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Abstract  

Pre-eclampsia complicates 2-8% of pregnancies worldwide. Women with 

diabetes have a 4-fold increased risk of pre-eclampsia compared to the 

general population. Mechanisms for pre-eclampsia development are not well 

understood; however, evidence indicates that an increased release of two anti-

angiogenic factors, soluble fms-like tyrosine kinase (sFlt-1) and soluble 

endoglin (sEng) from placental trophoblasts into the maternal circulation 

promotes endothelial dysfunction associated with pre-eclampsia. The aim of 

this thesis was to investigate whether modified lipoproteins and/or elevated 

glucose have a role in pre-eclampsia in pregnancies complicated by diabetes. 

Trophoblast cell lines HTR8/SVneo and JAR were exposed to native LDL (N-

LDL) vs. ‘highly-oxidized glycated’ LDL (HOG-LDL) (10-200 µg protein/ml) for 

24 hours, with and without pre-treatment with 30 mM glucose for 72 hours. The 

mRNA expressions of sFlt-1 isoforms (sFlt-1-i13, sFlt-1-e15a), endoglin and 

MMP-14 were measured by RT-PCR, and levels of sFlt-1 and sEng in cell 

supernatants were determined by ELISA. JAR and BeWo cells were cultured 

on semi-permeable membrane inserts in Transwell plates for up to 16 days, 

then exposed to N-LDL vs. HOG-LDL. Transepithelial electrical resistance 

(TEER) was measured after 6, 12 and 24 hours of treatment and fluorescein-

isothiocyanate (FITC)-dextran leakage was measured after 24 hours of 

treatment. At termination of experiment, tight junction (zonula occludens-1, 

ZO-1) immunostaining and TUNEL staining were performed. To determine the 

effects of dysglycaemia and pre-eclampsia on placental pathology, term 

placentae from two study cohorts were utilized. Pathology in placental sections 

was examined by performing haematoxylin and eosin (H&E) staining. 

Immunostaining of Apolipoprotein B100 (ApoB, a marker of LDL), oxidized LDL 

(Ox-LDL) and 4-hydroxynonenal (4-HNE) was performed. In our in-vitro 

trophoblast cell model, modified lipoproteins decreased trophoblast cell 

viability in a concentration dependent manner and increased release of two 

anti-angiogenic factors, sFlt-1 and sEng into cell supernatant. High glucose 

alone had no effect on trophoblast cell viability and anti-angiogenic factor 

release, however, in combination with modified LDL, high glucose amplified 

the effects on sFlt-1 and sEng, suggesting that hyperglycaemia in diabetes 
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may not be sufficient to cause pre-eclampsia, and oxidative stress and 

modified lipoproteins may play a crucial role. Exposure of trophoblast cell 

monolayers to modified LDL caused diminished barrier integrity providing 

evidence for a role of modified lipoproteins in placental barrier dysfunction. 

Modified lipoproteins were present in all human term placentae. It is possible 

that oxidative stress is increased earlier in gestation in women with diabetes 

who develop pre-eclampsia compared to those who do not. We speculate that 

the placenta at term is an aged tissue in all pregnancies, regardless of 

glycaemia or pre-eclampsia. In conclusion, exposure of trophoblasts to 

modified lipoproteins may enhance release of anti-angiogenic factors and 

compromise the materno-foetal barrier, contributing to pre-eclampsia; these 

effects may be enhanced by elevated glucose. These findings may explain, in 

part, the high risk for pre-eclampsia in women with diabetes. The results of this 

thesis will, it is hoped, contribute to the development of a better understanding 

of the mechanisms underlying pre-eclampsia, particularly in women with 

diabetes.  
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 Pre-eclampsia  

1.1.1 History  

The concept of pre-eclampsia was recognised as far back as ancient times. In 

the Pre Hippocratic Coan Prognosis XXXI pre-eclampsia was described: “In 

pregnancy, drowsiness and headache accompanied by heaviness and 

convulsions are generally bad” [1]. Dr Chesley in Hypertensive Disorders of 

Pregnancy reports that Gabelchoverus (1596) described four types of 

epilepsy, including that of the pregnant uterus and it was not until the year 

1739, that the condition was identified as being separate from epilepsy by the 

French physician de Savages. He referred to epilepsy as a chronic condition 

of recurrent convulsions, whereas convulsions with acute causes were 

referred to as eclampsia [2]. In 1843, protein was discovered in the urine of 

women who had developed eclampsia [3]. In the same year, Dr Johns 

recognised that symptoms including headache, temporary loss of vision, 

stomach pain and oedema were linked to the development of convulsive 

episodes [4]. According to Dr Chesley, it wasn’t until the end of the 19th Century 

that the connection between eclampsia and hypertension was made. It has 

been reported that the term “pre-eclampsia” was first used when it was 

discovered that hypertension and proteinuria could occur in pregnancy in the 

absence of convulsions [2].  

1.1.2 Diagnostic criteria  

Over the years, the criteria for diagnosing pre-eclampsia have been changed 

many times. In a consensus statement in 2001, the International Society for 

the Study of Hypertension in Pregnancy recognised the lack of agreement in 

classifying and defining hypertensive disorders of pregnancy [5]. One of the 

main controversies was whether it is essential for proteinuria to be present in 

order to diagnose pre-eclampsia. The Australasian Society for the Study of 

Hypertension in Pregnancy recommended that a broad definition could be 

used for clinical purposes in cases were proteinuria was not present. They also 

recommended a research definition to increase specificity when enrolling 

patients for research purposes [6]. The International Society for the Study of 

Hypertension in Pregnancy adopted the research definition and defined pre-
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eclampsia as new onset hypertension (systolic blood pressure ≥ 140 mm Hg 

and/ or diastolic blood pressure ≥ 90mm Hg on two separate occasions) after 

20 weeks gestation, along with proteinuria (≥300mg/ 24 hours, 

protein:creatinine ratio ≥ 30mg/mmol, or if these are unavailable, a dipstick of 

≥ +1) which resolves after delivery [5]. In light of the emerging concept that 

pre-eclampsia may not be one disease but may have many different subtypes, 

the American College of Obstetricians and Gynecologists’ Task Force advised 

that the presence of proteinuria is not necessary to diagnose pre-eclampsia. 

Clinically, pre-eclampsia can now be defined as hypertension in the presence 

of thrombocytopenia (platelet count < 100,000/microlitre), impaired liver 

function (double the normal concentration of blood levels of liver 

transaminases), newly developed renal insufficiency (serum creatinine ratio 

>1.1mg/dL or in the absence of other renal disease a doubling of serum 

creatinine), pulmonary oedema, or new onset cerebral or visual disturbances 

[7].  

1.1.3 Early-onset vs. late-onset pre-eclampsia 

Early-onset pre-eclampsia develops before 34 weeks gestation, whereas late-

onset pre-eclampsia develops after 34 weeks gestation. Other than the 

gestational age at which the condition develops, early- and late-onset diseases 

are considered to be two distinct entities: early-onset pre-eclampsia is 

considered to be typically associated with placental dysfunction, whereas late-

onset pre-eclampsia is considered to be the result of an underlying maternal 

constitutional disorder and is more often associated with a normal placenta [8].   

1.1.4 Epidemiology 

Pre-eclampsia occurs in 2-8% of pregnancies worldwide [9]. Approximately 10-

15% of direct maternal deaths are associated with pre-eclampsia, 99% of 

which occur in developing countries [10]. Most of these deaths are caused by 

intracerebral haemorrhage as a result of eclampsia, uncontrolled hypertension 

or systemic inflammation [11]. High maternal risk factors for the development 

of pre-eclampsia include hypertensive disease during a previous pregnancy, 

chronic kidney disease, autoimmune disease such as lupus, chronic 
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hypertension and type 1 or type 2 diabetes, the latter being particularly relevant 

to the work reported in this thesis. Moderate risk factors include first 

pregnancy, advanced maternal age (>40 years), high pregnancy interval (>10 

years), BMI >35 kg/m2, family history of pre-eclampsia and multiple pregnancy 

[12]. 

One serious complication of pre-eclampsia which has been recognised for 

decades is HELLP syndrome [13, 14]. The main features of this condition 

include haemolysis, elevated liver enzymes and low platelets [14]. Other 

maternal morbidities associated with pre-eclampsia and eclampsia include 

renal failure, stroke, cardiac arrest, adult respiratory distress syndrome and 

liver failure [15]. Women who develop these complications require access to 

specialised hospital facilities and treatments. Access to prenatal and hospital 

services are often limited in developing countries, and thus morbidity and 

mortality associated with pre-eclampsia and eclampsia are higher [16].  

The condition is also associated with poor foetal outcomes. Pre-eclampsia can 

lead to intrauterine growth restriction (IUGR) and may result in preterm birth, 

since early delivery is essential to avoid progression to the more serious 

condition, eclampsia [17]. In developing countries, infant mortality as a result 

of maternal pre-eclampsia is three times higher than in developed countries: 

again this is the result of inadequate access to neonatal intensive care facilities 

[18].   

It has been well documented that women who previously had pre-eclampsia 

are at an increased risk of hypertension and ischaemic heart disease and 

stroke decades into the future [19]. The mechanisms for this are still unclear. 

It has been suggested that the onset of pre-eclampsia can cause permanent 

maternal vascular disturbances resulting in cardiovascular changes [20]. 

Another possible explanation is that both conditions share common 

mechanisms and pre-eclampsia can therefore be classed as a biomarker [21, 

22]. Spaan et al. [23] found women who previously had pre-eclampsia had 

abnormalities in renal function later in life. Likewise, women with type 1 

diabetes who had a history of pre-eclampsia had a higher likelihood of 

developing severe diabetic retinopathy and nephropathy later in life [24]. 
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Several mechanisms may explain the association between preeclampsia and 

subsequent renal disease. One speculated mechanism is that the same 

factors cause both disorders. These factors include chronic inflammation, 

endothelial dysfunction and oxidative stress. Alternatively, pre-eclampsia may 

exacerbate subclinical renal disease that was present prior to pregnancy. 

Another possible explanation is that pre-eclampsia is the cause of the later 

development of renal disease. Bar et al. [25] observed women with a history 

of pre-eclampsia had a higher occurrence of microalbuminuria three to five 

years after the pregnancy than those who did not develop pre-eclampsia.  

Distant sequelae of pre-eclampsia affect not only the mother, but also the 

baby. Adolescents exposed to pre-eclampsia before birth were found to have 

higher blood pressure than counterparts who were not exposed to pre-

eclampsia [26] and people exposed to pre-eclampsia before birth were at a 

higher risk of stroke later in life [27].      

1.1.5 Prediction  

Pre-eclampsia is often difficult to diagnose in its early stages as the only clinical 

sign is hypertension. In view of the serious complications of pre-eclampsia, 

efforts have been made previously to identify biomarkers that could be used 

for risk assessment and disease management. Ideally, a biomarker which 

could be used as early as the first trimester would be beneficial in order to 

identify patients at risk of developing pre-eclampsia. Patient stratification is 

particularly useful in clinical trials: identification of a high risk population to test 

the usefulness of a therapeutic in the prevention of pre-eclampsia, whilst 

avoiding unnecessary treatment in low risk groups, unlikely to develop the 

condition in the first place [28]. Until a useful therapeutic for the prevention of 

pre-eclampsia is identified, a pragmatic approach is to identify women who are 

at risk to monitor them more closely. If it were possible to predict pre-eclampsia 

early in pregnancy, steroid treatment could be offered for foetal lung maturity 

in women who are expected to develop pre-eclampsia [29]. 
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 Pre-eclampsia in women with diabetes 

Diabetes during pregnancy can be classified as either pre-gestational (type 1 

or type 2) or gestational diabetes (GDM) [30]. The presence of diabetes during 

pregnancy increases the risk of poor maternal and foetal outcomes. The 

incidence of pre-eclampsia in pregnancies complicated by type 1 and type 2 

diabetes is 15-20% [22, 31] and 10-14% [32, 33] respectively. Several studies 

have found that women with GDM have an increased risk of developing pre-

eclampsia [34–36], however, other studies have reported the risk to be similar 

to non-diabetic populations [37]. Women with GDM are a heterogeneous 

population, with different degrees of impaired glucose tolerance and different 

times of onset during pregnancy. Factors associated with GDM, such as 

increased BMI, advanced maternal age and increased insulin resistance are 

also associated with pre-eclampsia, thus it can be difficult to determine the risk 

in this population group after adjusting for confounders. 

It has been found that poor glycaemic control during pregnancy in type 1 

diabetic women is a risk factor for pre-eclampsia [38]. This finding has been 

confirmed in the Diabetes and Pre-eclampsia Intervention Trial (DAPIT) 

carried out here at Queen’s University Belfast, where an association was found 

between glycated haemoglobin (HbA1c) values before pregnancy and the 

development of pre-eclampsia in a type 1 diabetic cohort [39].  

The mechanisms responsible for the development of pre-eclampsia are still 

not well understood, therefore it is still unclear why women with diabetes are 

at an increased risk of developing the condition. Research carried out in this 

area has found that the same factors which appear to modulate the 

development of pre-eclampsia, also contribute to the vascular complications 

of diabetes [40]. These factors will be discussed below.  
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 Candidate mechanisms involved in pre-eclampsia 

A better understanding of the mechanisms involved in pre-eclampsia may 

improve our understanding of other vascular complications of diabetes. 

1.3.1 The two-stage model of pre-eclampsia  

In 1991, Redman considered pre-eclampsia to be a two-stage disorder [41]: 

stage 1 comprising abnormal placentation and stage 2 resulting in the maternal 

syndrome (Figure 1.1) [42].  With recent developments in the understanding of 

pre-eclampsia, this model has been modified (Figure 1.2) [42]. Abnormal 

placentation alone is not always sufficient to result in the development of the 

maternal syndrome. One of the main reasons that the pathogenesis of pre-

eclampsia is not yet well understood is that the condition is heterogeneous; it 

is proposed that stage 2 can only occur in the presence of pre-disposing 

maternal constitutional factors such as a genetic predisposition, obesity or as 

addressed in this thesis, pre-existing diabetes [42]. A maternal or paternal 

family history of the disease predisposes to pre-eclampsia. Women who are 

pregnant for the first time or who had pre-eclampsia in a previous pregnancy 

are also at an increased risk [43]. Other contributors include pre-existing 

hypertension, obesity, advanced or very young maternal age, or new paternity 

[44]. On the other hand, pre-eclampsia can develop in the absence of 

recognisable maternal factors when there are profound placental abnormalities 

[42]. 

 

Figure 1.1 The original two stage model of pre-eclampsia.  
Pre-eclampsia is initiated by abnormal placentation (Stage 1) results in the 
release of factor(s) into the maternal circulation, leading to the development of 
the maternal pathophysiological changes (Stage 2). Reprinted from “The Two 
Stage Model of Preeclampsia: Variations on the Theme,” by Roberts JM, Hubel 
CA, 2009, Placenta, 23, S32-S37 [42]. 
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Figure 1.2 The revised two stage model of pre-eclampsia.  
Certain maternal constitutional factors can increase the risk of developing the 
maternal syndrome by adversely responding to abnormal placentation (Stage 
1) (           ).  These same maternal constitutional factors can also act as 
mediators of abnormal placentation (            ). It is likely that the linkage between 
the two stages is secondary to other contributing factors. Reprinted from “The 
Two Stage Model of Preeclampsia: Variations on the Theme,” by Roberts JM, 
Hubel CA, 2009, Placenta, 23, S32-S37 [42]. 
 

1.3.2 Hypoxia  

During normal pregnancy, early placental development occurs in a hypoxic 

environment and blood flow to the intervillous space does not take place until 

around 10-12 weeks gestation. Evidence supports the concept that in pre-

eclampsia, placental hypoxia persists past the first trimester, and trophoblast 

invasion is inhibited resulting in incomplete spiral artery remodelling [44]. The 

spiral arteries do not lose their muscular elastic components and remain high 

resistance vessels, resulting in poor placental perfusion (Figure 1.3 [45]) [46].  
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Figure 1.3 Inadequate trophoblast invasion of the spiral arteries in pre-
eclampsia.  
In normal pregnancy, cytotrophoblasts invade the maternal spiral arteries, 
resulting in high-flow, low-resistant vessels capable of supporting the growing 
foetal (top panel). In women who will go on to develop pre-eclampsia, 
cytrotrophoblasts fail to properly invade the spiral arteries resulting in low-flow, 
high-resistant vessels (bottom panel). The uteroplacental circulation becomes 
dysfunctional and the placenta becomes hypoxic. Reprinted from “Circulating 
angiogenic factors in the pathogenesis and prediction of pre-eclampsia,” by 
Lam C, Lim KH and Karumanchi SA, 2005, Hypertension, 46, 1077-1085 [45]. 
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1.3.3 Oxidative Stress   

Oxidative stress is characterised as an imbalance between the production of 

reactive oxygen species (ROS) and the antioxidant defences that scavenge 

ROS. The most common free radical species are the superoxide radical, the 

peroxide radical and nitric oxide, the free nitrogen radical [47]. ROS are 

capable of causing oxidative damage to lipids, protein and DNA [48]. At the 

beginning of pregnancy, trophoblast plugs within the spiral arteries are present 

to protect the embryonic DNA from damage by oxidative stress. Once these 

plugs are released, the intervillous space is exposed to the flow of blood and 

the placenta is exposed to oxidative stress [49]. In normal pregnancy, the 

placenta is protected from oxidative stress by antioxidant defences, however 

it is speculated that in pre-eclampsia the anti-oxidant systems are unable to 

control increased levels of oxidative stress [50]. Diabetes is associated with 

increased oxidative stress and decreased antioxidant activities which may be 

related to hyperglycaemia [51]. In pregnant women with diabetes, increased 

oxidative stress is thought to be implicated, contributing to the higher 

prevalence of pre-eclampsia [52]. In a longitudinal study of type 1 diabetic 

pregnancy (MAMPED), carried out by our research group, it was found that 

the type 1 diabetic pregnant women who went on to develop pre-eclampsia 

had lower β-carotene levels compared to those who did not develop pre-

eclampsia [53]. In the DAPIT cohort, daily supplementation with antioxidant 

vitamins C and E from early to mid-pregnancy, did not lower the risk of pre-

eclampsia in women with type 1 diabetes, however, it was found that women 

with a lower baseline antioxidant status who were assigned to receive vitamins, 

had a reduced risk of developing pre-eclampsia [54]. These studies provide 

evidence that oxidative stress is implicated in pre-eclampsia. Lower 

antioxidant status in women who developed pre-eclampsia may be explained 

by an increase in endogenous antioxidant consumption in an effort to 

compensate for the elevation in oxidative stress [55].  
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1.3.4 Endothelial dysfunction 

Endothelial dysfunction is considered a central feature of established pre-

eclampsia [56], however, it is unclear whether this is a cause or a consequence 

of the disorder [57]. Many research groups still support the hypothesis that the 

abnormal placenta releases certain circulating factors that cause the maternal 

vascular endothelial dysfunction [58, 59]. As more work has been carried out, 

it has become evident that placental abnormalities alone are not sufficient to 

cause pre-eclampsia. Instead, pre-existing endothelial dysfunction may be 

enough to cause the abnormalities associated with pre-eclampsia [60]. In 

uncomplicated pregnancies, the endothelium appears to be upregulated and 

vasodilation occurs [61]. In pre-eclampsia, abnormal endothelial dysfunction 

results in a loss of vascular tone control which causes hypertension and an 

increased permeability of the glomerular vasculature which causes proteinuria. 

Vasoconstriction and ischaemia arising from endothelial injury causes liver 

dysfunction [45]. Endothelial cell activation and dysfunction are associated 

with pre-eclampsia [62]. Markers of endothelial cell activation, including von 

Willebrand factor [63], plasma cellular fibronectin [64, 65], endothelin-1 [65] 

and vascular cell adhesion molecule-1 [66] have been found to be elevated 

often prior to the development of pre-eclampsia. This provides further evidence 

that endothelial dysfunction may be a cause of the condition, rather than a 

consequence.  

1.3.5 Insulin resistance  

It is widely accepted that there is an association between the risk of developing 

pre-eclampsia and hyperinsulinemia and/or insulin resistance prior to and 

during early pregnancy [67, 68]. During normal pregnancy, a certain amount 

of insulin resistance is present, most likely due to hormonal changes, including 

increased levels of human placental lactogen, progesterone, cortisol and 

estradiol [69]. In women whose pregnancies are complicated by pre-eclampsia 

and other hypertensive disorders of pregnancy, insulin resistance is 

exaggerated. It remains unclear as to whether insulin resistance is a cause or 

simply a marker for pre-eclampsia [70].  
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Many studies have observed the presence of hyperinsulinemia and/or 

hyperglycaemia in the first and second trimesters of pregnancy in women who 

subsequently develop pre-eclampsia [39, 71, 72]. In the Hyperglycaemia and 

Adverse Pregnancy Outcome (HAPO) study, which aimed to examine the 

adverse pregnancy outcomes associated with lesser degrees of 

hyperglycaemia than in overt diabetes, a positive association was found 

between maternal glucose levels and pre-eclampsia [72]. These studies 

support the hypothesis that insulin resistance is involved in the development 

of pre-eclampsia. It is speculated that hyperinsulinemia in early pregnancy 

predisposes to hypertension by increasing renal sodium reabsorption [73]. It is 

also considered to contribute to endothelial dysfunction [74]. 

1.3.6 Inflammation  

Pre-eclampsia is associated with a systemic inflammatory response. In normal 

pregnancy, this inflammatory response is also present, but to a lesser extent 

than in pre-eclampsia [75]. It is postulated that pre-eclampsia occurs when this 

normal inflammatory response is increased to the point of decompensation. 

Low grade inflammation is a common feature of diabetes [76], making the 

decompensation occur earlier and at a lower threshold, which may partially 

explain the high risk of pre-eclampsia in women with diabetes [77].  

1.3.7 Abnormal lipid profiles  

With advancing gestation, plasma triglycerides and cholesterol both increase, 

presumably to meet increasing maternal and foetal energy needs [78]. Pre-

eclampsia is associated with altered lipid profiles early in pregnancy. The lipid 

abnormalities observed in pre-eclampsia are associated with atherosclerosis 

and diabetes. In the MAMPED study, early pregnancy total cholesterol and 

low-density lipoprotein (LDL) cholesterol levels were found to be higher in 

women with type 1 diabetes who later went on to develop pre-eclampsia 

compared with those who did not, however no association was found between 

triglycerides and subsequent development of pre-eclampsia [79]. In contrast, 

prospective studies of non-diabetic women found increased triglycerides 

before 20 weeks gestation were associated with later development of pre-
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eclampsia [80]. There were no significant associations between the number of 

small, dense LDL particles in type 1 diabetic women who developed pre-

eclampsia [79], despite an association between small, dense LDL particle 

number and pre-eclampsia in case-control studies in non-diabetic women [81]. 

