant voltage-

gated channel localised in the mitochondrial outer membrane (Shimizu et al., 1999). 

The opening of this channel may cause the release of apoptogenic cytochrome c 

into the cytosol, thus ensuring the progression of the intrinsic apoptotic cascade 

within the cell (Shimizu et al., 1999). The anti-apoptotic isoform Bcl-XL acts to 

close VDAC1 by binding to it directly (Shimizu et al., 1999, Marzo et al., 1998b). 

Another study has shown that the Bcl-2 family may in fact be priming cells for 

death by influencing the mitochondrial response, and survival of the cell depends 

on the mitochondrial response to the anti-apoptotic members of the family, 

including Bcl-XL and Mcl-1 (Certo et al., 2006).  

 

The expression of BCL2L1 and MCL1 was significantly reduced in placental 

explants in the microarray dataset (aPL 25µg/mL, 16 hours), but MCL1 

significantly increased in placental explants treated with aPLs at a dose of 50µg/mL 

for 24 hours. That these genes were shown to be regulated in two separate sets of 

experiments highlights their putative importance in mediating the effect of aPLs on 

the syncytiotrophoblast. The differing direction of change in the expression of these 

genes in the microarrays and RT-qPCR could be explained by one or more of the 

following: 

1) The different doses of aPLs tested (25µg/mL versus 50µg/mL), which could 

have elicited differential patterns of expression for these two genes. This could 

also reflect the activity of these two genes caused by differing levels of aPLs in 

vivo 

2) The lengths of time for which placental explants were treated with aPLs (16 

hours as in the microarray versus 24 hours in RT-qPCR). Transitional changes 

in the same genes are known to occur over time (Virtaneva et al., 2005). The 

differential gene expression pattern over time could be reflective of differences 

in the apoptotic process occurring within the placental tissue at that particular 

time. For example, selectins are known to differentially expressed over time 

during the process of endothelial cell activation (Eppihimer et al., 1996) and 
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the observation that both BCL2L1 and MCL1 are regulated differentially 

between both time-points could reflect their time-point specific role in the 

death process (Huppertz et al., 1998) 

3) The exact isoforms of both these genes were not investigated in this study. 

Prior to drawing conclusions, it would be necessary to know whether the anti-

apoptotic or pro-apoptotic isoforms of these two genes were being regulated by 

aPLs. Since the probe sets in the microarrays, as well as the primers used in the 

RT-qPCR experiments identified regions of the genes that are shared by both 

the short and long isoforms, it is unknown whether the pro-apoptotic isoform 

was down-regulated, while the anti-apoptotic isoform was up-regulated at each 

time-point, or vice versa 

4) The subcellular localisation of the proteins encoded by these genes was also 

not investigated. Since it is known that these proteins translocate to 

mitochondria and exert their apoptotic functions, it would also be necessary to 

know their exact localisation at each time-point (Shimizu et al., 1999) 

Nevertheless, changes in the expression of these two genes that are known to be 

involved in apoptosis may be indicative of a switch in the death processes from 

apoptotic to aponecrotic/necrotic within the placenta in response to aPLs (Formigli 

et al., 2000). Two possible scenarios could be occurring in the placenta due to 

aPLs: 

1)  If the anti-apoptotic isoforms of BCL2L1 and MCL1 were reduced in 

placentae due to aPLs at a dose of 25µg/mL after 16 hours, it could be that 

the VDAC1 channel in the mitochondrial membrane is opening, causing the 

release of cytochrome c into the cytosol and thus acting to increase 

apoptosis in the placenta (Shimizu et al., 1999, Marzo et al., 1998b) 

2) If the pro-apoptotic forms of these two genes were reduced in placenta due 

to aPLs at the same dose and time-point, it could be that the placenta is 

undergoing a protective response to prevent further apoptosis from 

occurring (Certo et al., 2006) 

Therefore, although it is not possible to confirm the exact effect of the changes in 

these two genes without further downstream investigations, their disruption may be 

strongly indicative of alterations in the death process in placentae due to aPLs 

(Marzo et al., 1998b, Abumaree et al., 2012, Hu et al., 2006b, Ratts et al., 2000). 
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Whilst the regulation of BCL2L1 and MCL1 by aPLs confirm the importance of cell 

death regulatory pathways in the effects of aPLs on the production of trophoblast 

debris, TRAIL was chosen for further investigation into the effects of aPLs on the 

placental transcriptome, since this gene showed the most consistent regulation in 

aPL-treated placental explants with the downregulation regardless of the dose of 

aPLs, the length of treatment, or the analysis tool.  

 Antiphospholipid Antibodies Reduced the Expression of Extrinsic 3.6.5.2.

Apoptosis-regulating TRAIL in Placentae 

Antiphospholipid antibodies consistently caused the down-regulation of the mRNA 

expression of TRAIL/TNFSF10 in placentae compared to controls, measured using 

both microarrays and RT-qPCR in a total of 9 different placentae (all data not 

shown). Due to this consistent regulation TRAIL was chosen for further 

investigation. Immunohistochemistry showed that TRAIL was expressed in the 

syncytiotrophoblast, as well as in stromal cells of placentae, and expression of 

TRAIL appeared to be reduced in the syncytiotrophoblast of aPL-treated placentae.  

 

TRAIL is a TNF superfamily member and acts as a ligand inducing apoptosis via 

the extrinsic apoptotic cascade. TRAIL is also secreted by most normal cells. 

TRAIL-mediated apoptosis is induced by a system involving two death-domain 

motif-containing receptors TNFRSF10A/DR4 (death receptor 4) and 

TNFRASF10B/DR5 (death receptor 5), which when bound to TRAIL recruits the 

Fas associated death domain (FADD) and caspase-8, forming a death inducing 

signalling complex that results in the proteolytic cleavage of caspase-3 and thus, 

apoptosis. TRAIL may also bind to 3 decoy receptors, TNFRSF10C/DcR1, 

TNFRSF10D/DcR2 and TNFRSF11B/OPG (osteoprotegrin) which lack a 

functional death domain and thus do not result in apoptosis (Bai et al., 2009, Chen 

et al., 2004a, Phillips et al., 1999).  

 

My results confirm previous studies which also reported TRAIL expression in the 

syncytiotrophoblast, cytotrophoblast, stromal cells and capillary endothelium of 

placental villi, and this expression appears to be localised to the membrane and 

cytoplasm, with no nuclear staining (Bai et al., 2009, Chen et al., 2004a, Phillips et 

al., 1999). There appears to be no significant variation in the expression of TRAIL 
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in cytotrophoblasts and syncytiotrophoblast throughout gestation (Chen et al., 

2004a). The expression of decoy receptors DcR1 and DcR2 appears to decrease in 

villous trophoblast with increasing gestational age; whilst the expression of death 

receptors DR4 and DR5 increase significantly (Chen et al., 2004a).  This change in 

death receptor expression may cause trophoblasts to become more susceptible to 

TRAIL-mediated apoptosis by the end of pregnancy (Straszewski-Chavez et al., 

2005, Chen et al., 2004a). That TRAIL is constitutively expressed in placental 

villous trophoblast and specifically the syncytiotrophoblast throughout pregnancy 

with very little variation, suggests that TRAIL may play a pivotal role in tightly 

regulating placental apoptosis, in conjunction with changes in expression of death 

and decoy receptors (Phillips et al., 1999, Bai et al., 2009). However, this role has 

not been elucidated.  

 

Some groups have hypothesised that the constitutive expression of TRAIL in the 

syncytiotrophoblast is necessary to maintain placental protection or an 

immunosuppressive bias during pregnancy (Phillips et al., 1999, Sokolov et al., 

2009, Lonergan et al., 2003, Bai et al., 2009). One study has shown that while 

macrophages remain susceptible to TRAIL-mediated killing, possibly via the 

expression of DR4; trophoblasts are resistant, possibly since they express DcR1 

(Phillips et al., 1999). The authors hypothesise that this difference in death and 

decoy receptor expression in trophoblasts and macrophages could reflect one 

mechanism by which TRAIL maintains an immunosuppressive environment during 

pregnancy, and targets maternal immune cells for apoptosis (Phillips et al., 1999). 

Other studies have shown that the expression of TRAIL by trophoblasts induced 

apoptosis in smooth muscle cells, and that this process is necessary to induce the 

remodelling of maternal uterine spiral arteries during pregnancy (Keogh et al., 

2007). Therefore it is thought that, similar to the Fas-FasL system in the placenta, 

the TRAIL signalling system plays a vital role in the tolerance to the fetal allograft 

and maintenance of pregnancy (Kauma et al., 1999). Supporting a role for TRAIL 

and its receptors in maintaining placental protection, it has been shown that DR5, 

which is normally localised in the nucleus of trophoblasts, redistributes to the cell 

surface in times of immune stress, for example in the presence of TNF-α. This 

renders trophoblasts more susceptible to TRAIL-mediated apoptosis (Bai et al., 

2009).  
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The aPL-induced reduction of TRAIL expression in the syncytiotrophoblast could 

have several implications for placental apoptosis, as well as the functioning of the 

maternal immune system in vivo. It is possible to speculate that, since the presence 

of aPLs represents a condition of immune stress, if the reduction in TRAIL 

expression in the syncytiotrophoblast were to occur in conjunction with a 

redistribution of death receptors to the placental surface, this would render placental 

villous trophoblast more susceptible to increased death (Bai et al., 2009). It is also 

possible that the reduction in the expression of this ligand that is involved in the 

induction of an extrinsic apoptotic pathway, could result in a deflection of the 

extrinsic apoptotic pathway in placentae to an intrinsic pathway of apoptosis, or 

alternatively a switch in the death process from apoptosis to necrosis (Edinger and 

Thompson, 2004). In an in vivo setting, a reduction in TRAIL due to aPLs could 

lead to an increase in maternal macrophages around the placenta, which could 

cause further inflammation and placental apoptosis in pregnancies complicated by 

the presence of aPLs. This inflammation could trigger dysfunction of the maternal 

immune system, which constitutes one of the two major pathophysiological 

mechanisms of preeclampsia, and could be one mechanism whereby the reduction 

of TRAIL due to aPLs could promote the development of preeclampsia (Redman et 

al., 1999). Investigation of the effect of aPLs on secreted TRAIL and the expression 

of death and decoy receptors in the placenta would provide a more complete picture 

of the role of the TRAIL signalling system in pregnancies complicated by aPLs. 

Further work is required to clarify how exactly TRAIL regulates cell death in the 

syncytiotrophoblast and the extrusion of trophoblast debris in a normal and 

pathological setting. 

 Conclusion 3.6.6.

Other studies have shown that aPLs may induce an increase in the extrusion of 

necrotic trophoblast debris from the syncytiotrophoblast (Chen et al., 2009b). In 

this transcriptomic study, I have shown that the treatment of placentae with aPLs 

results in specific transcriptomic changes that are associated with cell death. Seven 

molecular regulators of apoptosis were identified to be disrupted due to aPLs in this 

study, and of these, three genes are key regulators of intrinsic (BCL2L1 and MCL1) 

and extrinsic (TRAIL) apoptotic pathways. The observation that aPLs disrupted 
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these three genes supports the hypothesis that aPLs may affect the trophoblast death 

process during pregnancy, possibly resulting in a switch to aponecrosis/necrosis in 

the syncytiotrophoblast (Chen et al., 2009b, Chen et al., 2008).  

 

The work in this chapter has been published: 

Pantham P, Rosario R, Chen Q, Print CW, and Chamley LW. Transcriptomic 

Analysis of Placental Explants Treated with an Antiphospholipid Antibody. 2012. 

Journal of Reproductive Immunology, 94 (2), 151-4 
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4. Proteomic Analysis of Syncytial Nuclear Aggregates 

Extruded from Placentae treated with an 

Antiphospholipid Antibody 

 Introduction and Rationale  4.1.

Throughout pregnancy, the syncytiotrophoblast undergoes the process of cell 

death, resulting in the extrusion of multinucleated syncytial nuclear 

aggregates into the maternal blood. An increase in the amount of deported 

SNAs has been associated with preeclamptic pregnancies, and in vitro 

evidence suggests that a major risk factor for preeclampsia, antiphospholipid 

antibodies, cause an increase in the number of necrotic SNAs extruded from 

the placenta (Chen et al., 2009b). Thus far, there has been limited 

characterisation of the proteome of SNAs in either in normal and diseased 

pregnancies. This study was therefore undertaken to characterise and quantify 

the changes in the proteome of SNAs following treatment of placentae with 

aPLs. 

 

Proteomics involves the global profiling of proteins expressed in a particular 

sample of interest utilising several techniques encompassing mass-

spectrometry and gel-based methods. An iTRAQ (isobaric tagging for relative 

and absolute quantification) approach was utilised to analyse the proteome of 

SNAs. The basis of an iTRAQ experiment involves the derivatisation of 

samples of extracted proteins using one of several iTRAQ tags (Unwin, 

2010). An iTRAQ tag comprises three different groups: an N-terminal 

peptide reactive group, a reporter group, and a balance group which acts to 

make the labelled peptide from each sample the same mass (isobaric). Upon 

fragmentation of peptide ions, the iTRAQ tag fragments, releasing its reporter 

ion and allowing for the quantification of each peptide in each sample 

(Unwin, 2010). This is the first study that has utilised iTRAQ to quantify the 

proteome of SNAs.  
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 The Antiphospholipid Antibody Increased the Number of 4.2.

Syncytial Nuclear Aggregates Extruded from Placental 

Explants 

Previous experiments have shown that aPLs increase the amount of 

trophoblast debris extruded from placental explants and suggested that this 

increase included a major change in the number of SNAs extruded. However, 

those experiments used an automated cell counter to assess the amount of 

debris produced and assumed that any particle >20µm was an SNA. In order 

to confirm that aPLs do induce extrusion of an increased number of SNAs 

from placentae, 12 explants were dissected from each of 10 first trimester 

placenta and cultured for 24 hours with the aPL ID2, isotype-matched control 

antibody or media only in Netwell
TM 

chambers. SNAs extruded from the 

explants were then isolated using a micromanipulator and counted. 

 

Treatment of placental explants with the aPL ID2 caused a 57% increase 

(pFRIEDMAN=0.002, Figure 4.1) in the number of SNAs extruded per milligram 

of placental tissue compared to untreated and control antibody-treated 

placental explants. There was no significant difference between the number of 

SNAs extruded/mg from the untreated and control antibody-treated placentae 

(pFRIEDMAN<0.05).  
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Figure 4.1: The antiphospholipid antibody caused a significant 

increase in the number of syncytial nuclear aggregates extruded from 

placental explants 

Placental explants were cultured in the presence or absence of the aPL ID2 

or the isotype-matched control antibody  (cAb) at a dose of 50µg/mL for 

24 hours, and the numbers of extruded SNAs were counted manually (12 

explants per placenta, n= 10 placentae, pFRIEDMAN=0.002) 
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 Comparison of Protein Yield from Syncytial Nuclear 4.3.

Aggregates using Different Lysis Buffers   

Radioimmunoprecipitation assay buffer (RIPA) is routinely utilised as a lysis 

buffer in protein extractions. However, this buffer is incompatible with 

iTRAQ labelling reagents due to the amount of detergents present in RIPA 

buffer. This experiment was conducted in order to test the protein yield 

following lysis of SNAs using an iTRAQ-compatible lysis buffer, compared 

to the protein yield from SNAs following lysis using RIPA buffer.  

 

Bicinchoninic acid (BCA) assays were performed to assess the amount of 

protein in lysates obtained from six separate pools of SNAs, where 100 SNAs 

were collected from each placenta. Three pools of SNAs underwent lysis with 

RIPA buffer while the other three pools of SNAs underwent lysis with the 

iTRAQ-compatible lysis buffer. The amount of protein obtained using the 

two different lysis buffers was not significantly different (pTTEST=0.5, Figure 

4.2), with lysis of pooled SNAs using RIPA yielding 0.142±0.06µg/SNA 

whilst the iTRAQ-compatible lysis buffer yielded 0.05±0.01µg/SNA.  
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Figure 4.2: Amount of protein per syncytial nuclear aggregate 

Lysis of SNAs pooled from each of six placentae, where each data point 

represents one pool of 100 SNAs collected from one placenta. There was 

no significant difference in the amount of protein yielded following lysis of 

SNAs with RIPA or an iTRAQ-compatible lysis buffer (100 SNAs per 

placenta, 3 placentae per buffer, n=6 placentae, pTTEST=0.5) 
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 Comparison of Differences in the Proteome of Syncytial 4.4.

Nuclear Aggregates Extruded from Placental Explants treated 

with the Antiphospholipid Antibody 

In order to investigate whether and how the proteome of SNAs was affected 

by the treatment of placentae with aPLs, a total of 120 explants dissected 

from 10 first trimester placentae were cultured with the aPL ID2 (50µg/mL), 

isotype-matched control antibody (cAb, 50µg/mL) or media only for 24 hours 

and SNAs were isolated using a micromanipulator. A total of 1117±120 

SNAs from each of the three treatments were collected from 10 placentae and 

pooled prior to lysis and labelling for iTRAQ analysis.  

 

The iTRAQ approach identified 444 proteins/protein groups including single 

peptide identifications at a false discovery rate of <1%. Two hundred and 

eleven proteins/protein groups were identified by at least 2 peptides. Since 

identification of proteins based on a single peptide may not be reliable, only 

these 211 proteins were further investigated. Out of the 211 proteins 

identified, regulated proteins that changed in expression in SNAs extruded in 

response to treatment with the aPL ID2 compared to control antibody-treated 

placental explants were identified using two different methods:  

1) Using a cut-off of ≥1.2-fold difference between aPL ID2 and control 

antibody peptide ratios, 22 proteins were downregulated and 32 proteins 

were upregulated out of the 211 identified proteins, giving a total of 54 

regulated proteins (Table 4.1). These proteins were expressed at similar 

levels in SNAs extruded from untreated and isotype-matched control 

antibody (cAb)-treated placental explants (<1.2-fold change) (Griffiths et 

al., 2007, Pierce et al., 2008, Unwin, 2010, Unwin et al., 2010) 

2) Statistical analysis using the one-sample t-test followed by correction for 

multiple testing revealed that 30 proteins out of 211 were significantly 

different (p<0.05) in SNAs extruded from aPL ID2-treated versus control 

antibody-treated placental explants (Table 4.2). Due to the use of pooled 

SNAs in this experiment, these p-values have been considered purely as a 

method of ranking the proteins of interest, and do not represent statistical 

significance 
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Twelve proteins overlapped between the 54 and 30 proteins identified using the 

two different methods, giving a total of 72 proteins that were differentially 

regulated due to the aPL ID2 in SNAs.  

 

Out of the 211 proteins, 139 proteins that showed differential levels of protein 

expression (>1.2-fold change) in SNAs extruded from untreated and control 

antibody-treated placentae were excluded from further biological analysis and 

interpretation, in order to ensure that the remaining proteins were regulated due to 

aPL.  
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Table 4.1: Fifty-four proteins that were altered ≥1.2-fold in syncytial 

nuclear aggregates extruded from placental explants treated with the 

antiphospholipid antibody ranked in order of fold-change  

Official 

symbol 

Protein name GI accession aPL/cAb 

ratio 

Unt/cAb 

ratio 

TGM2 Protein-glutamine γ-

glutamyltransferase 2 isoform 

a   

39777597 0.66 0.83 

VDAC1 Voltage-dependent anion 

channel 1   

4507879 0.66 0.9 

ATP6V0A1 V-type proton ATPase 116 

kDa subunit a isoform 1 

isoform c   

19913418 0.67 1.09 

HBE1 Hemoglobin subunit ε 4885393 0.67 1.02 

IQGAP1 Ras GTPase-activating-like 

protein IQGAP1   

4506787 0.68 0.97 

HBZ Hemoglobin subunit ζ 4885397 0.68 1.16 

ANXA5 Annexin A5   4502107 0.7 0.89 

CAND1 Cullin-associated NEDD8-

dissociated protein 1   

21361794 0.71 1.15 

MYOF Myoferlin isoform b   19718759 0.71 1 

HBD Hemoglobin subunit δ 4504351 0.72 0.97 

HBG1 Hemoglobin subunit γ-1   28302131 0.72 1.11 

HBB Hemoglobin subunit β   4504349 0.73 0.95 

CAP1 Adenylyl cyclase-associated 

protein 1   

5453595 0.73 0.96 

HBG2 Hemoglobin subunit γ -2   6715607 0.73 1.12 

HBA2 Hemoglobin subunit α   4504345 0.74 1.03 

ANXA6 Annexin A6 isoform 2   71773415 0.75 1.09 

FN1 Fibronectin 1 isoform 6 

preproprotein   

47132549 0.76 0.9 

ANXA2P1 Annexin A2 isoform 2   209862831 0.76 0.9 

PRDX6 Peroxiredoxin-6   4758638 0.77 0.96 

ERAP1 Type 1 tumor necrosis factor 

receptor shedding 

94818891 0.78 0.91 
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aminopeptidase regulator 

isoform b   

MDH1 Malate dehydrogenase, 

cytoplasmic   

5174539 0.79 0.82 

DLST Dihydrolipoyllysine-residue 

succinyltransferase component 

of 2-oxoglutarate 

dehydrogenase complex, 

mitochondrial   

19923748 0.8 1.05 

PSG3 Pregnancy-specific β-1-

glycoprotein 3 precursor   

109240546 1.2 1.05 

EZR Ezrin   161702986 1.2 1.08 

LMAN2 Vesicular integral-membrane 

protein VIP36 precursor   

5803023 1.21 1.13 

KRT1 Keratin, type II cytoskeletal 1   119395750 1.22 0.9 

PDIA6 Protein disulfide-isomerase 

A6 precursor   

5031973 1.22 1.06 

APOD Apolipoprotein D precursor   4502163 1.23 1.05 

GC Vitamin D-binding protein 

precursor   

32483410 1.23 1.09 

HSP90B1 Endoplasmin precursor   4507677 1.23 1.1 

FH Fumarate hydratase, 

mitochondrial precursor   

19743875 1.24 1.09 

TPM4 Tropomyosin α-4 chain 

isoform 2   

4507651 1.24 1.08 

ILVBL Acetolactate synthase-like 

protein   

21361361 1.25 0.96 

PDIA3 Protein disulfide-isomerase 

A3 precursor   

21361657 1.28 1.1 

CNPY2 Protein canopy log 2 precursor   7657176 1.29 1.1 

LOC400750 78 kDa Glucose-regulated 

protein   

16507237 1.29 1.14 

SLC25A6 Adenine nuclotide translocase 

3   

156071462 1.29 1.12 

SLC25A5 Adenine nucleotide 156071459 1.29 1.12 
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translocase 2   

TTR Transthyretin precursor   4507725 1.29 1.11 

ERP29 Endoplasmic reticulum 

resident protein 29 isoform 1 

precursor   

5803013 1.3 1.1 

PSG9 Pregnancy-specific β-1-

glycoprotein 9   

156616284 1.3 1.11 

CANX Calnexin precursor   10716563 1.31 1.09 

TFPI2 Tissue factor pathway 

inhibitor 2 precursor   

5730091 1.32 1.12 

PDIA4 Protein disulfide-isomerase 

A4 precursor   

4758304 1.34 1.18 

CYP11A1 Cholesterol side-chain 

cleavage enzyme, 

mitochondrial isoform a 

precursor   

153218646 1.34 1.19 

PSG8 Pregnancy-specific β-1-

glycoprotein 4 isoform 1   

42560235 1.36 1.16 

LUM Lumican precursor   4505047 1.38 1.03 

ERO1L ERO1-like protein α precursor   7657069 1.42 1 

CALR Calreticulin precursor   4757900 1.44 1.18 

RPL12P6 Ribosomal protein L12   4506597 1.47 1.18 

TPBG Trophoblast glycoprotein   5729718 1.48 1.02 

SLC25A3 Phosphate carrier protein, 

mitochondrial isoform b 

precursor   

47132595 1.49 1.18 

LGALS1 Galectin-1   4504981 1.55 0.98 

PSG2 Pregnancy-specific β-1-

glycoprotein 2 precursor   

156616282 1.57 1.01 

Note: Purple= decreased expression in SNAs extruded from aPL ID2-treated 

placentae; green= increased expression in SNAs extruded from aPL ID2-treated 

placentae 
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Table 4.2: Thirty proteins that were altered (p<0.05) in syncytial nuclear 

aggregates extruded from placental explants treated with the 

antiphospholipid antibody ranked in order of significance  

Official symbol Protein name GI accession 
aPL/cAb 

ratio 

Adjusted 

p-value 

HBB Hemoglobin subunit β   4504349 
0.73 

1.35E-

155 

HBG2 Hemoglobin subunit γ-2   6715607 
0.73 

4.74E-

113 

HBG1 Hemoglobin subunit γ-1   28302131 
0.72 

1.04E-

112 

HBD Hemoglobin subunit δ 4504351 0.72 5.01E-99 

HBE1 Hemoglobin subunit ε   4885393 0.67 1.11E-95 

HBA2 Hemoglobin subunit α   4504345 0.74 1.71E-63 

HBZ Hemoglobin subunit ζ   4885397 0.68 2.27E-62 

ACTA1 Actin, α skeletal muscle   4501881 0.86 3.50E-24 

ANXA5 Annexin A5   4502107 0.7 1.99E-23 

VDAC1P1 Voltage-dependent anion 

channel 1   

4507879 
0.66 2.13E-17 

ACTB β-Actin   4501885 0.85 1.53E-13 

ANXA6 Annexin A6 isoform 2   71773415 0.75 5.36E-13 

PRDX6 Peroxiredoxin-6   4758638 0.77 1.77E-09 

HSP90AA2 Heat shock protein HSP 

90-α isoform 2   

154146191 
0.86 2.58E-08 

LOC100133042 Glyceraldehyde-3-

phosphate dehydrogenase   

7669492 
0.83 1.05E-06 

LDHA L-lactate dehydrogenase 

A chain isoform 1   

5031857 
0.83 2.17E-06 

CTSD Cathepsin D 

preproprotein   

4503143 
0.84 2.88E-06 

POTEKP PREDICTED: actin, β-

like 3   

239753333 
0.94 3.52E-06 

LDHB L-lactate dehydrogenase 

B chain   

291575128 
0.81 1.61E-05 

ANXA1 Annexin A1   4502101 0.81 3.34E-05 
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RPLP2P3 60S Acidic ribosomal 

protein P2   

4506671 
0.83 1.47E-04 

LOC652797 Pyruvate kinase isozymes 

M1/M2 isoform M2   

33286418 
0.82 2.06E-04 

PRDX5 Peroxiredoxin-5, 

mitochondrial isoform a 

precursor   

6912238 

0.89 0.002 

TMED4 Transmembrane emp24 

protein transport domain 

containing 4 precursor   

33457308 

0.92 0.004 

TAGLN2 Transgelin-2   4507357 0.91 0.021 

PRDX1 Peroxiredoxin-1   4505591 0.93 0.028 

CAP1 Adenylyl cyclase-

associated protein 1   

5453595 
0.73 0.031 

PGK1 Phosphoglycerate kinase 

1   

4505763 
0.81 0.032 

TKT Transketolase   4507521 0.9 0.037 

EEF1A1 Elongation factor 1-α 1   4503471 0.86 0.037 

Note: Purple= decreased expression in SNAs extruded from aPL ID2-treated 

placentae; green= increased expression in SNAs extruded from aPL ID2-treated 

placentae 
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 Biological Pathways Differentially Regulated in Syncytial 4.4.1.

Nuclear Aggregates Extruded from Placental Explants treated with 

the Antiphospholipid Antibody 

 Annotation of Biological Processes using the PANTHER Database 4.4.1.1.

In order to determine the key biological processes that were affected by 

proteomic changes in SNAs extruded from placentae treated with the aPL 

ID2, the 72 proteins that were differentially regulated (≥1.2-fold or p<0.05) in 

SNAs extruded from aPL ID2-treated versus control antibody-treated 

placental explants were annotated using the PANTHER database for Gene 

Ontology (GO) biological processes. The PANTHER database also provided 

classifications of each protein based on its biological function, which was 

confirmed using DAVID. Using this method of classification, key biological 

processes were identified in SNAs affected by the aPL ID2 (Table 4.3). Out 

of the 72 proteins that were differentially expressed in SNAs due to treatment 

of placental explants with the aPL ID2, 15% were associated with the 

biological pathways of apoptosis. This was the largest proportion of regulated 

proteins associated with a cellular process.  
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Table 4.3: Classification of the 72 proteins regulated in syncytial nuclear 

aggregates extruded from antiphospholipid antibody-treated placentae 

annotated for Gene Ontology biological processes using the PANTHER 

database  

GI 

accession 

Official 

symbol 

Protein name Protein class aPL/ 

cAb 

Apoptosis GO:0006915      

4504981 LGALS1 Galectin-1   Signalling molecule ↑ 

4502107 ANXA5 Annexin A5   Annexin ↓ 

4507677 HSP90B1 Endoplasmin 

precursor   

Hsp90 family 

chaperone 

↑ 

16507237 LOC400750 78 kDa Glucose-

regulated protein   

Hsp70 family 

chaperone 

↑ 

4757900 CALR Calreticulin precursor   Calcium-binding 

protein 

↑ 

21361657 PDIA3 Protein disulfide-

isomerase A3 

precursor   

Isomerase ↑ 

39777597 TGM2 Protein-glutamine γ-

glutamyltransferase 2 

isoform a   

Acyltransferase ↓ 

4505591 CTSD Cathepsin D 

preproprotein   

Aspartic protease ↓ 

4507357 ANXA1 Annexin A1   Annexin ↓ 

6912238 PRDX5 Peroxiredoxin-5, 

mitochondrial isoform 

a precursor   

Peroxidase ↓ 

33457308 PRDX1 Peroxiredoxin-1   Peroxidase ↓ 

Blood circulation GO:0008015      

4885393 HBE1 Hemoglobin subunit ε Transfer/carrier 

protein 

↓ 

4885397 HBZ Hemoglobin subunit ζ Transfer/carrier 

protein 

↓ 

4504351 HBD Hemoglobin subunit δ   Transfer/carrier ↓ 
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protein 

28302131 HBG1 Hemoglobin subunit γ-

1   

Transfer/carrier 

protein 

↓ 

4504349 HBB Hemoglobin subunit β   Transfer/carrier 

protein 

↓ 

6715607 HBG2 Hemoglobin subunit γ-

2   

Transfer/carrier 

protein 

↓ 

4504345 HBA2 Hemoglobin subunit α   Transfer/carrier 

protein 

↓ 

Calcium-mediated signaling GO:0019722    

209862831 ANXA2P1 Annexin A2 isoform 

2   

Annexin ↓ 

Cation transport GO:0006812      

156071459 SLC25A5 Adenine nucleotide 

translocase 2   

Mitochondrial carrier 

protein 

↑ 

156071462 SLC25A6 Adenine nucleotide 

translocase 3   

Mitochondrial carrier 

protein 

↑ 

47132595 SLC25A3 Phosphate carrier 

protein, 

mitochondrial 

isoform b precursor   

Mitochondrial carrier 

protein 

↑ 

Cellular component morphogenesis GO:0032989   

119395750 KRT1 Keratin, type II 

cytoskeletal 1   

Structural protein ↑ 

161702986 EZR Ezrin   Actin family 

cytoskeletal protein 

↑ 

4507651 TPM4 Tropomyosin α-4 

chain isoform 2   

Actin binding motor 

protein 

↑ 

4507021 SLC4A1 Band 3 anion 

transport protein   

Transporter ↓ 

Coenzyme metabolic process GO:0006732    

21361361 ILVBL Acetolactate 

synthase-like protein   

Transferase ↑ 

19923748 DLST Dihydrolipoyllysine-

residue 

Acetyltransferase ↓ 
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succinyltransferase 

component of 2-

oxoglutarate 

dehydrogenase 

complex, 

mitochondrial   

G-protein coupled receptor protein signaling pathway GO:0007186  

5729718 TPBG Trophoblast 

glycoprotein   

Receptor ↑ 

4505047 LUM Lumican precursor   Receptor ↑ 

Immune system process GO:0002376      

19913418 ATP6V0A1 V-type proton 

ATPase 116 kDa 

subunit a isoform 1 

isoform c   

ATP synthase ↓ 

47132549 FN1 Fibronectin 1 

isoform 6 

preproprotein   

Signalling molecule ↓ 

5730091 TFPI2 Tissue factor 

pathway inhibitor 2 

precursor   

Serine protease 

inhibitor 

↑ 

4758638 PRDX6 Peroxiredoxin-6   Peroxidase ↓ 

4502101   Heat shock protein 

HSP 90-α isoform 2   

Hsp90 family 

chaperone 

↓ 

HSP90AA2 

Intracellular protein transport GO:0006886    

10716563 CANX Calnexin precursor   Calcium-binding 

protein 

↑ 

5803013 ERP29 Endoplasmic 

reticulum resident 

protein 29 isoform 1 

precursor   

Membrane traffic 

protein 

↑ 

5453595 CAP1 Adenylyl cyclase-

associated protein 1   

Actin family 

cytoskeletal protein 

↓ 

4501881 ACTA1 Actin, α skeletal 

muscle   

Actin and actin 

related protein 

↓ 
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4501885 ACTB β-Actin   Actin and actin 

related protein 

↓ 

7669492 TMED4 Transmembrane 

emp24 protein 

transport domain 

containing 4 

precursor   

Intracellular protein 

transport 

↓ 

Protein modification process GO:0006464    

5031973 PDIA6 Protein disulfide-

isomerase A6 

precursor   

Isomerase ↑ 

4758304 PDIA4 Protein disulfide-

isomerase A4 

precursor   

Isomerase ↑ 

5803023 LMAN2 Vesicular integral-

membrane protein 

VIP36 precursor   

Membrane traffic 

protein 

↑ 

94818891 ERAP1 Type 1 tumor 

necrosis factor 

receptor shedding 

aminopeptidase 

regulator isoform b   

Metalloprotease ↓ 

Respiratory electron transport chain GO:0022904  

7657069 ERO1L ERO1-like protein α 

precursor   

Oxidoreductase ↑ 

153218646 CYP11A1 Cholesterol side-

chain cleavage 

enzyme, 

mitochondrial 

isoform a precursor   

Hydrolase ↑ 

Signal transduction GO:0007165  

156616282 PSG2 Pregnancy-specific 

β-1-glycoprotein 2 

precursor   

Immunoglobulin 

superfamily cell 

adhesion molecule 

↑ 

109240546 PSG3 Pregnancy-specific 

β-1-glycoprotein 3 

Immunoglobulin 

superfamily cell 

↑ 
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precursor   adhesion molecule 

156616284 PSG9 Pregnancy-specific 

β-1-glycoprotein 9   

Immunoglobulin 

superfamily cell 

adhesion molecule 

↑ 

42560235 PSG8 Pregnancy-specific 

β-1-glycoprotein 4 

isoform 1   

Immunoglobulin 

superfamily cell 

adhesion molecule 

↑ 

Glycolysis GO: 0006110 

4503143 LOC100133042 Glyceraldehyde-3-

phosphate 

dehydrogenase   

Glycolysis ↓ 

5031857 LOC652797 Pyruvate kinase 

isozymes M1/M2 

isoform M2   

Glycolysis ↓ 

154146191 PGK1 Phosphoglycerate 

kinase 1   

Glycolysis ↓ 

Tricarboxylic acid cycle GO: 0006099 

5174539 MDH1 Malate 

dehydrogenase, 

cytoplasmic   

Tricarcboxylic acid 

cycle 

↓ 

4503471 LDHA L-lactate 

dehydrogenase A 

chain isoform 1   

Tricarboxylic acid 

cycle 

↓ 

4506671 LDHB L-lactate 

dehydrogenase B 

chain   

Tricarboxylic acid 

cycle 

↓ 

19743875 FH Fumarate hydratase, 

mitochondrial 

precursor   

Tricarboxylic acid 

cycle 

↑ 

Other 

71773415 ANXA6 Annexin A6 isoform 

2   

Annexin ↓ 

4502163 APOD Apolipoprotein D 

precursor   

Apolipoprotein ↑ 

4506787 IQGAP1 Ras GTPase-

activating-like 

G-protein modulator ↓ 
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protein IQGAP1   

239753333 TKT Transketolase   Lipid metabolic 

process 

↓ 

19718759 MYOF Myoferlin isoform b   Membrane traffic 

protein 

↓ 

33286418 TAGLN2 Transgelin-2   Muscle contraction ↓ 

7657176 CNPY2 Protein canopy log 2 

precursor   

NA ↑ 

4506597 RPL12P6 Ribosomal protein 

L12   

Ribosomal protein ↑ 

4507879 VDAC1P1 Voltage-dependent 

anion channel 1   

Anion channel ↓ 

4507521 RPLP2P3 60S Acidic 

ribosomal protein P2   

Translation ↓ 

291575128 EEF1A1 Elongation factor 1-α 

1   

Translation ↓ 

4507725 TTR Transthyretin 

precursor   

Transporter ↑ 

4505763 POTEKP PREDICTED: actin, 

β-like 3   

Unknown ↓ 

32483410 GC Vitamin D-binding 

protein precursor   

Vitamin-binding 

globulin 

↑ 

Note: Purple= decreased expression in SNAs extruded from aPL ID2-treated placentae; 

green= increased expression in SNAs extruded from aPL ID2-treated placentae 
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 Investigation of Proteins Expressed in Mitochondria using the 4.4.1.2.

Human MitoCarta Database 

The regulation of different forms of cell death, and specifically intrinsic 

apoptosis, is one that is intricately linked with mitochondrial function. 

Deregulation of proteins expressed in mitochondria could be one of the key 

mechanisms whereby aPLs trigger a change in the nature of SNAs from 

apoptotic to necrotic. The biological role of the mitochondrial proteins could 

also shed light on relevant biological processes occurring within mitochondria 

in SNAs altered by the aPL ID2. For this reason, the list of 72 proteins that 

were differentially expressed in SNAs due to placental treatment with the aPL 

ID2 was compared against the Human MitoCarta database containing 1013 

proteins expressed in mitochondria.  

 

Thirteen proteins that were expressed either in the mitochondrial inner 

membrane, outer membrane, or mitochondrial matrix were regulated in SNAs 

due to treatment of placental explants with the aPL ID2 (Table 4.4). It appeared 

that proteins specifically involved in the regulation of anion and cation 

transport, respiratory electron transport chain, formation of ROS, and 

tricarboxylic acid cycle were affected in SNAs extruded from placentae treated 

with the aPL ID2.  
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Table 4.4: Thirteen proteins expressed in mitochondria that were regulated in 

syncytial nuclear aggregates extruded from placentae treated with the 

antiphospholipid antibody identified using the Human MitoCarta database 

Official symbol Protein name 
GO cellular 

process 

aPL/cAb 

ratio 

Mitochondrial 

localisation 

VDAC1 Voltage-dependent 

anion channel 1   

Anion 

transport 
↓ 

Outer 

membrane 

SLC25A6/ANT3 Adenine nucleotide 

translocase 3   

Cation 

transport 
↑ 

Inner 

membrane 

SLC25A5/ANT2 Adenine nucleotide 

translocase 2   

Cation 

transport 
↑ 

Inner 

membrane 

SLC25A3/PiC Phosphate carrier 

protein, 

mitochondrial 

isoform b precursor   

Cation 

transport 
↑ 

Inner 

membrane 

CYP11A1 Cholesterol side-

chain cleavage 

enzyme, 

mitochondrial 

isoform a precursor   

Respiratory 

electron 

transport chain ↑ 

Membrane 

DLST Dihydrolipoyllysine-

residue 

succinyltransferase 

component of 2-

oxoglutarate 

dehydrogenase 

complex, 

mitochondrial   

Coenzyme 

metabolic 

process 

↓ 

Matrix 

PRDX6 Peroxiredoxin-6   Oxygen and 

reactive 

oxygen species 

metabolic 

process 

↓ 

Matrix 

PRDX5 Peroxiredoxin-5, 

mitochondrial 

Oxygen and 

reactive 
↓ 

Matrix 
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isoform a precursor   oxygen species 

metabolic 

process 

PRDX1 Peroxiredoxin-1   Oxygen and 

reactive 

oxygen species 

metabolic 

process 

↓ 

Matrix 

MDH1 Malate 

dehydrogenase, 

cytoplasmic   

Tricarboxylic 

acid cycle ↓ 

Matrix 

LDHB L-lactate 

dehydrogenase B 

chain   

Glycolysis 

↓ 

Matrix 

LDHA L-lactate 

dehydrogenase A 

chain isoform 1   

Glycolysis 

↓ 

Matrix 

FH Fumarate hydratase, 

mitochondrial 

precursor   

Tricarboxylic 

acid cycle ↑ 

Matrix 

Note: Purple= decreased expression in SNAs extruded from aPL ID2-treated placentae; 

green= increased expression in SNAs extruded from aPL ID2-treated placentae 
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 Validation of Changes in the Protein Expression of 4.5.

Syncytial Nuclear Aggregates Extruded from Placental 

Explants treated with the Antiphospholipid Antibody 

In order to validate the directional changes in protein expression due to aPLs  

detected by mass spectrometry on pooled samples of SNAs, three separate 

first trimester placentae were dissected into three explants each giving a total 

of 9 explants, and were cultured in Netwells™ with either media-only, the 

aPL ID2 (50ug/mL) or control antibody (50ug/mL) for 24 hours. Trophoblast 

debris that had passed through the Netwells™ were collected along with 

placental explants and processed for immunocytochemistry. Changes in the 

expression of annexin A5 were investigated in SNAs alone; and changes in 

calreticulin expression were studied in SNAs, as well as placental explants. 

 

Syncytial nuclear aggregates were scored for intensity of protein expression 

on a basis of 0-3 as described in section 2.4.9.4. Scoring of SNAs was 

performed by one person to maintain consistency. SNAs with an intensity 

score of 3 were considered positive for protein expression, counted manually, 

and analysed using the Friedman test.  

 

Immunocytochemical investigation of trophoblast debris extruded from aPL 

ID2-treated, control antibody-treated and untreated placental explants showed 

that 70.3±29.66% of SNAs extruded from aPL ID2-treated placental explants 

stained positively for calreticulin (red staining, intensity score of 3, Figure 

4.3A) compared to 16.6±9% and 11.1% of SNAs extruded from control 

antibody-treated (Figure 4.3B) or untreated (Figure 4.3C) placental explants 

respectively. A total of 109 SNAs extruded from 9 explants dissected from 

three different placentae and cultured with aPL ID2, cAb or media only were 

scored for calreticulin expression. Out of 51 SNAs extruded from aPL-treated 

placental explants, 27 SNAs were positive for calreticulin expression, with an 

intensity score of 3. However, this increase in the number of SNAs 

expressing calreticulin was not statistically significant (n=3 placentae, 

pFRIEDMAN=0.1940, Figure 4.3D).  
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Figure 4.3: The antiphospholipid antibody appeared to cause an 

increase in the expression of calreticulin in syncytial nuclear 

aggregates extruded from placental explants 

Photomicrographs demonstrating increased levels of calreticulin expression 

in SNAs extruded from placentae that were treated with A) the aPL ID2 

(50µg/mL), compared to B) control antibody (cAb,50µg/mL) and C) 

untreated explants (Scale-bars = 20µm). (D) Counting of SNAs with an 

intensity score of 3 showed that this increase in calreticulin expression was 

not significant (3 explants per placentae, n=3 placentae, pFRIEDMAN=0.194).  
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Changes in the expression of calreticulin were further investigated by 

immunohistochemistry in the placental explants that had been cultured with 

the aPL ID2, control antibody or media-only, aPL ID2 (50ug/mL) or control 

antibody (50ug/mL) for 24 hours. Calreticulin expression appeared to be 

increased in the cytotrophoblasts, syncytiotrophoblast and stromal cells of 

first trimester placental villi in aPL ID2-treated placental explants (Figure 

4.4A, B) compared to control antibody-treated (Figure 4.4C, D) and untreated 

placental explants (Figure 4.4E, F). However this staining was not quantified.  
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Figure 4.4: Changes in the expression of calreticulin in placental 

explants in response to treatment of placental explants with the 

antiphospholipid antibody  

Representative photomicrographs demonstrating calreticulin expression in 

aPL ID2-treated placental explants (A, B), compared to control antibody-

treated (cAb, C, D), and untreated (E, F) placental explants. Calreticulin is 

expressed within the syncytiotrophoblast, cytotrophoblast (arrows), and 

stroma (arrowheads), and appears to be increased in aPL ID2-treated 

placentae. Figures A and B show sections stained with control irrelevant 

rabbit antiserum. Images are representative of explants from three first 

trimester placentae, and each experiment was performed three times. Scale-

bars represent 50µm or 100µm as indicated 
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Immunocytochemical analysis showed that significantly fewer SNAs (2.08%) 

from aPL ID2-treated placentae (Figure 4.5A) stained positively (intensity 

score of 3) for annexin a5 than SNAs extruded from control antibody (Figure 

4.5B) and untreated (Figure 4.5C) placental explants (87-88%) (n=3 

placentae, *pFRIEDMAN=0.027, Figure 4.5D). A total of 48 SNAs extruded 

from 9 explants dissected from three different placentae and cultured with 

aPL ID2, cAb or media only were scored for annexin A5 expression. Out of 

20 SNAs extruded from aPL-treated placental explants, 1 SNA was positive 

for annexin A5 expression with an intensity score of 3, while the remaining 

SNAs displayed an intensity score of 0-2. 