In the presence of oxidative stress and inflammation, small dense LDL 

particles become easily oxidized [82]. In the case of atherosclerosis, oxidized 

(Ox)-LDL is taken up by macrophages through scavenger receptors. These 

macrophages accumulate and develop into foam cells in atherosclerotic 

plaques [83]. LDL oxidation is unlikely to occur in the plasma because of the 

presence of antioxidants and metal cation chelation agents. In atherosclerosis, 

LDL oxidation occurs in the arterial wall, in the absence of antioxidants. The 

presence of lipid abnormalities during pregnancy is likely to contribute to 

endothelial dysfunction. It is hypothesised that in women with diabetes, the 

existence of these abnormalities prior to pregnancy predispose to the 

development of pre-eclampsia [84]. In MAMPED, women with type 1 diabetes 

who later develop pre-eclampsia had higher LDL levels early in pregnancy 

compared to those who did not develop pre-eclampsia [79].  

1.3.8 Acute atherosis  

Vascular changes present in non-transformed spiral arteries of the placenta, 

otherwise known as acute atherosis, was first described in 1945 by Hertig [85]. 

In a review by Staff et al. [86] , similarities between the characteristics of acute 

atherosis and early-stage atherosclerosis are described: inflammatory cell 

inflammation and fibrinoid necrosis of the artery walls and subendothelial lipid-

filled cells. In a large retrospective cohort study of 16,345 placentas, acute 

atherosis was observed in 0.4% of uncomplicated pregnancies compared to 

10.2% of pregnancies complicated by pre-eclampsia [87]. Similarities exist 

between pre-eclampsia and atherosclerosis, and between atherosclerosis and 

acute atherosis. It is therefore unsurprising that women with a history of pre-

eclampsia are at higher risk of having major cardiovascular events in later life. 
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 Current hypothesis: Barrier dysfunction in diabetes 

The majority of research into the causes of pre-eclampsia has focused on the 

contribution of the potential mechanisms described above. Unfortunately, the 

etiology of pre-eclampsia is still not well understood. As stated above, women 

with diabetes have an increased risk of pre-eclampsia compared to the general 

population; we therefore postulate that pre-eclampsia is a vascular 

complication of diabetes. Previous work, by our research group and others 

[88–90], has examined the role of barrier dysfunction in other vascular 

complications of diabetes. Breakdown of the blood-retinal-barrier is an early 

feature of diabetic retinopathy. Our research group has provided evidence that 

the blood-retinal-barrier becomes compromised even before the onset of 

clinical diabetic retinopathy [88]. Metabolic stresses such as high and 

fluctuating glucose concentrations, free fatty acids, oxidative stress and 

osmotic stress may contribute to blood-retinal-barrier breakdown allowing 

plasma constituents, including lipoproteins to flow freely into the retinal 

compartment, where they become extravasated and are susceptible to 

modifications (oxidation and glycation) (Figure 1.4). Our group has 

accumulated extensive evidence of the deleterious effects of modified LDL to 

a variety of retinal cell species [88, 91–94]. 

Figure 1.4 Modified lipoproteins contribute to diabetic retinopathy.  
In diabetes, the blood-retinal-barrier becomes leaky, extravasated LDL 
becomes oxidized and glycated in the extracellular milieu causing damage to 
cells within the retinal tissue. By Lyons et al. (unpublished).  
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Barrier dysfunction in diabetes is not limited to the blood-retinal-barrier. 

Decreased integrity of the blood-glomerular-barrier is a key factor implicated 

in the pathogenesis of diabetic nephropathy [95]. The current body of evidence 

indicates that the blood-brain-barrier in diabetes may also be affected, 

predisposing patients with diabetes to conditions such as vascular dementia 

and Alzheimer’s disease [96–98]. There is also evidence in animal models to 

support the idea of increased intestinal permeability in diabetes [99].  

As highlighted above, the role of barrier dysfunction in other diabetic 

complications has been well studied, however few studies exist on placental 

barrier function in diabetes. We hypothesise that in pregnancies affected by 

high or fluctuating maternal glucose levels, the placental barrier may similarly 

become compromised, predisposing women with diabetes to pregnancy 

complications, including pre-eclampsia. We hypothesise, as a result of barrier 

dysfunction, maternal blood constituents which normally do not cross the 

placental barrier, may “leak” across and become extravasated within the 

placental tissue, and/or come in contact with the foetal circulation. LDL is one 

constituent of maternal blood which we hypothesise may become extravasated 

within the placental tissue, become oxidized and glycated, and damage 

trophoblast cells, contributing to the development of pre-eclampsia (Figure 

1.5). This thesis examines the interaction of modified lipoproteins (‘highly 

oxidized and glycated’ (HOG)-LDL), known to be elevated in vascular tissue of 

patients with diabetes, with placental trophoblast cells, in an attempt to 

understand the role of barrier dysfunction in the pathogenesis of pre 

eclampsia.  
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Figure 1.5 Our hypothesis: barrier dysfunction in the placenta. 
Exposure of the trophoblast to modified lipoproteins enhances sFlt-1 and sEng 
release, contributing to the development of pre-eclampsia in women with 
diabetes. By McLeese, R. (unpublished).   
 

 The placenta  

In order to understand the pathophysiology of pre-eclampsia, it is essential to 

be familiar with the physiology of implantation, and the development of the 

main organ thought to be implicated in the condition: the placenta.  

1.5.1 Normal pregnancy  

The term ‘placenta’ was first used in 1559 by Realdus Columbus on the basis 

of its appearance, after the Greek word, plakuos, meaning flat cake [100]. The 

placenta is highly complex; it performs the actions of all major organ systems 

during pregnancy, whilst the foetal organs develop. The placentas most 

important function is the transfer of substances, both endogenous and 

exogenous, necessary for the exchange of oxygen and carbon dioxide 

between the maternal and foetal system, for absorption of essential nutrients 

for the growth of the foetus and for removal of waste products. It provides 
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immunological support by protecting the foetus from antigen attacks from the 

maternal system and it has an endocrine role in producing hormones. Nutrients 

are transported to the foetus from the maternal circulation across the placenta. 

The maternal circulation is separated from the foetal circulation by two layers, 

the syncytiotrophoblast and the foetal capillary epithelium. The 

syncytiotrophoblast has two polarized membranes, the maternal facing 

microvillus membrane and the basal membrane facing the foetal capillary 

epithelium [101]. The syncytiotrophoblast layer forms an intact barrier, 

commonly known as the placental barrier, impermeable to larger molecules 

and the foetal capillary epithelium is only selectively permeable to molecules 

such as amino acids and glucose. The majority of transport across the 

placental barrier must therefore be by facilitated transport and active transport 

against concentration gradients [102]. The placental barrier remains intact and 

functional in normal healthy pregnancy, however, in this thesis we hypothesise 

that in certain pregnancy pathologies, such as pre-eclampsia, the barrier 

becomes compromised, resulting in “leakage” of substances, which normally 

would not cross the barrier.   

As shown in Figure 1.6 [103], in the three days following fertilization, the zygote 

travels through the fallopian tube and begins to divide. The dividing zygote 

produces blastomeres which divide further and form the morula. After three 

days in the fallopian tube, the morula enters the uterine cavity. Fluid 

accumulates between the morula cells resulting in the formation of the 

blastocyst [103]. Four to five days after fertilization, five embryo producing cells 

(inner cell mass) and 53 smaller surrounding cells (trophectoderm), which are 

destined to form the trophoblast, make up the 58-cell blastula [104]. Further 

differentiation results in a 107-cell blastocyst with eight embryo producing cells 

and 99 surrounding trophoblastic cells. The blastocyst is made up of 100 to 

250 cells by the time it interacts with the endometrium layer. Six to seven days 

after fertilization, the embryo implants into the uterine wall. The first stage of 

implantation is apposition where the blastocyst makes contact with the uterine 

wall. Adhesion is the next stage, whereby there is increased interaction 

between the blastocyst and the uterine epithelium. In the final stage of 
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invasion, the trophoblast cells invade and penetrate into the endometrium, the 

inner layers of the myometrium and the uterine vasculature [103]. 

 

 

 

 

 

 

 

Figure 1.6 Formation of the blastocyst from zygote cleavage.  
The zygote travels along the fallopian tube for 3 days after fertilization, dividing 
into blastomeres. The morula forms at the 12-16 cell stage and the blastocyst 
then forms when 50-60 blastomeres are present. Reprinted from “Implantation 
and Placental Development,” by Cunningham F, Leveno KJ, Bloom SL, Spong 
CY, Dashe JS, Hoffman BL, Casey BM, Sheffield JS. Williams Obstetrics, 24e; 
2013 [103].     
 

Figure 1.7 Illustrated sections through implanted blastocysts.  
A. At 10 days. B. At 12 days following fertilization. Reprinted from “Implantation 
and Placental Development,” by Cunningham F, Leveno KJ, Bloom SL, Spong 
CY, Dashe JS, Hoffman BL, Casey BM, Sheffield JS. Williams Obstetrics, 24e; 
2013 [103].    
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As shown in Figure 1.7 [103], 12 days after initial implantation, two layers form 

the trophoblast: an outer multinucleated syncytium (syncytiotrophoblast) and 

an inner layer made up of mononuclear cells (cytotrophoblast). Fusion of the 

inner cytotrophoblast layer results in the formation of the syncytiotrophoblast 

[101]. Once implantation is complete, trophoblast differentiates further into 

villous and extravillous cytotrophoblasts. Chorionic villus, the functional region 

of the placenta, forms from the trophoblast [105]. Villous trophoblasts cover 

the chorionic villi and are in direct contact with the maternal circulation. They 

are involved in the exchange of gas and nutrients from the maternal to the 

foetal system. Extravillous trophoblast cells anchor the chorionic villi in the 

uterus by invading into the myometrium and completely remodelling the spiral 

arteries [45]. Figure 1.8 [103] illustrates trophoblasts invading and transforming 

the maternal spiral arteries throughout pregnancy. Towards the end of the first 

trimester, the maternal arterial circulation becomes established and by the 

third trimester, the spiral arteries have been completely remodelled to become 

high flow, low resistance vessels [103].  

Figure 1.9 shows the basic anatomy of the placenta in the uterus and the 

materno-foetal circulation. At term, the placenta weighs approximately 500 g, 

is 22 cm in diameter and 2.5 cm in thickness. The chorionic plate is the surface 

to which the umbilical cord is attached (foetal facing), and the basal plate 

adjoins the maternal endothelium. The intervillous space, the cavity between 

the plates, contains 30-40 branched villous trees which are supported by the 

stem villi situated at the chorionic plate. The chorionic villi, the terminal 

branches of the villus tree, have a surface area of approximately 12-14m2 

[106].  
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Figure 1.8 Trophoblast invasion of the maternal spiral arteries 
throughout pregnancy.  
Endovascular extravillous trophoblast invade and transform the spiral arteries 
during pregnancy resulting in low resistance vessels. Interstitial trophoblast 
invade the decidua and surround spiral arteries. Reprinted from “Implantation 
and Placental Development,” by Cunningham F, Leveno KJ, Bloom SL, 
Spong CY, Dashe JS, Hoffman BL, Casey BM, Sheffield JS. Williams 
Obstetrics, 24e; 2013 [103]. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.9 Basic morphology of the human placenta.  
(a) Simplified longitudinal section across the uterus, placenta and the 
membranes (b) A representative drawing of the foetal-placental circulation. 
Diagram by McLeese S. (unpublished).   

b 
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1.5.2 Diabetic pregnancy  

During the early process of placentation during pregnancy, women with pre-

gestational diabetes (type 1 or type 2) are likely to have altered placental 

development which places them at risk for complications, including pre-

eclampsia later in pregnancy. The majority of studies of diabetic placentae 

have studied the placenta at the end of pregnancy; and it is hard to draw 

conclusions about what has occurred throughout the pregnancy, particularly 

during the early development of the placenta in the first trimester.  

Altered vascularization has been described in pregnancies complicated by 

diabetes [107], however, the causes are not well understood. Maternal 

hyperglycaemia may have an effect on placental vascular permeability, 

however, there are other complications of diabetes which may contribute to a 

“leaky” vasculature [108].  

Clarson et al. [109] found that in well-controlled diabetic pregnancies, placental 

weight was normal. Other studies have reported that maternal diabetes was 

associated with increased placental weight [110–112], also with increased 

foetal weight and maternal HbA1c [111, 112]: these associations result from 

poorly controlled diabetes. It is still unclear whether foetal weight was 

increased in these studies because of increased nutritional supply by a large 

placenta, or the placental weight was increased because of increased 

nutritional demands of the foetus [113]. 

Maternal hyperglycaemia has profound effects on placental development. An 

increased production of collagen, as a result of maternal hyperglycaemia, 

causes thickening of the trophoblast basement membrane [114, 115].  As a 

result, placental oxygen transport is impaired. Reduced uteroplacental blood 

flow in third trimester diabetic pregnancy, especially in the presence of 

maternal hyperglycaemia, also results in impaired oxygen transport [116]. 

Foetal erythropoietin levels are often elevated in diabetic pregnancy [117], 

providing evidence of foetal hypoxia.  
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 In-vitro models of pre-eclampsia  

In-vitro trophoblast models have a major role in developing our understanding 

of pre-eclampsia. Prevention and management strategies for pre-eclampsia 

are limited in comparison to other multifactorial diseases, probably because 

there are very few models available to test therapeutic candidates.  Placental 

development differs between humans and other mammals, therefore animal 

models are rarely used to study the disease and ethical constrains often 

prevent testing potential drug treatments in human pregnancies. Before use in 

clinical trials, the impact of therapeutic agents on placental physiology must be 

assessed using in vitro models.  

Traditional methods for studying placental function mainly involve use of 

primary trophoblast cultures. Like the majority of human cells cultured in vitro, 

primary trophoblast cells have a limited proliferation lifespan, rendering this 

method unsuitable for studies requiring long term cultures [118]. Primary 

trophoblast cultures can be heterogeneous in nature, making it difficult to 

identify which cell types are responsible for specific effects. It is challenging to 

reproduce results when using primary cultures since gestational age and 

genetic makeup will differ between samples. Our understanding of trophoblast 

biology has been greatly improved over the past 40 years by the establishment 

of trophoblast cell lines. Unlike primary trophoblasts, cell lines are 

homogenous populations that can proliferate indefinitely [118]. Trophoblast 

cell lines derived from human placenta include those which have arisen 

spontaneously, those from choriocarcinoma, and those immortalised by 

transfection with viral genes. These cells are sourced from different people at 

different stages of pregnancy, and therefore are not necessarily comparable, 

and any findings may or may not be ‘generalizable’ to clinical preeclampsia: 

these problems are inherent to the use of immortalized cell lines for research 

[119]. Markers used most commonly to confirm trophoblast characteristics 

include production of human chorionic gonadotropin hormone, human 

placental lactogen, cytokeratins, vimentin and HLA class I molecules [120].  It 

must be recognised however, as reported by King et al. [119], that some 
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markers are common features of tumour cell lines, and thus may not be 

reflective of normal trophoblast function.  

The most widely used trophoblast cell lines derived from choriocarcinoma 

include BeWo, JEG-3 and JAR. In 1959, Hertz isolated choriocarcinoma which 

were subsequently transferred to hamster cheek pouches for 304 serial 

transfers over eight years [121]. The hamster cheek pouch, which offers 

protection against immunological attack by the host, was first introduced as a 

site for human tumour transfer by Toolan [122] and Chute et al. [123]. In 1968, 

Pattillo and Gey established the BeWo cell line by placing the choriocarcinoma 

tissue, previously adapted in the hamster cheek pouch by Hertz, in co-culture 

with human decidual tissue explanted from the endometrium of a normal 

pregnancy [124]. This cell line retains characteristics of villous trophoblast 

including the ability to form syncytia [125]. BeWo was the first human, 

trophoblastic hormone producing cell line to be established in culture: it 

secretes human chorionic gonadotropin, human placental lactogen, estrone, 

estradiol and progesterone [124]. JEG-3 cells, established in 1971 by Kohler 

& Bridson, were one of six clonal cell lines derived from the original 

choriocarcinoma isolated by Hertz [126]. Following 387 passages in the 

hamster cheek pouch, explants were transferred to culture and colonies were 

grown on previously irradiated feeder layers of human fibroblasts (a layer of 

cells unable to divide, which support another cells ability to proliferate) [126]. 

In 1971, Pattillo et al. established the JAR cell line directly from a trophoblastic 

tumour of placenta from a 24 year old woman pregnant with a male foetus 

[127]. 

In order to overcome some of the issues associated with using cell lines 

derived from choriocarcinoma, Graham et al. developed the first extravillous 

trophoblast cell line by transfecting normal first trimester trophoblast cells 

obtained from a pregnancy termination with a plasmid containing the gene for 

the simian virus 40 (SV40) large T antigen (Tag). The HTR8/SVneo cell line 

was established. This transfected cell line provides a good model for studying 

normal placental function: the cells retain many of the characteristics of non-
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transfected parental cells (HTR8) and proliferate indefinitely in culture, 

whereas the parental cells reach senescence after 12 passages [128].  

 Role of circulating angiogenic factors in pre-eclampsia 

1.7.1 The Vascular Endothelial Growth Factor (VEGF) family  

The activity of the VEGF family has been well documented over the past two 

decades [129, 130]. The family of secreted proteins is known to act through 

related receptor kinases on the endothelial cell surface to promote 

angiogenesis [130]. There are seven members of the mammalian VEGF 

family: VEGF-A, B, C, D, E, F and placental growth factor (PlGF) [131]. All 

members of the VEGF family have 8 conserved cysteine residues at fixed 

positions, 6 of the residues form 3 disuphide (S-S) intramolecular bonds and 

produce 3 loop structures, and the remaining 2 form 2 S-S intermolecular 

bonds [132].   

1.7.2 Vascular endothelial growth factor (VEGF)-A 

VEGF-A is the most abundant form, expressed as different isoforms due to 

alternative splicing resulting in peptides of 121, 165, 189, and 206 amino acids 

[129]. The main functions of VEGF-A include promoting vascular permeability 

and inducing proliferation and migration, resulting in angiogenesis [133]. In the 

placenta, VEGF-A is produced by a number of cells including 

syncytiotrophoblast and endothelial cells [134]. VEGF-A binds to its cell 

surface receptors fms-like tyrosine kinase 1 (Flt-1) and foetal liver kinase 

1/kinase insert domain receptor (Flk-1/KDR), which are otherwise known as 

VEGFR-1 and VEGFR-2 respectively [130]. VEGF-A exerts the majority of its 

biological effects through binding Flt-1 [135].  

1.7.3 Placental growth factor (PlGF) 

There are three different isoforms of PlGF: PlGF-1, 2 and 3 [136]. PlGF binds 

with high affinity to Flt-1, however, unlike VEGF, PlGF does not bind to 

Flk1/KDR. During pregnancy, PlGF is produced by trophoblast and is 

necessary for cell proliferation, migration and activation. Although its main 
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function relates to embryo development, PlGF is also present in some tumour 

tissues [137].  

1.7.4 Vascular endothelial growth factor (VEGF)-B, C and D 

VEGF-B was first discovered over two decades ago, and at the time was 

postulated to have an important role in angiogenesis [138].  However, being a 

much less potent angiogenic factor than VEGF-A, it was termed instead a 

“survival” factor – necessary for blood vessel survival, rather than for 

proliferation [139]. As reviewed by Shibuya [130], VEGF-C and VEGF-D 

function through another VEGF receptor, VEGFR-3. These proteins have a 

close structural relationship, however, they are present in different tissues: 

VEGF-C is highly expressed in placenta, ovary, heart and small intestine, 

whereas VEGF-D is expressed in foetal and adult lung. It has been proposed 

that in addition to angiogenesis, VEGF-D has a role in vasculogenesis [140].  

1.7.5 Soluble fms-like tyrosine kinase-1 (sFlt-1) 

It has been hypothesised that as a result of abnormal placentation, certain 

factors are released from the placenta into the maternal circulation later in 

gestation, contributing to the endothelial dysfunction present in pre-eclampsia 

[61]. One of these circulating factors is soluble fms-like tyrosine kinase-1 (sFlt-

1). sFlt-1 acts as a decoy receptor, binding circulating VEGF/PlGF, preventing 

these factors from interacting with Flt-1 on the endothelial cell surface [141]. 

sFlt-1 is the result of alternative splicing of Flt-1 mRNA. sFlt-1 comprises the 

extracellular ligand-binding domain of Flt-1, thus lacking the transmembrane 

and intracellular domains; it is a secreted protein (Figure 1.10) [142]. sFlt-1 

was originally identified as a 90-100-kDa glycosylated protein, however in 

recent years, a new sFlt-1 variant has been identified [141, 143] in addition to 

the originally identified variants described by Kendall and Thomas [144]. sFlt-

1-i13, which comprises two originally identified sFlt-1 variants, results from 

skipped splicing at exon 13-14. The newly identified variant, sFlt-1-e15a is 

cleaved downstream of exon 14, within the alternatively spliced exon 15a. sFlt-

1-i13 is the most abundant variant in rhesus monkey placenta, whereas 
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Thomas et al. observed that sFlt-1-e15a was the most abundant variant in 

human placenta [141].  

Figure 1.10 Schematic representation of Flt-1 variants.  
The Flt-1 gene encodes membrane Flt-1 receptor, and sFlt-1 encodes the 
soluble Flt-1 receptor. sFlt-1-i13 is the originally identified isoform and sFlt-1-
e15a is the newly identified, primate placental specific form. Reprinted from 
“Placental-Specific sFLT-1 e15a Protein Is Increased in Preeclampsia, 
Antagonizes Vascular Endothelial Growth Factor Signaling, and Has 
Antiangiogenic Activity” by Palmer KR, Kaitu’u-Lino TJ, Hastie R et al. 2015, 
Hypertension, 66: 1251-1259 [142]. 

In early pregnancy, sFlt-1 levels remain similar to concentrations reported in 

non-pregnant women. Between 6 and 14 weeks gestation, sFlt-1 levels begin 

to rise similarly in women who go on to develop pre-eclampsia vs. those who 

do not. Figure 1.11 shows results from a study by Levine and colleagues [145]. 