 

 

 

 

 

 

 

 

 

 



 
 

151 
 

 

Figure 4.5: The antiphospholipid antibody caused a 

significant decrease in annexin A5 expression in 

syncytial nuclear aggregates extruded from placental 

explants 

Photomicrographs demonstrating decreased levels of 

annexin A5 expression in SNAs extruded from placentae 

that were treated with A) the aPL ID2 (50µg/mL) 

compared to B) control antibody (cAb, 50µg/mL) and C) 

untreated explants (Scale-bars = 20µm). (D) Counting of 

SNAs with an intensity score of 3 showed that this 

decrease in annexin A5 expression was significant (3 

explants per placentae, n=3 placentae, *pFRIEDMAN=0.027) 
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 Summary of Key Findings 4.6.

 Treatment of placental explants with aPLs resulted in a 57% 

increase in the number of syncytial nuclear aggregates extruded 

from placental explants compared to untreated and control 

antibody cAb-treated placental explants 

 Syncytial nuclear aggregates contained 0.01-0.142µg or protein 

per SNA  

 Analysis by iTRAQ identified 211 proteins (≥2 peptides) in SNAs 

of which 72 were considered to be regulated by treating placental 

explants with aPLs 

 Out of the 72 regulated proteins, 15% were annotated for the 

regulation of apoptosis 

 Treatment of placentae with aPLs appeared to affect the 

expression of 13 proteins expressed in mitochondria of SNAs 

 Treatment of placental explants with aPLs significantly reduced 

the expression of annexin A5 in SNAs (p<0.005) and increased 

the expression of calreticulin (p>0.05) in SNAs and placental 

explants compared to isotype-matched control antibody-treated 

and untreated placental explants 
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 Discussion 4.7.

 Overview 4.7.1.

Antiphospholipid antibodies, the strongest maternal risk factor for 

preeclampsia, may cause an increase in the formation and extrusion of 

necrotic syncytial nuclear aggregates from the placenta (Chen et al., 2009b). 

The exact proteomic differences between SNAs extruded from normal 

placentae and SNAs extruded from placentae affected by aPLs, leading them 

to become or as a result of them becoming necrotic, are unknown. The study 

described in this chapter utilised a quantitative approach to identify 

differences in the proteome of SNAs extruded from normal and aPL-treated 

placentae, in order to gain an understanding of the death mechanisms that 

may be occurring in the syncytiotrophoblast due to aPLs.  

 Antiphospholipid Antibodies Increased the Number of the 4.7.2.

Syncytial Nuclear Aggregates Extruded from Placentae  

Treatment of first trimester placental explants with aPLs resulted in a 57% 

increase in the number of syncytial nuclear aggregates extruded per milligram 

of placental tissue in comparison to untreated and isotype-matched control 

antibody-treated placental explants (Figure 4.1).  This result corroborates 

previous studies which suggested that aPLs caused an increase in the total 

amount of trophoblast debris extruded from placental explants (Chen et al., 

2009b, Chen et al., 2008). However, those previous studies did not quantify 

individual SNAs extruded from placental explants alone, and instead counted 

trophoblast debris using an automated cell counter and relied on a cut-off of 

>20µm to be indicative of an SNA. The definitive increase in the number of 

SNAs demonstrated in this study in response to aPLs confirms that aPLs do 

induce increased cell death and subsequent extrusion of SNAs from the 

syncytiotrophoblast (Chen et al., 2006, Huppertz et al., 2003). In the 

preceding chapter, I presented evidence that aPLs may be acting on the 

placenta to alter the gene expression of BCL2L1, MCL1 and TRAIL, 

providing support to the hypothesis that aPLs may cause an alteration in the 

death process of the syncytiotrophoblast, leading to the increased extrusion of 

SNAs from placentae, as has been confirmed in the work in this chapter by 
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the manual counting of SNAs extruded from aPL-treated placentae described 

in section 4.2. 

 Antiphospholipid Antibodies Caused Changes in the 4.7.3.

Proteome of Syncytial Nuclear Aggregates Extruded from 

Placentae 

In the iTRAQ study described in this chapter, the 72 proteins that were 

disrupted in SNAs due to treatment of placental explants with aPLs constitute 

molecular candidates that may be involved in initiating an aberrant maternal 

response to these SNAs, or that may be involved in the altered death process 

that caused the extrusion of increased numbers of necrotic SNAs (Chen et al., 

2009b). In this study, pooling of SNAs collected from placentae in each of 

the three treatment conditions: untreated, aPL-treated and control antibody-

treated was conducted. This pooling was conducted because of the small 

amount of protein that was extracted from each SNA, and because only a 

limited number of SNAs are extruded from each placenta. An iTRAQ 

experiment requires a minimum of 50µg per sample for labelling and mass 

spectrometry (Tonack et al., 2009). This pooling meant that there were no 

biological replicates in the statistical sense. However, each pool of SNAs 

contained multiple biological replicates and thus the proteins identified 

represent average changes in the replicates. Since biological replicates in the 

statistical sense were lacking, the statistical comparisons must be applied with 

care. The p-values generated using the one-sample t-test have therefore been 

utilised as a ranking tool in order to identify a subset of proteins of interest, 

and cannot be considered a measure of statistical significance.  

 

As discussed in section 3.6.5, aPLs altered the mRNA expression of members 

of the Bcl-2 family, BCL2L1 and MCL1, as well as the apoptosis-inducing 

receptor TRAIL in placentae. The proteins regulated in SNAs extruded from 

aPL-treated placentae did not overlap with the mRNAs that were 

dysregulated in placentae due to aPLs. This could be due to 1) the difference 

in sample under investigation, i.e. placental explants versus SNAs extruded 

from placental explants, 2) the difference in time-point investigated, i.e. 16 

hours in culture (transcriptomic study) versus 24 hours in culture (proteomic 
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study), and 3) transcriptomic expression does not necessarily equate with 

proteomic expression due to factors such as post-translational modification 

(Horgan and Kenny, 2011). More importantly, the transcriptomic changes in 

controllers of apoptosis caused due to aPLs in placental explants at the earlier 

time-point of 16 hours could be the factor triggering further changes in the 

apoptotic cascade in the syncytiotrophoblast, and leading to the extrusion of 

SNAs of an altered nature. Alterations in the expression of BCL2L1, MCL1 

and TRAIL could therefore constitute an early step of aberrant death and 

extrusion of SNAs from aPL-treated placentae.  

 

The potential role of individual proteins in the effect of aPLs on the placenta 

was further investigated in relation to the existing literature on the proteins. 

While not every single protein can be discussed in detail, the following 

sections outline the roles of several proteins in cell death that were regulated 

by aPLs in SNAs, that may be reflective of alterations in the death process in 

the syncytiotrophoblast caused by treatment of placentae with aPLs.  

 Antiphospholipid Antibodies Affected Proteins Involved in 4.7.4.

the Formation of Mitochondrial  Permeability Transition Pores  

This iTRAQ study has shown that aPLs caused changes in four proteins 

involved in the formation of the mitochondrial membrane permeability 

transition pore, which may play a central role in cell death (Marchetti et al., 

1996, Hunter et al., 1976, Ichas et al., 1997). These changes included: 1) 

decreased expression of the voltage-dependent anion channel 1 (VDAC1), 2) 

increased expression of adenine nucleotide translocase (ANT) 2, 3) increased 

expression of ANT3, and 4) increased expression of phosphate carrier PiC. 

 

Hunter et al. first identified the phenomenon of permeability transition in beef 

heart mitochondria in response to an increase in calcium (Ca
2+

) levels, which 

led to a nonspecific increase in the permeability of the mitochondrial inner 

membrane that could be reversed by the removal of Ca
2+

 (Hunter et al., 1976, 

Hunter and Haworth, 1979a, Haworth and Hunter, 1979, Hunter and 

Haworth, 1979b). Permeability transition is defined as “a sudden increase in 

the unselective permeability of solutes of <1.5kDa molecular mass across the 



 
 

156 
 

mitochondrial membranes” (Brenner and Moulin, 2012, Hunter et al., 1976). 

The formation and opening of permeability transition pores located in the 

mitochondrial inner membrane in response to various cellular stressors is 

thought to lead to 1) dissipation of the mitochondrial inner transmembrane 

potential (∆Ψm) via equilibration of ions within the matrix and 

intermembrane space of the mitochondria, causing loss of the proton gradient 

across the mitochondrial inner membrane and uncoupling of the electron 

transport chain, 2) expansion and swelling of the mitochondrial matrix due to 

hyperosmolality of the matrix leading to the rupture of the mitochondrial 

outer membrane,  and 3) release of apoptogenic cytochrome c and caspase-

activating proteins into the cytosol, eventually causing cell death (Green and 

Kroemer, 1998, Hunter et al., 1976, Hirsch et al., 1998, Marchetti et al., 1996, 

Ott et al., 2002, Scorrano and Korsmeyer, 2003).  

 

The formation of the permeability transition pore may therefore be the 

initiation event in some modes of cell death (Lemasters et al., 1998b, 

Lemasters et al., 1998a, Marchetti et al., 1996). However, the phenomenon of 

mitochondrial permeability transition remains highly controversial, and the 

exact composition of the multiprotein complex involved in the formation of 

permeability transition pores is unknown despite years of intensive research 

(Brenner and Moulin, 2012). Multiple studies have postulated a working 

model of the permeability transition pore complex spanning both 

mitochondrial membranes and consisting of VDAC1, which is the main 

species of voltage dependent anion channel in the outer membrane, 

hexokinase in the cytosol, translocator protein in the inner membrane, ANT 

in the inner membrane, creatine kinase in the intermembrane space, and 

cyclophilin D in the matrix (Marzo et al., 1998a, Brenner and Moulin, 2012, 

Beutner et al., 1996). This model has been confirmed in yeast hybrid studies 

(Jung et al., 1997), whilst various permutations of the 5 proteins have been 

found in the permeability transition pore of mitochondria in rat liver 

(Broekemeier et al., 1989, Broekemeier and Pfeiffer, 1989, Lapidus and 

Sokolove, 1993). The current opinion in the literature is that ANT and PiC 

may act as important regulators of permeability transition pore formation and 

opening, with a non-essential role for VDAC1 (Brenner and Moulin, 2012, 
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Bauer et al., 1999, Varanyuwatana and Halestrap, 2012). Pharmacological 

inhibition of opening of the permeability transition pore using bongkrekic 

acid, which inhibits ANT function, appears to block apoptosis, supporting the 

hypothesis that permeability transition pore formation and opening may be 

pivotal to the apoptotic process (LêQuôc and LêQuôc, 1988, Marchetti et al., 

1996). Studies elucidating the role of the ANT family have shown that ANT3 

is pro-apoptotic whilst ANT2 is anti-apoptotic in cancer cells (Zamora et al., 

2004a, Zamora et al., 2004b, Dolce et al., 2005).  

 

Although it is impossible to absolutely ascertain that these four proteins 

(ANT2, ANT3, VDAC1, PiC) identified to be regulated due to aPLs are in 

fact involved in the formation and opening of membrane permeability 

transition pores in mitochondria without further targeted investigations, it is 

possible to speculate that the increased expression of two pro-apoptotic, 

permeability transition pore-forming proteins, ANT3 and PiC, is suggestive 

that mitochondria of the syncytiotrophoblast may be undergoing permeability 

transition in response to aPLs, resulting in compromised mitochondrial inner 

membrane permeability. The opposing reduction in VDAC1 and increase in 

anti-apoptotic ANT2 may be compensatory mechanisms to prevent excessive 

permeability transition pore formation and opening in mitochondria (Baines 

et al., 2007). One consequence of mitochondria undergoing permeability 

transition is the loss of cytochrome c from mitochondria into the cytosol (Ott 

et al., 2002). Recent work in our laboratory has shown that treating placental 

explants with aPLs causes cytochrome c release from mitochondria into the 

cytoplasm in placental explants (Viall et al., 2013). The formation and 

opening of the mitochondrial membrane permeability transition pore may 

therefore be one mechanism whereby aPLs induce aberrant cell death in the 

syncytiotrophoblast leading to the increased extrusion of SNAs of an altered 

nature. 

 

It has been suggested that insofar as the mitochondrion is able to maintain 

membrane potential and produce sufficient ATP, the process of cell death 

remains apoptotic as there is enough energy to complete apoptotic cell death 

(Green and Kroemer, 1998). However, the absence of ATP and the presence 
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of cellular stressors such as excessive generation of ROS and increased Ca
2+

 

flux, can result in the prolonged opening of the permeability transition pore 

and loss of mitochondrial membrane integrity, favouring aponecrotic/necrotic 

cell death (Lemasters et al., 1998b, Lemasters et al., 1998a, Green and Reed, 

1998).  

 Antiphospholipid Antibodies May Induce the Extrusion of 4.7.5.

Necrotic Syncytial Nuclear Aggregates from Placentae 

 Antiphospholipid Antibodies Altered Proteins Involved in the 4.7.5.1.

Tricarboxylic Acid Cycle and Glycolysis 

The iTRAQ study described in this chapter identified changes in the 

expression of six proteins involved in glycolysis and the tricarboxylic acid 

cycle (TCA or Kreb’s cycle) in SNAs extruded from aPL-treated placentae, 

suggestive of reduced activity of these processes and therefore, of reduced 

ATP synthesis in the syncytiotrophoblast (Figure 4.6). These proteomic 

changes included a reduction in the following: 

1) Glyceraldehyde 3-phosphate dehydrogenase which converts 

glyceraldehyde 3-phosphate to 1, 3-bisphosphoglycerate 

2) Phosphoglycerate kinase 1 which converts 1, 3- bisphosphoglycerate to 3-

phosphoglycerate 

3) Pyruvate kinase isozymes M1/M2 which converts 3-phosphoglycerate to 

phosphoenolpyruvate 

4) Lactate dehydrogenase A and B which converts lactate into pyruvate 

Two enzymes involved in the TCA cycle were also altered, showing: 

1) Reduced expression of malate deydrogenase which is involved in the 

conversion of oxaloacetate (formed from phosphoenolpyruvate in the 

glyclytic cycle), to (S)-Malate 

2) Increased expression of fumarate hydratase or fumarase which converts 

malate to fumarate 

 

All of these enzymes are closely linked in the glycolytic and TCA cycles. The 

overall effect of these changes suggests that ATP production may be 

compromised due to treatment of placentae with aPLs. Such a decrease in 
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ATP may compromise the ability of the syncytiotrophoblast to complete 

apoptosis, thus ‘flipping the switch’ from apoptosis to aponecrosis/necrosis, 

resulting in the extrusion of necrotic SNAs, (Lemasters, 1999, Crompton, 

1999).  

 

 

 

Figure 4.6: Antiphospholipid antibodies caused a 

reduction in key proteins involved in glycolysis and 

the tricarboxylic acid cycle 

Proteins involved in the regulation of glycolysis and the 

TCA cycle (shown in red) were decreased in SNAs 

extruded from placentae treated with aPLs 
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 Antiphospholipid Antibodies Affected Proteins Involved in the 4.7.5.2.

Development of Oxidative Stress  

Treating placentae with aPLs caused alterations in the expression of eleven 

proteins that have been associated with the development of ROS specifically 

in mitochondria. The regulation of cell death appears to be intricately linked 

with the generation of ROS, of which mitochondria are the primary 

intracellular source (Loschen et al., 1971, Loschen et al., 1974). The three 

major species of ROS are the superoxide anions, hydrogen peroxide and 

hydroxyl radicals (Cao et al., 2007). Excessive production of ROS in 

mitochondria has been linked with mitochondrial DNA damage, lipid 

peroxidation, and oxidation of proteins; and the phenomenon of oxidative 

stress has been associated with the pathology of a wide variety of 

pathological disease processes including the presence of aPLs (Cao et al., 

2007). Reactive oxygen species generated by mitochondria play a pivotal role 

in apoptosis via the release of cytochrome c, initiated by the release of this 

hemeprotein bound to cardiolipin, which anchors it to the mitochondrial inner 

membrane (Kagan et al., 2005, Shidoji et al., 1999, Robinson, 1982).  

 

Proteomic analysis of SNAs extruded from placentae treated with aPLs 

showed that aPLs caused a decrease in seven isoforms of hemoglobin or HB 

proteins in SNAs. Out of the seven isoforms of hemoglobin detected in 

SNAs, four proteins are exclusively fetal in origin: these include hemoglobin 

γ-1 and -2, ε, and ζ. Of the remaining 3 proteins, hemoglobin α can be either 

fetal or adult in origin; hemoglobin δ constitutes <3.5% of adult hemoglobin; 

and hemoglobin β is adult in origin (http://www.uniprot.org). It can therefore 

be stated with some confidence that the majority of hemoglobin proteins 

identified in this study were fetal in origin. The reduction in these proteins 

may be reflective of placental function, since hemoglobin is known to be 

produced by the placenta (Anderson et al., 2011, Centlow et al., 2008, Okuda 

et al., 2004). These proteins are centrally involved in the generation of ROS 

and oxidative stress (Larsen et al., 2012, Yachie et al., 1999, Vile et al., 

1994). Under conditions of oxidative stress hemoproteins can release their 

prosthetic heme groups, leading to an increase in free circulating heme which 

has the potential to be cytotoxic in nature (Larsen et al., 2012). Hemoglobin is 
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capable of producing toxic hydroxyl ions in a dose-dependent manner 

(Sadrzadeh et al., 1984). An increase in free fetal heme and hemoglobin has 

been associated with preeclampsia in several studies and is proposed to be a 

pathogenic factor contributing to the development of preeclampsia (May et 

al., 2011, Anderson et al., 2011, Olsson et al., 2010, Centlow et al., 2008). 

Whilst it is not possible to ascertain whether a decrease in hemoglobin 

proteins in SNAs equates to an increase in free heme without the 

investigation of downstream products, it is possible to speculate that this aPL-

induced decrease in hemoglobin proteins is indicative of a change in the 

oxidative state of the syncytiotrophoblast.  

 

Peroxiredoxins, thioredoxin-dependent proteins that function to 

enzymatically reduce hydrogen peroxide, were also decreased in SNAs 

extruded from aPL-treated placentae (Larsen et al., 2012, Cao et al., 2007). 

Since the generation of hydrogen peroxide can result in the formation of 

hydroxyl radicals and lead to oxidative stress, peroxiredoxins function to 

protect cells from the development of oxidative stress (Kang et al., 1998, Seo 

et al., 2000). Knock out of Prx 1 causes hemolytic anemia and hemoglobin 

instabilities, as well as increased generation of intracellular ROS in 

erythrocytes and macrophages (Immenschuh et al., 1995).  Overexpression of 

Prx 5 in mice prevents the p53-dependent generation of ROS and apoptosis 

(Wong et al., 2000, Zhou et al., 2000). Peroxiredoxin 6 KO mice display 

lower survival rates, higher levels of protein oxidation and severe tissue 

damage in the kidneys, liver and lungs (Wang et al., 2004). A reduction in 

PRX6 has also been observed in purified cytotrophoblasts from preeclamptic 

placentae, thought to be indicative of oxidative stress in preeclampsia 

(Johnstone et al., 2011). All three of these peroxiredoxin proteins were 

decreased in SNAs extruded from aPL-treated placentae, suggesting that aPLs 

may induce decrease protection against oxidative stress in the 

syncytiotrophoblast.  

 

In addition, cathepsin D was expressed at lower levels in SNAs extruded 

from aPL-treated placental explants. One study showed that treatment of 

endothelial cells with cyclosporin A (CsA), which inhibits cyclophilin D, a 
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proposed component of the permeability transition pore, redirected apoptotic 

mechanisms to necrotic mechanisms in these cells (Raymond et al., 2003). 

The mechanism of cell death was also regulated by oxidative stress 

(Raymond et al., 2003). Inhibition of cathepsin D resulted in a significant 

decrease in CsA-induced cell death. It was therefore proposed that activation 

of cathepsin D along with oxidative stress amplified cell death in endothelial 

cells via a permeability transition pore-dependent necrotic mechanism 

(Raymond et al., 2003). It is therefore possible that the decrease in cathepsin 

D in SNAs in response to aPL was a protective response to prevent cell death. 

 

From the results obtained in this proteomic study, it is possible to speculate 

that aPLs are causing oxidative stress in the syncytiotrophoblast due to the 

reduction in hemoglobins and peroxiredoxins. This oxidative stress could 

result in the prolonged opening of the permeability transition pore, increasing 

the possibility of a change from an apoptotic, ATP-dependent cell death 

process to an aponecrotic/ necrotic death process (Lemasters et al., 1998b, 

Lemasters et al., 1998a, Lemasters, 1999). 