They found sFlt-1 levels remained constant in normal pregnancy until 33-36 

weeks gestation, when they started to gradually increase. As sFlt-1 levels 

increased, VEGF and PlGF levels decreased resulting in an anti-angiogenic 

state [145]. It is speculated that the decreases in VEGF and PlGF levels are a 

result of increased binding to sFlt-1. It has been well documented that free 

PlGF levels are decreased early in pregnancy in women who go on to develop 

pre-eclampsia [146, 147]. At this stage, sFlt-1 levels remain stable in women 

who go on to develop pre-eclampsia, therefore the decreases in PlGF at this 

early stage cannot be explained by increased binding to sFlt-1 [146].  Levels 

of sFlt-1 rise 11 to nine weeks before the development of pre-eclampsia and 

reach higher levels than in normal pregnancy. One hypothesis is that pre-

eclampsia is a result of exaggeration of the anti-angiogenic state present in 

normal pregnancy at term. The angiogenic imbalance appears to be more 
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severe in early-onset than in late onset pre-eclampsia, indicating that in these 

cases, angiogenic imbalance is a key feature of the disorder [145].  

Figure 1.11 Increased concentrations of soluble fms-like tyrosine kinase 
1 (sFlt-1) in women with pre-eclampsia compared to controls.  
Reprinted from “Circulating Angiogenic Factors and the Risk of Pre-
eclampsia,” by Levine RJ, Maynard SE, Qian C et al. 2004, N Engl J Med, 350: 
672-683 [145]. 

Based on the evidence that hypoxia increases sFlt-1 production [148], it is 

proposed that sFlt-1 is a consequence of placental hypoxia [149]. Nagamatsu, 

Fujii [150] have not excluded the possibility that increased sFlt-1 production in 

pre-eclamptic pregnancy is in fact the cause of the placental hypoxia, in turn 

leading to further sFlt-1 production which finally enters the maternal circulation, 

causing the clinical features of the condition. Maynard et al. [149] 

demonstrated that elevated sFlt-1 levels alone may be enough in some 

individuals to produce endothelial dysfunction and the associated features of 

pre-eclampsia. 

The placenta has been implicated as the main source of sFlt-1 in pre-

eclampsia. Studies have found that sFlt-1 levels decrease rapidly postpartum 

in normal pregnancies, however in women who developed pre-eclampsia, sFlt-

1 levels are still significantly increased after delivery. Those who developed 

the severe form have higher levels than those who developed the mild form 

[151]. These observed differences between groups could be due to either a 

slower rate of excretion or a continued higher rate of production, the latter of 

which could be explained by an alternative source of sFlt-1 in women who 
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developed pre-eclampsia. Peripheral blood mononuclear cells [152] and 

platelet-monocyte aggregates [153] have been recognised as additional 

sources of sFlt-1 in the postpartum period of women who previously had pre-

eclampsia.  

1.7.6 Endoglin and soluble endoglin (sEng) 

Endoglin, otherwise known as CD105, a membrane bound glycoprotein (180-

kDa) functions as a co-receptor for transforming growth factor-β (TGF-β) in the 

presence of type I and type II receptors. Endoglin is mainly expressed in 

endothelial cells, and is known to be expressed in syncytiotrophoblast [154]. A 

soluble form of endoglin (sEng) (65kDa) exists in addition to the membrane 

bound form. sEng is formed by proteolytic cleavage of endoglin; membrane 

metalloprotease (MMP)-14 has been identified as the protease responsible for 

cleaving endoglin close to the transmembrane domain resulting in the 

extracellular domain being released into the maternal circulation [155, 156]. 

Expression of both endoglin and sEng was found to be increased in pre-

eclamptic placenta compared with normal placenta [157]. These authors 

speculate that in pre-eclampsia, the production of sEng by the placenta is a 

compensatory mechanism to control the effects of membrane-bound endoglin.   

 

 

 

 

 

Figure 1.12. Membrane endoglin is proteolytically cleaved by MMP-14 to 
release soluble endoglin (sEng) from trophoblast cells into the maternal 
circulation.  
Reprinted from “The role of the TGF-ẞ co-receptor endoglin in cancer,” by 
Pérez-Gómez E, Castillo G, Santibánez JF, et al. 2010, 
ScientificWorldJournal, 10: 2367-2384 [158]. 
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Figure 1.13 Concentrations of soluble endoglin (sEng) in women with 
pre-eclampsia compared to controls.  
Reprinted from “Soluble endoglin and other circulating antiangiogenic factors 
in preeclampsia,” by Levine RJ, Lam C, Qian C et al. 2006, N Engl J Med, 355: 
992-1005 [159]. 
 

In a study by Levine and colleagues [159] , sEng levels were found to increase 

two months before term in normal pregnancies (Figure 1.13). Furthermore, in 

women who were destined to develop pre-eclampsia, sEng levels increased 

earlier and to a greater extent. As with sFlt-1, sEng appears to be more 

deranged in early-onset pre-eclampsia (i.e. with onset before 34 weeks) than 

in women who developed pre-eclampsia later [160]. It is postulated that 

women who have higher sEng levels in the second trimester are at risk for 

early-onset, severe pre-eclampsia. After delivery sEng levels return to normal. 

Supporting a mechanistic role for sEng in pre-eclampsia, Venkatesha et al. 

showed that sEng treatment of pregnant rats resulted in nephrotic range 

proteinuria and severe hypertension [157]. sEng antagonizes TGF-β, which is 

crucial for vasodilation driven by nitric oxide. It follows that increased levels of 

sEng might lead to vasoconstriction, hypertension and proteinuria.  

1.7.7 Anti-angiogenic factors in pregnancies complicated by diabetes  

In MAMPED, between 22 and 32 weeks gestation, sFlt-1 levels rose 

excessively in diabetic women who subsequently developed pre-eclampsia 

compared to those who did not (Figure 1.14) [161]. In contrast, sEng levels 

rose excessively in all diabetic women, even those who did not develop pre-
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eclampsia (Figure 1.14) [161]. Although the reason for this is currently 

unknown, and is the subject of ongoing study, it could help explain why type 1 

diabetic women are at an increased risk for pre-eclampsia. Pre-eclampsia is 

thought to depend on increases in both sFlt-1 and sEng, so a general elevation 

of sEng in diabetes could explain, at least in part, the high risk for PE in women 

with type 1 diabetes.  Other studies examining diabetic cohorts observed 

bigger changes in sEng levels in diabetic women who went on to develop pre-

eclampsia compared to those who did not [162, 163]. Unlike MAMPED, DAPIT 

did not have a non-diabetic control group to compare endoglin levels to. This 

could partly contribute to the discrepancy between studies.  

 

 
 

 
Figure 1.14 Longitudinal changes in sFlt-1 and sEng in MAMPED cohort.  
At visit 3, sFlt-1 is increased in women who subsequently developed pre-
eclampsia, however sEng is elevated in all women with diabetes, regardless 
of pre-eclampsia status. Reprinted from “Anti-angiogenic factors and pre-
eclampsia in type 1 diabetic women” by Yu Y, Jenkins AJ, Nankervis AJ et al. 
2009, Diabetologia, 52:160-168 [161]. 
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 Rationale of study 

Endothelial dysfunction, known to be present in pre-eclampsia, is associated 

with release of soluble factors from the placenta into the maternal circulation. 

It has been well established over recent years that, in the second trimester, 

the anti-angiogenic factors sFlt-1 and sEng are increased in women who later 

develop pre-eclampsia vs. those who do not [145, 159, 160]. Few studies 

investigating pre-eclampsia have focused on the effect of diabetes, despite 

women with diabetes having a four-fold increased risk of developing the 

condition.  

 Aim 

This study seeks to investigate placental barrier function and the role of 

modified lipoproteins and hyperglycaemia in the development of pre-eclampsia 

in pregnancies complicated by diabetes.  

 Specific objectives 

The overall goal is to develop and optimize an in vitro trophoblast cell model 

to investigate the effects of the diabetic milieu.  Specific goals are to: 

1. Determine the effects of modified lipoproteins and/or high glucose on 

sFlt-1 and sEng release into media by trophoblast cell lines.  

2. Assess trophoblast barrier function following exposure to modified 

lipoproteins and/or high glucose. 

3. Determine the presence of extravasated modified lipoproteins in 

placental tissues from women with and without diabetes and/or pre-

eclampsia.  

 Hypotheses  

1. Exposure of the trophoblast to modified lipoproteins and/or high glucose 

enhances sFlt-1 and sEng release, contributing to the increased risk for 

pre-eclampsia in women with diabetes.  

2. In pregnancies complicated by diabetes, the placental barrier is 

compromised, LDL becomes extravasated within microvilli, and is 
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modified by oxidation and glycation.  Then, toxicity of modified LDL 

injures trophoblast cells, contributing to the pathogenesis of pre-

eclampsia. 
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 LDL preparation, modification and characterization  

Native-LDL (N-LDL) and “highly oxidized and glycated” LDL (HOG-LDL) were 

prepared as described in supplemental material (Appendix I and Appendix II). 

Briefly, plasma was pooled from three or four healthy fasting volunteers aged 

18-40 years who were not taking antioxidant vitamins or prescribed 

medications. N-LDL (density = 1.019-1.063 g/ml) was isolated by sequential 

ultracentrifugation. Glycated LDL (G-LDL) was prepared by adding 50 mM 

glucose solution under antioxidant conditions (1 mM 

diethylenetriaminepentaacetic acid (DTPA) with 270 µM 

ethylenediaminetetraacetic acid (EDTA)) for 72 hrs at 37°C. HOG-LDL was 

prepared by oxidizing G-LDL with 10µM copper chloride (CuCl2) along with 

50mM glucose solution (24 hrs, 37°C), followed by extensive dialyses against 

EDTA dialysis buffer to remove copper ions and glucose. Protein 

concentrations of the LDL preparations were determined using Pierce BCA 

assay (Thermo Fisher Scientific, Rockford, IL, USA). Further characterization 

was carried out on LDL preparations by measuring fluorescence (355 nm 

excitation/460 nm emission) and absorbance (234 nm), agarose gel 

electrophoresis using SAS-MX Lipoprotein gel (Helena Bioscience Europe, 

Gateshead, UK), endotoxin assay using Limulus Amebocyte Lysate (LAL) kit 

(Lonza, Allendale, NJ, USA), cytotoxicity using a cell counting kit (CCK-8; 

Dojindo Molecular Technologies, Rockville, MD, USA). LDL preparations were 

stored under nitrogen gas (4°C), in the presence of 270 µM EDTA. 

Preparations were used within one month and experiments were repeated 

using different LDL preparations.    

 Cell culture  

The choriocarcinoma cell lines BeWo, JAR, JEG-3 were obtained from 

American Tissue Culture Collection (ATCC).  The first trimester extravillous 

trophoblast cell line HTR8/SVneo was a gift from Dr Charles H. Graham, 

Queen’s University, Canada. HTR8/SVneo and JAR cells were maintained in 

Roswell Park Memorial Institute (RPMI)-1640 media (Thermo Fisher Scientific, 

Rockford, IL, USA) supplemented with 10% FCS. BeWo cells were maintained 

in Dulbecco’s Modified Eagle Medium and Ham’s F-12 (DMEM/F-12) (Thermo 
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Fisher Scientific, Rockford, IL, USA) supplemented with 200 mM L-glutamine 

and 10% foetal calf serum (FCS) (Thermo Fisher Scientific, Rockford, IL, 

USA). JEG-3 cells were maintained in Eagle’s Minimum Essential Medium 

(EMEM) (ATCC) supplemented with 10% FCS.  Cells were routinely 

maintained at 37°C, 5% CO2.  

 Subculturing (passing) cells  

Once cells reached 70-80% confluence, they were split 1:5 into T75 (75 cm2) 

flasks (VWR, Radnor, PA, USA). This was carried out by aspirating media, 

washing cells with 5 ml of sterile PBS (1x 1 litre in ddH20 (pH 7.4); NaCl, 8.0 

g; KCl, 0.2 g; Na2HPO4.H2O, 2.16 g; KH2PO4, 0.208 g). Following aspiration of 

the PBS, 2 ml of 0.05% Trypsin-EDTA (Thermo Fisher Scientific, Rockford, IL, 

USA) was added and the flask was placed in the tissue culture incubator for 2 

minutes to detach cells. After incubation, 4 ml of fresh pre-warmed medium 

were added to the flask to abolish the proteolytic effect of the trypsin. The cell 

suspension was transferred to a 15 ml falcon tube and centrifuged at 1000 

RPM for 5 minutes. Supernatant was removed and 5 ml of pre-warmed media 

were added to the flask to break up the cell pellet.  One ml of this suspension 

was transferred to a new T75 flask with 19 ml of fresh pre-warmed media. The 

flask was placed in an incubator (37°C, 5% CO2). The media were replaced 

every 48 hrs until 70-80% confluence was reached.  

 Experimental protocol 

Cells were detached from T75 flasks using trypsin as described above and 

counted using a Neubauer haemocytometer after resuspending cell pellet with 

fresh media (10 ml). The haemocytometer slide and cover slip were cleaned 

with 70% alcohol before resting the coverslip on the silver counting area of the 

haemocytometer.  Fifteen µl of cell suspension were added to the chamber 

and cells were viewed under a microscope (10x magnification). Cells were 

counted in each of the four corner squares using a hand-held counter and the 

number per ml was calculated. Cells were seeded on six-well (300,000 

cells/well) and 96-well (20,000 cells/well) sterile plates, and maintained 
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overnight in RPMI media with 10% FCS at 37°C, 5% CO2, and reached 70% 

confluence the next day. Cells were treated as outlined below.  

2.4.1 N-LDL vs. HOG-LDL treatment 

HTR8/SVneo cells were made quiescent by 24 hour exposure to serum-free 

medium (SFM), whilst JAR cells were exposed to 1% FCS (they did not survive 

SFM). Cells were incubated with either N-LDL or HOG-LDL at different 

concentrations (10, 25, 50, 100, 200 µg protein/ml) in PBS for up to 24 hrs. 

Each condition was studied in duplicate. Each experiment was repeated at 

least three times using different pool preparations of LDL. Cell viability, 

measured by CCK-8 assays, was determined as described in Chapter 2.6. 

Culture media, protein and RNA were collected for future analysis.  

2.4.2 4-hydroxynonenal (4-HNE) treatment  

HTR8/SVneo cells in six-well plates were made quiescent by 24 hr exposure 

to SFM. Cells were exposed to 4-HNE (Cayman Chemical, Ann Arbor, MI, 

USA) at different concentrations (5, 10, 20, 40 µM) for 6, 24, and 48 hrs. 

Culture media, protein and RNA were collected from six-well plates for future 

analysis. 

2.4.3 High glucose treatment  

Twenty four hrs after seeding, the media was not changed, instead the relevant 

glucose/ mannitol concentrations were spiked into the media. Under normal 

conditions, cells are cultured in RPMI media containing 11 mM D-glucose. 

Although higher than fasting human plasma glucose (<5.5 mM), this was 

designated as the ‘normal glucose’ condition. For high glucose conditions, 

cells were exposed to media containing 30 mM D-glucose; including 11 mM 

D-glucose + 19 mM additionally added D-glucose, which physiologically would 

be considered severe hyperglycaemia. For osmotic control, 19 mM mannitol 

was added to RPMI media containing 11 mM D-glucose. Treatments lasted up 

to 72 hrs. Each condition was replicated twice in each experiment. Each 

experiment was repeated at least three times and fresh glucose and mannitol 
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solutions were prepared for each new experiment. Cell media, protein and 

RNA was collected from six-well plates for future analysis. 

2.4.4 Glucose pre-treatment followed by N-LDL vs. HOG-LDL treatment  

Protocol was followed as in 2.4.3. After 48 hr exposure to 30 mM vs. 11 mM 

glucose in six-well plates, HTR8/SVneo cells were exposed to SFM, whilst JAR 

cells were exposed to 1% FCS for a further 24 hrs, with respective 

concentrations of glucose maintained in the media. The next day, cells were 

exposed to N-LDL vs. HOG-LDL (50 µg/ml) for an additional 24 hrs. Total 

treatment time in 11 mM vs. 30 mM glucose was 96 hours (72 hrs pre-

treatment prior to the addition of N-LDL vs. HOG-LDL).  Culture media 

supernatant, cell protein and RNA were collected for future analysis. 

 Trophoblast barrier model 

2.5.1 Experimental set-up  

Transwell plates (12-well, Corning, Product No. 3460) with permeable 

polyester membrane inserts (0.4 µm pore size) were purchased from Thermo 

Fisher Scientific, Rockford, IL, USA. To determine the best culture conditions 

for each cell line, membrane inserts in initial experiments were tested 

with/without type I bovine collagen when cultured with either RPMI-1640, 

DMEM-F12, or Medium 199 (M199) media and supplemented with/without 

epidermal growth factor (EGF). Once optimum conditions were determined for 

JAR and BeWo (HTR8/SVneo cells failed to form a monolayer), cells were 

seeded (150,000 cells/well) onto non-coated inserts, without EGF, in RPMI-

1640 media with 10% FCS (JAR), or DMEM/F12 media with 10% FCS, 200mM 

L-glutamine (BeWo). Cells were incubated at 37°C, 5% CO2 for up to three 

weeks or until the monolayers reached confluence. Media were replaced every 

other day. Monolayer integrity was assessed by transepithelial electrical 

resistance (TEER) every other day, and at completion, by fluorescein-

isothiocyanate (FITC)-dextran leakage and tight junction staining.  
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2.5.2 N-LDL versus HOG-LDL treatment  

Following JAR and BeWo monolayer formation, determined by plateau of 

TEER values, cells were exposed to 1% FCS for 24 hrs. Cells were then 

exposed to N-LDL vs. HOG-LDL for up to 24 hrs by addition of the lipoprotein 

on the top side or lower side of the membrane to replicate different aspects of 

in-vivo conditions. EDTA (2.5 mM) was used as a positive control to reduce 

TEER. TEER was measured at 0, 6, 12 and 24 hrs (Chapter 2.10) and FITC-

dextran leakage was measured at 24 hrs (Chapter 2.11). Media were collected 

from both inside and outside the Transwell insert to determine the effects on 

sFlt-1, sEng by ELISA (Chapter 2.7). Tight junction protein ZO-1 was detected 

by immunocytochemistry (Chapter 2.12). Apoptosis was detected by TUNEL 

assay (Chapter 2.13). 

 Cell Counting Kit-8 assay for measuring cell viability 

2.6.1 Principle  

CCK-8 utilizes a highly water soluble tetrazolium salt (WST-8) [2-(2-methoxy-

4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, 

monosodium salt]. As shown in Figure 2.1 [164], upon reduction by 

dehydrogenases in cells, WST-8 produces a yellow coloured (formazan) 

water-soluble product. The amount of formazan dye produced is directly 

proportional to the number of living cells. The CCK-8 assay has a higher 

detection sensitivity than assays using other tetrazolium salts such as MTT (3-

(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) tetrazolium or 

WST-1.  

2.6.2 Method  

HTR8/SVneo cells were seeded on 96-well plates (20,000 cells/well). Cells 

were grown to 70% confluence and the next day were made quiescent by 24 

hr exposure to SFM. Cells were treated as described above in separate 

experiments. Briefly, 10 µl of the water-soluble tetrazolium salt, WST-8 

solution, was added to each well of the 96-well plate and placed at 37°C, 5% 

CO2 for 1 hr. A coloured, non-toxic formazan dye was produced as a result of 
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intracellular dehydrogenase activity. Absorbance at 450 nm in a plate reader 

was used to determine cell viability. Each treatment was assayed in triplicate 

for a minimum of three experiments. 

 

 

 

 

 

Figure 2.1 Cell counting kit-8 (CCK-8) viability assay principle. 
WST-8 is reduced by dehydrogenase activity in cells to produce a yellow 
coloured (formazan) dye. Available from: http://www.dojindo.com/store/p/456-
Cell-Counting-Kit-8.html [Accessed August 17, 2017] [164].  
 

 Determination of protein in cell culture supernatants by ELISA   

2.7.1 Principle  

The Quantikine ELISA is a quantitative sandwich enzyme immunoassay 

method. As shown in Figure 2.2 [165], the 96-well microplate was pre-coated 

with a monoclonal (capture) antibody specific for the analyte of interest, in this 

case sFlt-1 or sEng. Samples and standards were pipetted onto the plate and 

any analyte present was bound by the antibody. The plate was washed to take 

away any unbound substances. A horseradish-peroxidase (HRP) labelled 

(detection) antibody was added to the plate, binding the captured analyte. The 

plate was washed to remove any unbound detection antibody. A 

tetramethylbenzidine (TMB) substrate for HRP was added to the plate and a 

blue colour developed in proportion to the amount of analyte present in a 

sample. A stop reagent was added which changed the colour from blue to 
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yellow. The intensity of colour was measured at 570-540 nm on a microplate 

reader.  

 

 

 

 

 

 

 

Figure 2.2 Colorimetric Sandwich ELISA Assay Principle.  
Available from: https://www.rndsystems.com/products/quantikine-colorimetric-
sandwich-elisa-assay-principle [Accessed January 10, 2018] [165]. 

2.7.2 Method  

Following cell culture treatments, conditioned media were collected from either 

six-well plates or 12-well Transwell plates. 1.5 ml aliquots were centrifuged at 

3000 RPM (10 mins, 4°C); supernatant was transferred to fresh tubes and 

stored at -80°C for future analysis. 

sFlt-1 concentrations in supernatants were measured using the VEGFR1/flt-1 

ELISA kit (Quantikine; R&D Systems). sEng concentrations in supernatants 

were measured using the Endoglin/CD105 ELISA kit (Quantikine; R&D 

Systems).  

All reagents and samples were brought to room temperature before use. 

Standards for both assays were diluted as shown in Table 2-1 and Table 2-2. 

Assays were performed in duplicate. Assay diluent (100 µl) was added to each 

well using a multi-channel pipette. For sFlt-1 ELISA, 100 µl of each 

standard/sample were added. For sEng ELISA, 50 µl of each standard/sample 

were added. An example of a plate layout for an ELISA is shown in Figure 2.3. 

The plate was covered with an adhesive strip and placed on a horizontal orbital 

https://www.rndsystems.com/products/quantikine-colorimetric-sandwich-elisa-assay-principle
https://www.rndsystems.com/products/quantikine-colorimetric-sandwich-elisa-assay-principle
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microplate shaker at 500 ± 50 rpm. Following a 2 hr incubation, the contents 

of each well were aspirated and the plates were washed four times using 350 

µl wash buffer and a microplate washer (BioTek ELx50 strip washer).  

Conjugate (200 µl) was added to each well, covered with an adhesive strip and 

incubated for a further 2 hrs on the orbital microplate shaker. The wash step 

was repeated. Protecting the plate from light, 200µl of substrate solution was 

added to each well and incubated in the dark (30 mins) before the addition of 

50 µl of stop solution. Colour in the wells changed from blue to yellow, as 

shown in Figure 2.4. In order to ensure thorough mixing, the plate was gently 

tapped. The optical density (O.D.) of each well was determined using a 

microplate reader, set to read absorbance at 450 nm and 570 nm, then 

subtracting 570 nm readings from the readings at 450 nm. O.D. values for 

duplicate standards and samples were averaged, and the average blank 

reading was subtracted from all values. A standard curve was created using a 

four parameter logistic (4-PL) curve fit and the concentration of the analyte in 

each sample was read from the standard curve. 

Table 2-1 Serial dilution protocol for preparation of sFlt-1 standard 

*Original standard= 20,000 pg/ml 

 

 

 

 

sFlt-1 Concentrations Dilutions 

Standard 1 (2000 pg/ml) 900 µl Calibrator Diluent + 100 µl original 
standard* 

Standard 2 (1000 pg/ml) 500 µl Calibrator Diluent + 500 µl Standard 1 

Standard 3 (500 pg/ml) 500 µl Calibrator Diluent + 500 µl Standard 2 

Standard 4 (250 pg/ml) 500 µl Calibrator Diluent + 500 µl Standard 3 

Standard 5 (125 pg/ml) 500 µl Calibrator Diluent + 500 µl Standard 4 

Standard 6 (62.5 pg/ml) 500 µl Calibrator Diluent + 500 µl Standard 5 

Standard 7 (31.3 pg/ml) 500 µl Calibrator Diluent + 500 µl Standard 6 

Standard 8 (15.65 pg/ml) 500 µl Calibrator Diluent + 500 µl Standard 7 
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Table 2-2 Serial dilution protocol for preparation of sEng standard 

*Original standard= 100 ng/ml 

Figure 2.3 An example of an ELISA plate layout.  
sFlt-1 standards in duplicate, A1-F2; Blank in duplicate (sample diluent only), 
G1-G2; Samples in duplicate, H1,H2, A3-H12.  

sEng Concentrations Dilutions 

Standard 1 (10 ng/ml) 900 µl Calibrator Diluent + 100 µl original 
standard* 

Standard 2 (5 ng/ml) 500 µl Calibrator Diluent + 500 µl Standard 1 

Standard 3 (2.5 ng/ml) 500 µl Calibrator Diluent + 500 µl Standard 2 

Standard 4 (1.25 ng/ml) 500 µl Calibrator Diluent + 500 µl Standard 3 

Standard 5 (0.625 ng/ml) 500 µl Calibrator Diluent + 500 µl Standard 4 

Standard 6 (0.313 ng/ml) 500 µl Calibrator Diluent + 500 µl Standard 5 

Standard 7 (0.156 ng/ml) 500 µl Calibrator Diluent + 500 µl Standard 6 

Standard 8 (0.078 ng/ml) 500 µl Calibrator Diluent + 500 µl Standard 7 
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Figure 2.4 An ELISA plate before and after addition of substrate solution. 
An ELISA plate after 30 min incubation with substrate solution (left) and the 
same plate once stop solution is added (right). 

 BCA assay for measuring intracellular protein concentrations  

2.8.1 Principle  

The Pierce BCA Protein Assay incorporates the biuret reaction (reduction of 

Cu2+ by protein in an alkaline solution) along with the highly sensitive 

colorimetric detection of Cu1+ using a reagent containing bicinchoninic acid 

(BCA). A purple coloured dye is formed when two molecules of BCA chelate 

with one cuprous ion.  

2.8.2 Method 

The microplate procedure is outlined in the manufacturer’s instructions 

(Thermo Fisher Scientific, Rockford, IL, USA). Briefly, a set of albumin (BSA) 

standards (20-2000 µg/ml) were prepared. 10 µl of standard or sample was 

added to each well of a 96-well microplate. Assays were performed in triplicate.  

Working reagent (200 µl) was added to each well and the plate was mixed on 

a plate shaker for 30 seconds, then wrapped in aluminium foil and placed at 

37°C for 30 minutes. The microplate was brought to room temperature and 

absorbance measured at 562 nm on a microplate reader.   



Chapter 2 

44 
 

 RNA extraction, reverse transcription (RT) and real-time 

quantitative polymerase chain reaction (RT-PCR) 

2.9.1 Principle  

RNA were converted to cDNA using a reverse transcriptase (RT) enzyme. 

Real-time quantitative polymerase reaction (RT-PCR) allowed sequences of 

cDNA template to be amplified, detected and quantified. In samples with 

abundant product, amplification is detected in earlier cycles. In samples with 

limited product, amplification is not detected until later cycles. Quantification is 

possible through the threshold cycle (Ct value) for each sample: the detection 

of fluorescent signals above the threshold.  

2.9.2 Method    

Total RNA was extracted from treated cells using an RNeasy mini kit as 

outlined in the manufacturer’s instructions (Qiagen, Germantown, MD, USA). 

Samples were first lysed and homogenised. To inactive RNases, a guanidine-

thiocyanate-containing buffer (Buffer RLT) along with beta-mercaptoethanol 

were added. The sample was transferred to a spin column and up to 100 µg 

RNA (>200 bases) were allowed to bind to the membrane. Any contaminants 

were washed away. One µg total RNA was reverse transcribed in a 20µl 

reaction volume using Superscript II Reverse Transcriptase (Invitrogen, 

Thermo Fisher Scientific, Rockford, IL, USA). At QUB, RT-PCR was performed 

in a Roche Lightcycler480 on 384-well plates, however, at MUSC, RT-PCR 

was performed on a Bio-Rad CFX96 on 96 well plates. Results between the 

machines were found to be consistent (Figure 2.5). Two µl cDNA in 10 µl 

reaction volume (5 µl SYBR Green, 0.5 µl working primer, 2.5 µl molecular 

water) were amplified using forward and reverse primer sequences for human 

sFlt-1-i13, sFlt-1-e15a, MMP-14 and endoglin (Table 2-3). The PCR was as 

follows: a 95°C step for three minutes, 40 cycles consisting of 10 seconds at 

95°C, 30 seconds at 58°C, 30 seconds at 72°C, with a plate read following 

each cycle. Melt curve analysis was the final step. Relative gene expression 

was calculated using [ΔΔc(t)] method and normalized to the housekeeping 

gene ẞ-actin for each sample.  
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Table 2-3 Primers used for RT-PCR 

 

 

 

 

 

 

 

Figure 2.5 RT-PCR results performed on different machines. 
RT-PCR was performed on two different machines (Roche LightCycler480 and 
Bio-Rad CFX96). Results between machines were not significantly different. 
Mean ± SEM (n=3). Results by Chow R, PhD student. 
 

 

 

 

 

 

 

 

 Forward Reverse  

sFlt-1-i13 ACA ATC AGA GGT GAG CAC TGC AA TCC GAG CCT GAA AGT TAG CAA 

sFlt-1-e15a AC ACA GTG GCC ATC AGC AGT T CCC GGC CAT TTG TTA TTG TTA 

Endoglin CAA CAA CCA AGG GCT GGG G TGG AGA TGG GAC GGG TAT GC 

MMP-14 CCT GCC TGC GTC CAT TCC AGG GAC GCC TCA TCA 

ß-actin  CAG TCG GTT GGA GCG AGC AT GGA TGG CAA GGG ACT TCC TGT A 

sF
lt 

i1
3

sF
lt 

e1
5a

0

1

2

3

4
Roche LC480

Bio-Rad CFX96

F
o

ld
 c

h
a
n

g
e
 r

e
la

ti
v
e
 t

o


-a
c
ti

n



Chapter 2 

46 
 

 Trans-epithelial electrical resistance (TEER) measurement 

2.10.1 Principle  

TEER measurements are a quantitative method for assessing barrier function 

in epithelial and endothelial monolayers [166]. There are two pathways 

involved in transport across a cell monolayer: paracellular and transcellular. 

The transcellular pathway describes the transport of materials through the 

cells. TEER measurement is mainly reflective of the paracellular pathway 

which involves the passage of substances between cells.  Intracellular tight 

junctions are formed in the presence of a confluent monolayer in epithelial/ 

endothelial cells. These tight junctions prevent the passage of free ions and 

molecules through the intracellular space of the monolayer. The classical 

setup of TEER (Figure 2.6) consists of a cell monolayer grown on a semi-

permeable insert, which acts as a partition between an upper (apical) and a 

lower (basolateral) chamber. The electrical resistance is calculated based on 

Ohm’s law as the ratio of the voltage and the current. The system used to 

measure TEER within our laboratory was the EVOM system (WPI Instruments, 

Sarasota, Florida) with EndOhm chamber. The concentric electrodes were 

within the base of the chamber and the cap: a silver/silver chloride pellet in the 

centre plus an annular current electrode. An alternating current voltage (12.5 

Hz square wave) was applied to the electrodes to avoid damage to both the 

cells and the electrodes. In comparison to ‘chopstick’ electrodes, the EndOhm 

chamber provided a more constant current density across the membrane, and 

subsequently sample measurements were less variable.  
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Figure 2.6 Schematic representation of the EVOM trans-epithelial 
electrical resistance (TEER) measurement system.  
Trophoblast cells were cultured on a semi-permeable membrane insert which 
was transferred to the EndOhm chamber. The two electrodes provided the 
TEER measurement across the trophoblast cell layer. By McLeese, R 
(unpublished).  
 

2.10.2 Method 

Cells were seeded on Transwell 12-well filters (12 mm diameter, 0.4 µm pore) 

as described in Chapter 2.5.1. The volume of media was 500 µl inside the 

Transwell insert and 1.5 ml outside. The media were replaced every 48 hrs. 

Prior to media change, TEER was measured using an EndOhm chamber and 

EVOM voltmeter, according to manufacturer’s instructions (World Precision 

Instruments, Sarasota, FL, USA). Briefly, tissue culture plates with inserts were 

brought to room temperature, inserts were removed one at a time using sterile 

forceps and placed into the EndOhm chamber filled with room temperature 

growth media. TEER of inserts with cells was calculated by subtracting the 

value of the blank Transwell insert. TEER values were expressed in units of 

Ω/cm2 by multiplying TEER by the 12-well insert surface area (1.12 cm2). TEER 

levels were measured over a period of two to three weeks, until TEER levels 

plateaued. 
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 Tracer Flux Assay (Fluorescein-isothiocyanate (FITC)-Dextran) 

2.11.1 Principle 

Following treatment of the trophoblast cell monolayer with stresses simulating 

diabetes, FITC-dextran was added inside the Transwell insert (apical 

chamber) (Figure 2.7). The fluorescent molecules travel through the 

trophoblast cell monolayer at a proportional rate to the permeability of the 

monolayer.  The extent of permeability is quantified by measuring the 

fluorescence within the basolateral chamber.  

 

 

 

Figure 2.7 FITC-dextran leakage assay for cultured trophoblast cell 
monolayers.  
Trophoblast cells were cultured in growth medium on a semi-permeable 
membrane until confluence was obtained. The cell monolayer formed a barrier 
between the apical and basolateral media chambers. 1 mg/ml FITC-dextran 
was added into the apical chamber and the increase in FITC-dextran 
concentration was measured in the basolateral chamber after 1 hr. By 
McLeese, R (unpublished).  
 

2.11.2 Method 

The permeability of the cells was determined by measuring the apical to 

basolateral movement of FITC-Dextran (10 kDa) (Sigma, Saint Louis, MO, 

USA). Cells were grown in Transwell inserts in 12-well plates, and exposed to 

experimental conditions for defined periods of time.  Inserts were removed 

from the plate with sterile forceps, cells were washed with Hank’s Balanced 

Salt Solution (HBSS) and transferred to a fresh 12 well plate. HBSS (500 µl) 

containing FITC-Dextran (1 mg/ml) was added to the apical compartment and 

1.5 ml of HBSS was added to the basolateral compartment. After 1 hr, 200 µl 

samples were collected from the basolateral side and transferred to a black 
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bottomed 96-well plate. The levels of fluorescence were determined using a 

microplate reader (SpectraMax, Molecular Devices, Sunnyvale, CA, USA) 

(excitation, 485 nm; emission, 528 nm) and compared with a standard curve 

produced using various dilutions of FITC-Dextran. Results were expressed as 

µg/ml in the basolateral compartment.  

 Measurement of zonula-occludens (ZO)-1 

At termination of experiment, cells were washed gently with PBS and fixed with 

ice-cold 100% methanol applied to both sides of the Transwell (7 mins, -20°C). 

Cells were washed with PBS three times (5 mins each). Binding of non-specific 

antibody to cells was blocked by incubation of cells (both sides of the 

Transwell) with a blocking buffer (0.1% Triton x-100, 5% BSA; 1 hr, room 

temp.). Blocking buffer was removed and inserts placed on sheet of parafilm. 

Primary antibody (Table 2-4) mixed with diluent (PBS, 0.1% Triton x-100, 0.5% 

BSA; total volume 50 µl) was added to parafilm as individual drops, and one 

Transwell insert was placed on top of each drop. In addition, primary antibody 

mix (100 µl) was added inside each well. A negative control was included; a 

Transwell insert was incubated with primary antibody diluent (PBS, 0.1% Triton 

x-100, 0.5% BSA) without primary antibody.  The inserts containing cells were 

incubated with the primary antibody (overnight, 4°C). Primary antibody was 

removed, Transwell inserts were transferred back to 12-well plates and 

washed with PBS three times (5 mins each). Secondary antibody (Table 2-4) 

was prepared in PBS and a new sheet of parafilm was placed on a tray. 

Secondary antibody mixed with PBS was added to parafilm and Transwell 

inserts as described previously for primary antibody incubation. Cells were 

incubated with secondary antibody (2 hrs, room temp.). Following incubation, 

secondary antibody was removed, Transwell inserts were transferred to 

original plate and washed with PBS three times (5 mins each). Coverslips were 

prepared with a drop of Prolong Gold Antifade Reagent with DAPI (Thermo 

Fisher Scientific, Rockford, IL, USA) on each. Following the last wash, each 

Transwell insert was removed by hand and using a scalpel, the membrane was 

cut from the insert, using forceps to keep it from folding over. Each membrane 

was placed on a coverslip (cells facing coverslip), and the coverslip was placed 
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on a slide with a drop of Prolong Gold Antifade Reagent with DAPI (Thermo 

Fisher Scientific, Rockford, IL, USA). Slides were sealed with nail polish and 

left to dry overnight. Slides were subsequently imaged by fluorescence 

microscopy and stored at 4°C protected from light.    

 TUNEL assay 

At termination of experiment, cells were washed gently with PBS and fixed with 

ice-cold 100% methanol applied to both sides of the Transwell (7mins, -20°C). 

Cells were washed with PBS three times (5 mins each). Each Transwell insert 

was removed by hand and using a scalpel, the membrane was cut from the 

insert, using forceps to keep it from folding over. Membranes (with cells) were 

transferred to slides. Cells on slides were incubated with permeabilization 

solution (0.1% Triton X-100 in 0.1% sodium citrate) (2 mins, on ice). Cells were 

washed with PBS x 2 (5 mins each) and incubated with TUNEL reaction (50 µl 

enzyme solution in 450 µl label solution) using In Situ Cell Death Detection Kit, 

TMR Red (Roche Diagnostics, Indianapolis, IN, USA). For negative control, 

cells were incubated with label solution only. Cells were incubated in a 

humidified chamber (1 hr, 37°C). Slides were washed with PBS three times (5 

mins each) and coverslips applied with a drop of Prolong Gold Antifade 

Reagent with DAPI (Thermo Fisher Scientific, Rockford, IL, USA) on each. 

Slides were subsequently imaged by fluorescence microscopy and stored at 

4°C protected from light.    
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 Table 2-4 Primary and secondary antibodies used for protein analysis by immunohistochemistry. Antibody working 
concentrations are shown 

 

 

 

 

 

Primary antibody Secondary antibody 

Species Target Supplier Dilution Species Target Supplier Dilution 

Rabbit ZO-1 Abcam 1:100 dilution Goat Rabbit IgG 

 

Abcam 

(Alexa Fluor 594) 

1:400 dilution 

Rabbit Ox-LDL Abcam 1:1000 dilution  Goat Rabbit IgG 

 

Vector 
laboratories 

1:400 dilution 

Goat  ApoB100 Abcam 1:100 dilution Rabbit Goat IgG  

 

Vector 
laboratories 

1:400 dilution 

Mouse 4-HNE Abcam 1:100 dilution  Goat  Mouse IgG Vector 

laboratories 

1:400 dilution 
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 Placenta collections and processing of samples  

Protocols for the American Indian Type 2 diabetes (AIT2D) study and the MUSC 

placental collection study (MUSC-PCS) are included (Appendix III, Appendix IV, 

respectively), however, concise summaries of subject characteristics, 

inclusion/exclusion criteria and term collection methods for each study are 

described below.  

2.14.1 American Indian Type 2 diabetes study (AIT2D) 

2.14.1.1 Subjects  

Pregnant women were recruited at two Oklahoma American Indian tribe locations 

(Chickasaw Nation, Ada; Choctaw Nation, Talihina) and the High Risk Pregnancy 

Clinic at OUHSC, Oklahoma City over a three year period. All women provided 

informed consent and the study was approved by the Human Subjects Review 

Boards at each institution.  

2.14.1.2 Inclusion/ Exclusion criteria  

Pregnant women with established pre-diabetes, gestational diabetes, or 

established pre-gestational Type 2 diabetes including those with pre-gestational 

microalbuminuria were included in the study. Smokers and women with pre-

existing hypertension or overt nephropathy (serum creatinine >1.5 mg/dl and/or 

frank proteinuria), or serious illness such as cardiovascular disease, anaemia, 

sickle cell disease, epilepsy, connective tissue disease, cancer or active 

debilitating infectious disease were excluded. Pregnant non-diabetic controls 

were age-matched, non-smokers, and entirely healthy.  

2.14.1.3 Term collection  

In addition to maternal blood, non-infarcted placental tissue, cord blood plasma, 

serum and packed red cells were collected and stored. This thesis reports on a 

subset of placental samples which were collected at delivery, placed in 1.5ml 

cryovials and subsequently snap frozen in liquid nitrogen. Samples from a total of 
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17 placentae were included in the final analyses for the purpose of this thesis. 

Samples were from normoglycaemic women without pre-eclampsia (NG/PE-) 

(n=5), dysglycaemic women without pre-eclampsia (DG/PE-) (n=5), dysglycaemic 

women with pre-eclampsia (DG/PE+) (n=5), and normoglycaemic women with 

pre-eclampsia (NG/PE+) (n=2). Investigators were blinded to reduce bias in 

analyses.  

2.14.2 MUSC Placental collection study (MUSC-PCS) 

2.14.2.1 Subjects  

Participants were identified through collaborative efforts with MUSC Women’s 

Health staff. All individuals provided signed consent before participating in the 

study using Institutional Review Board-approved consent forms (Appendix V). All 

participants were scheduled for non-emergent, elective caesarean section at 

MUSC’s labor and delivery department.  

2.14.2.2 Inclusion/Exclusion criteria  

Women with the following complications were excluded: hypertension or 

proteinuria before 20 weeks gestation, prior renal disease, taking antihypertensive 

medication, multiple gestation, foetal structural or chromosomal abnormality, and 

impaired glucose tolerance (without diabetes diagnosis). Individuals could 

participate in the study if they were 18 to 50 years of age and time of delivery was 

greater than 32 weeks gestation. Women with/without diabetes and with/without 

pre-eclampsia or gestational hypertension were included in the study.  

2.14.2.3 Term collection 

The umbilical cord was cut, a timer was started and the placenta was placed in a 

container and weighed. With the maternal side of the placenta exposed, one 

sample area was identified from each quadrant of the placenta (four sample areas 

from each placenta). Using a scalpel, a grape-sized piece (1-2cm3) was cut out 

from each site, divided into five smaller pieces (Figure 2.8), washed in sterile PBS 
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at 4°C and processed for paraffin embedding (Chapter 2.14.3), frozen slides, RNA 

analysis, or snap frozen in liquid nitrogen for protein analysis. This process was 

carried out in less than 15 minutes. Samples from a total of 15 placentae were 

included in the final analyses for the purpose of this thesis. Samples were from 

normoglycaemic women without pre-eclampsia (NG/PE-) (n=4), women with pre-

gestational diabetes (type 1 or type 2 diabetes) without pre-eclampsia (DM/PE-) 

(n=4), women with gestational diabetes without pre-eclampsia (GDM/PE-) (n=5) 

and a small sample set (n=2), including one woman without diabetes with pre-

eclampsia, and one woman with type 2 diabetes with gestational hypertension 

(HDP). Investigators were blinded to reduce bias in analyses.  

2.14.3 Placental tissue processing for paraffin embedding 

From each quadrant of the placenta, three washed pea-sized pieces (~0.5cm3) 

were collected, washed in PBS, and placed in either (1) 10% formalin, (2) 4% 

paraformaldehyde (PFA), or (3) TissueTek cryomold with optimal cutting 

temperature (OCT) compound (VWR, Radnor, PA, USA). Samples (1) and (2) 

were stored (4°C), washed in PBS 24 hours later, and then stored in 70% ethanol 

(4°C) until paraffin embedding. Samples were dehydrated by immersion in 

ascending alcohol concentrations (70, 80, 90, 95, 100%), followed by washes in 

Histoclear solution (Thermo Fisher Scientific, Rockford, IL, USA) and embedded 

in paraffin.  