 

In further support for a role for mitochondria in regulating cell death in the 

syncytiotrophoblast in response to aPLs, possibly contributing to the 

development of preeclampsia, a recent paper by Shi et al. investigating the 

proteome of mitochondria isolated from the syncytiotrophoblast of 

preeclamptic placentae using iTRAQ technology has demonstrated changes in 

26 proteins compared to normal placentae. Out of these 26 proteins, five 

proteins that were detected by Shi et al. were also altered in SNAs extruded 

from placentae in response to aPLs. These included the proteins LDHA, 

LDHB, DLST, CYP11A1, and PRX5. All five proteins demonstrated changes 

in expression in the same direction as the study described by Shi et al., and 

are involved in the regulation of the TCA, formation of ROS, and fatty acid 

oxidation (Shi et al., 2013).  
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 Antiphospholipid Antibodies Affected Proteins Involved in 4.7.5.3.

Maintaining Cellular Calcium Flux  

The permeability transition pore plays a pivotal role in maintaining cellular 

Ca
2+

 homeostasis (Hunter and Haworth, 1979a). A tightly regulated balance 

exists between Ca
2+ 

flux between mitochondria and the cytoplasm, with 

continuous infusion of Ca
2+

 causing accumulation in mitochondria followed 

by activation of the permeability transition pore (Ichas and Mazat, 1998, 

Ichas et al., 1997). The origin of this Ca
2+

 wave is now known to be the 

endoplasmic reticulum (ER), and mitochondria appear to function within a 

highly dynamic network of integrated ER (Ichas and Mazat, 1998, Ichas et 

al., 1997). 

 

Approximately 20% of the mitochondrial surface shares close contact with 

the ER, and this interaction is mediated by several mitochondrial shaping 

proteins as well as two important chaperones, calnexin and calreticulin, both 

of which showed increased expression in SNAs extruded from aPL-treated 

placentae (Rizzuto et al., 2003, Arnaudeau et al., 2002). Calreticulin is the 

major luminal Ca
2+

-binding protein in the ER (Williams, 2006). The 

overexpression of calreticulin caused an increase in releasable Ca
2+

 and 

increased sensitivity to apoptosis (Nakamura et al., 2001). This was due to the 

changes in Ca
2+

 handling by the ER and subsequent changes in Ca
2+

 flux to 

mitochondria (Nakamura et al., 2000). The increase in calreticulin, along with 

the increase in calnexin could be indicative of alterations in Ca
2+ 

flux in the 

syncytiotrophoblast, further propagating the opening of permeability 

transition pore and constituting a cellular stressor along with the generation of 

ROS, to switch cell death processes in the syncytiotrophoblast to 

aponecrosis/necrosis.  

 Alterations in Calreticulin and Annexin A5 Expression Caused by 4.7.5.4.

Antiphospholipid Antibodies in Syncytial Nuclear Aggregates may 

influence Phagocytosis 

The majority of SNAs are thought to be extruded from the placental surface 

directly into the maternal circulation, and become trapped in the smaller 

pulmonary vessels, from where the mechanism of their clearance remains 
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unknown (Schmorl, 1893). This mechanism has been postulated to involve 

phagocytes, and one such phagocyte could be endothelial cells. As discussed 

previously, phagocytosis of necrotic debris causes endothelial activation and 

dysfunction while phagocytosis of apoptotic debris protects endothelial cells 

from activation (Chen et al., 2006, Chen et al., 2012b). Two proteins pivotally 

involved in the process of phagocytosis, calreticulin and annexin A5, were 

affected in SNAs by the treatment of placentae with aPLs.  

 

Calreticulin, along with its binding partner ERp57 appears to be an “eat me” 

signal for dendritic cells participate in immunogenic or nonimmunogenic 

apoptosis eliciting tumour-specific immune responses (Obeid et al., 2007, 

Kroemer et al., 2009). Calreticulin is reportedly increased in preeclamptic 

placentae (Gu et al., 2008), which has been related to the degree of severity of 

preeclampsia in one study (Shi et al., 2012). Annexin A5 is reportedly 

reduced in placental villi of patients with antiphospholipid syndrome, fitting 

with the observations of this iTRAQ study (Rand et al., 1994). Annexin A5 

has been shown to prevent the phagocytosis of apoptotic cells by binding 

phosphatidylserine, preventing the recognition of exposed phosphatidylserine 

by phagocytosis receptors (Verhoven et al., 1999, Krahling et al., 1999). 

Collectively, changes in expression of calreticulin and annexin A5 in SNAs 

could mean that in vivo, phagocytes have an increased propensity to target 

necrotic trophoblast debris. This could mean that aPLs not only affect the 

nature of SNAs extruded from placentae, promoting aponecrotic/necrotic cell 

death, but may also promote their clearance via the alteration of eat-me 

signals.  

 Mitochondrial Permeability Transition in Apoptosis and Necrosis 4.7.5.5.

Mitochondrial membrane permeability transition is thought to be a 

phenomenon that precedes both apoptosis and necrosis (Lemasters et al., 

1998a). Lemasters et al. suggest that membrane permeability transition 

constitute a graded response that could lead to autophagy, apoptosis or 

necrosis dependent upon the number of mitochondria involved in the process 

(Lemasters et al., 1998a). They suggest that when the opening of permeability 

transition pores occur in a few mitochondria, autophagy is stimulated, which 
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leads to lysosomal degradation of affected mitochondria. When a few more 

mitochondria are involved, apoptosis occurs. Finally, when pore opening 

occurs in virtually all mitochondria, depletion of ATP and uncoupling of 

oxidative phosphorylation occurs which cannot be compensated for, leading 

to necrotic cell death (Lemasters, 1999, Lemasters et al., 1998a, Lemasters et 

al., 1998b).  

It has been suggested that since permeability transition pore opening 

constitutes the pathophysiological mechanism preceding both apoptosis and 

necrosis, it is no longer feasible to consider apoptosis and necrosis as two 

distinct cellular processes (Lemasters et al., 1998a). Since features that are 

characteristic of both apoptosis and necrosis can often coexist in the same 

tissue, as well as in the same cells, the terms ‘aponecrosis’ or ‘necrapoptosis’ 

are more appropriate to describe the process of cell death initiated by the 

opening of permeability transition pores, which ends in either apoptosis or 

necrosis depending upon other modifying cellular influences (Lemasters, 

1999, Formigli et al., 2000, Hirsch et al., 1997). Increasing evidence suggests 

that the pathophygiology of many diseases involving cell death is likely to 

involve a mixture of the two processes (Lemasters, 1999, Lemasters et al., 

1998a, Lemasters et al., 1998b, Formigli et al., 2000).  

 Summary 4.7.6.

In summary, there is evidence that aPLs cause a number of proteomic 

changes specifically relating to mitochondrial permeability transition in 

syncytial nuclear aggregates extruded from placentae: 

1) Altered expression of four proteins (VDAC1, ANT2, ANT3, PiC) that 

may be involved in the formation and opening of mitochondrial 

membrane permeability transition pores, which is a primary event in 

apoptosis and necrosis 

2) Decreased expression of five proteins (MDH1, LDHA, LDHB, PGK1, 

LOC100133042, LOC652797) and increased expression of one protein 

(FH) involved in glycolysis and the tricarboxylic acid cycle, which may 

be indicative of an overall decrease in ATP synthesis 
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3) Altered expression of eleven proteins involved in the production of 

reactive oxygen species (HBA2, HBB, HBD, HBE1, HBG1, HBG2, 

PRX1, PRX5, PRX6, CTSD) which may be indicative of oxidative stress 

4) Increased expression of two proteins (CALR, CANX) that are pivotally 

involved in the maintenance of Ca
2+

 flux from the endoplasmic reticulum 

to mitochondria, which may be indicative of increased Ca
2+

 flux to 

mitochondria 

5) Increased CRT and decreased ANXA5 expression could mean that 

necrotic SNAs are targeted for increased phagocytosis by maternal 

phagocytes 

Collectively, these changes may indicate a switch in death mechanisms from 

apoptosis to aponecrosis/necrosis in the syncytiotrophoblast, leading to the 

extrusion of SNAs of a necrotic nature. 

 

 Conclusion 4.7.7.

Treatment of placentae with aPLs has been shown to cause an increase in the 

extrusion of necrotic trophoblast debris from placentae. The proteomic work 

described in this chapter has shown that aPLs cause the increased extrusion of 

SNAs, and has identified a potential pathophysiological mechanism whereby 

aPLs may cause a shift in the death process of the syncytiotrophoblast from 

apoptotic to aponecrotic/necrotic, leading to the increased extrusion of 

necrotic SNAs, by influencing several proteins involved in mitochondrial 

membrane permeability transition in the syncytiotrophoblast.  
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5. Analysis of the Effect of an Antiphospholipid Antibody 

on the Placental Metabolic Footprint 

 Introduction and Rationale 5.1.

It is well known that the placenta undergoes extensive differentiation during 

pregnancy resulting in changes in morphology and physiology from implantation 

through to term (Benirschke and Kaufmann, 2006). The human placenta has a 

branched, villous structure, and undergoes a physiological transition from a hypoxic 

environment in the first trimester to an oxygenated environment from the 11
th

 week 

of gestation onwards (Foidart et al., 1992). The placenta also undergoes a vast 

expansion in size to meet the growing needs of the fetus in utero as gestation 

progresses (Benirschke and Kaufmann, 2006). Given these differences in 

morphology and functionality of the placenta from the first trimester to term, the 

study described in this chapter was undertaken to investigate and compare the 

responses of first and third trimester placenta to antiphospholipid antibodies, in 

order to highlight possible differences and similarities in the placental response to 

aPLs at these two different stages of gestation.  
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 Analysis of Mass Spectrometric Data of the Placental 5.2.

Metabolic Footprints of First and Third Trimester Placentae 

Treated with the Antiphospholipid Antibody 

Mass spectrometry data were corrected for drift correlated to analysis order and 

quality assurance was performed as defined in section 2.4.8.4 (Dunn et al., 2011b). 

The principal component analysis scores plot shows that for those metabolite 

features (>70%) retained after quality assurance processes, the technical variability 

was low compared to a higher level of biological variation between sample classes, 

indicating high technical reproducibility (Figure 5.1). 

 

 

Figure 5.1: Clustering of quality control samples described high 

technical reproducibility compared to biological variation 

Representative principal component analysis following correction of 

UHPLC-MS data for drift and quality assurance demonstrating the 

clustering of the QC samples close together (blue crosses, red circle), as a 

measure of reproducibility of metabolite features detected using MS 
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 Principal Component Analysis of the First Trimester Placental Metabolic 5.2.1.1.

Footprint 

To investigate the effect of the aPL ID2 on the global metabolite profile of first 

trimester placentae ranging from 11 to 12 weeks of gestation, this study was 

conducted to provide information on the putative pathophysiological mechanisms 

that may be occurring at this early stage of gestation. Ten first trimester placentae 

were dissected into 9 explants each, giving a total of 90 explants, which were 

cultured in Netwells
TM

 with the aPL ID2, isotype-matched control antibody or 

media alone for 24 hours. Following this, placental explants were removed, media 

was collected and analysed as described in section 2.4.8.2 to provide a global 

placental metabolic footprint of the effect of the aPL ID2 on first trimester placental 

explants. Analysis of 90 metabolic footprint samples (9 explants per placentae x 10 

placentae) from first trimester placentae using UHPLC-MS reproducibly detected a 

total of 8765 metabolite features with <20% relative standard deviation, of which 

4707 metabolite features were detected in positive ion mode and 4058 metabolite 

features in negative ion mode.  

 

The following principal component analyses were applied to the first trimester 

placental metabolic footprint data detected in positive ion mode, but are 

representative of patterns observed in the first trimester placental metabolic 

footprint data measured in both positive and negative ion modes:  

1) When data were separated by principal components 1 and 2, no particular 

pattern of variance was observed due to the three different treatment 

conditions (Figure 5.2A) 

2) However, when the samples were labelled according to the placenta from 

which they were derived (1-10), a grouping of samples derived from the 

same placenta was observed despite differing treatment conditions (Figure 

5.2B) 

3) No pattern of variance was observed when samples were labelled according 

to placental explant weight, gestational age, or number of syncytial nuclear 

aggregates extruded per milligram of placental explant, indicating that these 

variables did not cause major patterns of change in the metabolite features 

detected (Appendix, Figure i) 
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Figure 5.2: Biological variation between individual placentae was the 

primary cause of variance in the first trimester placental metabolic 

footprint  

Principal component analysis applied to the metabolite features detected 

using UHPLC-MS in the first trimester placental metabolic footprint 

showing that the largest level of variation was caused by inter-placental 

differences, and within each placenta there were much smaller 

differences associated with treatment. Plots are labelled according to (A) 

different treatment conditions (aPL ID2, cAb, Unt), and (B) samples 

derived from different placenta (numbered 1-10, 9 explants per placenta, 

n=10 placentae) 
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Using GC-MS, 158 metabolite features were reproducibly detected in 90 samples (9 

explants per placenta x 10 placentae) in the first trimester placental metabolic 

footprint. Principal component analysis showed that no pattern of variation could 

be observed due to differing treatment conditions (Figure 5.3), gestational age, 

individual placenta, number of SNAs/mg extruded, or placental explant weight.  

  

 

Figure 5.3: There was no pattern of variance due to different 

treatment conditions in the first trimester placental metabolic 

footprint detected using GC-MS 

Principal component analysis applied to the metabolite features in the 

first trimester placental metabolic footprint detected using GC-MS (9 

explants per placenta, n=10 placentae) 
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 Principal Component Analysis of the Third Trimester Placental 5.2.1.2.

Metabolic Footprint 

Previous analyses of the placental tissue metabolome has demonstrated that the 

differences in the metabolome between the first and third trimester of gestation are 

far greater than the differences in the metabolome of placental tissue obtained from 

different modes of delivery (normal versus Caesarean) and sampling locations in 

third trimester placental tissue (Dunn et al., 2012b). While it is recommended that 

third trimester placentae should be obtained from the same mode of delivery to 

minimise variations induced in the metabolome, in the following study 

investigating the effect of aPL on the placental metabolic footprint, third trimester 

placentae were obtained following both modes of delivery, based on the availability 

of placentae at the time of collection. Six third trimester placentae were collected 

following labour or Caesarean deliveries from normal term pregnancies. The 

culture of third trimester placental explants differed from that of the first trimester, 

since the placenta in the third trimester has a distinct morphology, and can be 

divided into three placental sampling sites based on location in the placenta: centre, 

middle and edge (Horgan et al., 2010, Heazell et al., 2008, Dunn et al., 2009). Due 

to this, nine explants (three sets of three) were dissected from each placental 

location, giving a total of 27 explants per placenta. Three explants from each 

placental location were cultured in one Netwell
TM

 per treatment condition, 

constituting one replicate per placental location. Placental explants were stratified 

such that explants from each of the three locations were cultured under each of the 

three treatment conditions: the aPL ID2 (50µg/mL), isotype-matched control 

antibody (50µg/mL), or media for 24 hours. This gave a total of 54 metabolic 

footprint samples (6 placentae x 3 explants from different placental locations x 3 

different treatments) that underwent chromatography-mass spectrometry analysis to 

determine the third trimester placental metabolic footprint in response to treatment 

with the aPL ID2.  

 

Syncytial nuclear aggregates that were extruded from third trimester placental 

explants were counted manually, and treatment of third trimester placental explants 

with the aPL ID2 resulted in a significant increase in the total number of SNAs 

extruded per placenta (n=6, *pFRIEDMAN=0.0001, Figure 5.4).  
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Figure 5.4: The antiphospholipid antibody caused an increase in the 

number of syncytial nuclear aggregates extruded from third 

trimester placentae  

Third trimester placental explants were cultured in the presence or absence 

of the aPL ID2 or isotype-matched control antibody  (cAb) at a dose of 

50µg/mL for 24 hours, and the numbers of extruded SNAs counted 

manually (27 explants per placentae, n=6 placentae, pFRIEDMAN=0.0001) 
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 Analysis of 54 metabolic footprint samples  collected from third trimester placenta 

using UHPLC-MS identified 3406 and 3552 metabolite features in positive and 

negative ion mode respectively, giving a total of 6958 metabolite features with 

<20% relative standard deviation as calculated for the QC samples.  

 

The following principal component analyses were applied on the third trimester 

placental metabolic footprint data detected by UHLPC-MS in positive ion mode, 

but are representative of patterns observed in the third trimester placental metabolic 

footprint data measured using UHLPC-MS in both positive and negative ion mode:  

1) Samples treated with the aPL ID2 appeared separated out from untreated 

and isotype-matched control antibody-treated samples along PC1 and PC2, 

accounting for 46.92% and 16.6% of variance amongst samples respectively 

(Figure 5.5) 

2) No significant pattern of variance was observed due to the number of 

SNAs/mg extruded, delivery method (normal versus Caesarean), or 

placental location (Appendix, Figure ii)  
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Figure 5.5: Treatment of placentae with the antiphospholipid 

antibody was the primary cause of variance in the third trimester 

placental metabolic footprint 

Principal component analysis applied to the metabolite features detected 

in the third trimester placental metabolic footprint detected using 

UHLPC-MS, demonstrating separation due to treatment of placental 

explants with the aPL ID2 (placental explants from 3 locations x 3 

treatments, n=6 placentae) 
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Analysis of third trimester metabolic footprint samples using GC-MS yielded a 

total of 164 metabolite features that could be reproducibly detected in 54 samples. 

Principal component analysis showed that some separation of control antibody-

treated samples could be observed along PC1 accounting for 33.78% of variance 

amongst the samples (Figure 5.6).   

 

 

Figure 5.6: There was some pattern of variance due to different 

treatment conditions in the third trimester placental metabolic 

footprint detected using GC-MS 

Principal component analysis applied to the metabolite features detected 

in the third trimester placental metabolic footprint, demonstrating some 

separation of control antibody-treated samples along principal component 

1 (placental explants from 3 locations x 3 treatments, n=6 placentae) 
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 Univariate Statistical Analysis to Identify Metabolites that were 5.2.2.

Differentially Regulated due to the Antiphospholipid Antibody in the 

First and Third Trimester Placental Metabolic Footprints 

In order to identify the individual metabolites that were affected by the treatment of 

placentae with the aPL ID2, univariate hypothesis testing using the Wilcoxon 

matched pairs signed rank test was applied to the first and third trimester placental 

metabolic footprints, since different perturbations were applied to tissue from the 

same placenta. The first and third trimester placental metabolic footprints were 

statistically analysed separately. Only metabolite features that displayed no 

significant difference (p>0.05) between the two control groups (untreated versus 

isotype-matched control antibody-treated) were considered for further analysis, to 

ensure that the observed metabolite changes were significantly different (p<0.05) 

specifically due to treatment with the aPL ID2.    

 

Statistical analysis of the metabolite features acquired using UHPLC-MS revealed 

the following: 

1) In the first trimester metabolic footprint samples, out of 8765 metabolite 

features, 801 metabolite features were found to be differentially regulated 

(p<0.05) in aPL ID2-treated placental samples compared to the controls. 

Out of these metabolite features, 79 could be identified as unique 

metabolites (Table 5.1). Thirty metabolites could not be uniquely classified 

and were excluded from further analysis 

2) In the third trimester metabolic footprint samples, out of 6958 metabolite 

features, 1753 metabolite features were found to be differentially (p<0.05) 

in aPL ID2-treated placental samples compared to control samples. Out of 

these metabolite features, 132 could be identified as unique metabolites 

(Table 5.2). Thirty metabolites could not be uniquely classified and were 

excluded from further analysis 

Statistical analysis of the metabolite features acquired using GC-MS revealed the 

following:  

1) In the first trimester placental metabolic footprint, only one metabolite 

feature, hypoxanthine, was differentially regulated (p<0.05) due to placental 

treatment with the aPL ID2 compared to the controls (Table 5.1). 
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Hypoxanthine was also identified as differentially regulated due to the aPL 

ID2 in the UHPLC-MS analysis in the first trimester placental metabolic 

footprint 

2) No metabolite features were differentially regulated due to placental 

treatment with the aPL ID2 in the third trimester placental metabolic 

footprint  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

180 
 

Table 5.1: The antiphospholipid antibody caused changes in 79 metabolites in 

the first trimester placental metabolic footprint 

Metabolites 
Ratio 

(aPL/Unt) 

Confidence 

interval 

Wilcoxon 

p-value 

(aPL/Unt) 

AUROC 

(aPL/ 

Unt) 

Acylglycerides 

‡DAG (38:3) (or) DAG (34:0) (or) 

DAG (36:0) 
0.26 (0.11, 0.71) 0.0098 0.90 

DAG(34:1) 0.49 (0.18, 0.91) 0.0371 0.80 

MAG (18:0) 0.52 (0.33, 0.78) 0.0273 0.90 

DAG (34:0) 0.54 (0.39, 0.82) 0.0117 0.92 

‡DAG (36:3) (or) DAG (34:0) 0.59 (0.43, 0.9) 0.0059 0.88 

‡MAG (22:1) 0.73 (0.58, 0.95) 0.0273 0.79 

‡DAG (42:5) 0.79 (0.67, 0.95) 0.0020 0.88 

DAG (36:1) 0.87 (0.76, 0.99) 0.0488 0.78 

DAG (30:1) 1.14 (1.06, 1.23) 0.0039 0.87 

DAG (42:4) 1.17 (1.04, 1.3) 0.0195 0.83 

Carbohydrates and Related Metabolites 

‡Galactose 6-sulfate (or) Glucose 6-

sulfate (or) O3-Sulfonylgalactose (or) 

O4-Sulfonylgalactose 

0.84 (0.65, 1.1) 0.0059 0.64 

Rhamnose (or) Deoxyglucose (or) 

Rhamnulose (or) Deoxygalactose (or) 

Fuculose (or) Fucose (or) 

Anhydroglucitol 

0.88 (0.75, 1.03) 0.0273 0.73 

Neuraminic acid (or) N-Acetyl-D-

galactosaminyl-(N-acetylneuraminyl)-

D-galactosyl-D 

0.89 (0.75, 1.05) 0.0020 0.70 

Ribitol 5-phosphate (or) Xylitol 5-

phosphate 
1.14 (1.01, 1.3) 0.0020 0.73 

Ceramides and Related Metabolites 

Sphingomyelin (d18:0/18:0) 0.55 (0.34, 0.8) 0.0195 0.89 

Ceramide (d18:1/22:1) 1.11 (0.73, 1.72) 0.0488 0.56 



 
 

181 
 

Ceramide (d18:1/18:0) (or) Ceramide 

(d18:0/18:1) 
1.15 (0.8, 1.68) 0.0488 0.61 

‡Ceramide (d18:1/24:1) 1.16 (0.72, 1.91) 0.0488 0.57 

N-(2-hydroxytricosanoyl)-4,8-

sphingadienine 
1.19 (0.77, 1.89) 0.0488 0.56 

Folate Metabolism 

10-Formyldihydrofolate (or) 5-Formyl-

6-Hydrofolic Acid 
0.86 (0.72, 1.02) 0.0488 0.77 

Heme Related Metabolites 

Urobilin 0.62 (0.49, 0.79) 0.0195 0.86 

Organic Acids, Fatty Acids, and Related Metabolites 

‡Oxo-tricosanoic acid 0.38 (0.14, 0.66) 0.0137 0.89 

Methyl-butylperoxy-octadecadienoic 

acid (or) Docosadienoic acid (or) 

Dimethyl-eicosadienoic acid 

0.64 (0.47, 0.86) 0.0273 0.88 

3-Methylbutanoic acid (or) 

Ethylmethylacetic acid (or) Pentanoic 

acid 

0.73 (0.58, 0.93) 0.0234 0.88 

‡3-Methyl-2-oxobutanoic acid (or) 

Oxopentanoic acid (or) 

Methylacetoacetic acid (or) Levulinic 

acid 

0.77 (0.55, 1.14) 0.0020 0.69 

Octenedioic acid (or) 4,7-dioxo-

octanoic acid 
0.79 (0.5, 1.35) 0.0488 0.56 

‡4-Methyl-2-oxopentanoic acid (or) 

Oxohexanoic acid 
0.80 (0.59, 1.14) 0.0195 0.64 

Oxo-5,8-decadienoic acid 0.81 (0.54, 1.3) 0.0488 0.61 

Tricosanedioic acid 0.81 (0.69, 0.95) 0.0195 0.80 

Dihydroxy-methoxyoctadecenoic acid 

(or) Oxooctadecanoic acid (or) 

Hydroxyoctadecenoic acid (or) 

Epoxyoctadecanoic acid 

0.84 (0.62, 1.14) 0.0156 0.70 

‡Hydroxystearic acid 0.84 (0.63, 1.14) 0.0020 0.64 
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3-(2-Hydroxyphenyl)propanoic acid 

(or) Phenyllactic acid (or) 

Methoxyphenylacetic acid (or) 

Phenoxypropionic acid 

0.85 (0.72, 1) 0.0488 0.78 

‡Hydroxyhexadecanoic acid 0.86 (0.64, 1.18) 0.0195 0.64 

Octadecadienoic acid (or) methyl-

heptadecadienoic acid 
0.87 (0.67, 1.12) 0.0020 0.67 

N-Acetylleukotriene E4 0.88 (0.76, 1.03) 0.0371 0.68 

Oxooctadecanoic acid (or) 

Hydroxyoctadecenoic acid (or) 

Epoxyoctadecanoic acid 

0.88 (0.64, 1.22) 0.0371 0.61 

Nonadienoic acid 0.89 (0.71, 1.12) 0.0488 0.62 

3-Hydroxy-2-methylpyridine-4,5-

dicarboxylic acid 
1.13 (0.93, 1.37) 0.0137 0.68 

N-arachidonyl-ethanolamine 

(anandamide) 
1.30 (1.09, 1.52) 0.0195 0.81 

Hydroxynonanoic acid 1.71 (1.17, 2.75) 0.0137 0.82 

Resolvin D2 (or) Resolvin D1 (or) 

Resolvin D3 (or) Resolvin D4 
3.06 (1.29, 5.64) 0.0469 0.80 

Acyl carnitines         

L-Octanoylcarnitine 0.81 (0.61, 1.05) 0.0195 0.74 

Tiglylcarnitine 2.71 (1, 4.93) 0.0098 0.80 

Glycerophospholipids 

LysoPS (18:1) 0.78 (0.6, 1.03) 0.0059 0.73 

PC (12:0) 0.85 (0.74, 0.98) 0.0273 0.81 

PC (18:1) 0.86 (0.64, 1.15) 0.0156 0.71 

LysoPG (14:0) (or) LysoPA (16:0) 1.25 (0.86, 1.84) 0.0156 0.71 

LysoPE (22:6) (or) PC (16:0) 1.27 (0.94, 1.8) 0.0273 0.73 

PE (22:4/dm18:0) (or) PE 

(20:0/dm18:1) (or) PE (20:1/dm18:0) 

(or) PE (22:1/dm16:0) 

1.27 (0.64, 2.27) 0.0371 0.56 
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‡PE (22:4/dm18:1) (or) PE 

(22:5/dm18:0) (or) PE (20:1/dm18:1) 

(or) PE (20:2/dm18:0) (or) PA (P-

20:0/22:6) 

1.40 (0.73, 2.35) 0.0273 0.62 

PE (22:5/dm18:1) (or) PE 

(22:6/dm18:0) (or) PE (P-18:0/22:6) 

(or) PE (20:2/dm18:1) (or) PE 

(20:3/dm18:0) (or) PE (18:0/dm18:0) 

(or) PE (20:0/dm16:0) 

1.41 (0.69, 2.3) 0.0195 0.59 

PS (O-20:0/19:1) (or) PS (P-18:0/21:0) 

(or) PS (P-20:0/19:0) (or) 

PC(18:0/dm18:1) (or) PC 

(18:1/dm18:0) (or) PC (20:1/dm16:0) 

(or) PC (P-18:0/18:1) (or) PC (18:2/O-

18:0) (or) PC (20:3/dm18:1) (or) 

PC(20:4/dm18:0) (or) PC 

(22:4/dm16:0) (or) PC (O-16:0/22:5) 

(or) PC (O-18:0/20:5) (or) PC (O-

18:1/20:4) (or) PC (P-18:0/20:4) 

1.44 (0.61, 2.62) 0.0488 0.59 

PE (22:6/dm18:1) (or) PE (O-

18:1/20:4) (or) PE (20:3/dm18:1) (or) 

PE (20:4/dm18:0) (or) PE 

(22:4/dm16:0) (or) PE (O-16:0/22:5) 

(or) PE (O-18:0/20:5) (or) PE 

(18:0/dm18:1) (or) PE (18:1/dm18:0) 

(or) PE (20:1/dm16:0) (or) PE (P-

18:0/18:1) 

1.45 (0.75, 2.24) 0.0488 0.63 

PC (40:7) (or) PC (38:4) (or) 

PC(42:10) 
1.49 (0.58, 2.89) 0.0117 0.61 

Sterols and Related Metabolites 

Estra-1,3,5(10)-triene-3,6α,17β-triol 

triacetate (or) Estra-1,3,5(10)-triene-

3,6β,17β-triol triacetate 

0.45 (0.09, 0.95) 0.0195 0.79 
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11β-hydroxyandrosterone-3 

glucuronide 
0.58 (0.34, 0.88) 0.0273 0.83 

16α -Hydroxyandrost-4-ene-3,17-

dione (or) 11β-Hydroxyandrost-4-ene-

3,17-dione (or) 19-Hydroxyandrost-4-

ene-3,17-dione Or) 7α -

Hydroxyandrost-4-ene-3,17-dione (or) 

2-Methoxyestradiol-17β (or) 11-Keto-

testosterone (or) 5α-Androstane-

3,11,17-trione (or) 7α,17β-

Dihydroxyandrosta-1,4-dien-3-one (or) 

6β,19-Epoxy-17β-hydroxyandrost-4-

en-3-one (or) 11α,17β-Dihydroxy-1,4-

androstadien-3-on (or) 3-

Methoxyestriol (or) 2-

Hydroxyestradiol-3-methylether (or) 2-

hydroxy-3-methoxy-17β-estradiol (or) 

4-methoxy-17β-estradiol (or) 2-

Methoxyestradiol (or) 3-

Deoxyestradiol 

0.85 (0.68, 1.07) 0.0371 0.68 

‡ 16β-Hydroxy-3,11-dioxopregna-

4,17(20)-dien-21-oic acid, γ-lactone 
0.88 (0.73, 1.05) 0.0488 0.66 

2-Aminoestra-1,3,5(10)-triene-3,17β-

diol (or) 4-Aminoestra-1,3,5(10)-

triene-3,17β-diol 

1.34 (1.17, 1.52) 0.0137 0.93 



 
 

185 
 

11β,21-Dihydroxypregn-4-ene-3,20-

dione 21-acetate (or) 6β,17β-

Dihydroxyandrost-4-en-3-one diacetate 

(or) 11α,17β-dihydroxyandrost-4-en-3-

one diacetate (or) 11β,21-Dihydroxy-

5β-pregnane-3,20-dione (or) 3α,21-

Dihydroxy-5β-pregnane-11,20-dione 

(or) 17α,21-Dihydroxypregnenolone 

(or) 3α,17α-Dihydroxy-5β-pregnane-

11,20-dione (or) 3b,15b,17a-

Trihydroxy-pregnenone (or) 3b,17a,21-

Trihydroxypregnenone (or) 3a,21-

Dihydroxy-5b-pregnane-11,20-dione 

(or) 11b,21-Dihydroxy-5b-pregnane-

3,20-dione (or) 17a,21-Dihydroxypreg-

nenolone (or) 11-deoxy-11-methylene-

15-keto-PGD2 (or) 6α-Methylpregn-4-

ene-3,11,20-trione (or) 2α-

Methylpregn-4-ene-3,11,20-trione 

3.34 (2.04, 7.4) 0.0039 0.95 

Ubiquinone Metabolism and Quinone Metabolites 

2-Octaprenyl-3-methyl-6-methoxy-1,4-

benzoquinone 
0.84 (0.75, 0.96) 0.0039 0.88 

Geranylbenzoquinone 1.16 (1, 1.32) 0.0273 0.79 

Other Metabolites 

CE (16:2) 0.56 (0.33, 0.87) 0.0371 0.83 

Dimethylallyl diphosphate (or) 

Isopentenyl diphosphate 
0.72 (0.5, 1.11) 0.0078 0.72 

S-Methyl-L-methionine 0.77 (0.67, 0.89) 0.0156 0.91 

N4-Acetylcytidine 0.79 (0.59, 1.07) 0.0039 0.72 

Ureidoglycolic acid 0.80 (0.71, 0.89) 0.0020 0.97 

5,6-Dihydrouridine 0.82 (0.66, 1.02) 0.0234 0.73 

‡Thymidine 3',5'-cyclic 

monophosphate 
0.84 (0.66, 1.08) 0.0039 0.64 
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Hydroxytryptophan (or) 

Indolepyruvate 
0.85 (0.64, 1.09) 0.0273 0.69 

Acetylspermidine 0.88 (0.73, 1.06) 0.0371 0.68 

Dethiobiotin 0.89 (0.8, 0.99) 0.0273 0.78 

N-docosahexaenoyl glutamic acid 0.89 (0.66, 1.24) 0.0469 0.64 

4-Hydroxy-4-methylglutamate 1.14 (0.89, 1.49) 0.0117 0.71 

Formylmethanofuran 1.19 (1.02, 1.38) 0.0195 0.73 

Hypoxanthine*** 1.63 (1.09, 2.26) 0.0488 0.80 

Note: ‡ detected more than once using UHPLC-MS 

*** detected using GC-MS 

Purple= decreased expression in aPL ID2-treated placental metabolic footprint samples; green= 

increased expression in aPL ID2-treated placental metabolic footprint samples 

Abbreviations: DAG-diacylglycerol, PG-glycerophosphoglycerol, PC-glycerophosphocholine, PI-

glycerophosphoinositol, PS-glycerophosphoserine, PE-glycerophosphoenthanolamine, PA-

phosphatidic acid, LysoP-Lyso-glycerophospholipid  
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Table 5.2: The antiphospholipid antibody caused changes in 132 metabolites in 

the third trimester placental metabolic footprint 

Metabolites 
Ratio 

(aPL/cAb) 
CI 

Wilcoxon p-

value 

(aPL/cAb) 

AUROC 

(aPL/ 

cAb) 

Acylglycerides  

DAG (42:8) (or) DAG (40:5) 1.45 (1.12, 1.92) 0.0313 0.89 

DAG (36:0) 1.52 (1.24, 1.92) 0.0313 1.00 

DAG (36:7) 1.61 (1.36, 1.92) 0.0313 1.00 

DAG (40:9) 1.78 (1.42, 2.21) 0.0313 1.00 

DAG (34:2) 1.85 (1.5, 2.33) 0.0313 1.00 

MAG (40:8) 1.86 (1.35, 2.67) 0.0313 0.97 

DAG (46:7) 1.90 (1.6, 2.25) 0.0313 1.00 

TAG (30:0) 1.92 (1.5, 2.4) 0.0313 1.00 

DAG (44:5) 1.95 (1.53, 2.48) 0.0313 1.00 

DAG (34:0) 1.98 (1.64, 2.39) 0.0313 1.00 

DAG (34:4) 2.00 (1.59, 2.49) 0.0313 1.00 

DAG (41:4) 2.05 (1.46, 3.06) 0.0313 1.00 

DAG (37:3) 2.06 (1.63, 2.57) 0.0313 1.00 

DAG (43:5) 2.09 (1.64, 2.72) 0.0313 1.00 

DAG (38:6) 2.15 (1.6, 2.82) 0.0313 1.00 

DAG (39:1) 2.20 (1.69, 2.87) 0.0313 1.00 

DAG (42:9) 2.20 (1.7, 2.81) 0.0313 1.00 

DAG (35:4) 2.24 (1.64, 3.15) 0.0313 0.97 

Carbohydrates and Related Metabolites 

α-D-fructofuranose β-D-

fructofuranose 1,2':2,3'-

dianhydride 

1.50 (1.12, 2.01) 0.0313 0.94 

3'-O-N-Octanoyl-a-D-

Glucopyranosyl-B-D-

Fructofuranoside (or) N-Octanoyl-

B-D-Fructofuranosyl-a-D-

Glucopyranoside 

1.57 (1.3, 1.93) 0.0313 1.00 
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Kestotetraose (or) 1,3-α-D-

Mannosyl-1,2-α-D-mannosyl-1,2-

α-D-mannosyl-D- mannose (or) α-

D-Galactosylraffinose (or) α-D-

Galactosyl-(1-6)-α-D-galactosyl-

(1-6)-β-D-fructosyl- (2-1)-α-D-

glucoside (or) Cellotetraose (or) 

Lychnose (or) Maltotetraose (or) 

Stachyose 

1.73 (1.32, 2.38) 0.0313 1.00 

Ceramides and Related Metabolites 

Ceramide-1-phosphate 

(d18:1/12:0) 
1.49 (1.3, 1.71) 0.0313 1.00 

N-(2-hydroxytricosanoyl)-4,8-

sphingadienine 
1.69 (1.44, 1.96) 0.0313 1.00 

Glucosyl ceramide (d18:1/12:0) 1.91 (1.61, 2.32) 0.0313 1.00 

N-(2-hydroxypentacosanoyl)-4,8-

sphingadienine 
1.94 (1.52, 2.42) 0.0313 1.00 

Ceramide (d18:0/20:0) 2.04 (1.59, 2.77) 0.0313 1.00 

‡N-(tetradecanoyl)-deoxysphing-

4-enine-1-sulfonate 
2.08 (1.62, 2.65) 0.0313 1.00 

Heme and Related Metabolites 

Mesoheme (or) Protoheme (or) 

Protoheme IX 
1.88 (1.61, 2.22) 0.0313 1.00 

Magnesium protoporphyrin 

monomethyl ester 
1.92 (1.62, 2.33) 0.0313 1.00 

Mesoporphyrin IX 1.94 (1.53, 2.51) 0.0313 1.00 

2-Acetyl-Protoporphyrin IX 1.95 (1.48, 2.56) 0.0313 0.97 

Zinc Substituted Heme C 2.00 (1.59, 2.51) 0.0313 1.00 
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Harderoporphyrinogen (or) 

Protoporphyrinogen IX 
2.05 (1.65, 2.61) 0.0313 1.00 

131-Hydroxy-magnesium-

protoporphyrin IX 13-monomethyl 

ester 

2.11 (1.57, 2.78) 0.0313 1.00 

‡Urobilinogen (or) Urobilin 2.12 (1.73, 2.59) 0.0313 1.00 

Magnesium protoporphyrin 2.31 (1.8, 2.91) 0.0313 1.00 

Nucleosides, Nucleotides and Related Metabolites 

Methylinosine 0.83 (0.77, 0.89) 0.0313 1.00 

Arabinosylhypoxanthine (or) 

Inosine 
0.86 (0.81, 0.91) 0.0313 1.00 

dTDP-5-dimethyl-L-lyxose (or) 3-

Hydroxy-L-tyrosyl-AMP (or) 

dTDP-β-L-rhodinose 

1.50 (1.24, 1.8) 0.0313 0.97 

dTDP-4-oxo-5-C-methyl-L-

rhamnose 
1.79 (1.48, 2.17) 0.0313 1.00 

ADP-D-glycero-D-manno-heptose 

(or) ADP-L-glycero-D-manno-

heptose 

1.82 (1.44, 2.34) 0.0313 1.00 

UDP-3-ketoglucose 1.90 (1.29, 3) 0.0313 0.94 

UDP-2-acetamido-4-amino-2,4,6-

trideoxyglucose 
1.91 (1.56, 2.34) 0.0313 1.00 

Uridine 5'-diphospho-β-(4-deoxy-

4-formamido-L-arabinose 
1.93 (1.57, 2.41) 0.0313 1.00 

dTDP-6-deoxy-D-allose (or) 

dTDP-6-deoxy-L-mannose (or) 

dTDP-6-deoxy-L-talose (or) 

dTDP-D-fucose (or) dTDP-L-

dihydrostreptose 

1.95 (1.46, 2.6) 0.0313 0.97 
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CMP-2-Keto-3-Deoxy-

Octulosonic Acid (or) CMP-3-

deoxy-D-manno-octulosonate 

2.00 (1.69, 2.34) 0.0313 1.00 

2'-O-Acetyl Adenosine-5-

Diphosphoribose 
2.02 (1.55, 2.66) 0.0313 1.00 

UDP-α-D-Xylopyranose (or) 

UDP-Apiose (or) UDP-D-Xylose 

(or) UDP-L-arabinose 

2.02 (1.58, 2.66) 0.0313 1.00 

Cyclic ADP-ribose 2.07 (1.6, 2.67) 0.0313 1.00 

CTP 2.41 (1.81, 3.13) 0.0313 1.00 

Organic acids, Fatty acids and Related Metabolites 

Dodecadienol 0.52 (0.37, 0.87) 0.0313 1.00 

Hydroxy-tetradecadienoic acid 0.63 (0.43, 0.84) 0.0313 0.92 

Hydroxy-hexadecenoic acid (or) 

Oxo-hexadecanoic acid 
0.71 (0.61, 0.82) 0.0313 1.00 

Amino-hexadecanoic acid (or) 

hexadecenoic acid (or) Methyl-

pentadecenoic acid (or) Dimethyl-

tetradecenoic acid (or) Hexyl-

decenoic acid 

0.72 (0.64, 0.81) 0.0313 1.00 

Hydroxy-hexadecanoic acid 0.76 (0.69, 0.84) 0.0313 1.00 

 Methyl-pentadecanoic acid (or) 

Dimethyl-tetradecanoic acid (or) 

Ethyl-butyl-decanoic acid (or) 

Heptyl-nonanoic acid (or) Hexyl-

decanoinate (or) Hexadecanoate 

(or) Trimethyltridecanoic acid 

0.79 (0.72, 0.86) 0.0313 1.00 
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10,11-Dihydro-12R-hydroxy-

leukotriene D4 
1.62 (1.38, 1.93) 0.0313 1.00 

Leukotriene C4 1.62 (1.29, 2.07) 0.0313 0.97 

1-(O-α-D-glucopyranosyl)-3-keto-

(1,25R)-hexacosanediol 
1.68 (1.43, 1.98) 0.0313 1.00 

Docosadienoic acid (or) dimethyl-

eicosadienoic acid 
1.69 (1.37, 2.1) 0.0313 1.00 

Docosanediol-disulfate 1.69 (1.44, 1.97) 0.0313 1.00 

‡Leukotriene F4 1.69 (1.39, 2.12) 0.0313 1.00 

1-(O-α-D-galactopyranosyl)-

(1,3R,27R)-octaconsanetriol (or) 1-

(O-α-D-glucopyranosyl)-

(1,3R,27R)-octaconsanetriol (or) 1-

(O-α-D-glucopyranosyl)-

(1,3S,27R)-octacosanetriol (or) 1-

(O-β-D-glucopyranosyl)-

(1,3R,27R)-octaconsanetriol 

1.85 (1.52, 2.31) 0.0313 1.00 

Docosanyl icosanoate (or) 

Eicosanyl docosanoate (or) 

Hexacosanyl hexadecanoate (or) 

Octadecyl tetracosanoate (or) 

Tetracosanyl octadecanoate 

1.91 (1.35, 2.67) 0.0313 0.94 
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Oxo-leukotriene B4 (or)  Dehydro-

leukotriene B4 (or)  15-Deoxy-

Prostaglandin D2 (or)  Oxo-

dihydroprostaglandin A2 (or)  

Epoxy-hydroxyeicosatetraenoate 

(or)  Dihydroxyeicosapentaenoic 

acid (or)  

Hydroperoxyeicosapentaenoic acid 

(or)  Oxo-epi-leukotriene B4 (or)  

5-trans-prostaglandin A2 (or)  

Eicosatetraenedioic acid (or)  

Prostaglandin J2 (or)  Leukotriene 

B5 (or)  Prostaglandin A2 (or)  

Prostaglandin B2 (or)  

Prostaglandin C2 (or)  

Prostaglandin J2 (or)  Resolvin E2 

(or)  Hydroperoxy-octadecadienoic 

acid (or)  Epoxy-hydroxy-

octadecenoic acid (or)  Oxo-

Hydroxyoctadecenoic acid (or)  