2.14.4 Preparation of slides from paraffin embedded tissue  

Paraffin embedded tissue was sectioned (8 µm thick) using a microtome (Leitz 

1512 Rotary). Micro slides (Superfrost Plus, VWR, Radnor, PA, USA) were placed 

on a slide warmer and three to four drops deionized water was added to each 

slide. Tissue sections were placed onto slides and incubated overnight (slide 

warmer, 37 °C) to allow the tissue to adhere to the slide. Samples on slides were 

subsequently stored (room temp.) in a sealed slide box.  
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Figure 2.8 A placenta collected at delivery and schematic of sample areas.  
(a) Foetal surface of the placenta, with umbilical cord. (b) Placenta was then 
overturned to reveal the maternal surface. (c) Schematic representation of sample 
areas. From each quadrant of the placenta (maternal surface), 5 washed pieces 
were collected, washed in PBS and placed in either (1) 10% formalin, (2) 4% 
paraformaldehyde (PFA), (3) TissueTek Cryomold with optimal cutting 
temperature (OCT) compound, (4) RNA later or (5) a cryovial and snap frozen in 
liquid nitrogen.   
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2.14.5 H&E staining  

Paraffin-embedded tissue sections on slides were placed in xylene solution (5 

mins) followed by rehydration through graded alcohols (100, 95, 90, 80, 70, 60, 

50%) into water (1 min each). Slides were stained in Harris’s haematoxylin 

(Sigma-Aldrich, St Louis, MO, USA) (2 mins), and rinsed in water and acid alcohol 

to remove excess haematoxylin. Following a further wash in water, the slides were 

‘blued’ in ammonia water (1 min) and rinsed in water.  Slides were placed in 95% 

ethanol (1 min) and stained in eosin Y solution (Sigma-Aldrich, St Louis, MO, 

USA) (1 min). Slides were dehydrated through graded alcohol (95, 95, 100, 

100%), cleared with xylene two times (5 mins each) and coverslips applied with 

cytoseal (VWR, Radnor, PA, USA).  

2.14.6 Protein analysis using immunohistochemistry  

Paraffin-embedded tissue sections on slides were placed in xylene solution x 2 (5 

mins each) rehydration through graded alcohols (100, 95, 90, 80, 70, 60, 50%) 

into water (5 mins each). Slides were placed in antigen retrieval buffer (10Mm 

sodium citrate, 0.05% Tween 20) and heated in a microwave until boiling. Power 

was reduced, and slides were heated further (9 mins). Slides were allowed to cool 

(room temp. 20 mins) and washed in water three times (5 mins each). A 

hydrophobic barrier was drawn around each placental tissue with an ImmEdge 

Pen (Vector Laboratories, Burlingame, CA, USA). Slides were washed in PBS (5 

mins), placed in permeabilization buffer (0.2% Triton X-100 in PBS, 45 mins), and 

rewashed in PBS three times (5 mins each)  Slides were incubated in 0.3% 

hydrogen peroxide (H2O2) in methanol (30 mins) to block endogenous peroxidase 

activity, and washed in PBS three times (5 mins each). Slides were incubated in 

0.2% Triton X-100 (10 mins) and washed in PBS three times (5 mins each). Tissue 

sections were blocked (3% BSA in PBS, 1 hr, room temp.). Tissue sections were 

incubated with primary antibody diluted in blocking buffer (Table 2-4) (overnight, 

4°C). A negative control was included: a tissue section incubated with blocking 

buffer only (no primary antibody). Primary antibody solution was removed and 



  Chapter 2 

57 
 

slides were washed in PBS three times (5 mins each). Tissue sections were 

incubated with secondary antibody diluted in PBS (Table 2-4) (1 h, room temp.), 

and washed in PBS three times (5 mins each). Tissue sections were incubated 

with VECTASTAIN ABC reagent (Vector Laboratories, Burlingame, CA, USA) (30 

mins, room temp.), and washed in PBS three times (5 mins each). Tissue sections 

were incubated with VECTASTAIN substrate (Vector Laboratories, Burlingame, 

CA, USA) (2 drops buffer, 4 drops DAB, 2 drops H2O2 in 5ml distilled water) (2 

mins) and rinsed in water (5 mins). Tissue sections were counterstained with 

Harris’s haematoxylin (4 mins), rinsed in tap water and ethyl alcohol, dehydrated 

through graded alcohol (95, 95, 100, 100%) (1 min each) cleared in xylene two 

times (5 mins each) and coverslips applied with cytoseal.   

2.14.7 Image analysis of placental villi  

Tissue sections were examined and images were captured at different 

magnifications (4x, 10x, 20x, 40x hpf) per slide using an Olympus microscope. All 

slides were blindly analysed. Pathological features in placental sections were 

recorded, including villous immaturity, crowded villi, intervillous fibrosis, syncytial 

knots, calcifications and placental infarcts. Images were representative of the 

placental sections. The images were saved as .tif files and used to quantify villous 

structure using the image analysis software ImageJ, similar to methods used in 

other published studies [167]. For each x10 hpf image, the following parameters 

were assessed: number of villi, number of terminal villi, cross-sectional surface 

area (size) of terminal villi (µm2), diameter of terminal villi (µm), perimeter of 

terminal villi (µm) and number of foetal capillaries per villous. Images were 

adjusted by ImageJ to convert to 8-bit greyscale images, and after adjusting the 

threshold, the cross-sectional area, the perimeter and the diameter were 

calculated from the area of black pixels (Figure 2.9). The number of foetal 

capillaries per villous was calculated using the cell counter tool in ImageJ. The 

number of terminal villi in each image was counted by eye. Results for individual 

cases were then combined for comparison between groups.  

 



  Chapter 2 

58 
 

 

Figure 2.9 Image processing steps used to quantify haematoxylin and eosin 
(H&E) stained placental sections.  
(a) Original image was opened in ImageJ and converted to (b) an 8-bit grayscale 
image. (c) The threshold was adjusted to generate solid pixelated areas. (d) 
ImageJ outlined and counted all villi within image. Magnification 10x. Scale bar 
200 µm. 
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2.14.8 Image analysis of immunohistochemistry staining  

For immunohistochemical analysis, tissue sections were examined and images 

were captured at different magnifications (4x, 10x, 20x, 40x hpf) per slide using 

an Olympus microscope. All slides were blindly analysed. Images were saved as 

.tif images and absolute quantification of staining intensity was performed using 

ImageJ. Images were opened in the built-in vector HDAB (hematoxylin and 

diaminobenzidine) within the “colour deconvolution’ plug-in. The staining of 

haematoxylin and DAB was separated into three different panels with 

haematoxylin (Figure 2.10b), and DAB only image (Figure 2.10c). From the DAB 

only image (Figure 2.10d), areas of interest were selected using the freehand 

selection tool. ImageJ calculated the area in mm2, the mean intensity of DAB, 

deep brown (0, highest intensity) to white (255). Final intensity was calculated by 

subtracting the mean intensity of DAB. Two images (20x magnification) from each 

tissue section were used. Three villi were chosen at random within each image to 

calculate mean general intensity. The syncytiotrophoblast layer of the same three 

villi were selected to calculate intensity in trophoblast and the villous stroma of the 

same three villi were selected to calculate intensity in the stroma.      
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Figure 2.10 Image processing steps used to quantify a placental tissue 
section positively stained for Ox-LDL.  
(a) The ImageJ, colour deconvolution plug-in built-in vector was applied over the 
image, separating the (b) haematoxylin and (c) DAB staining from the original 
image. (d) Selection of a placental villous to calculate general staining intensity. 
Magnification 20x. Scale bar 100 µm. 
 

 Statistical analysis 

All data were analysed using Graph Pad Prism, version 5.0. All data were 

presented as mean ± standard error of mean (SEM) unless otherwise stated. For 

cell culture, each experiment was repeated a minimum of three times with all 

experiments conducted in duplicate or triplicate. Data were analysed by non-

parametric Mann-Whitney U test or one-way analysis of variance followed by 

multiple comparisons test as appropriate. To denote statistical significance, 

asterisks were used to define differences between LDL treatment and non-treated 

control, and daggers to define differences between N-LDL and HOG-LDL.   
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 Introduction 

Pre-eclampsia is a major cause of maternal and neonatal morbidity and mortality. 

The pathogenesis of pre-eclampsia is still not well understood, however abnormal 

placentation is implicated. Evidence indicates two anti-angiogenic factors, soluble 

fms-like tyrosine kinase (sFlt-1) and soluble endoglin (sEng) become elevated in 

the maternal circulation toward the end of the second trimester in non-diabetic 

women who subsequently develop pre-eclampsia [145, 159]. In women with type 

1 diabetes, just as in non-diabetic women, sFlt-1 rose excessively in those who 

subsequently developed pre-eclampsia compared to those who did not, but in 

contrast, sEng levels rose excessively in all diabetic women, even those who did 

not develop pre-eclampsia [168]. Pre-eclampsia is thought to depend on 

increases in both sFlt-1 and sEng, so a general elevation of sEng in diabetes 

could explain, at least in part, the high risk for pre-eclampsia in women with type 

1 diabetes. It remains unclear how sFlt-1 and sEng are involved in the 

development of pre-eclampsia, particularly in women with diabetes.  

 Hypothesis  

The current hypothesis is that exposure of the trophoblast to modified lipoproteins, 

known to be present in vascular tissues of patients with diabetes, and/or high 

glucose enhances sFlt-1 and sEng release, contributing to the increased risk for 

pre-eclampsia in women with diabetes.  

 Aim 

The aim of this chapter is to investigate candidate factors implicated in pre-

eclampsia by developing an in vitro model, exposing cultured immortalised human 

placental trophoblast cells to modified lipoproteins and/or high glucose, and 

measuring trophoblast release of sFlt-1 and sEng. 
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 Results 

3.4.1 Characterisation of a trophoblast model of pre-eclampsia  

Under normal conditions, HTR8/SVneo, JAR, BeWo and JEG-3 cells are cultured 

in the presence of 10% foetal calf serum (FCS) with 11, 11, 17.5, and 5.5mM 

glucose respectively. Cells were cultured under normal conditions in 96-well 

plates, and 24 hrs post-seeding, cells were cultured for a further 24 hrs in media 

containing 10% FCS or in serum-free media (SFM). Cell viability for each cell line 

was determined by CCK-8 assay to determine if cells were capable of growing in 

serum-free conditions. Cell viability was measured and normalized to cell viability 

at 24 hrs post-seeding (100%). Cell viability did not differ between cells cultured 

in media containing 10% FCS versus serum-free media (Figure 3.1). The assay 

was conducted using samples in triplicate and the data presented was from 3-4 

separate experiments for each cell line. To verify the reliability of the CCK-8 assay 

to assess cell viability, cell counts by trypan blue exclusion were performed. Cell 

counts were consistent with CCK-8 results (not shown).  

Figure 3.1 Trophoblast cell viability in the presence vs. absence of 10% 
foetal calf serum (FCS).  
Cell viability remains similar in the presence vs. absence of 10% FCS. Data 
presented as mean ± SEM, n=3-4.  
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To determine which cell lines to investigate, sFlt-1 and sEng levels were 

measured in media obtained from HTR8/SVneo, JAR, BeWo and JEG-3 cells. At 

48 hours post-seeding (24 hrs in 10% FCS, followed by 24 hrs in either 10% FCS 

or SFM), when corrected for cell viability, HTR8/SVneo cells (SFM) released the 

highest levels of sFlt-1 (63.0 ± 22.7 pg/ml). sFlt-1 levels were undetectable in JAR 

and JEG-3 cell supernatants (Figure 3.2a). As shown in Figure 3.2b, sEng levels 

were detectable in all four cell lines. When corrected for cell viability, the JAR cell 

line (10% FCS) released the highest levels of sEng (234.1 ± 36.3 pg/ml). Levels 

of sFlt-1 and sEng were unaffected by serum in culture media (Figure 3.2a, Figure 

3.2b respectively). The HTR8/SVneo cell line was selected based on its ability to 

release sFlt-1 and sEng. The JAR cell line did not release detectable levels of 

sFlt-1, however was selected based on its ability to release high levels of sEng 

into the media.  
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Figure 3.2 Release of anti-angiogenic factors, sFlt-1 and sEng (per live cell) 
by human trophoblast cells in the presence vs. absence of 10% FCS (24 
hrs). 
(a) HTR8/SVneo cells release higher sFlt-1 levels than the other trophoblast cell 
lines tested. JAR and JEG-3 cells did not release detectable levels of sFlt-1. (b) 
JAR cells release higher levels of sEng than other trophoblast cell lines. Data 
presented as mean ± SEM, n=3.  
 

 

a 
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3.4.2 Exposure of trophoblast to modified lipoproteins 

HTR8/SVneo cells were treated as described in Chapter 2.4.1. CCK-8 assays 

were conducted to determine the toxicity of N-LDL versus HOG-LDL towards 

HTR8/SVneo cells (Figure 3.3). After treatment with HOG-LDL in SFM, cell 

viability was decreased in a concentration dependent manner (0-200 µg/ml) 

(Figure 3.3a), however, N-LDL had no effect on cell viability. The HOG-LDL effect 

was mitigated by the presence of 10% FCS: HTR8/SVneo cell viability decreased 

only after treatment with HOG-LDL (200 µg/ml) (34.1 ± 14.5%) compared to N-

LDL (100.5 ± 20.4%) (Figure 3.3b). HTR8/SVneo cell viability decreased in a time 

dependent manner (0-24 hrs) following HOG-LDL treatment (50, 100 µg/ml) 

(Figure 3.4a, Figure 3.4b). Microscope images of HTR8/SVneo cells following N-

LDL vs. HOG-LDL treatment (50-100 µg/ml) (Figure 3.4c, d, e, f, g) confirmed the 

cell viability data shown in Figure 3.4a and Figure 3.4b. Similar to the effects 

observed with HTR8/SVneo cells, following treatment with HOG- LDL (0-200 

µg/ml), JAR cell viability decreased in a concentration dependent manner. 

Likewise, JAR cell viability was unaffected by N-LDL treatment (Figure 3.5) 
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Figure 3.3 HTR8/SVneo cell viability following treatment (24 hrs) with N-LDL 
vs. HOG-LDL (0-200 µg/ml). 
(a) Under serum-free conditions, HOG-LDL (0-200 µg/ml) reduced cell viability in 
a concentration dependent manner. (b) The presence of FCS mitigated the effects 
of HOG-LDL on HTR8/SVneo cell viability observed under serum-free conditions. 
Data presented as mean ± SEM, n=4-5. ‡ p<0.05, ‡‡ p<0.01 vs. N-LDL. 
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Figure 3.4 HTR8/SVneo cell viability time course (0-24 hrs) following N-LDL 
vs. HOG-LDL treatment. 
(a) Viability decreased at 24 hrs following treatment with HOG-LDL (50 µg/ml) and 
(b) HOG-LDL (100 µg/ml). Data presented as mean ± SEM, n=3. **p<0.01 vs. 
untreated control; ‡ p<0.05, ‡‡‡ p<0.001 vs. N-LDL. Cell density changes of 
HTR8/SVneo cells (24 hrs) (c) untreated, (d) N-LDL 50 µg/ml, (e) HOG-LDL 50 
µg/ml, (f) N-LDL 100 µg/ml, (g) HOG-LDL 100 µg/ml. Images were obtained using 
phase-contrast microscope. Magnification 10x. Data are representative of three 
independent experiments.  
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Figure 3.5 JAR cell viability following treatment (24 hrs) with N-LDL vs. HOG-
LDL (0-200 µg/ml).  
Under low serum conditions (1% FCS), HOG-LDL (0-200 µg/ml) reduced cell 
viability in a concentration dependent manner. Cell viability was performed with a 
least three different LDL preparations. Data presented as mean ± SEM, n=8. 
***p<0.001 vs. untreated control; ‡‡ p<0.01, ‡‡‡ p<0.001 vs. N-LDL. 
 

Release of sFlt-1 from HTR8/SVneo cells following 24 hr treatment with N-LDL 

vs. HOG-LDL of various concentrations (0-200 µg/ml) was measured by ELISA in 

cell supernatants. As shown in Figure 3.6, sFlt-1 concentrations increased 

following HOG-LDL treatment, compared with control or N-LDL. Following HOG-

LDL (50 µg/ml) vs. N-LDL (50 µg/ml) treatment, HTR8/SVneo cells released 113.4 

± 31.3 pg/ml compared to 38.8 ± 7.1 pg/ml respectively. Following HOG-LDL 

treatment at the highest concentrations (100-200 µg/ml), sFlt-1 concentrations 

decreased, likely caused by decreased HTR8/SVneo cell viability. When 

corrected for cell viability, sFlt-1 concentrations were increased even with the 

higher, toxic HOG-LDL concentrations (100-200 µg/ml) (Figure 3.6b).  

sFlt-1 concentrations were increased in supernatants from HTR8/SVneo cells 

treated with HOG-LDL, and the next step was to assess the relative expression 

of the two sFlt-1 variants, sFlt-1-i13 and sFlt-1-e15a. RT-PCR was performed 

using primers specific to each variant (Table 2-3). Compared to N-LDL (50 µg/ml), 
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HOG-LDL (50 µg/ml) increased the relative mRNA expression of sFlt-1-i13 and 

sFlt-1-e15a by 1.8 and 2.2 fold respectively (Figure 3.7a, Figure 3.7b), after 24 hr 

exposure. 
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Figure 3.6 Release of sFlt-1 by HTR8/SVneo cells following treatment (24 
hrs) with N-LDL vs. HOG-LDL (0-200 µg/ml).  
(a) HOG-LDL increased sFlt-1 levels in a concentration dependent manner. At 
higher concentrations of HOG-LDL, when cell viability decreased, sFlt-1 levels 
also decreased. (b) When corrected for cell viability, sFlt-1 levels increased even 
at the higher toxic concentrations of HOG-LDL treatment (100, 200 µg/ml). Data 
presented as mean ± SEM, n=6-9. *p<0.05, **p<0.01, ***p<0.001 vs. untreated 
control; ‡ p<0.05, ‡‡ p<0.01 vs. N-LDL.  
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Figure 3.7 sFlt-1 mRNA relative expression from HTR8/SVneo cells 
following treatment (24 hrs) with N-LDL vs. HOG-LDL (50 µg/ml).  
(a) Compared with N-LDL and control, there was a trend towards increased sFlt-
1-i13 expression following HOG-LDL treatment and (b) sFlt-1-e15a relative 
expression was increased following HOG-LDL treatment compared to N-LDL 
treatment and control. Data presented as mean ± SEM, n=6. *p<0.05 vs. 
untreated control; ‡ p<0.05 vs. N-LDL. 
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Release of sEng from HTR8/SVneo cells following 24 hrs of treatment with N-LDL 

vs. HOG-LDL was measured in cell supernatants by ELISA. HTR8/SVneo cells 

released increased levels of sEng following exposure to HOG-LDL (10-100 µg/ml) 

compared to both untreated control and N-LDL (Figure 3.8a). Unlike sFlt-1 (Figure 

3.6), even after treatment with higher toxic concentrations of HOG-LDL (100 

µg/ml), sEng levels were increased. When corrected for cell viability, sEng 

increased to 1703.0 ± 250.7 pg/ml with HOG-LDL (100 µg/ml) exposure compared 

to 102.1 ± 12.2 pg/ml with N-LDL (100 µg/ml) exposure (Figure 3.8b). In JAR cells, 

sEng levels increased with HOG-LDL (50 µg/ml) treatment compared to both 

untreated control and N-LDL (Figure 3.9). N-LDL had no effect on sEng levels in 

either cell type compared to untreated control.  

Levels of endoglin and the cleavage protease responsible for release of sEng, 

MMP-14 were measured by RT-PCR following 24 hr treatment with N-LDL vs. 

HOG-LDL (50 µg/ml). As shown in Figure 3.10a and Figure 3.10b respectively, 

levels of endoglin and MMP-14 mRNA in HTR8/SVneo cells were increased by 

HOG-LDL. In JAR cells, endoglin mRNA expression tended to increase following 

HOG-LDL vs. N-LDL treatment and control (Figure 3.11a); however, this increase 

was not significant. MMP-14 expression levels did not change following N-LDL or 

HOG-LDL treatment in JAR cells (Figure 3.11b). 
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Figure 3.8 Release of sEng by HTR8/SVneo cells following treatment (24 hrs) 
with N-LDL vs. HOG-LDL (0-200 µg/ml).  
(a) HOG-LDL increased levels of sEng in a concentration dependent manner (b) 
When corrected for cell viability, sEng release was even further increased at the 
higher toxic HOG-LDL concentrations (100 µg/ml). Data presented as mean ± 
SEM, n=5-8. *p<0.05, ***p<0.001 vs. untreated control; ‡p<0.05, ‡‡‡p<0.001 vs. 
N-LDL.  
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Figure 3.9 Release of sEng by JAR cells following treatment (24 hrs) with N-
LDL vs. HOG-LDL (50 µg/ml). 
(a) sEng levels increased following HOG-LDL vs. N-LDL and untreated control (b) 
When corrected for cell viability, sEng levels increased following treatment with 
HOG-LDL vs. N-LDL and untreated control. Data presented as mean ± SEM, n=3. 
*p<0.05 vs. untreated control; ‡p<0.05 vs. N-LDL.  

 

 

 

a 

b 



  Chapter 3 

76 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.10 Endoglin and MMP-14 mRNA relative expression from 
HTR8/SVneo cells following treatment (24 hrs) with N-LDL vs. HOG-LDL 
(50µg/ml).  
(a) Compared with control and N-LDL, HOG-LDL increased endoglin mRNA 
relative expression and (b) MMP-14 relative expression was increased with HOG-
LDL compared to N-LDL but not to control. Data presented as mean ± SEM, n=6. 
*p<0.05 vs. untreated control; ‡ p<0.05, ‡‡ p<0.01 vs. N-LDL. 
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Figure 3.11 Endoglin and MMP-14 mRNA relative expression from JAR cells 
following treatment (24 hrs) with N-LDL vs. HOG-LDL (50 µg/ml).  
(a) There was a trend towards increased endoglin expression following HOG-LDL 
vs. N-LDL and untreated control (b) MMP-14 expression remained similar 
following HOG-LDL vs. N-LDL and untreated control. Data presented as mean ± 
SEM, n=3.  
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3.4.3 Exposure of trophoblast to 4-hydroxynonenal (4-HNE)  

HTR8/SVneo cells were exposed to various concentrations of commercially 

available 4-HNE. As shown in Figure 3.12, 4-HNE (5-40 µM) effects on 

HTR8/SVneo cell viability differed from those presented for HOG-LDL in Figure 

3.3. Overall, 4-HNE was less toxic than expected from previous comparisons with 

modified LDL in other cell types [94, 169]. At 24 and 48 hrs after treatment with 

higher concentrations of 4-HNE (20-40 µM), cell viability only tended to decrease, 

although this effect did reach significance at a concentration of 40 µM for 24 hrs. 

 

Figure 3.12 HTR8/SVneo cell viability following 4-HNE treatment (0-48 hrs). 
HTR8/SVneo cell viability appeared to decrease following increased 
concentrations of 4-HNE (20-40 µM). Data presented as mean ± SEM, n=3.             