Hydroperoxyoctadecadienoic acid 

(or)  Dihydroxyoctadecadienoic 

acid (or)  Hydroxy-oxo-

octadecenoic acid 

2.60 (1.48, 4.4) 0.0313 1.00 

Glycerophospholipids 

PG (16:0) 1.58 (1.46, 1.71) 0.0313 1.00 

LysoPC (24:1) 1.65 (1.42, 1.93) 0.0313 1.00 

PE (38:7) (or) PE (38:8) 1.71 (1.41, 2.07) 0.0313 1.00 

LysoPC (34:1) 1.80 (1.45, 2.2) 0.0313 1.00 

PC (18:0) 1.84 (1.39, 2.48) 0.0313 1.00 

1-Palmitoyl-2-(5-hydroxy-8-oxo-

6-octenoyl)-sn-glycero-3- 

phosphatidylcholine 

1.85 (1.51, 2.31) 0.0313 1.00 

LysoPS (20:4) 1.85 (1.47, 2.43) 0.0313 1.00 
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LysoPC (22:0) (or) PC (6:0/O-

16:0) (or) PC (O-12:0/10:0) (or) 

PC (O-16:0/6:0) (or) PC (O-

18:0/4:0) (or) PC (O-20:0/2:0) 

1.87 (1.46, 2.48) 0.0313 1.00 

‡PA (34:1) 1.88 (1.57, 2.22) 0.0313 1.00 

LysoPE (22:2) 1.90 (1.47, 2.47) 0.0313 1.00 

LysoPE (24:6) 1.95 (1.53, 2.5) 0.0313 1.00 

LysoPI (18:1) 1.95 (1.54, 2.44) 0.0313 1.00 

LysoPC (16:1) 1.98 (1.52, 2.72) 0.0313 1.00 

LysoPI (16:0) 1.98 (1.39, 2.68) 0.0313 1.00 

PG (20:0) 2.02 (1.62, 2.54) 0.0313 1.00 

PE (26:0) 2.05 (1.67, 2.54) 0.0313 1.00 

PG (30:0) 2.08 (1.77, 2.45) 0.0313 1.00 

LysoPE (32:3) 2.11 (1.61, 2.84) 0.0313 1.00 

‡PC (22:1) 2.12 (1.69, 2.58) 0.0313 1.00 

‡LysoPC (20:2) (or) PC (O-

18:2/2:0) 
2.13 (1.59, 2.72) 0.0313 1.00 

PE (30:1) 2.13 (1.58, 2.92) 0.0313 1.00 

LysoPC (21:4) 2.18 (1.68, 2.75) 0.0313 1.00 

PC (20:0) 2.27 (1.8, 2.86) 0.0313 1.00 

PC (28:2) 2.43 (1.81, 3.16) 0.0313 1.00 

Sterols and Related Metabolites 

(25R)-1β,3α,7α-trihydroxy-5β-

cholestan-27-oyl taurine (or) 

(25R)-3α,7α,12α-trihydroxy-5β-

cholestan-27-oyl taurine 

1.59 (1.34, 1.9) 0.0313 1.00 

Chenodeoxycholic acid disulfate 1.66 (1.4, 1.98) 0.0313 1.00 
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(20S)-1α,25-dihydroxy-20-ethoxy-

26,27-dimethyl-24a-homovitamin 

D3 (or) (20S)-1α,25-dihydroxy-20-

methoxy-26,27-diethylvitamin D3 

(or) 1α,25-dihydroxy-21-(3-

hydroxy-3-methylbutyl)vitamin 

D3 (or) 1α,25-dihydroxy-2β-(5-

hydroxypentyl) vitamin D3 (or) 

1α-hydroxy-2β-(5-

hydroxypentoxy)vitamin D3 (or) 

26,27-diethyl-1α,25-dihydroxy-

24a,24b-dihomo-23-oxa-20-

epivitamin D3 

1.84 (1.56, 2.17) 0.0313 1.00 

1α-Hydroxy-18-[m-(1-hydroxy-1-

methylethyl)-benzyloxy]-

23,24,25,26,27-pentanorvitamin 

D3 (or) 1α,25-dihydroxy-2α-(3-

hydroxypropoxy)-19-norvitamin 

D3 

1.86 (1.46, 2.35) 0.0313 0.97 

1α,25-Dihydroxy-25,25-diphenyl-

26,27-dinorvitamin D3 
2.17 (1.71, 2.69) 0.0313 1.00 

Ubiquinone and Related Metabolites 

2-Hexaprenyl-6-methoxy-1,4-

benzoquinone (or) 3-Hexaprenyl-

4-hydroxybenzoic acid 

1.66 (1.42, 1.95) 0.0313 1.00 

All-trans-Hexaprenyl diphosphate 

(or) Presqualene diphosphate 
1.74 (1.21, 2.55) 0.0313 0.92 

2-Hexaprenyl-3-methyl-6-

methoxy-1,4-benzoquinol 
2.13 (1.57, 2.76) 0.0313 1.00 

Other Metabolites 

Hexadecasphinganine (or) 

Octadecatrienoic acid 
0.83 (0.74, 0.93) 0.0313 0.97 
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2-N-Dodecyltetrahydrothiophene 0.88 (0.84, 0.92) 0.0313 1.00 

Spermine 0.89 (0.86, 0.92) 0.0313 1.00 

Oxoglutaramate 1.19 (1.1, 1.29) 0.0313 1.00 

α-CEHC-glucuronide 1.48 (1.27, 1.73) 0.0313 1.00 

N-Acetyl-D-

glucosaminyldiphosphodolichol 
1.53 (1.24, 1.98) 0.0313 0.94 

Nicotinamide Adenine 

Dinucleotide 
1.57 (1.22, 2.14) 0.0313 0.94 

Tetrahydroaldosterone-3-

glucuronide 
1.70 (1.47, 1.98) 0.0313 1.00 

CE (22:2) 1.75 (1.45, 2.12) 0.0313 1.00 

Alloxanthin 1.77 (1.43, 2.21) 0.0313 1.00 

Heparin 1.82 (1.52, 2.18) 0.0313 1.00 

N-Sulfo-Flavin Mononucleotide 1.82 (1.43, 2.33) 0.0313 1.00 

5-S-glutathionyl-dopamine 1.83 (1.43, 2.31) 0.0313 1.00 

N6-Benzyl Adenosine-5'-

Diphosphate 
1.90 (1.58, 2.33) 0.0313 1.00 

Decaprenol phosphate 1.91 (1.38, 2.67) 0.0313 1.00 

S-(11-hydroxy-9-deoxy-delta12-

PGD2)-glutathione (or) S-(9-

hydroxy-PGA1)-glutathione 

1.91 (1.34, 2.87) 0.0313 0.97 

7-Methylhypoxanthine 2.01 (1.63, 2.44) 0.0313 1.00 

Sialyllactose 2.18 (1.7, 2.74) 0.0313 1.00 

CE (18:1) 2.36 (1.66, 3.28) 0.0313 1.00 

Note: ‡ detected more than once using UHPLC-MS 

Purple= decreased expression in aPL ID2-treated placental metabolic footprint samples; green= 

increased expression in aPL ID2-treated placental metabolic footprint samples 

Abbreviations: DAG-diacylglycerol, TAG-triacylglycerol, PG-glycerophosphoglycerol, PC- 

glycerophosphocholine, PI-glycerophosphoinositol, PS-glycerophosphoserine, PE-

glycerophosphoenthanolamine, PA-phosphatidic acid, LysoP-lyso-glycerophospholipid, dTDP- 

thymidine diphosphate, ADP-adenosine diphosphate, UDP-uridine diphosphate, CMP-cytidine 

monophosphate, CTP-cytidine triphosphate phosphatidic acid, CE-cholesteryl ester, PG-

prostaglandin, α-CEHC- 2,5,7,8-tetramethyl-2-(2'-carboxyethyl)-6-hydroxychroman 
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 Similarity between Metabolites that were Dysregulated due to the 5.2.2.1.

Antiphospholipid Antibody in the First and Third Trimester Placental Metabolic 

Footprints 

In order to investigate whether placental treatment with the aPL ID2 affected 

similar metabolites or metabolite classes in the first and third trimesters, the overlap 

between the metabolites that were differentially regulated due to the treatment of 

placental explants with the aPL ID2 in both the first and third trimester was 

compared using the online program Venny. Comparison of metabolite names and 

molecular formulae between the two footprints showed that only 7 metabolites 

were shared between the first and third trimester placental metabolic footprints 

affected by the aPL ID2 (Table 5.3). These included metabolites belonging to the 

classes of sphingolipids (ceramide) and acylglycerides (diacylglycerol). 
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Table 5.3: Seven metabolites were shared between the first and third trimester 

placental metabolic footprints affected by the antiphospholipid antibody 

Molecular 

Formula 

Metabolite 

Identification 

First 

trimester 

fold-change 

p-value Third 

trimester 

fold-change 

p-value 

C16H32O3 Hydroxyhexadecanoate 0.86 0.0195 0.76 0.0313 

C18H34O3 Oxooctadecanoic acid 

(or) 

Hydroxyoctadecenoic 

acid (or) 

Epoxyoctadecanoic acid 

0.88 0.0371 0.51 0.0313 

C22H40O2 Docosadienoic acid (or) 

Dimethyl-eicosadienoic 

acid 

0.64 0.0273 1.69 0.0313 

C41H79NO4 N-(2-

hydroxytricosanoyl)-4,8-

sphingadienine 

1.41 0.0195 1.69 0.0313 

C39H76O5 Diacylglycerol (36:0) 0.26 0.0098 1.52 0.0313 

C37H72O5 Diacylglycerol (34:0) 0.54 0.0117 1.98 0.0313 

C33H46N4O6 L-Urobilin 0.62 0.0195 1.69 0.0313 

Purple= decreased expression in aPL ID2-treated placental metabolic footprint samples; 

green= increased expression in aPL ID2-treated placental metabolic footprint samples 
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 Biological Interpretation of Metabolic Pathways Affected in 5.3.

the First and Third Trimester Placental Metabolic Footprints due 

to Treatment of Placental Explants with the Antiphospholipid 

Antibody 

In metabolomics studies, it is necessary to investigate whether dysregulated 

metabolites are involved in metabolic pathways that could be indicative of 

pathophysiological mechanisms occurring due to the treatment condition. To do 

this, metabolites were (1) manually classified into their respective chemical class as 

shown in Tables  5.1 and 5.2, and (2) manually collated into pathways utilising the 

Kyoto Encyclopedia of Genes and Genomes (KEGG) ‘Pathways’ database which 

consists of a comprehensive list of different metabolite pathways (Kanehisa et al., 

2012). If the aPL ID2 affected multiple metabolites belonging to a single class, and 

if these metabolites were linked to each other in a specific metabolic pathway, it is 

likely that the aPL ID2 was directly affecting that particular pathway to elicit an 

aberrant placental response in the first or third trimester metabolic footprint.  

 

Most of the metabolites identified (Tables 5.1 and 5.2) were found to fit into 

different levels of metabolism from the nucleotide level to the level of secondary 

metabolites. These pathways were broadly observed to be shared between the first 

and third trimester, although the individual metabolites involved and the directional 

changes of the metabolites were not similar between the first and third trimester 

placental metabolic footprints (Tables 5.1 and 5.2).  A pattern of disruption of 

metabolites belonging to several classes of metabolites including acylglycerides, 

carbohydrates, ceramides, fatty acids and organic acids, glycerophospholipids, 

porphyrins, ubiquinones and quinones, and other metabolites emerged due to 

placental treatment with the aPL ID2 in the metabolic footprint of both first and 

third trimester placenta compared to untreated or control antibody-treated control 

groups (Tables 5.1 and 5.2). The antiphospholipid antibody prominently disrupted a 

number of mediators involved in (1) sphingolipid and (2) glycerophospholipid 

metabolism in the first and third trimester placental metabolic as follows: 

1) A number of key metabolites involved in sphingolipid metabolism (KEGG 

pathway 0600) were disrupted due to the aPL ID2 (p<0.05). In the first 

trimester, placental treatment with the aPL ID2 caused a decrease in 



 
 

199 
 

sphingomyelin, a precursor of ceramide, while five ceramides increased. In 

the third trimester placental metabolic footprint, three ceramides, ceramide-

1-phosphate, glucosyl ceramide and one sulfonate derivative of ceramide 

were increased due to the aPL ID2 (Figure 5.7A, B). One ceramide, N-(2-

hydroxytricosanoyl)-4,8-sphingadienine, was increased in both the first and 

third trimester placental metabolic footprints (Table 5.3).  

2) In the first and third trimester placental metabolic footprint, changes in 

glycerophospholipid metabolism (KEGG pathway 564) characterised by the 

disruption of glycerophosphocholine (PC), glycerophosphoethanolamine 

(PE), glycerophospholinositol (PI), glycerophosphoserine (PS), and 

phosphatidic acid (PA) metabolism were observed due to placental 

treatment with the aPL ID2 (p<0.05). Diacylglycerol is a central metabolite 

of phospholipid metabolism and several diacylglycerol molecules were 

disrupted, and in fact two diacylglycerol molecules showing a biological 

difference caused by the aPL ID2 treatment were shared in common in the 

first and third trimester placental metabolic footprints (Table 5.3, Figure 

5.7C, D).  Possible downstream effects of these changes in 

glycerophospholipid metabolism could also be observed with the generation 

of lyso-glycerophospholipids and eicosanoids (KEGG pathway 590) in both 

the first and third trimester placental metabolic footprints in response to 

treatment with the aPL ID2. Perturbed eicosanoid metabolism observed in 

the first trimester placental metabolic footprint included changes in 

anandamide, N-acetylleukotriene E4, and resolvin; and in the third trimester 

included leukotrienes D4, B4, C4, F4 and/or derivatives.   
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Figure 5.7: The antiphospholipid antibody caused a disruption in the 

balance of ceramides and diacylglycerol in the first and third 

trimester placental metabolic footprints 

Treatment of placental explants with the aPL ID2 resulted in an overall 

increase in ceramides and a disruption in diacylglycerol (DAG) in the 

first and third trimester placental metabolic footprints. (A-D) Box-and-

whisker plots demonstrating the peak area of individual metabolites 

detected using UHPLC-MS (*p<0.05).  

A: Ceramide (18:1/24:1), first trimester 

B: Ceramide-1-phosphate (d18:1/12:0), third trimester 

C: DAG (34:0), first trimester 

D: DAG (34:0), third trimester 
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Treatment of placental explants with the aPL ID2 also caused changes in metabolite 

classes that were specific to the first or third trimester placental metabolic footprint.  

In the first trimester placental metabolic footprint: 

1) There was a reduction in twelve oxo- and hydroxy-fatty acids (KEGG 

pathway 00073)   

2) There was also a disruption in steroid hormone biosynthesis (KEGG 

pathway 00140), since three steroid hormone metabolites decreased and one 

increased. Although most of the steroid hormone metabolites could not be 

uniquely identified, the observation that many metabolites belonging to the 

class of sterols were disrupted, and all of these were hormones, suggests 

that the aPL ID2 may be affecting placental steroid hormone metabolism 

In the third trimester placental metabolic footprint: 

1) An increase in 9 metabolites relating to heme and porphyrin metabolism 

(KEGG pathway 00860) was observed 

In summary, the aPL ID2 appeared to affect placental metabolism via overlapping 

and different mechanisms in the first and third trimester placental metabolic 

footprints.  
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 Immunohistochemical Investigation of Protein Kinase C-5.4.

Epsilon Expression in First Trimester Placental Explants treated 

with the Antiphospholipid Antibody 

In the transcriptomic study presented in Chapter 3, I demonstrated that the 

treatment of first trimester placentae with the aPL ID2 at a dose of 25µg/mL for 16 

hours resulted in a significant decrease (p=0.001, Figure 3.8) in mRNA levels of 

protein kinase C-epsilon (PRKCE), while treatment with the aPL ID2 at a dose of 

50µg/mL for 24 hours resulted in an increase in PRKCE in placental explants 

compared to control explants. The regulation of PRKCE is intricately linked with 

the balance between ceramides and  diacylglycerol (Musashi et al., 2000, Sawai et 

al., 1997). The expression of PRKCE was therefore investigated  in aPL ID2-

treated tissue, as a potential candidate, changes in the expression of which could be 

affected by the disruption in the balance of ceramides and diacylglycerol due to the 

aPL ID2 (Musashi et al., 2000, Sawai et al., 1997). 

 

Explants derived from untreated (Figure 5.8A, B) and control antibody-treated 

(Figure 5.8C, D) placentae appeared to express PRKCE abundantly within the 

stroma of placental villi, along with some expression within the 

syncytiotrophoblast. Treatment of placental explants with the aPL ID2 at a dose of 

25µg/mL for 16 hours caused a decrease in the levels of PRKCE in stromal cells 

and the syncytiotrophoblast (Figure 5.8E, F), while treatment with the aPL ID2 at a 

dose of 50µg/mL for 24 hours appeared to result in an increase (Figure 5.8G, H) in 

PRKCE in placental explants compared to controls.  
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Figure 5.8: The effect of the antiphospholipid antibody on the 

expression of protein kinase C-epsilon in placentae 

Photomicrographs of placental explants showing the expression of 

PRKCE in aPL ID2-treated placental explants at doses of 25µg/mL for 

16 hours (A, B) or 50µg/mL for 24 hours (C, D), compared to control 

antibody-treated (E, F) and untreated (G, H) placental explants. I and J 

show placental explants stained with an irrelevant control rabbit IgG. 

Images are representative of three separate first trimester placentae, and 

each experiment was repeated three times. Scale-bars represent 50µm or 

100µm as indicated 
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 Summary of Key Findings 5.5.

 

 The primary cause of variance in the first trimester placental metabolic 

footprint was due to biological variation between individual placentae 

 The primary cause of variance in the third trimester placental metabolic 

footprint was due to treatment of placental explants with aPLs 

 Treatment of placental explants with aPLs dysregulated 79 uniquely 

annotated metabolites in the first trimester placental metabolic footprint and 

132 uniquely annotated metabolites in the third trimester placental 

metabolic footprint, of which only 7 metabolites were shared between the 

two metabolic footprints 

 Ceramide metabolites were increased and diacylglycerol metabolites were 

disrupted in the first and third placental metabolic footprints due to aPLs 

 Treatment of placental explants with aPLs caused a reduction in oxo-fatty 

acids and an increase in heme metabolites in the first and third trimester 

placental metabolic footprints respectively 

 Steroid hormone metabolism was disrupted in the first trimester placental 

metabolic footprint due to aPLs 

 Protein kinase C-epsilon expression was affected by treating placentae with 

aPLs 
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 Overview 5.5.1.

The presence of aPLs in women can elicit a range of pregnancy complications at 

any point in gestation (Miyakis et al., 2006). Since the placenta changes in size, 

morphology and functionality from implantation to term, it is likely that the 

mechanisms whereby aPLs affect the placenta also change throughout pregnancy 

(Benirschke and Kaufmann, 2006). The experiments described in this chapter 

summarise the investigation of the effect of aPLs on the metabolism of placental 

tissue derived from the first and third trimester of gestation, in order to compare 

and contrast the effect of aPLs at both these stages of gestation.  

 

In this chapter, the results obtained from the metabolomics analysis of the effects of 

aPLs on the first and third trimester placental metabolic footprints have been 

presented separately, since the collection, culture of tissue samples and mass 

spectrometry analysis were conducted at different times and two different locations, 

and as such are not directly integrated from a statistical standpoint. However, in 

order to compare and highlight the similarities and differences in the biological 

changes that may have been caused due to treatment of placentae with aPLs in the 

first and third trimester, both placental metabolic footprints are discussed together 

in the following section.  

 Antiphospholipid Antibodies Caused Differential Changes in the 5.5.1.

First and Third Trimester Placental Metabolic Footprints 

Principal component analysis on UHPLC-MS data illustrated that biological 

variation between individual placentae was the largest cause of variance in the first 

trimester placental metabolic footprint. However, the largest cause of variation in 

the third trimester was due to the treatment of placental explants with aPLs 

compared to control treatments. Principal component analysis therefore illustrated 

that the first and third trimester placental metabolome responded differentially to 

the treatment of placental explants with aPLs.  

 

Application of principal component analyses is also useful to determine the 

appropriate univariate statistical analysis in order to mine the dataset for 

differentially regulated metabolites. In this case, given the distinctive biological 

variation observed in the first trimester, the Wilcoxon matched pairs signed rank 
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test was determined to be the appropriate non-parametric statistical test to apply to 

this data (Wilcoxon, 1945). Samples were paired across placentae in order to 

minimise the effects of placental variation and compare between treatment groups 

within the same placenta. In order to maintain consistency, the same statistical test 

was applied across the first and third trimester metabolic footprint samples. 

Univariate statistical analysis further illustrated that aPLs affected placentae in the 

first and third trimester differentially.  

 

The differential placental response to aPLs in the first and third trimester is not 

surprising, given the differences in the nature of the placenta between the first and 

third trimesters. The placenta exists in a hypoxic environment until the 11
th

 week of 

gestation due to the trophoblast plugs in the spiral arteries, following which 

extravillous trophoblasts dissipate, allowing maternal blood to reach the placenta 

(Foidart et al., 1992). The placenta also undergoes a switch from histiotrophic to 

haemotrophic nutrition after unplugging of the spiral arteries. These changes imply 

that the placental metabolome differs between the first and third trimesters of 

pregnancy under normal conditions, and indeed metabolomic analysis of placental 

tissue from the first and third trimester has demonstrated that the placental tissue 

metabolome differs in the expression of 156 metabolites (Dunn et al., 2012b). 

Given this difference in the placental metabolome between the first and third 

trimesters during normal pregnancy, it stands to reason that aPLs would affect the 

first and third trimester placental metabolomes differentially. However, when all 

the metabolites affected by aPLs were classified into their relevant metabolic 

pathways, it appeared that aPLs broadly affected similar pathways in the first and 

third trimester placental metabolomes. In the following section I will discuss the 

metabolomic pathways affected by aPLs that may have similar mechanistic impacts 

on the placenta in the first and third trimester of gestation, in order to highlight 

unifying pathophysiological mechanisms that provide insight into the placental 

response to these antibodies at both gestational stages.  
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 Antiphospholipid Antibodies Affected Metabolites Involved in 5.5.2.