* p<0.05 vs. untreated control.  
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Levels of sFlt-1 were measured in HTR8/SVneo cell supernatant following 6, 24, 

and 48 hrs of 4-HNE (5-40 µM) treatment. As expected, sFlt-1 levels increased in 

cell supernatant over the course of 48 hrs, however, there was no effect of 4-HNE 

treatment at any concentration, regardless of correction for cell viability (Figure 

3.13). sEng levels increased in HTR8/SVneo cell supernatant over the course of 

48 hrs, however, similar to sFlt-1 (Figure 3.14), sEng levels were similar to control 

following 4-HNE treatment at any concentration (5-40 µM) (Figure 3.14a); 

however, when corrected for cell viability, sEng levels increased following 4-HNE 

treatment (40 µM) at 48 hrs (Figure 3.14b).   
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Figure 3.13 Release of sFlt-1 by HTR8/SVneo cells following treatment (0-48 hrs) with 4-HNE (0-40 µM). 
(a) sFlt-1 concentrations remained similar following treatment with 4-HNE vs. untreated control. sFlt-1 levels accumulated 
over time in untreated and 4-HNE treated cells (b) When corrected for cell viability, sFlt-1 concentrations remained similar 
following treatment with 4-HNE vs. untreated control.  Data presented as mean ± SEM, n=3. 
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Figure 3.14 Release of sEng by HTR8/SVneo cells following treatment (0-48 hrs) with 4-HNE (0-40 µM). 
(a) sEng concentrations remained similar following treatment with 4-HNE vs. untreated control. (b) When corrected for cell 
viability, sEng levels were significantly increased (48 hrs) following 4-HNE treatment vs. untreated control. Data presented 
as mean±SEM, n=3.
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3.4.4 Exposure of trophoblast to high glucose conditions 

One of the objectives of this study was to determine the effect of high glucose on 

trophoblast cells. HTR8/SVneo and JAR cells were cultured in either normal 

growth medium with 11mM glucose or medium supplemented with additional 

glucose to give a final concentration of 30mM glucose. Mannitol was used as an 

osmotic control. As shown in Figure 3.15, high glucose (30mM) had no effect on 

HTR8/SVneo cell viability following 24-72 hrs of treatment compared to normal 

glucose conditions (11mM). Mannitol had no effect on HTR8/SVneo cell viability. 

Over the 72 hr time course, cell viability tended to decrease, although this was 

not dependent on glucose treatment. In contrast, JAR cell viability tended to 

increase over 72 hrs in normal glucose and in cells treated with mannitol; 

however, in 30mM glucose, viability did not increase (Figure 3.16).   

 

Figure 3.15 HTR8/SVneo cell viability following exposure (0-72 hrs) to 11mM 
glucose (‘normal’ glucose control), mannitol (osmotic control) vs. 30mM 
glucose (high glucose) (0-72 hrs).  
Cell viability remained similar under all conditions. Cell viability was measured as 
% of untreated control (11mM Glucose, 24 hrs).  Data presented as mean ± SEM, 

n=3.  
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Figure 3.16 JAR cell viability following exposure (0-72 hrs) to 11mM glucose 
(‘normal’ glucose control), mannitol (osmotic control) vs. 30mM glucose 
(high glucose) (0-72 hrs).  
Compared to 11mM glucose and mannitol, cells exposed to 30mM glucose had 
reduced viability (72 hrs). Cell viability was measured as % of untreated control 
(11mM glucose, 24 hrs). Data presented as mean ± SEM, n=4. 

There was a time dependent (72 hrs), non-significant increase in sFlt-1 levels in 

HTR8/SVneo cell supernatant. Compared to normal glucose conditions (11mM), 

high glucose (30mM) and mannitol treatment did not increase sFlt-1 release in 

HTR8/SVneo cell supernatant (Figure 3.17). JAR cells did not release detectable 

amounts of sFlt-1. 

As shown in Figure 3.18, high glucose (30mM) and mannitol treatment did not 

increase sEng levels in HTR8/SVneo cell supernatant compared to normal 

glucose (11mM) conditions. In JAR cells, normal glucose conditions resulted in a 

trend towards increased sEng levels, however, this did not reach significance. In 

high glucose conditions, sEng levels did not increase over 72 hrs (Figure 3.19).  
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Figure 3.17 Release of sFlt-1 into culture medium by HTR8/SVneo cells 
following exposure (0-72 hrs) to 11mM glucose (‘normal’ glucose control), 
mannitol (osmotic control) vs. 30mM glucose (high glucose) (0-72 hrs).  
(a) sFlt-1 concentrations remained similar in 11mM glucose and 30mM glucose 
(0-72 hrs) (b) When corrected for cell viability, sFlt-1 concentrations remained 
similar in 11mM glucose and 30mM glucose (0-72 hrs). Data presented as mean 
± SEM, n=3.   
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Figure 3.18 Release of sEng into culture medium by HTR8/SVneo cells 
following exposure (0-72 hrs) to 11mM glucose (‘normal’ glucose control), 
mannitol (osmotic control) vs. 30mM glucose (high glucose) (0-72 hrs).  
(a) sEng concentrations remained similar in 11mM glucose and 30mM glucose 
(0-72 hrs) (b) When corrected for cell viability, sEng concentrations remained 
similar in 11mM glucose and 30mM glucose (0-72 hrs). Data presented as mean 
± SEM, n=3.  
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Figure 3.19 Release of sEng into culture medium by JAR cells following 
exposure (0-72 hrs) to 11mM glucose (‘normal’ glucose control), mannitol 
(osmotic control) vs. 30mM glucose (high glucose) (0-72 hrs).  
(a) sEng concentrations remained similar between 11mM glucose and 30mM 
glucose (0-72hrs) (b) When corrected for cell viability, sEng concentrations 
remained similar between 11mM glucose and 30mM glucose (0-72 hrs). Data 
presented as mean ± SEM, n=3.  
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3.4.5 Exposure of trophoblast to a high glucose pre-treatment followed by 

HOG-LDL treatment  

Despite high glucose alone having no effect on HTR8/SVneo cell viability, its 

effects in combination with HOG-LDL was considered of interest. HTR8/SVneo 

cells were pre-treated for 72 hrs in high glucose (30mM) before HOG vs. N-LDL 

(50 µg/ml) treatment. As shown in Figure 3.20, HOG-LDL (50 µg/ml) treatment 

alone decreased cell viability compared to N-LDL and control, however, high 

glucose (30mM) pre-treatment followed by treatment with HOG-LDL (50 µg/ml) 

caused a greater decrease in cell viability compared to untreated control and N-

LDL. Similar to the previous results reported in Chapter 3.4.4, high glucose 

(30mM) pre-treatment alone, and in combination with N-LDL or HOG-LDL 

significantly decreased JAR cell viability (Figure 3.21).  
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Figure 3.20 HTR8/SVneo cell viability following pre-treatment (72hrs) with 
11mM vs. 30mM glucose, and treatment (24 hrs) with N-LDL vs. HOG-LDL 
(50µg/ml).  
Cell viability decreased with HOG-LDL (50 µg/ml) treatment alone and decreased 
further with pre-treatment in high glucose (30mM) for 72 hrs. Cell viability was 
measured as % of untreated control (11mM glucose). Data presented as mean ± 
SEM, n=3. *p<0.05, **p<0.01 vs. untreated control (equivalent glucose); ‡‡ 
p<0.01 vs. N-LDL (equivalent glucose). 

Figure 3.21 JAR cell viability following pre-treatment (72hrs) with 11mM vs. 
30mM glucose, and treatment (24 hrs) with N-LDL vs. HOG-LDL (50 µg/ml). 
High glucose pre-treatment conditions decreased JAR cell viability vs. 11mM 
glucose pre-treatment (untreated control and N-LDL) and there was a similar 
trend with HOG-LDL. Data presented as mean ± SEM, n=5 *p<0.05 vs. untreated 
control (equivalent glucose); **p<0.01 vs. N-LDL (equivalent glucose). 
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As before, HOG-LDL (50 µg/ml) treatment alone caused increased sFlt-1 release 

from HTR8/SVneo cells (Figure 3.22a). When corrected for cell viability, high 

glucose (30mM) pre-treatment followed by the addition of HOG-LDL (50 µg/ml), 

further increased sFlt-1 levels, but the addition of N-LDL (50 µg/ml) had no effect 

(Figure 3.22b). HOG-LDL (50 µg/ml) treatment alone tended to increase sFlt-1-

i13 and sFlt-1-e15a mRNA expression (Figure 3.22c, Figure 3.22d respectively), 

similar to results from earlier experiments (Figure 3.7a, Figure 3.7b respectively). 

High glucose pre-treatment and the addition of HOG-LDL (50 µg/ml), did not 

significantly increase sFlt-1-i13 and sFlt-1-e15a mRNA expression compared to 

HOG-LDL (50 µg/ml) treatment alone, however, there was an upward trend in 

expression. High glucose treatment alone and in combination with N-LDL had no 

effect on sFlt-1-i13 and sFlt-1-e15a mRNA expression (Figure 3.22c, Figure 3.22d 

respectively). 

Similar to the results for sFlt-1, when corrected for cell viability, high glucose 

(30mM) pre-treatment (72 hrs) followed by HOG-LDL (50 µg/ml) treatment (24 

hrs) caused increased sEng release into HTR8/SVneo cell supernatant. High 

glucose pre-treatment followed by N-LDL (50 µg/ml) treatment did not increase 

sEng levels (Figure 3.23a, Figure 3.23b). Similar to previous experiments (Figure 

3.10), endoglin and MMP-14 mRNA relative expression showed an upward trend 

(not significant), following HOG-LDL (50 µg/ml) treatment compared to N-LDL and 

control. High glucose pre-treatment had no effect on endoglin and MMP-14 mRNA 

expression (Figure 3.23c, Figure 3.23d respectively).  

In JAR cells exposed to high glucose pre-treatment followed by addition of HOG-

LDL (50 µg/ml), sEng levels were similar to HOG-LDL (50 µg/ml) treatment alone 

(Figure 3.24). As shown previously (Figure 3.19), high glucose treatment alone or 

in combination with N-LDL (50 µg/ml) had no effect on sEng release from JAR 

cells (Figure 3.24). 
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Figure 3.22 Release of sFlt-1 into culture medium by HTR8/SVneo cells following pre-treatment (72 hrs) with 11mM 
vs. 30mM glucose, and treatment (24 hrs) with N-LDL vs. HOG-LDL (50 µg/ml).  
sFlt-1 levels were increased following HOG-LDL treatment (11mM glucose) vs. untreated control and N-LDL. sFlt-1 levels remained similar in 11mM 
vs. 30mM glucose conditions (b) When corrected for cell viability, sFlt-1 levels were increased following HOG-LDL (11mM glucose) and this effect 
was amplified by high glucose (30mM) (c) sFlt-1-i13 mRNA expression appeared to increase with HOG-LDL (11mM glucose) vs. untreated control 
and N-LDL, however, did not further increase in high glucose (30mM) (d) There was a trend towards increased sFlt-1-e15a mRNA expression 
following HOG-LDL treatment (11mM glucose) vs. untreated control and N-LDL. There was a trend towards an amplified effect in the presence of 
high glucose (30mM). Data presented as mean ± SEM, n=3-4. * p<0.05, ** p<0.01. 
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Figure 3.23 Release of sEng into culture medium by HTR8/SVneo cells following pre-treatment (72 hrs) with 11mM 
vs. 30mM glucose, and treatment (24 hrs) with N-LDL vs. HOG-LDL (50 µg/ml).  
(a) sEng levels increased following HOG-LDL (11mM glucose) vs. untreated control and N-LDL. sEng levels remained similar in 11mM glucose and 
30mM glucose conditions (b) When corrected for cell viability, sEng levels increased following HOG-LDL (11mM glucose). High glucose (30mM) 
amplified the effect.  (c) There was a trend towards increased endoglin mRNA expression with HOG-LDL (11mM glucose) vs. untreated control and 
N-LDL, however, in the presence of high glucose (30mM), endoglin mRNA expression remained similar to untreated control and N-LDL (d) MMP-14 
mRNA expression increased following HOG-LDL treatment (11mM glucose) vs. untreated control and N-LDL, however, remained similar to untreated 
control and N-LDL in the presence of high glucose (30mM). Data presented as mean ± SEM, n=3-4. *p<0.05. 
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Figure 3.24 Release of sEng into culture medium by JAR cells following 
pre-treatment (72hrs) with 11mM vs. 30mM glucose, and treatment (24 
hrs) with N-LDL vs. HOG-LDL (50 µg/ml).  
(a) There was a trend towards increased sEng release following HOG-LDL 
treatment and 11mM glucose pre-treatment vs. N-LDL and untreated control. 
sEng levels were not amplified by high glucose (30mM) (b) When corrected 
for cell viability, there was a trend towards increased sEng levels following 
HOG-LDL treatment, however, high glucose (30mM) did not amplify the effect. 
Data presented as mean ± SEM, n=3.  
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In summary, the trophoblast cell lines HTR8/SVneo and JAR were found to be 

suitable for studying pre-eclampsia under diabetic conditions, due to their 

ability to release anti-angiogenic factors, sFlt-1 and sEng. In the presence of 

HOG-LDL, HTR8/SVneo and JAR cell viability decreased at the highest 

concentrations. Anti-angiogenic factors sFlt-1 and sEng were increased 

following HOG-LDL treatment. 4-HNE, a known component of modified LDL in 

vivo, did not replicate the effects observed with HOG-LDL in trophoblast cells. 

High glucose alone had little effect on sFlt-1 and sEng release, however, a 

high glucose pre-treatment amplified the effect of HOG-LDL when corrected 

for cell viability in HTR8/SVneo cells.  
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 Discussion  

The aim of the work in this chapter was to determine the effects of modified 

lipoproteins and/or high glucose on anti-angiogenic factor release into media 

by trophoblast cell lines. sFlt-1 and sEng are the most widely studied soluble 

factors in pre-eclampsia research to date. These two anti-angiogenic factors 

were first identified by Levine et al. [145, 159], however, how they contribute 

to the development of pre-eclampsia is not well understood. sFlt-1 and sEng 

are both anti-angiogenic factors, however, they are known to be released by 

different mechanisms; sFlt-1 is the result of alternative splicing of Flt-1 mRNA. 

sFlt-1 comprises the extracellular ligand-binding domain of Flt-1, thus lacking 

the transmembrane and intracellular domains and is a secreted protein [144]. 

sEng is formed by proteolytic cleavage of endoglin; MMP-14 is the protease 

responsible for cleavage of endoglin close to the transmembrane domain 

resulting in the extracellular domain being released into the maternal 

circulation [155, 156]. 

Four human placental cell lines, HTR8/SVneo, JAR, BeWo, and JEG-3 were 

initially selected to investigate the effect of diabetes on the two anti-angiogenic 

factors, whose release is known to be increased from placental trophoblast in 

pre-eclampsia. The main advantage of studying immortalised over primary 

trophoblast cultures is that the immortalised cell lines can be cultured for many 

passages [118].  HTR8/SVneo and BeWo cells were found to release 

detectable amounts of both sFlt-1 and sEng under normal culture conditions. 

HTR8/SVneo, a virally transfected first trimester extravillous trophoblast cell 

line, allowed us to study early pregnancy trophoblast responses to diabetic 

stimuli. JAR, derived from choriocarcinoma and representative of early 

placental trophoblasts, released detectable sEng, but sFlt-1 was undetectable. 

Kaitu’u-Lino and colleagues [170] previously reported on the production of sFlt-

1 and sEng in these four trophoblast cell lines. Contrary to our findings, while 

HTR8/SVneo cells produced sFlt-1, sEng was not detected; whilst JAR, BeWo 

and JEG-3 produced sEng but not sFlt-1. They did not report actual sFlt-1 and 

sEng levels in conditioned media. The reason for the discrepancies between 

studies is unknown, however, it could be due to different culture conditions, 
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including cell passage number. These four immortalised trophoblast cell lines 

have been shown previously to maintain many of the morphological features 

of placental trophoblast [118, 120], however they are unlikely to be completely 

representative of normal physiology. It has recently been reported that the 

virally transfected cell line, HTR8/SVneo, contains two populations of cells, 

trophoblast and stromal/mesenchymal cells [171]. JAR, BeWo and JEG-3 cells 

are derived from choriocarcinoma, therefore may display proliferative features 

characteristic of tumor cells.  Since JEG-3 released less sEng than JAR, and 

no sFlt-1, further study was limited to HTR8/SVneo, JAR and BeWo cells.  

The causes of pre-eclampsia are still not well understood. Over recent years, 

the role of hypoxia has been a subject of debate: the cause-and-effect 

relationship between placental and maternal systemic hypoxia remains 

unclear. Oxidative stress has been proposed as the primary placental problem 

rather than hypoxia, mediated by reactive oxygen species (ROS), resulting in 

elevated sFlt-1 and sEng, potentially through nuclear factor kappa-light-chain-

enhancer of activated B cells (NF-kẞ), in turn leading to pre-eclampsia [172]. 

Previous work in our group reported that exposure of BeWo cells to hypoxia 

for 24 hours increased sFlt-1 release, but this response was not observed with 

HTR8/SVneo cells (unpublished). Similarly, Munaut et al. [173] observed no 

change in sFlt-1 expression from HTR8/SVneo cells exposed to hypoxia for up 

to 24 hours. On the other hand, previous studies have demonstrated that 

hypoxia induces sFlt-1 expression in primary trophoblast cells [150, 173, 174]. 

A previous study by Li et al. [174] found increased sFlt-1 production from 

primary trophoblast cells derived from normal pregnancy under hypoxic 

conditions which was positively correlated with production of malondialdehyde 

(MDA), a lipid peroxidation product. A reduced uterine perfusion pressure 

(RUPP) model in pregnant rats induced placental hypoxia and stimulated sFlt-

1 production and caused renal and endothelial dysfunction, features which are 

similar to the maternal syndrome in pre-eclampsia [175]. In high altitude 

pregnancies, the incidence of pre-eclampsia was increased by ~2-4 fold [176–

178], providing further evidence that hypoxia has a contributory role in the 

development of pre-eclampsia. Placentae from high altitude pregnancies have 

similar characteristics to that observed in pre-eclampsia: reduced spiral artery 
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remodelling, reduced trophoblast invasion, increased proliferation of 

cytotrophoblasts and decreased perfusion [179, 180].  

The focus of this thesis was to examine the role of modified lipoproteins in pre-

eclampsia, with specific focus on pregnancies complicated by diabetes. This 

was the first study to demonstrate that modified lipoproteins enhance sFlt-1 

and sEng release from trophoblast cells. Accumulation of modified lipoproteins 

within vascular tissues indicates increased oxidative stress. Oxidative stress 

is known to be present in pre-eclampsia, therefore the hypothesis in the current 

study was that modified lipoproteins become extravasated within the placental 

tissue in pre-eclampsia, likely due to placental barrier dysfunction, and cause 

sFlt-1 and sEng release from trophoblast cells.  

Selection of appropriate concentrations of N-LDL and HOG-LDL for treatment 

in our initial in vitro trophoblast experiments were based on previous work 

using both trophoblast [181] and non-trophoblast cells [88, 91, 93, 94, 169, 

182, 183], as well as our own trophoblast cell viability assays. Previous studies 

by our research group, which investigated the effects of HOG-LDL on a range 

of retinal cell types, including Müller [94, 169], retinal pigment epithelial (RPE) 

[93], human retinal capillary pericyte cells [88, 91, 182, 183], used a range of 

concentrations from 2.5 µg protein/ml up to 300 µg protein/ml. Few studies 

have been carried out involving exposure of trophoblast cells to modified 

lipoproteins. One study by Pavan et al. [181] used concentrations up to 50 µg 

protein/ml Ox-LDL on primary trophoblast cells. In our HTR8/SVneo cell 

viability experiments, we used a concentration range of 10 µg protein/ml to 200 

µg protein/ml of N-LDL vs. HOG-LDL. We found that HOG-LDL (100-200 µg 

protein/ml) decreased trophoblast cell viability in SFM. The concentrations of 

LDL used in this study were conservative estimates of those present in vivo. A 

concentration of 200 µg protein/ml is approximately 25% of typical plasma 

levels. Intra-plaque concentrations of Ox-LDL and ApoB in atherosclerosis are 

approximately 70- and 2-fold higher than plasma levels [184].  

Based on previous studies by our laboratory, in diabetes, plasma LDL 

undergoes increased glycation making them more susceptible to oxidation 

[185]. Importantly, lipoproteins are well-protected by plasma antioxidants, and 
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thus, even in diabetes, they do not get oxidized in the circulation.  Instead, 

oxidation of lipoproteins primarily occurs after extravasation and sequestration 

in tissues, as a result of vascular leakage which is a feature of diabetes [88, 

93, 182, 186]. Previous work by our laboratory has focused on the damaging 

effects of Ox-LDL in the diabetic retina as a result of extravasation. Wu et al. 

[88] reported the presence of Ox-LDL in the diabetic retina, increasing with the 

severity of diabetic retinopathy. In the non-diabetic retina, Ox-LDL was not 

found. In the same study, HOG-LDL treatment resulted in mitochondrial 

dysfunction and apoptosis in human retinal capillary pericyte cells. These 

findings suggest a role for extravasated and modified LDL in the pathogenesis 

of diabetic retinopathy. 

Ness and Roberts [187] previously hypothesised that women who had a 

history of pre-eclampsia were predisposed to arterial disease, which manifests 

later in life as atherosclerosis or chronic hypertension. Abnormal lipid 

metabolism has been proposed to be implicated in pre-eclampsia [84]. The 

lipid abnormalities cross-sectionally associated with pre-eclampsia include 

high triglycerides [188], but prospectively, we found no association with 

hypertriglyceridaemia, but instead an association with LDL [79] as has been 

observed in atherosclerosis. It is well known that Ox-LDL accumulates within 

the arterial wall in atherosclerosis, promoting endothelial dysfunction [189]. 

Evidence exists that circulating levels of Ox-LDL are elevated in women with 

pre-eclampsia, however, these studies are observational and they do not 

examine tissue levels to identify the source of Ox-LDL [190, 191]. The 

interaction of oxidized lipoproteins within the placental tissue of women with 

diabetes and pre-eclampsia has not been well studied. The hypothesis in this 

study was that a dysfunctional placental barrier in diabetes, causes Ox-LDL to 

accumulate within the placental tissue leading to endothelial dysfunction and 

the onset of pre-eclampsia. Furthermore, acute atherosis of the spiral arteries 

has been observed in women with pre-eclampsia [192].  