Apoptosis and Oxidative Stress in the First and Third Trimester 

Placental Metabolic Footprints 

 Antiphospholipid Antibodies Caused an Increase in Ceramides in the 5.5.2.1.

First and Third Trimester Placental Metabolic Footprints 

Treatment of placentae with aPLs resulted in a significant increase in the presence 

of ceramides and metabolites related to sphingolipid metabolism. Spingolipids 

constitute one of the members of the lipid bilayer, and ceramides are particularly 

intriguing due to their proposed role in apoptosis (Okazaki et al., 1989). Ceramides 

are thought to play the role of a second messenger, targeting various players such as 

ceramide-activated protein phosphatases and ceramide-activated protein kinases, 

which in turn act on a range of genes that may induce growth arrest, apoptosis, or 

senescence by influencing the regulation of telomerases, caspases, cyclin dependent 

kinases, and mitochondrial membrane potential (Ogretmen and Hannun, 2004).  

 

Ceramides may be generated by one of two mechanisms: 1) via the hydrolysis of 

sphingomyelin by sphingomyelinase which can be induced by several stressors 

such as TNF-, FasL, chemotherapeutic agents, heat stress and 

ischemia/reperfusion injury (Dbaibo et al., 1993, Pirianov et al., 1999), and 2) via 

the de novo synthesis pathway by the condensation of serine and palmitoyl CoA 

catalysed by the enzyme serine palmitoyltransferase, which can occur in 

mitochondria (Bionda et al., 2004). Since a reduction in sphingomyelin was 

observed in the first trimester placental metabolic footprint in response to aPLs, it 

can be speculated that the increase in ceramides occurring due to placental 

treatment with aPLs are being generated by the hydrolysis of sphingomyelin. 

Furthermore, analysis of the third trimester placental tissue metabolome in response 

to aPLs also demonstrated a significant decrease in sphingomyelin (personal 

communication, Dunn WB).  

 

This increase in ceramides and related metabolites coupled with the decrease in 

sphingomyelin observed in the first and third trimester placental metabolic 

footprints may be indicative of apoptosis in response to aPLs because: 
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1) Ceramides generated by the hydrolysis of sphingomyelin have most 

frequently been associated with apoptosis in vitro (Dbaibo et al., 1993, 

Haimovitz-Friedman et al., 1994, Metz et al., 1996, Pirianov et al., 1999) 

2) A number of other metabolites that are known to induce ceramide-related 

apoptosis were also observed in the first and third trimester placental 

metabolic footprints: these include anandamide, a nonclassical eicosanoid in 

the first trimester (Mimeault et al., 2003, Giuliano et al., 2006), and 1α-25-

dihydroxydinorvitamin D3-related metabolites in the third trimester 

(Okazaki et al., 1989, Metz et al., 1996, Geilen et al., 1997) 

Ceramides may influence apoptosis by inducing a direct effect on mitochondria, 

including augmented generation of ROS, alteration of Ca
2+

 flux in mitochondria 

and endoplasmic reticulum, collapse of the mitochondrial inner membrane 

potential, inhibition or activation of the electron transport chain, and release of 

proteins from the mitochondrial intermembrane space (Zamzami et al., 1995a, 

Zamzami et al., 1995b, Garcia-Ruiz et al., 1997, Di Paola et al., 2000). The changes 

in ceramides in the placental metabolic footprint, coupled with changes in the 

proteome due to aPLs that were documented in SNAs, provide an emerging view of 

how ceramides may be acting to induce and/or propagate apoptosis in the 

syncytiotrophoblast, possibly leading to the increased extrusion of SNAs. One 

sphingolipid metabolite, glucosylceramide, displayed an increase in the third 

trimester placental metabolic footprint of placentae treated with aPLs. Although 

this metabolite constitutes the first step of ceramide clearance, a downstream 

metabolic product of glucosylceramide, GD3 ganglioside, may be implicitly 

involved in the disruption of mitochondrial membrane potential via the generation 

of ROS. This was shown to cause induce mitochondrial permeability transition, loss 

of cytochrome c into the cytosol, and caspase activation (Garcia-Ruiz et al., 2000, 

Colell et al., 2002). 

 

Taken together, these observations suggest that the increase in ceramides and 

related metabolites in the first and third trimester due to treatment with aPLs are 

likely reflections of alterations to the apoptotic pathway in placental tissue at both 

stages of gestation. In Chapter 4, I presented proteomic evidence that aPLs may 

directly affect mitochondrial membrane potential and permeability transition via the 
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formation of permeability transition pores in the syncytiotrophoblast (Hirsch et al., 

1998, Lemasters et al., 1998a). The generation of ceramides by the placenta in the 

first and third trimester may therefore be indicative of increased mitochondrial 

membrane permeability transition and generation of ROS in the syncytiotrophoblast 

due to aPLs.  

 Antiphospholipid Antibodies may cause Oxidative Stress via Different 5.5.2.2.

Metabolic Pathways in First and Third Trimester Placentae 

Treatment of placentae with aPLs appeared to cause disruptions in the first and 

third trimester placental metabolic footprints that were indicative of oxidative 

stress. This seemed to manifest in two separate mechanistic pathways in each 

placental metabolic footprint: in the first trimester, oxo-fatty acids were reduced, 

while in the third trimester, heme metabolism was increased due to aPLs. 

 

The reduction in oxo-fatty acids has been associated with the generation of ROS 

and a rise in mitochondrial membrane potential (Schafer et al., 2009, Boren and 

Brindle, 2012). The β-oxidation of fatty acids occurs in the mitochondrial matrix 

and involves the breakdown of fatty acids into acetyl-coA, which then enters the 

tricarboxylic acid cycle (Pintus et al., 2012). The inhibition of fatty acid oxidation 

has been associated with an increase in mitochondrial membrane potential and 

concurrent increase in mitochondrial ROS. It has also been demonstrated that the 

generation of ROS in the mitochondrion and not the cytosol is responsible for the 

inhibition of fatty acid β-oxidation (Kelso et al., 2001). Treatment of cells with 

mitoubiquinone, which is a mitochondrially targeted antioxidant, blocks 

mitochondrial oxidative damage (Kelso et al., 2001). The reduction in oxo-fatty 

acids in the first trimester placental metabolic footprint caused by aPLs may 

therefore be indicative of a reduction in β-oxidation of fatty acids in mitochondria, 

and a loss in mitochondrial membrane permeability (Boren and Brindle, 2012). 

This observation adds support to the hypothesis that aPLs may influence 

mitochondrial membrane permeability transition to alter the process of death within 

placental tissue, leading to the extrusion of an increased number of necrotic SNAs.  

 

The increase in heme-related metabolites observed in the third trimester placental 

metabolic footprint may provide one possible mechanism whereby aPLs cause the 
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generation of ROS (Sadrzadeh et al., 1984). Heme is a hydrophobic, low molecular 

weight iron chelate, which can act as a Fenton reagent generating iron and leading 

to the generation of ROS and membrane lipid peroxidation (Ryter et al., 2000, 

Ryter and Tyrrell, 2000, Fenton, 1894). The first and rate-limiting step in de novo 

heme synthesis occurs in the mitochondrion, highlighting the critical role of this 

organelle in heme metabolism (Larsen et al., 2012, Jacobs et al., 1972). The heme 

metabolites that were increased in the third trimester placental metabolic footprint 

are likely to be indicative of heme catabolism, given the increase in putatively 

identified urobilin, which constitutes the final breakdown product of heme 

catabolism (KEGG pathway 000860) (Fikentscher et al., 1969, Larsen et al., 2012). 

Heme catabolism is carried out by heme oxygenases, which catalyse the cleavage 

of the heme protoporphrin IX ring, yielding biliverdin, and releasing labile iron and 

carbon monoxide (Tenhunen et al., 1968). The iron released from the 

protoporphyrin IX ring is capable of catalysing a Fenton reaction, generating ROS 

(Fenton, 1894). Multiple metabolites of protoporphyrin IX were increased in the 

third trimester placental metabolic footprint in response to aPLs. Although the 

increase in these metabolites paints a tantalising picture of one putative mechanism 

of the generation of ROS in placentae due to aPLs, it is possible that the heme 

metabolites found in the third trimester placental metabolic footprint may be 

originating from maternal red blood cells and not from the placenta itself. It is 

impossible to know the exact origin of this heme without further targeted studies. 

However, since proteomic analysis of SNAs detected a decrease in fetal 

hemoglobins, it is possible that this heme is originating from the placenta. An 

increase in free fetal heme and hemoglobin has been associated with preeclampsia 

in several studies (May et al., 2011, Anderson et al., 2011, Olsson et al., 2010, 

Centlow et al., 2008). Placental perfusion with hemoglobin causes physiological 

and morphological changes in the placenta that are similar to those seen in 

preeclampsia (May et al., 2011). Circulating free heme is postulated to contribute to 

the vascular endothelial dysfunction observed in preeclampsia (May et al., 2011, 

Olsson et al., 2010, Centlow et al., 2008). This group of metabolites may therefore 

be indicative of placental injury occurring due to treatment with aPLs, and may be 

an important trigger of placental and vascular dysfunction in preeclamptic 

pregnancies complicated by the presence of aPLs (May et al., 2011, Centlow et al., 

2008).  
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Collectively, these changes suggest that aPLs may induce the production of ROS 

and therefore oxidative stress in placentae. It is possible that during pregnancy, 

aPLs interact directly with the placenta to produce a state of oxidative stress 

(Delgado Alves et al., 2005). This generation of ROS by mitochondria could act to 

propagate and/or induce the phenomenon of mitochondrial permeability transition, 

resulting in an aberrant process of apoptosis or a switch to aponecrosis/necrosis in 

placental tissue and SNAs (Ott et al., 2007, Lemasters et al., 1998a).  

 The Balance between Life and Death in Placentae treated with 5.5.3.

Antiphospholipid Antibodies 

There is a paradigm that the delicate balance between ceramides and diacylglycerol 

is necessary to maintain cell growth and survival (Vaandrager and Houweling, 

2004, Hannun and Obeid, 1995). The exact ratio between the two metabolites 

requires tight regulation and may define the difference between cell growth, 

senescence and apoptosis (Vaandrager and Houweling, 2004, Flores et al., 2000). 

Diacylglycerols are a central player in glycerolipid and glycerophospholipid 

metabolism that acts as a lipid metabolite intermediate, a component of membranes, 

and as a second messenger (Vaandrager and Houweling, 2004, Carrasco and 

Merida, 2007). Diacylglycerol plays a pivotal role in the regulation of cellular 

homeostasis and regulates the expression of the protein kinase C (PKC) family, 

which is centrally involved in the control of cellular life and death (Nishizuka, 

1992). The metabolism of diacylglycerols is closely related to sphingomyelin 

turnover and ceramide generation. An increase in ceramide generation in apoptosis 

has been shown to increase the conversion of phosphatidylcholines to 

diacylglcyerols, which exert anti-apoptotic effects (Sillence and Allan, 1998). The 

balance between diacylglycerols and ceramides is thought to affect the function of 

protein kinase C-epsilon, (PRKCE), a key molecular regulator of cell growth and 

survival. An increase in ceramides may suppress PRKCE leading to apoptosis 

(Musashi et al., 2000, Sawai et al., 1997).  

 

Protein kinase C-epsilon exerts an anti-apoptotic function by inducing cytokine 

withdrawal via Bcl-2 expression (Gubina et al., 1998).  Importantly, PRKCE may 

be involved in the suppression of mitochondrial membrane permeability transition, 
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(Baines et al., 2003). Ceramide-related apoptosis may involve the translocation of 

PRKCE from the membrane to the cytosol (Sawai et al., 1997). Placental 

expression of the epsilon isoform of PRKCE has not been previously investigated 

immunohistochemically. I have demonstrated that the placenta constitutively 

appears to express PRKCE in the stroma and trophoblasts of first trimester 

placental villi, and furthermore, that this expression was affected by placental 

treatment with aPLs. Investigation of the effect of aPLs on PRKCE expression at 

the level of mRNA and protein using microarrays, RT-qPCR and 

immunohistochemistry on first trimester placental explants has revealed the 

following: 

1) Treatment of placental explants with aPLs at a dose of 25ug/mL for 16 

hours resulted in a decrease in PRKCE expression 

2) Treatment of placental explants with aPLs at a dose of 50ug/mL for 24 

hours resulted in an increase in PRKCE expression 

The apparent biphasic difference in regulation makes it difficult to speculate the 

exact role of PRKCE in aPL-induced trophoblast death. Nevertheless, the 

observation that this gene is definitively regulated, and furthermore metabolite 

regulators of this gene, ceramides and diacylglycerol, may be involved in this 

regulation, points a role for PRKCE in the maintenance of life and death in 

placentae affected by aPLs (Sawai et al., 1997, Baines et al., 2003). It may be that 

PRKCE is demonstrating a biphasic response due to treatment of placentae with 

different time in culture with aPLs, or it may be that different doses of aPLs elicit 

different responses in PRKCE expression. The decrease in PRKCE observed after 

16 hours with aPLs may be indicative of the pivotal switch in the death process in 

placental explants that leading increased death and extrusion of SNAs, while the 

increase in PRKCE observed after 24 hours in culture with aPLs may be a 

protective response to prevent further trophoblast death and generation of 

ceramides, and suppress mitochondrial membrane permeability transition (Baines et 

al., 2003).  The regulation of PRKCE demonstrates a possible link between the 

transcriptomic, proteomic and metabolomics changes induced by aPLs in placentae.  
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 Antiphospholipid Antibodies may cause Placental Inflammation 5.5.4.

Treatment of placentae with aPLs resulted in the alteration of metabolites that may 

be involved in inflammation. Glycerophospholipid metabolism was affected in the 

first and third trimester placental metabolic footprints. Glycerophospholipids 

constitute the major class of complex membrane lipids. The sn-2 secondary 

hydroxyl group of glycerophospholipids can be esterified into either a 

monounsaturated or polyunsaturated fatty acid (Tocher, 1995). This is relevant 

because aPLs have been shown to bind to transition membrane phospholipids in 

which fatty acid chains are exposed, as opposed to resting membrane 

phospholipids, in which they are not (Levy et al., 1990). This could mean that the 

increase in glycerophospholipids released into the placental metabolic footprint 

may constitute an increase in a component of the epitope for aPLs, further 

potentiating the effect of aPLs during pregnancy. However this is speculation and 

would require further confirmation.  

 

Lysophospholipids, another group of lipid metabolites derived from the enzymatic 

hydrolysis of membrane phospholipids, that are known to play a role in 

inflammation, were also disrupted in the metabolic footprints of first and third 

trimester placentae treated with aPLs. Lysophospholipids are capable of activating 

T-cells, B-cells and macrophages (Graler and Goetzl, 2002). Interestingly, 

lysophosphatidylcholines have been demonstrated to be a key apoptotic attraction 

signal that is required to trigger phagocyte chemotaxis (Peter et al., 2008). This 

metabolite may therefore be indicative of a signal to attract maternal phagocytes to 

clear SNAs that are extruded as a result of apoptosis from the placenta due to aPLs 

(Chen et al., 2006).  

  

Antiphospholipid antibodies resulted in the disruption of a number of eicosanoids 

in the metabolic footprints of first and third trimester placentae. Since eicosanoids 

are lipids that elicit physiological responses at low concentrations, small fluxes in 

eicosanoid balance can have a profound effect on placental metabolism (Denzlinger 

et al., 1985, Smith, 1989). Over the past decade, several studies have shown that 

aPLs disrupt trophoblast production of eicosanoids, primarily prostacyclin and 

thromboxane A2, contributing to placental thrombosis and fetal loss (McCrae et al., 

1993, Carreras et al., 1981, Lellouche et al., 1991, Pierro et al., 1999), and the 



 
 

214 
 

metabolomic analysis described in this chapter has identified several eicosanoid 

metabolites to add to the existing school of thought that aPLs affect trophoblast 

eicosanoid production. Resolvins, nonclassical eicosanoids that act as potent anit-

inflammatory mediators, were also disrupted in the first trimester placental 

metabolic footprint due to aPL (Ariel and Serhan, 2007). In summary, the changes 

in the placental metabolome associated with the disruption in glycerophospholipid 

metabolism due to aPLs support a role for increased inflammation in the first and 

third trimester placentae in response to aPLs.   

 Conclusion 5.5.5.

In this chapter, I have presented evidence that treatment of placental explants with 

aPLs results in the disruption of metabolic pathways associated with increased cell 

death, oxidative stress and inflammation. These pathophysiological mechanisms 

may cross-fertilise each other, causing a vicious cycle that likely results in an 

increase in trophoblast death and extrusion of SNAs (Redman and Sargent, 2000). 

Since the metabolomic and proteomic studies of aPL-treated placentae were 

conducted in parallel using exactly the same treatment conditions, it was possible to 

directly compare the results of these two experiments to glean a more in-depth 

biological overview of the effect of aPLs on placentae. The results in this chapter 

substantiate results from preceding chapters by showing the disruption of ceramides 

and diacylglcyerols, which may be involved in the regulation of PRKCE, as well as 

metabolites indicative of oxidative stress. It is clear that aPLs are affecting different 

levels of molecular regulation in the placenta, collectively leading to the increase in 

death and extrusion of SNAs in pregnancies complicated by aPLs.  
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6. Chapter Six: Concluding Discussion 

“Science never solves a problem without creating ten more”  

-George Bernard Shaw 

 A Mechanism of Aponecrotic/Necrotic Trophoblast Death and 6.1.

Extrusion of Trophoblast Debris due to Antiphospholipid 

Antibodies 

Recently, it has been shown that both murine monoclonal aPLs as well as 

polyclonal aPLs isolated from patient sera are internalised into the 

syncytiotrophoblast via an antigen-dependent, receptor-mediated mechanism 

involving the LDLR family of receptors (Viall et al., 2013). However, control 

antibodies are not internalised in this way. Furthermore, internalised murine 

monoclonal as well as polyclonal aPLs from patients caused changes indicative of 

alterations in cell death mechanisms, including increased inner mitochondrial 

membrane leak, increased cytochrome c release, and depressed oxidative flux 

through complex IV of the electron transport chain in syncytiotrophoblast 

mitochondria. Changes in the syncytiotrophoblast death process from apoptotic to 

aponecrotic/necrotic could lead to a switch in the nature of SNAs from apoptotic to 

necrotic. Necrotic trophoblast debris has been shown to cause endothelial activation 

and dysfunction in vitro, leading to the hypothesis that the increased extrusion of 

necrotic trophoblast debris could contribute to the pathogenesis of preeclampsia due 

to aPLs (Chen et al., 2006, Chen et al., 2009b). The experiments in this thesis were 

conducted utilising a murine monoclonal aPL ID2. Previous work has shown that 

ID2 competed with polyclonal human aPLs to bind β2-glycoprotein-1, in five out of 

six cases, indicating that ID2 behaves in a similar manner to human aPLs (Viall et 

al., 2013). Furthermore, ID2 has also been shown to have lupus anticoagulant 

activity (Viall C, Unpublished observations). The work described in this thesis has 

therefore enabled the proposition of a model of changes in trophoblast death 

processes caused by aPLs by integrating transcriptomic, proteomic and 

metabolomic data. 

In placental explants derived from the first trimester, a reduction in the mRNA and 

protein expression of an important regulator of extrinsic apoptosis, TRAIL, in the 

syncytiotrophoblast is suggestive of a reduction in  protective mechanisms, since 
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TRAIL is known to be involved in maintaining apoptosis at the materno-fetal 

interface (Phillips et al., 1999, Bai et al., 2009). This was accompanied by an 

alteration in the mRNA expression of two key players in the intrinsic apoptotic 

cascade, BCL2L1 and MCL1. The microarray data indicated that BCL2L1 and 

MCL1 were reduced, whilst the RT-qPCR data showed that these two transcripts 

were increased in response to aPLs. While it is not possible to conclusively state the 

function of these two transcripts without further investigation of which isoforms 

were altered, it is possible to speculate that their deregulation is reflective of 

alterations in syncytiotrophoblast death processes due to aPLs. The reduction of the 

anti-apoptotic isoforms of BCL2L1 and MCL1 may be indicative of opening of the 

mitochondrial membrane permeability transition pore, leading to the release of 

cytochrome c into the cytosol, whilst an increase in these isoforms may be 

protective (Marzo et al., 1998b, Maurer et al., 2006). Conversely, a reduction in the 

pro-apoptotic isoforms of BCL2L1 and MCL1 may be indicative of a protective 

response, while an increase in these isoforms may represent an increase in 

apoptosis. Mitochondrial membrane permeability transition is postulated to be a 

convergent mechanism in the occurrence of apoptosis, necrosis and autophagy, and 

involves the formation and opening of mitochondrial membrane permeability 

transition pores, leading to loss of cytochrome c and apoptotic proteases into the 

cytosol (Lemasters et al., 1998a, Ott et al., 2002). While the exact isoforms of 

BCL2L1 and MCL1 that were altered due to aPLs in this work are unknown, it is 

possible to speculate that their alterationmay impact mitochondrial membrane 

permeability transition in the syncytiotrophoblast of placental explants, leading to a 

change from the normal apoptotic processes towards aponecrosis/necrosis (Marzo 

et al., 1998b).  

A central role for aPLs causing mitochondrial permeability transition resulting in a 

switch in the death processes in the syncytiotrophoblast from apoptosis to 

aponecrosis/necrosis was further supported by the proteomic investigation of SNAs 

extruded from placental explants. An increase in three proteins, VDAC1, ANT2 

and PiC, which have been implicated in the formation of mitochondrial membrane 

permeability transition pores, was observed in SNAs extruded from placentae 

treated with aPLs (Brenner and Moulin, 2012). Lemasters et. al hypothesise that 

while the formation and regulated opening of a small number of mitochondrial 
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membrane permeability transition pores in the presence of adequate ATP is likely 

to result in apoptotic cell death, the unregulated opening of several pores at once 

results in the loss of mitochondrial membrane potential and membrane integrity, 

leading to necrosis (Lemasters, 1999, Lemasters et al., 1998a, Lemasters et al., 

1998b). While apoptosis and necrosis represent two extreme ends on the spectrum 

of cell death, physiological cell death in health and disease is likely to involve a 

continuum between these processes, termed ‘aponecrosis’ or ‘necrapoptosis’ by 

different investigators depending upon the outcome of the process (Lemasters, 

1999). The outcome of mitochondrial membrane permeability transition is 

intricately regulated by cellular levels of ATP, Ca
2+

 flux, and ROS production 

(Crompton, 1999). Evidence that aPLs may be causing aponecrotic/necrotic death 

within the syncytiotrophoblast leading to the extrusion of necrotic SNAs from the 

placenta was supported by the observed increased expression of proteins involved 

in the formation of permeability transition pores, coupled with 1) an overall 

decrease in proteins involved in glycolysis and the tricarboxylic acid cycle which 

may lead to decreased ATP production, 2) the alteration of proteins involved in the 

regulation of cellular Ca
2+

 flux, and 3) the deregulation of hemoglobin, 

peroxiredoxin and cathepsin D, proteins which are involved in the production of 

ROS, leading to oxidative stress. Further evidence for the role of aPLs in inducing 

increased oxidative stress and cell death in placental explants was provided by the 

changes observed in the first and third trimester placental metabolic footprints. A 

reduction in oxidised fatty acids, coupled with an increase in heme metabolites 

secreted by first and third trimester placenta respectively was indicative of 

oxidative stress (Sadrzadeh et al., 1984, Boren and Brindle, 2012, Olsson et al., 

2010). Increased ceramide generation coupled with a decrease in sphingomyelin, 

and a disruption in diacylglycerol metabolites secreted from the placenta was 

suggestive of an increase in death processes in the placenta (Flores et al., 2000, 

Vaandrager and Houweling, 2004). These two metabolites also regulate the 

expression of several protein kinases, including PRKCE (Sawai et al., 1997). Both 

mRNA and protein levels of PRKCE were disrupted by aPLs in first trimester 

placenta. Protein kinase C-epsilon is a molecular target of interest in the process of 

trophoblast death caused by aPLs, due to its proposed role in mitochondrial 

membrane permeability transition (Baines et al., 2003). The binding of PRKCE to 

the permeability transition pore has been shown to suppress the opening of these 
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pores in mitochondria isolated from murine cardiac myocytes (Baines et al., 2003). 

The deregulation of this central protein kinase therefore provides a link between the 

transcriptomic, proteomic and metabolomic changes involved in the molecular 

regulation of apoptosis induced by aPLs in the placenta that were identified in this 

work. Further support for the formation and opening of mitochondrial membrane 

permeability transition pores in the trophoblast in response to aPLs, is the 

observation that placental explants treated with aPLs lose cytochrome c into the 

cytosol, a consequence of the opening of the mitochondrial permeability transition 

pores (Viall et al., 2013).  

As a result of the all the changes induced by aPLs, I propose that mitochondrial 

membrane permeability transition may be a primary pathophysiological mechanism 

whereby aPLs induce a switch in death mechanisms from apoptosis to 

aponecrosis/necrosis in the syncytiotrophoblast leading to the extrusion of necrotic 

trophoblast debris, including SNAs, from the placenta (Figure 6.1).  
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Figure 6.1: Schematic summarising the mechanisms by which antiphospholipid antibodies may alter syncytiotrophoblast death 

processes from apoptotic to aponecrotic/necrotic, leading to the increased extrusion of necrotic syncytial nuclear aggregates  
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 Antiphospholipid Antibodies, Oxidative Stress and 6.2.

Mitochondria 

Oxidative stress and apoptosis are closely linked physiological phenomena (Kannan 

and Jain, 2000). A balance between the formation of ROS and antioxidant activity 

defines the redox state of a cell. In cases where pro-oxidant activity overwhelms 

antioxidant activity, oxidative stress occurs (Kannan and Jain, 2000). In many 

systems, the occurrence of oxidative stress precedes the final stages of caspase 

activation during apoptosis (Turner et al., 1998), and excessive oxidative stress has 

been associated with apoptosis and necrosis (Tan et al., 1998). This is supported by 

the observation that antioxidants can block apoptosis (Sandstrom et al., 1994, Kelso 

et al., 2002, Kelso et al., 2001). The mitochondrion is the primary site of generation 

of oxygen radicals, and ROS are produced by the partial reduction of oxygen 

generated by electron leakage at the NADH-CoQ reductase (complex I) and CoQ-

cytochrome c reductase (complex III) of the respiratory electron transport chain 

(Turrens, 2003). Mitochondrial permeability transition contributes to the increased 

generation of ROS by prolonged opening of the permeability transition pore which 

causes uncoupling of the electron transport chain (Halestrap et al., 1997, Crompton, 

1999). The increased generation of ROS in turn acts to propagate the mitochondrial 

permeability transition, possibly forming a positive feedback loop which, along 

with the decrease in ATP production and increase in Ca
2+

 flux, may result in a 

transition from apoptotic to aponecrotic/necrotic cell death (Satoh et al., 1997, 

Halestrap et al., 1997, Lemasters et al., 1998a). Furthermore ROS generation may 

cause the production of oxidised phospholipids, which may be part of the antigenic 

complex for aPLs (Horkko et al., 1996, Hörkkö et al., 2001). Cardiolipin, a 

constituent of the mitochondrial inner membrane, is oxidised to 

monolysocardiolipin and trafficks to the plasma membrane of endothelial cells 

undergoing apoptosis, allowing aPLs to bind to it (Sorice et al., 2004). Oxidative 

stress in the placenta may therefore result in increased epitopes for aPLs. 

I have presented evidence to suggest that aPLs may be causing oxidative stress in 

the placenta on the proteomic, as well as metabolomic level. The reduction in pro-

oxidant hemoglobin and antioxidant peroxiredoxin, coupled with a decrease in the 

oxidation of fatty acids and increase in heme metabolites caused by aPLs, paints a 
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picture of oxidative stress and furthermore identifies key molecular regulators of 

oxidative stress induced by aPLs in the placenta (Olsson et al., 2010, Johnstone et 

al., 2011, Boren and Brindle, 2012).  

The literature suggests a role for oxidative stress in the pathophysiological 

mechanisms of aPLs, possibly preceding the onset of clinical symptoms (Delgado 

Alves et al., 2005). Patients with systemic lupus erythmatosus display increased 

oxidant and decreased antioxidant activity (Huang et al., 2007). Injection of anti-β2 

glycoprotein-1 and anticardiolipin antibodies into immunodeficient mice resulted in 

decreased paraoxanase and nitric oxide activity, reflective of decreased antioxidant 

state in these mice (Delgado Alves et al., 2005). Incubation of human umbilical 

vein endothelial cells (HUVECs) with aPLs isolated from patient sera in vitro 

caused an increase in ROS which could be prevented by antioxidants (Simoncini et 

al., 2005). Addition of rotenone, an inhibitor of complex I of the electron transport 

chain, resulted in a reduction of ROS generation by these cells (Simoncini et al., 

2005).  

The generation of ROS due to aPLs is also associated with inflammation, since 

increased c-reactive protein, serum amyloid and F8 isoprostane prostaglandin E2, 

markers of oxidative stress and inflammation, have been observed in patients who 

are positive for aPLs (Sciascia et al., 2012). Monocytes and neutrophils from 

patients with antiphospholipid syndrome display increased peroxide production, 

decreased intracellular glutathione, antioxidant activity, and disrupted 

mitochondrial membrane potential (Perez-Sanchez et al., 2012). Inflammatory 

status was seen to correlate with the atherosclerosis in these patients. Addition of 

Coenzyme Q decreased oxidative stress and the number of cells with disrupted 

mitochondrial membrane potential (Perez-Sanchez et al., 2012). This fits in with the 

observation that aPLs affect proteins and metabolites involved in regulating 

oxidative state.  

The question arising from these observations is: how do aPLs affect mitochondria 

and cause oxidative stress? The answer to this question can only be provided by 

further targeted research approaches investigating the effect of aPLs on 

mitochondria, perhaps using electron microscopy to observe how aPLs and 

mitochondria interact. If aPLs are causing increased placental oxidative stress, this 
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could have several implications in vivo. Oxidative stress has long been associated 

with the extrusion of aponecrotic/necrotic debris from the placenta and the 

occurrence of preeclampsia (Redman and Sargent, 2000, Huppertz et al., 2003).  

 Oxidative Stress, Necrotic Trophoblast Debris and 6.3.

Preeclampsia 

The association between an oxidatively-stressed placenta, necrotic trophoblast 

debris, and preeclampsia is not a novel one. It has been proposed that oxidative 

stress constitutes the link between the placenta, the extrusion of necrotic trophoblast 

debris, and maternal endothelial and cardiovascular dysfunction in preeclampsia 

(Redman and Sargent, 2000, Hubel, 1999, Roberts and Hubel, 1999). Placental 

infarcts are a frequent feature of preeclampsia, implying that there may exist 

mechanisms leading to placental oxidative stress (Wentworth, 1967). This could 

lead to widespread maternal oxidative stress, since increased total oxidant status 

and oxidative stress index, and decreased antioxidant status has been observed in 

the plasma of women with preeclampsia (Demir et al., 2012). One consequence of 

placental oxidative stress is lipid peroxidation, or the peroxidation of 

polyunsaturated fatty acids (Poranen et al., 1996). Placental microvilli may undergo 

lipid peroxidation in pregnancy-induced hypertension and preeclampsia (Cester et 

al., 1994, Poranen et al., 1996). In in vivo models, intrarenal hydrogen peroxide 

infusion (Yoshioka et al., 1991) and a diet including lipid peroxides (Stamler, 1959) 

in mice induces endothelial dysfunction and inflammation, resulting in symptoms 

similar to preeclampsia. There may therefore be a link between placental oxidative 

stress, inflammation, endothelial dysfunction and preeclampsia (Redman and 

Sargent, 2000, Roberts and Hubel, 1999). Mitochondria of placentae may play a 

primary role in generating ROS and comprise polyunsaturated fatty acids that are 

susceptible to peroxidation (Morikawa et al., 1997, Wang and Walsh, 1998). 

Examination of mitochondria isolated from preeclamptic placentae has shown that 

preeclamptic placentae have increased mitochondria which show increased signs of 

lipid peroxidation and oxidative potential, presumed to be due to higher production 

of the superoxide radical (Wang and Walsh, 1998).  

Historically, researchers have focussed on the role of impaired remodelling of the 

maternal uterine spiral arteries due to failed extravillous trophoblast invasion as a 
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mechanism leading to placental insufficiency and oxidative stress in preeclampsia 

(Roberts and Hubel, 1999, Brosens et al., 1972). Previous work has also suggested 

that aPLs reduce trophoblast migration and invasion which may lead to impaired 

remodelling of the spiral arteries (Di Simone et al., 2000, Mulla et al., 2010).  

However, in the studies described in this thesis, it is evident that aPLs are directly 

inducing oxidative stress in the placenta. While hemoglobin, peroxiredoxin and 

cathepsin D proteins have been identified as molecular targets of interest in this 

process, the exact mechanisms whereby aPLs induce oxidative stress specifically in 

mitochondria in placentae remain a mystery.  

It has been suggested that oxidative stress further propagates the extrusion of 

necrotic debris, constituting a positive feedback loop (Huppertz et al., 2003). That 

the phagocytosis of apoptotic debris is a necessary process to maintain 

immunosuppression, whilst the phagocytosis of necrotic debris leads to immune 

activation in a variety of disease processes is well known (Edinger and Thompson, 

2004). This paradigm is no different during pregnancy: whilst the phagocytosis of 

apoptotic SNAs elicits no immune reaction; and in fact probably acts to promote 

immune tolerance (Abumaree et al., 2006a), the phagocytosis of necrotic debris 

leads to activation of immune cells and endothelial dysfunction, which may trigger 

preeclampsia (Chen et al., 2006). Changes in the expression of calreticulin and 

annexin A5 may lead to the increased phagocytosis of necrotic trophoblast debris 

extruded from placentae due to aPLs in vivo (Gardai et al., 2005, Verhoven et al., 

1999). The studies described in this thesis support and add to previous 

observations, and provide evidence of aponecrosis/necrosis and oxidative stress in 

the syncytiotrophoblast leading to the extrusion of necrotic SNAs.  

 Antiphospholipid Antibodies affect Placental Steroid 6.4.

Hormones 

While the focus of this thesis was the effect of aPLs on trophoblast death 

mechanisms, the integrated “-omics” approach applied in this thesis also provided 

an overview of the effect of aPLs on another aspect of placental function, although 

this was not discussed in detail in previous chapters. Antiphospholipid antibodies 

appeared to alter placental steroidogenesis on the level of transcriptome and 

secreted metabolome. Placental steroidogenesis plays a key role in the maintenance 
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of pregnancy, and a reduction in this process may be detrimental to the outcome of 

pregnancy (Strauss 3rd et al., 1996). The expression of genes 11β- and 17β-

hydroxysteroid dehydrogenase type 2 and type 6 respectively, was reduced in 

placentae due to aPLs. 11β-hydroxysteroid dehydrogenase type 2 mRNA is 

reportedly reduced in the placentae of women with preeclampsia and intrauterine 

growth restriction (Schoof et al., 2001, Shams et al., 1998). This hormone 

metabolises cortisol to cortisone, and is thought to play a key role in fetal growth 

via the regulation of the fetal pituitary-adrenal axis, as well as in protecting the 

fetus from the harmful effects of elevated maternal glucorticoids during times of 

stress (Krozowski et al., 1995). 17β-hydroxysteroid dehydrogenase type 6 is an 

oxidoreductase and epimerase involved in the catabolism of androgens. Its 

oxidoreductase activity converts 5α-androstane-3α,17β-diol into 

dihydrotestosterone, whilst its epimerase activity converts andosterone to 

epiandosterone (NCBI) (Maglott et al., 2005). The steroid hormone metabolites 

such as 11β-hydroxyandrosterone-3 glucuronide and 16α-hydroxyandrost-4-ene-3, 

17-dione that were decreased in the first trimester placental metabolic footprint may 

be reflective of this decrease in 17β-hydroxysteroid dehydrogenase type 6 (KEGG 

pathway 00140) (Kanehisa et al., 2012). Two metabolites of oestradiol, oestra-1, 3, 

5(10)-triene-3, 6α, 17β-triol triacetate and 2-aminoestra-1, 3, 5(10)-triene-3, 17β-

diol, were increased and decreased respectively in the first trimester placental 

metabolic footprint. Reduced serum oestradiol has been reported in women who 

develop preeclampsia at high altitude due to reduced placental oxygen pressure 

(Zamudio et al., 1994). The reduction in placental steroidogenesis observed in the 

transcriptomic and metabolomic study described in this thesis may therefore also be 

linked with oxidative stress and increased trophoblast death due to aPLs.  

 Limitations 6.5.

One limitation of this study was the use of a single murine monoclonal 

antiphospholipid antibody to model the mechanisms of action of aPLs. The use of 

aPLs isolated from patient sera might have added to the understanding of the effect 

of aPLs on trophoblast death processes. I did not use patient aPLs in the 

transcriptomic, proteomic and metabolomic experiments for two reasons: 1) lack of 

availability of an adequate amount of patient sera, since large amounts of aPLs 

were required in these experiments, and 2) aPLs in IgG fractions are contaminated 
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with other antibodies, and the aim of this study was to investigate the mechanisms 

of a specific aPL that resulted in increased trophoblast death. However, the murine 

monoclonal aPL ID2 shows similar reactivity to human aPLs, and have been 

utilised in a range of experiments in order to model the effects of aPLs on placental 

inflammation, invasion and endothelial dysfunction (Mulla et al., 2009, Mulla et al., 

2010, Chen et al., 2004b, Chen et al., 2009b). ID2 has also been shown to compete 

with aPLs from patient sera to bind β2-glycoprotein-1 in vitro. Furthermore, of 

specific relevance to the formation of mitochondrial membrane permeability 

transition pores, ID2 as well heterogeneous aPLs isolated from patient sera resulted 

in the loss of cytochrome c into the cytosol, in other work recently completed in 

this laboratory (Viall et al., 2013). 

Another limitation of this study was the fact that it investigated the effects of aPLs 

on syncytiotrophoblast death in vitro. However, it is not possible to examine the 

effect of aPLs on trophoblast death using an in vivo model, since animals do not 

display the phenomenon of trophoblast deportation. Nevertheless, as in any in vitro 

study, care must be taken when extrapolating results obtained in vitro to an in vivo 

setting.  

Yet another limitation of these studies was the number of placentae utilised in the 

experiments. In –omics studies, higher sample numbers provide higher statistical 

confidence allowing for valid conclusions. While the proteomic and metabolomic 

experiments examined 10 placentae each, in the transcriptomic study, only 3 

biological replicates were used. This was due to the high cost of the microarrays. 

However, in each experiment, care has been taken to validate quantitative changes 

observed using high-throughput methods, with immunohistochemistry or qRT-

PCR, in order to confirm directional changes. It can therefore be stated with 

confidence that the molecular targets identified in this thesis constitute targets of 

interest for further investigation of the effect of aPLs on trophoblast death.  

 



 
 

227 
 

 Future Directions 6.6.

This thesis used three “-omics” technologies to generate hypotheses that can be 

tested to gain an understanding of how aPLs altered death in the 

syncytiotrophoblast leading to the extrusion of necrotic trophoblast debris.  

Firstly, I hypothesise that aPLs cause aponecrotic/necrotic death in the 

syncytiotrophoblast by increasing the phenomenon of mitochondrial membrane 

permeability transition. I hypothesise that the increased formation and sustained 

opening of these pores due to the loss of ATP, alteration of Ca
2+

 flux, and increased 

ROS production, results in a transition in syncytiotrophoblast death processes from 

apoptosis to aponecrosis/necrosis. One method to test this hypothesis is the addition 

of green fluorescent calcein, along with red fluorescent tetramethylrhodamine 

methylester (TMRM) to syncytiotrophoblast treated with aPLs in vitro, followed by 

laser scanning confocal microscopy. Calcein is a mitochondrial membrane 

impermeable dye that remains in the cytosol and only enters mitochondria upon an 

increase in mitochondrial membrane permeability, while TMRM accumulates in 

mitochondria due to negatively charged mitochondrial membrane potential 

(Lemasters et al., 1998a, Lemasters et al., 1998b). Upon opening of the 

mitochondrial membrane permeability transition pore, calcein appears to enter 

mitochondria while TMRM leaks into the cytosol. This method has been used to 

assess mitochondrial permeability in the gradation from apoptosis to necrosis in 

cells in vitro, for example in rat hepatocytes under conditions of hypoxia and 

ischemia-reperfusion injury (Nieminen et al., 1997, Nieminen et al., 1995, Qian et 

al., 1997). 

Secondly, I hypothesise that aPLs interact with mitochondria and cause oxidative 

stress in the syncytiotrophoblast, which may play a central role in the transition 

from apoptosis to aponecrosis/necrosis in the syncytiotrophoblast. The interaction 

between aPLs and mitochondria in the syncytiotrophoblast requires further 

investigation, perhaps using transmission electron microscopy. It is also necessary 

to confirm that aPLs cause placental oxidative stress, which could be investigated 

by examining placental production of ROS in the presence of aPLs in vitro. The 

role of placental mitochondria in generating ROS could be examined by the 

addition of inhibitors of complex I of the electron transport chain such as rotenone 



 
 

228 
 

to trophoblasts treated with aPLs, as has been conducted in HUVECs (Sciascia et 

al., 2012). 

Thirdly, I propose that protein kinase C-ε may play a key role as a molecular 

regulator of cell death in the syncytiotrophoblast due to aPLs. The exact role of 

PRKCE in syncytiotrophoblast death processes requires further investigation and 

may be examined using small interfering RNAs or conducting a gene-knockout 

experiment on placentae in vitro.  

Finally, apart from PRKCE, this thesis has also identified a number of molecular 

regulators of cell death that could be further investigated in the process of 

syncytiotrophoblast death due to aPLs.  

 Conclusions 6.7.

Antiphospholipid antibodies cause changes in a number of molecular regulators of 

cell death in placentae. There is evidence that the formation of mitochondrial 

membrane permeability transition pores may play a role in inducing a change in 

trophoblast death mechanisms from apoptosis to aponecrosis/necrosis in the 

syncytiotrophoblast, leading to the increased extrusion of necrotic syncytial nuclear 

aggregates from placentae due to antiphospholipid antibodies. Oxidative stress 

induced by antiphospholipid antibodies may be inextricably linked with inducing 

this switch in trophoblast death mechanisms. There appears to be a pathway 

effected by aPLs that involves placental oxidative stress, extrusion of necrotic 

trophoblast debris, inflammation and endothelial dysfunction in preeclampsia, and 

this may be one mechanism whereby antiphospholipid antibodies contribute to the 

development of preeclampsia.  

The integrated –omics approach utilised in this thesis has identified a number of 

key molecular targets involved in these processes for further investigation of the 

role of antiphospholipid antibodies in inducing  the extrusion of necrotic syncytial 

nuclear aggregates, which may be a triggering factor for preeclampsia.  Targeted 

investigation of these molecular regulators of trophoblast death may allow for the 

development of new treatments to reduce trophoblast death induced by 

antiphospholipid antibodies, reducing the risk of developing preeclampsia in 

women.  



 
 

229 
 

Appendix 

 

 
 

 

 

Figure i: Principal component analysis of the first trimester placental metabolic footprint demonstrating no variation 

due to (A) gestational age, (B) placental explant weight, and (C) number of SNAs extruded/mg 

Principal component analysis applied to the metabolite features detected in the first trimester placental metabolic footprint (9 

explants per placenta, n=10 placentae, UHPLC-MS) 
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Figure ii: Principal component analysis of the third trimester placental metabolic footprint demonstrating no variation 

due to (A) placental sampling location, (B) mode of delivery, and (C) number of SNAs extruded/mg 

Principal component analysis applied to the metabolite features detected in the third trimester placental metabolic footprint, (9 

explants per placenta, n=6 placentae, UHPLC-MS)   
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