The first in-vitro study examining the role of Ox-LDL and its interaction with 

placental trophoblast cells was by Bonet et al. in 1995 [193]. They 

demonstrated that trophoblast cells had high scavenger receptor activity, 
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necessary for removing modified lipoproteins as they pass through the 

intervillous space and meet placental villi. In trophoblast cells scavenger 

receptor activity is increased relative to LDL receptor activity, increasing the 

uptake of Ox-LDL. In pre-eclampsia, ‘leakage’ of modified lipoproteins across 

the placental barrier may enhance cellular uptake of Ox-LDL, causing damage 

to trophoblast cells. Similar to the findings in the current study, that HOG-LDL 

at high concentrations was toxic to trophoblast cells, Bonet et al. [194] reported 

that Ox-LDL was toxic to trophoblasts and macrophages. Consistent with our 

hypothesis, Bonet et al. [194] provided evidence that LDL oxidation could be 

damaging to the placenta and may have a causal role in pre-eclampsia, but 

their study was limited to measures of cell viability.  Pavan et al. [181] 

demonstrated that Ox-LDL (50 µg protein/ml), but not N-LDL, inhibited 

invasiveness of primary extravillous trophoblasts. The authors predicted that 

Ox-LDL might impair trophoblast invasion during early stages of placental 

development, perhaps by activation of peroxisome proliferator-activated 

receptor (PPAR)-ɣ and the LXR pathway.  

Limited studies have examined the presence of modified lipoproteins within 

placental tissue of women with pre-eclampsia. Açikgöz et al. [195] found that 

Ox-LDL levels in pre-eclamptic placentae were similar to healthy controls. 

Pecks et al. [196] demonstrated increased accumulation of Ox-LDL within 

placentae of early onset intrauterine growth restriction (IUGR) pregnancies 

compared to pre-term control placentae. The authors speculated that 

accumulation of Ox-LDL and its cholesterol content within the placenta caused 

inhibition of the liver X receptor (LXR), resulting in reduced activation of ATP-

binding cassette (ABC) transporters, thus reduced cholesterol supply to the 

foetus which contributed to IUGR. We hypothesise a different mechanism by 

which accumulation of modified lipoproteins within the placental tissue may 

contribute to pre-eclampsia, however, Ox-LDL receptor activity may be 

involved.    

When considering the role of Ox-LDL within the placenta, it is important to 

appreciate that Ox-LDL is not a unique entity. A wide range of modified 

molecules form when LDL becomes oxidized. Oxysterols, a major group of 
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components in modified LDL, have previously been shown to inhibit 

syncytialisation of term placental cytotrophoblast [197], thus inhibiting 

placental development. Henry-Berger et al. [198] provided evidence that JAR 

cell treatment with two oxysterols, 22R-hydroxycholesterol and 25-

hydroxycholesterol, increased membrane endoglin expression through 

activation of the LXR pathway. LXR expression is known to be elevated in pre-

eclamptic placentae [199] and evidence exists that trophoblast invasion, which 

is impaired in pre-eclampsia, is inhibited by the activation of the LXR pathway 

[200]; thus oxysterols could play a causative role in pre-eclampsia. Oxysterols 

have been shown to increase sEng release from trophoblast cells [199, 201] 

likely due to increased expression of MMP-14 (the cleavage protease 

responsible for endoglin shedding). In the current study, we provide evidence 

that MMP-14 is involved in the release of sEng from trophoblast cells in 

response to HOG-LDL. One paper reported a modest increase in sEng 

following exposure of both placental explants and human umbilical vein 

endothelial cells (HUVEC), however, the authors concluded that it was likely 

that oxysterols have only a modest contribution to the increases in sEng 

observed in pre-eclampsia [199]. It is possible that multiple components of 

modified LDL contribute to the associated angiogenic/anti-angiogenic 

imbalance. 

4-HNE, an aldehyde product of lipid peroxidation, has previously been used in 

our retinal work as a “surrogate” for HOG-LDL [93, 94, 169]. One advantage 

of using 4-HNE as a surrogate is that unlike HOG-LDL, 4-HNE is commercially 

available, thus it should be less variable than HOG-LDL prepared in the 

laboratory. Despite 4-HNE replicating many effects of HOG-LDL in previous 

studies involving various retinal cell types [93, 94, 169], it did not replicate the 

effects observed with HOG-LDL treatment in trophoblast cells. 4-HNE is one 

of many components thought to be present in modified LDL. It is unlikely that 

4-HNE is solely responsible for the detrimental effects of modified LDL in every 

type of cell and in every different tissue; instead, multiple components of 

modified LDL are likely to work synergistically.  
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Advanced glycation end products (AGEs) are formed when lipids or proteins 

become glycated following exposure to reducing sugars, and then oxidized. In 

the current study we found that HTR8/SVneo cells exposed to AGE product-

containing HOG-LDL increased sFlt-1 and sEng levels in cell supernatant.  

Huang et al. [202, 203] similarly found that HTR8/SVneo cells exposed to 

AGEs and advanced oxidation protein products (AOPPs) increased sFlt-1 

expression, potentially through the RAGE/ NADPH oxidase-dependant 

pathway. The presence of AGE-modified LDL has been reported to be 

elevated in plasma of patients with diabetes compared to non-diabetic controls 

[204]. In a recent study by Li and Yang [205], plasma levels of AGEs in the 

second and third trimester were significantly increased in women with 

gestational diabetes compared to normoglycaemic women [205]. In the 

MAMPED cohort [206] there was no significant difference in serum levels of 

two AGE species (Nᵋ-(carboxymethyl)lysine (CML)) and hydroimidazolone) 

between the first and third trimester in non-diabetic vs. women with type 1 

diabetes. This cohort of type 1 diabetic women had well controlled glucose 

levels, whereas, AGE levels positively correlated with oral glucose tolerance 

test (OGTT) results in the study by Li and Yang [205]. In the MAMPED cohort, 

AGE levels were not significantly increased in women with type 1 diabetes who 

subsequently developed pre-eclampsia compared to those who did not, 

whereas, Chekir et al. [207] found that pre-eclamptic women had increased 

serum levels of AGEs compared to healthy pregnant and non-pregnant 

controls. Based on the current evidence, the role of AGEs in diabetic 

pregnancy and in pre-eclampsia is not well understood. The current study is 

the first to report increased sFlt-1 and sEng expression and release from 

HTR8/SVneo cells in response to modified lipoproteins. High glucose 

exposure was found to amplify the effects. The findings may explain, in part 

the increased risk of pre-eclampsia in women with diabetes.  

The selection of glucose concentrations used in this model was based on other 

in-vitro models investigating the response of trophoblast cells to high glucose. 

It is important to appreciate that in-vitro cell culture experiments are routinely 

carried out under high glucose conditions: the basal D-glucose content of 

RPMI media is 2 g/l, which equates to 11mM glucose, and for DMEM/F12 
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media, the D-glucose content is 3.15 g/l, which equates to 17.5mM. For 

HTR8/SVneo, JAR and BeWo cells, 11, 11 and 17.5mM glucose respectively 

were selected as the ‘basal’ condition. In the current study, sudden exposure 

to 5mM glucose medium (normal value for human plasma) for the purpose of 

glucose experiments was rejected; instead we modelled effects of 

hyperglycaemia by further increasing glucose concentrations. We 

hypothesised that trophoblast cell lines would likely suffer effects of glucose 

deprivation if physiological levels of 5-7mM glucose were used as the 

‘normoglycaemic’ condition. For HTR8/SVneo and JAR cells, 30mM glucose 

(11mM D-glucose in culture medium and an additional 19mM D-glucose) was 

chosen as the high glucose condition. For BeWo cells, 35mM glucose 

(17.5mM D-glucose in culture medium and an additional 17.5mM) was chosen 

as the high glucose condition. In other studies involving trophoblast cells, 

similar or higher glucose concentrations have been used as the 

“hyperglycaemic” condition [208, 209]. In the current study, corresponding 

concentrations of mannitol were used to control for osmolarity. 

High glucose treatment (continuous or fluctuating) has previously been shown 

to increase membrane endoglin expression and sEng release from HUVECs 

[210], postulating a potential link between hyperglycaemia and increased sEng 

in diabetes. Oxidative stress was considered the primary mediator of the 

damage to endothelial cells [210]. Valbuena-Diez et al. [201] hypothesised 

increased ROS contributed to increased sEng levels through the generation of 

oxysterols. The MAMPED study provided further evidence for a link between 

hyperglycaemia and sEng in diabetes; third trimester sEng levels were 

elevated in all type 1 diabetic pregnancies, regardless of pre-eclampsia status 

[161]. In the current study, high glucose treatment alone did not cause any 

significant effects on sFlt-1 or sEng release from trophoblast cell lines. In 

contrast, other studies found that high glucose treatment in the first trimester-

derived extravillous trophoblast cell line, Sw.71. increased sFlt-1 and sEng 

release [209, 211] and decreased cell migration [209]. Cawyer et al. [211] 

reported increased release of sFlt-1 and sEng from Sw.71. cells in response 

to high glucose, however, the effect was not concentration-dependent. The 

‘normal’ glucose condition (2.5mM) was low compared to control conditions 
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reported in other studies (~5mM) [208, 209], however, the authors did not 

report cell viability, an important factor considering most cell cultures are 

performed under high glucose conditions. Inadera et al. [212] cultured BeWo 

cells in 5mM glucose rather than the ‘basal’ glucose environment (17.5mM) 

and found the cells became detached from the culture dish. A previous study 

found that HTR8/SVneo cell viability increased following exposure to high 

glucose (25mM) conditions compared to ‘normal’ glucose (5.5mM) conditions 

[213]. In the current study, HTR8/SVneo cell viability remained similar in high 

glucose (30mM) and ‘normal’ glucose (11mM) conditions, whereas, JAR cell 

viability decreased following 72 hour treatment with high glucose (30mM) 

compared to ‘normal’ glucose (11mM) conditions. It is not uncommon for cell 

lines to respond differently to the same stimuli considering their different 

sources: HTR8/SVneo, a virally transfected cell line was derived from first 

trimester abortion [128], whereas, JAR was derived from choriocarcinoma 

[127]. A previous study [214] investigated the effect of fluctuating glucose 

compared to continuous high glucose on trophoblast (BeWo) cell apoptosis; 

fluctuating glucose levels were more toxic than continuous high glucose. 

Weiss et al. [215] reported that 24 hour exposure of trophoblast cells to high 

glucose (25mM) compared to normal glucose (5.5mM) reduced cell number, 

however, the effect did not persist at 48 hours. Consistent with these findings, 

in the current study, continuous high glucose had no effect on HTR8/SVneo 

cell viability. Trophoblast cells may be able to adapt their response to a 

continuous high glucose environment, however, fluctuating glucose levels may 

inhibit their growth. Normal maternal glucose levels are ~5mM, however, 

glucose levels within the intervillous space of the placenta during the first 

trimester are considered to be much lower [216]. Belkacemi et al. [217] 

revealed a reduced invasive capacity of trophoblast (HTR8/SVneo) cells 

following 24 hour exposure to 5-10mM compared to 0.2-2.5mM glucose levels. 

In diabetic pregnancies it is hypothesised that hyperglycaemia and/or 

fluctuating glucose levels, especially in the first trimester, contribute to poor 

placental development. A normal glucose environment in first trimester 

placentae may be important for adequate trophoblast invasion.  
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In conclusion, if extrapolated to the placenta in vivo, our data suggest that 

hyperglycaemia alone may not be sufficient to cause an anti-angiogenic 

environment, but it may amplify the effects of other diabetes-associated 

stressors. One such stressor may be the presence of modified lipoproteins in 

the vicinity of the trophoblast. 
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 Introduction  

Women with diabetes have an increased risk of pre-eclampsia compared to 

the general population; we therefore postulate that pre-eclampsia is a vascular 

complication of diabetes. Previous work, by our group and others [88–90], has 

emphasised a role for barrier dysfunction in the complications of diabetes. 

Breakdown of the blood retinal barrier is an early feature of diabetic 

retinopathy. We proposed the blood retinal barrier becomes compromised as 

an early event, before the onset of clinical diabetic retinopathy. Metabolic 

stresses such as high and fluctuating glucose concentrations, free fatty acids, 

oxidative stress and osmotic stress may contribute to barrier breakdown 

allowing plasma constituents, including lipoproteins to flow freely into the 

retinal compartment: there they become extravasated and are modified by 

oxidation and glycation.  

 Hypothesis  

In pregnancies complicated by diabetes, the placental barrier may similarly be 

compromised, predisposing women with diabetes to pre-eclampsia. We 

hypothesise, as a result of barrier dysfunction, maternal blood constituents, 

including LDL, which normally do not cross the placental barrier, may “leak” 

across and become extravasated within the placental tissue, and/or come in 

contact with the foetal circulation. LDL may become modified and toxic towards 

the trophoblast, contributing to further placental barrier dysfunction.  

  Aim  

The aim of this chapter is to assess trophoblast barrier function following 

exposure of trophoblast cells, cultured on polycarbonate semi-permeable 

membrane inserts, to modified lipoproteins and/or high glucose and 

distinguishing apical and basal effects.   
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 Results  

4.4.1 A pilot study: effects of modified lipoproteins in a retinal pigment 

epithelial barrier model 

Retinal pigment epithelial (RPE)-19 cells have previously been reported to 

form confluent monolayers when cultured on Transwell inserts for 18-21 days 

[218–220]. In the current study, RPE-19 cells were used as a positive control 

for experiments involving trophoblast cells.  In a previous study by Fu et al. 

(manuscript submitted), RPE-19 cells were cultured on semi-permeable 

membranes in Transwell plates and transepithelial electrical resistance 

(TEER) was recorded every other day until it reached a plateau, indicating 

formation of a confluent cell monolayer. In the present work, as shown in 

Figure 4.1, TEER reached a plateau 10 days after initial seeding, reaching 23 

± 1.8 Ω/cm2. Upon achieving steady and consistent TEER, RPE-19 cells were 

exposed to SFM for 18 hrs, then treated with N vs. HOG-LDL to the top 

chamber (200 µg/ml, 24 hrs).  TEER decreased following exposure of cell 

monolayers to HOG-LDL (200 µg/ml, 6 hrs) compared to both N-LDL and 

untreated control.  This significance did not persist at 12-24 hrs (Figure 4.2). 

Treatment with EDTA (2.5mM) as a positive control, intended to guarantee 

barrier breakdown, decreased TEER, an effect likely caused by chelation of 

extracellular free calcium and disruption of intercellular junctions [221]. N-LDL 

(200 µg/ml) had no effect on TEER.  This confirmed compromise of the RPE 

barrier: staining of zonula occludens-1 (ZO-1) proteins in RPE cells was 

disrupted by HOG-LDL (200 µg/ml, 24 hrs) compared to N-LDL (200 µg/ml) or 

to untreated control (Figure 4.3).  
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Figure 4.1 Trans-epithelial electrical resistance (TEER) in a RPE-19 cell 
barrier model.  
TEER responses are shown over the initial 12 day culture period. Mean ± SEM, 
n=6. 
 

 

 

 

 

 

Figure 4.2 Transepithelial electrical resistance (TEER) in a RPE-19 cell 
barrier model, with lipoprotein added to the top chamber.  
TEER responses are shown following treatment (0-24 hrs) with N-LDL vs. 
HOG-LDL (200µg/ml), with EDTA (2.5mM) as a positive control. Data 
presented as % of 0 hr control. Mean ± SEM, n=4.  
*p<0.05 Control vs. HOG-LDL, ‡ p<0.05 N-LDL vs. HOG-LDL



 

 
 

1
0

8
 

C
h

a
p

te
r 4 

Figure 4.3  ZO-1 staining (red) in RPE-19 cells following N-LDL vs. HOG-LDL (200 µg/ml) treatment.    
HOG-LDL induced RPE barrier breakdown. Magnification 40x. 
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To assess whether tight junction integrity was associated with increased cell 

permeability, the apical-to-basolateral leakage of FITC-dextran (10 kDa) was 

evaluated after treatment (24 hrs) with N-LDL vs. HOG-LDL (200 µg/ml), and 

with EDTA (2.5mM) as a positive control. Interestingly, FITC-dextran leakage 

across the cell monolayer remained similar to control following treatment with 

either lipoprotein or EDTA (Figure 4.4). Semi-permeable membranes with 

larger pore sizes (3 µm) were tested, with the same result (Supplementary 

Figure 1, Appendix VI). Experiments were also carried out using dextrans with 

different molecular weights (4 and 40 kDa), again with the same result (results 

not shown).  

 

 

 

 

 

 

 

 

 

Figure 4.4 FITC-dextran (1 mg/ml, 10 kDa) leakage across the RPE-19 cell 
monolayer, with lipoprotein added to the top chamber.  
FITC-dextran leakage following N-LDL vs. HOG-LDL (200 µg/ml, 24 hrs),and 
with EDTA (2.5 mM) as a positive control. Data presented as µg/ml FITC-
dextran measured in the bottom chamber (FITC-dextran added to top 
chamber). Mean ± SEM, n=3-4. 
 

TUNEL immunostaining is shown for RPE cells following N-LDL vs. HOG-LDL 

treatment (200 µg/ml, 24 hrs) to the top chamber (apical side of cells) (Figure 

4.5). Interestingly, there was no difference in the number of TUNEL-positive 

cells following treatment with HOG- vs. N-LDL or vs. untreated control. Thus 
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the decreased TEER observed (Figure 4.2) with HOG-LDL treatment was 

likely independent of apoptosis.  

4.4.2 Characterization of trophoblast cell barrier model  

To assess the integrity of JAR, BeWo and HTR8/SVneo cell barriers, cells 

were cultured on semi-permeable membranes in Transwell plates under 

different culture conditions as recommended in other studies [222, 223]. TEER 

was recorded every other day until it reached a plateau, assessing culture 

conditions in order to optimize barrier integrity. As shown in Figure 4.6, JAR 

cells showed barrier formation with TEER reaching 32.5 Ω/cm2 at day 14 post-

seeding. BeWo cells exhibited the highest TEER with 116.5 Ω/cm2 at day 10 

post-seeding. HTR8/SVneo cells did not form a confluent monolayer after 10 

days in culture. Based on the results shown in Figure 4.6, JAR and BeWo cells 

were therefore selected in this study to investigate the effects of modified 

lipoproteins on cell barrier integrity. Collagen coating of Transwell inserts 

and/or the addition of epidermal growth factor (EGF) to culture media did not 

enhance TEER in either cell type. JAR and BeWo cells exhibited the highest 

TEER when cultured in standard culture mediums (RPMI and DMEM/F12 

respectively in the presence of 10% FCS).
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Figure 4.5 TUNEL staining of RPE-19 cells following N-LDL vs. HOG-LDL (200µg/ml) treatment.  
Magnification  20x.
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Figure 4.6 Transepithelial electrical resistance (TEER) of trophoblast cells under different culture conditions. 
(a) In JAR cells, the optimum culture conditions for formation of an intact barrier were uncoated Transwell inserts in RPMI medium (10% FCS). 
(b) In BeWo cells, the optimum culture conditions were uncoated Transwell inserts in DMEM-F12 medium (10% FCS). (c) HTR8/SVneo cells 
failed to form an intact monolayer: TEER failed to increase even after 10 days in culture (n=1). EGF; Epidermal growth factor. 

b 

c HTR8/SVneo 

a 
JAR BeWo 
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4.4.3 Effects of modified lipoproteins and/or high glucose in a 

trophoblast barrier model 

As shown in Figure 4.7a, TEER in JAR cells reached a plateau at day 12 post-

seeding (26.3 ± 1.9 Ω/cm2). In BeWo cells, TEER peaked at day 14 post-

seeding (59.1 ± 7.3 Ω/cm2), and subsequently decreased at day 16 post-

seeding (Figure 4.7b). On day 12 and day 14 respectively, JAR and BeWo 

cells were exposed to 1% FCS in fresh culture medium for 18 hrs, followed by 

addition of N- vs. HOG-LDL (200 µg/ml, 24 hrs) to either the top or bottom 

chamber, mimicking exposure of the trophoblast to lipoproteins from either the 

maternal (apical) or foetal (basal) side. The effects of high glucose (30mM) 

were also investigated.  TEER at 6, 12, and 24 hrs after treatment to either the 

top or bottom chamber are shown (Figure 4.8, Figure 4.9 respectively). TEER 

of JAR and BeWo cells was also presented in tabular form to make 

comparisons between lipoproteins added to either the top or bottom chamber 

(Table 4-1, Table 4-2).  
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Figure 4.7 Trans-epithelial electrical resistance (TEER) in trophoblast cell 
barrier models.  
TEER over the initial 12-14 day culture period in (a) JAR (n=13) and (b) BeWo 
cells (n=7). Data presented as mean ± SEM. 

  
When added to the top chamber, mimicking exposure on the maternal side of 

the trophoblast, HOG-LDL (200 µg/ml, 6, 12, 24 hrs) decreased TEER in JAR 

cells (Figure 4.8a) (to 82.5 ± 6.3%, 24 hrs) vs. untreated control (to 105.3 ± 

4.4%, 24 hrs), whilst in BeWo cells, the effect was only significant at 24 hrs 

(Figure 4.8b).  As expected, there was a greater reduction in TEER following 

exposure to EDTA (2.5 mM) (Figure 4.8c, Figure 4.8d). N-LDL had no effect 

on TEER in either cell type. When added to the bottom chamber, mimicking 

exposure on the foetal side of the trophoblast, HOG-LDL and N-LDL (200 

b 

a 
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µg/ml) decreased TEER in JAR cells (to 65.0 ± 5.2% (HOG-LDL), to 86.4 ± 

5.7% (N-LDL), 24 hrs) vs. untreated control (to 105.3 ± 4.4%, 24 hrs) (Figure 

4.9a, Table 4-1). In BeWo cells, HOG-LDL (200µg/ml) added to the bottom 

chamber caused a decrease in TEER (Figure 4.9b, Table 4-2), however, unlike 

in JAR cells, N-LDL treatment vs. untreated control did not cause a decrease 

in TEER. Again, as expected, a greater reduction in TEER followed exposure 

to EDTA (2.5mM) (Figure 4.9c, Figure 4.9d). In JAR and BeWo cells, high 

glucose alone did not elicit significant effects, nor did it amplify the effect of 

HOG-LDL. In both JAR and BeWo cells, HOG-LDL added to the bottom 

chamber decreased TEER to a greater extent than HOG-LDL added to the top 

chamber (Table 4-1, Table 4-2). In BeWo cells, TEER decreased even under 

control conditions. This effect was likely because BeWo cells were unable to 

survive for long periods under reduced serum conditions.  
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Figure 4.8 Transepithelial electrical resistance (TEER) in trophoblast cell barrier models, with lipoprotein added to the top 
chamber (apical side of the trophoblast).  
TEER following treatment (0-24 hrs) with N-LDL vs. HOG-LDL, with/without high glucose (JAR, 11mM vs. 30mM; BeWo, 17.5mM vs. 35mM) in (a) JAR and (b) 
BeWo and following treatment with EDTA (2.5mM) as a positive control in (c) JAR and (d) BeWo. Data presented as % of 0 hr control (Mean ± SEM, n=6-11). 
(a),(b) *p<0.05, **p<0.01 Control vs. HOG-LDL (normal glucose), ‡ p<0.05, ‡‡ p<0.01 N-LDL vs. HOG-LDL (normal glucose), (c),(d) **p<0.01 Control vs. EDTA. 
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Figure 4.9 Transepithelial electrical resistance (TEER) in trophoblast cell barrier models, with lipoprotein added to the 
bottom chamber (basolateral side of the trophoblast).  
TEER responses are shown following treatment (0-24 hrs) with N-LDL vs. HOG-LDL, with/without high glucose (JAR, 11mM vs. 30mM; BeWo, 17.5mM vs. 
35mM) in (a) JAR and (b) BeWo and following treatment with EDTA (2.5mM) as a positive control in (c) JAR and (d) BeWo. Data presented as % of 0 hr control 
(Mean ± SEM, n=6-11). (a),(b) * p<0.05, **p<0.01, ***p<0.001 Control vs. HOG-LDL (normal glucose), ‡ p<0.05, ‡‡ p<0.01 N-LDL vs. HOG-LDL (normal 
glucose), § p<0.05, §§ p<0.001 Control vs. N-LDL (normal glucose), ˜ p<0.05, ˜˜˜ p<0.001 Control vs. HOG-LDL (high glucose), † p<0.05, †† p<0.01 N-LDL vs. 
HOG-LDL (high glucose),  ^ p<0.05, ^^ p<0.01 Control vs. N-LDL (high glucose). (c),(d) **p<0.01 Control vs. EDTA. 
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Table 4-1 Transepithelial electrical resistance (TEER) in JAR cells with lipoprotein treatment added to the top vs. the 
bottom chamber.   

 

Table 4-2 Transepithelial electrical resistance (TEER) in BeWo cells with lipoprotein treatment added to the top vs. the 
bottom chamber.   

BeWo cells TEER (% of control at 0 hrs) 

Treatment 

 Treatment added to top chamber Treatment added to bottom chamber 

6 hrs 12 hrs 24 hrs 6 hrs 12 hrs 24 hrs 

17.5mM Glucose control 93.3 ± 4.8 88.6 ± 6.0 70.9 ± 4.7 93.3 ± 4.8 88.6 ± 6.0 70.9 ± 4.7 

35mM Glucose control 94.7 ± 7.7 90.2 ± 8.1 68.3 ± 6.3 94.7 ± 7.7 90.2 ± 8.1 68.3 ± 6.3 

17.5mM Glucose, N-LDL (200 µg/ml) 97.1 ± 5.0 94.1 ± 4.8 70.4 ± 2.6 93.1 ± 3.8 87.0 ± 3.8 63.9 ± 3.4 

35mM Glucose, N-LDL (200 µg/ml) 106.7 ± 8.1 99.0 ± 8.6 76.9 ± 8.9 100.4 ± 2.6 98.8 ± 2.2 74.6 ± 6.2 

17.5mM Glucose, HOG-LDL (200 µg/ml) 85.1 ± 6.9 75.6 ± 7.0 54.4 ± 3.8 81.1 ± 6.6 67.9 ± 6.6 47.0 ± 3.0 

35mM Glucose, HOG-LDL (200 µg/ml) 94.2 ± 9.5 84.4 ± 6.9 58.6 ± 3.7 82.3 ± 6.6 70.0 ± 6.5 48.7 ± 5.9 

17.5mM Glucose, EDTA (2.5mM) 27.5 ± 5.6 21.9 ± 6.1 19.2 ± 6.8 65.6 ± 21.7 56.7 ± 17.9 40.4 ± 15.0 

JAR cells TEER (% of control at 0 hrs) 

Treatment 

 Treatment added to top chamber Treatment added to bottom chamber 

6 hrs 12 hrs 24 hrs 6 hrs 12 hrs 24 hrs 

11mM Glucose control 101.9 ± 2.4 99.3 ± 3.1 105.3 ± 4.4 101.9 ± 2.4 99.3 ± 3.1 105.3 ± 4.4 

30mM Glucose control 95.1 ± 2.2 93.4 ± 4.2 92.1 ± 6.9 95.1 ± 2.2 93.4 ± 4.2 92.1 ± 6.9 

11mM Glucose, N-LDL (200 µg/ml) 101.4 ± 2.5 99.1 ± 2.7 101.8 ± 2.5 85.7 ± 3.4 82.0 ± 2.6 86.4 ± 5.7 

30mM Glucose, N-LDL (200 µg/ml) 99.1 ± 4.9 97.7 ± 5.5 104.9 ± 6.5 82.7 ± 4.0 78.3 ± 5.4 72.8 ± 4.1 

11mM Glucose, HOG-LDL (200 µg/ml) 80.1 ± 6.3 77.9 ± 6.2 82.5 ± 6.3 68.2 ± 1.4 66.6 ± 2.8 65.0 ± 5.2 

30mM Glucose, HOG-LDL (200 µg/ml) 89.5 ± 4.4 90.7 ± 4.8 92.5 ± 4.1 68.4 ± 4.1 65.2 ± 5.1 68.1 ± 4.8 

11mM Glucose, EDTA (2.5mM) 54.6 ± 6.9 54.9 ± 7.3 50.5 ± 8.4 56.3 ± 9.3 44.1 ± 8.7 41.9 ± 6.9 
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Staining of the tight junction protein, ZO-1, in JAR and BeWo cells is shown in 

Figure 4.10 and Figure 4.11, respectively. Tight junction staining was limited 

in JAR cells, and there appeared to be no difference between untreated 

control, N-LDL and HOG-LDL treated cells (Figure 4.10). Control and N-LDL 

treated BeWo cells revealed properly formed tight junctions, however, in the 

presence of HOG-LDL, ZO-1 staining appeared to be mildly diminished (Figure 

4.11). To further evaluate barrier integrity, a FITC-dextran leakage assay was 

performed in JAR and BeWo cells following treatment with N-LDL vs. HOG-

LDL (200 µg/ml, 24 hrs). Results are shown for JAR and BeWo with lipoprotein 

added to the top chamber (Figure 4.12) and to the bottom chamber (Figure 

4.13). In both cell types, FITC-dextran leakage was not elevated following 

HOG-LDL treatment on either side of the monolayer. High glucose did not elicit 

any effect on FITC-dextran leakage. There was a trend towards increased 

FITC-dextran leakage following treatment with EDTA in both JAR and BeWo 

cells, however, the effect was not significant in either cell type. This finding was 

unexpected, especially because the decreases observed in TEER following 

HOG-LDL treatment were prominent in both JAR and BeWo cells. The effects 

of larger Transwell pore sizes (3 µm) on TEER and FITC-dextran leakage were 

investigated. TEER levels were unaffected by the pore size, however, FITC-

dextran leakage was increased with the larger pore size (3 vs. 0.4 µm). There 

was no difference in FITC-dextran leakage between untreated control, N-LDL 

and HOG-LDL-treated JAR and BeWo cells cultured on Transwell inserts with 

larger vs. smaller pore sizes (3 vs. 0.4 µm) (Supplementary Figure 2 and 

Figure 3, AppendixVI).
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Figure 4.10 ZO-1 staining (red) of JAR cells following exposure to N-LDL vs. HOG-LDL (200µg/ml).  
Magnification 40x.   
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Figure 4.11 ZO-1 staining (red) of BeWo cells exposed to N-LDL vs. HOG-LDL (200µg/ml).  
Magnification 20x.   
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Figure 4.12 FITC-dextran (1 mg/ml, 10kDa) leakage across the trophoblast cell monolayer, with lipoprotein added to the top 
chamber (apical side of the trophoblast).  
FITC-dextran leakage following N-LDL vs. HOG-LDL (200 µg/ml, 24 hrs), with/without the addition of high glucose (JAR, 11mM vs. 30mM; BeWo, 17.5mM vs. 
35mM) in (a) JAR and (b) BeWo and following treatment with EDTA (2.5mM) as a positive control in (c) JAR and (d) BeWo. Data presented as µg/ml FITC-
dextran measured in the bottom chamber (FITC-dextran added to top chamber). Mean ± SEM, n=3-6. * p<0.05 vs. untreated control.  
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Figure 4.13 FITC-dextran (1 mg/ml, 10kDa) leakage across the trophoblast cell monolayer, with lipoprotein added to the 
bottom chamber (basolateral side of the trophoblast).  
FITC-dextran leakage following N-LDL vs. HOG-LDL (200µg/ml, 24 hrs), with/without the addition of high glucose (JAR, 11mM vs. 30mM; BeWo, 17.5mM vs. 
35mM) in (a) JAR and (b) BeWo and following treatment with EDTA (2.5mM) as a positive control in (c) JAR and (d) BeWo cells. Data presented as µg/ml FITC-
dextran measured in the bottom chamber (FITC-dextran added to top chamber). Mean ± SEM, n=3-6. * p<0.05 vs. control.  
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4.4.4 Effects of modified lipoproteins on apoptosis in a barrier model 

TUNEL immunostaining is shown for JAR and BeWo cells, following N-LDL vs. 

HOG-LDL treatment (200 µg/ml, 24 hrs) to either the top (Figure 4.14, Figure 

4.16) or bottom chamber (Figure 4.15, Figure 4.17). Following HOG-LDL 

treatment to the top chamber vs. N-LDL or untreated control, the number of 

TUNEL-positive JAR cells was increased (Figure 4.14). Interestingly, both 

HOG-LDL and N-LDL added to the bottom chamber increased the number of 

TUNEL-positive cells (Figure 4.15), consistent with the reduction in TEER in 

JAR cells when lipoprotein was added to the bottom vs. the top chamber 

(Figure 4.8, Figure 4.9). In BeWo cells, regardless of whether the lipoprotein 

was added to the top or bottom chamber, there was a high number of TUNEL-

positive cells under all treatment conditions (Figure 4.16, Figure 4.17). This 

finding could partly explain the decreases in TEER even under control 

conditions (Figure 4.8, Figure 4.9).  
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Figure 4.14 TUNEL staining of JAR cells following N-LDL vs. HOG-LDL (200µg/ml) treatment to the top chamber.  
Magnification 20x.  
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Figure 4.15 TUNEL staining of JAR cells following N-LDL vs. HOG-LDL (200µg/ml) treatment to the bottom chamber.  
Magnification 20x.  
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Figure 4.16 TUNEL staining of BeWo cells following N-LDL vs. HOG-LDL (200µg/ml) treatment to the top chamber.  
Magnification 20x.  
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Figure 4.17 TUNEL staining of BeWo cells following N-LDL vs. HOG-LDL (200µg/ml) treatment to the bottom chamber.  
Magnification 20x.  
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4.4.5 Effects of modified lipoproteins on anti-angiogenic factor release 

from trophoblast in a barrier model 

4.4.5.1 sEng release 

sEng levels were measured in JAR and BeWo cell supernatants from the 

apical or basolateral surface, following N-LDL vs. HOG-LDL treatment to the 

top or bottom chamber, in the presence of normal or high glucose (24 hrs).  

As expected, sEng was released mainly from the trophoblast apical surface 

(Figure 4.18, Figure 4.19). Following HOG-LDL treatment (200 µg/ml, 24 hrs) 

to the top chamber, sEng levels were increased in supernatants from the apical 

surface but not the basolateral surface of JAR and BeWo cells under normal 

glucose conditions (Figure 4.18a, Figure 4.18b respectively). In JAR cells, 

HOG-LDL in combination with high glucose (30 mM) did not increase sEng 

release from the apical or basolateral surface compared to control and N-LDL 

treatment (Figure 4.18c), however, in BeWo cells, sEng levels were similarly 

increased following HOG-LDL treatment in combination with high glucose 

(35mM) compared to control and N-LDL treatment (Figure 4.18d).  

Following HOG-LDL treatment to the bottom chamber, sEng levels were 

increased in JAR cell supernatants from the apical surface (Figure 4.19a) but 

not in BeWo cell supernatants (Figure 4.19b). There was a trend towards 

increased sEng release from the apical surface of JAR and BeWo cells 

exposed to HOG-LDL in combination with high glucose, however this added 

effect of glucose was not significant in either cell type (Figure 4.19c and Figure 

4.19d respectively).   

As shown in Figure 4.20a and Figure 4.21a, in JAR cells, there was a trend 

towards increased sEng levels in high glucose vs. normal glucose conditions, 

however this effect was only significant following N-LDL treatment to the top 

chamber (Figure 4.20a). In BeWo cells, high glucose alone did not elicit any 

effects on sEng, nor did it amplify the effect of HOG-LDL (Figure 4.20b and 

Figure 4.21b).  
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Figure 4.18 sEng release from apical and basolateral surface of the trophoblast cell monolayer following N-LDL vs. HOG-
LDL (200µg/ml, 24 hrs) treatment to the top chamber with/without the addition of glucose.  
sEng release from (a) JAR (11mM Glucose), (b) BeWo (17.5mM Glucose) and (c) JAR (30mM Glucose) and (d) BeWo (35mM Glucose). Data presented as 
mean ± SEM, n=5-7. *p<0.05, **p<0.01 
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Figure 4.19 sEng release from apical and basolateral surface of the trophoblast cell monolayer following N-LDL vs. HOG-
LDL (200µg/ml, 24 hrs) treatment to the bottom chamber with/without the addition of glucose.  
sEng release from (a) JAR (11mM Glucose), (b) BeWo (17.5mM Glucose) and (c) JAR (30mM Glucose) and (d) BeWo (35mM Glucose). Data presented as 
mean ± SEM, n=5-7. 
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Figure 4.20 sEng release from apical surface of the trophoblast cell 
monolayer following N-LDL vs. HOG-LDL (200µg/ml, 24 hrs) treatment to 
the top chamber with/without the addition of glucose.  
sEng release from (a) JAR (11mM vs. 30mM Glucose) and (b) BeWo (17.5mM 
vs. 35mM Glucose). Data presented as mean ± SEM, n=5-7. *p<0.05.   
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Figure 4.21 sEng release from apical surface of the trophoblast cell 
monolayer following N-LDL vs. HOG-LDL (200 µg/ml, 24 hrs) treatment to 
the bottom chamber with/without the addition of glucose.  
sEng release from (a) JAR (11mM vs. 30mM Glucose) and (b) BeWo (17.5mM 
vs. 35mM Glucose). Data presented as mean ± SEM, n=5-7. *p<0.05.   
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4.4.5.2 sFlt-1 release  

sFlt-1 levels were measured in BeWo cell supernatants, however, sFlt-1 levels 

in JAR cells were undetectable, as shown in Figure 3.2. sFlt-1 levels released 

from the BeWo apical surface were similar to levels from the basolateral 

surface. Interestingly, sFlt-1 levels were unaffected by lipoprotein treatment on 

either surface of the trophoblast under normal or high glucose conditions 

(Figure 4.22–Figure 4.24). As shown in Supplementary Figure 4 Appendix VI, 

there was a trend towards increased sFlt-1 release from the BeWo apical 

surface following treatment with lower concentrations of HOG-LDL to either 

the top or bottom chamber, however, sFlt-1 levels decreased with increasing 

concentrations of HOG-LDL.  
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Figure 4.22 sFlt-1 release from the apical and basolateral surface of the 
BeWo cell monolayer following N-LDL vs. HOG-LDL (200 µg/ml, 24 hrs) 
treatment to the top chamber with/without the addition of glucose. 
sFlt-1 release following exposure to (a) 17.5mM glucose and (b) 35mM 
glucose conditions (24 hrs). Data presented as mean ± SEM, n=7.  
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Figure 4.23 sFlt-1 release from the apical and basolateral surface of the 
BeWo cell monolayer following N-LDL vs. HOG-LDL (200 µg/ml, 24 hrs) 
treatment to the bottom chamber with/without the addition of glucose.  
sFlt-1 release following exposure to (a) 17.5mM glucose and (b) 35mM 
glucose conditions (24 hrs). Data presented as mean ± SEM, n=7.  
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Figure 4.24 sFlt-1 release from the apical side of the BeWo cell monolayer 
in the presence of 17.5mM vs. 35mM Glucose.  
Lipoprotein added to (a) the top chamber and (b) the bottom chamber. Data 
presented as mean ± SEM, n=7. 
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In summary, trophoblast cells, JAR and BeWo appeared to form a confluent 

monolayer when cultured on semi-permeable inserts for up to 14 days. Barrier 

integrity was diminished following HOG-LDL treatment, as shown by 

decreased TEER and diminished ZO-1 immunostaining. BeWo cells exhibited 

increased TEER and proper tight junction staining compared to JAR cells, 

however, there were an increased number of apoptotic BeWo cells as shown 

by TUNEL staining even in control conditions which was consistent with the 

reduction in TEER. sEng was mainly released from the apical surface of JAR 

and BeWo cells, and HOG-LDL treatment increased sEng apical release 

compared to control and N-LDL treatment to either the top or bottom chamber. 

sFlt-1 was not increased following HOG-LDL treatment at a concentration of 

200 µg/ml, however, at lower concentrations, there was a trend towards 

increased release. For the most part, high glucose alone, or in combination 

with HOG-LDL, did not elicit any significant effects on barrier function or on 

release of sEng/sFlt-1 from either the apical or basolateral surface of 

trophoblast cells.    
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 Discussion  

Oxidized lipoproteins are present in very low quantities in the circulation, 

mainly due to antioxidant protection from oxidative damage. Instead, the 

majority of lipoproteins become oxidized within vascular tissues, where 

antioxidant levels are low, and then can cause damage to cells. The aim of the 

current chapter was to assess trophoblast barrier function following exposure 

to modified lipoproteins and/or high glucose. The hypothesis in the current 

study is that the placental barrier in diabetes is dysfunctional, lipoproteins ‘leak’ 

into the placental tissue, where they subsequently become glycated and 

oxidized, leading to further damage to the placental barrier. Few studies have 

examined the role of placental barrier function in diabetes [224], however, 

barrier dysfunction is implicated in the pathogenesis of other diabetic 

complications [88, 95, 225]. Our research group has performed numerous 

studies involving lipoproteins and diabetic retinopathy [88, 91, 93, 94, 182, 

186]. Dyslipidaemia and diabetic retinopathy are associated, however, in non-

diabetic people, dyslipidaemia does not lead to retinal disease. Our research 

group established the concept that in diabetes, LDL mediates retinal injury in 

diabetic retinopathy, not by triggering vascular damage, but due to 

extravasation within retinal tissue as a result of ‘leakage’ through the blood 

retinal barrier. Furthermore, modified lipoproteins caused damage to a variety 

of retinal cells [88, 91–93, 186]. The results presented in Chapter 3.4.2 suggest 

modified lipoproteins cause similar toxicity to trophoblast cells. The second 

objective of this thesis was to assess trophoblast barrier function following 

exposure to modified lipoproteins and/or high glucose. The results of the 

current study provide new evidence that in diabetes, the placental barrier may 

be dysfunctional and extravasation of modified lipoproteins within placental 

tissue may contribute to pre-eclampsia.  

In comparison to other cellular barriers composed of monolayers, the placenta 

is considered to be much more permeable. Substances are transferred across 

the placenta by a number of mechanisms: passive transport, facilitated 

transport, active transport and pinocytosis [226]. In normal pregnancy, 

cholesterol is transferred across the trophoblast barrier in lipoproteins through 
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receptor-dependent and -independent transport [227]. Ethical reasons prevent 

us from studying transport of substances across the placenta during human 

pregnancy; cell culture models are therefore invaluable to developing our 

understanding of the role of the placental barrier in diabetes and pre-

eclampsia.  Previous studies have developed trophoblast barrier models for 

the purpose of studying drug [228–230], nutrient [231] or toxin [232] transport 

across the placental barrier. Rothbauer et al. [233] studied the functional 

aspects of four trophoblast cell lines (BeWo, JAR, JEG-3 and the first trimester 

cell line, ACH-3P) to determine their suitability as placental barrier models for 

endocrine studies. The authors reported JAR and BeWo (the cell types utilized 

in the current study) had the lowest barrier integrity. In other studies [222, 228, 

234] BeWo was the cell line of choice due to its ability to form a monolayer and 

express the tight junction protein ZO-1. In the current study, the JAR and BeWo 

cell lines produced higher TEER than the first trimester trophoblast cell line 

HTR8/SVneo. As reported in multiple studies, TEER is the most commonly 

used technique for assessing barrier formation, however, there are often wide 

variations in measurements between laboratories due to a lack of consistency 

and reproducibility in the measurement techniques. The EndOhm chamber, 

used in the current study, has been considered more accurate in measuring 

TEER than traditional ‘chopsticks’ electrodes. In the current study, TEER in 

BeWo cells was consistent with other studies (~60 Ohms/cm2) [228, 233, 234]. 

TEER in JAR cells in the current study was ~30 Ohms.cm2, however, 

Rothbauer et al. [233] reported TEER ~70 Ohms/cm2. In conjunction with 

measuring TEER, Rothbauer et al. [233] measured sodium-fluorescein (Na-

Flu) leakage  and found that there was little correlation between high TEER  

and low Na-Flu values during early barrier establishment. The authors 

indicated that barrier formation and leakage behaviour were different in 

different cell types, despite showing proper tight junction formation and 

morphology. FITC-dextran has been shown to be transported through the 

paracellular route (through the monolayer via intercellular spaces) and the rate 

of transport is dependent on the size of FITC-dextran used [235]. In the current 

study, FITC-dextran leakage (similar to Na-Flu leakage), did not correlate with 

TEER following 24 hour HOG-LDL treatment, whereas, other studies found 

that FITC-dextran leakage correlated with TEER levels [236]. Huang et al. 
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[237] determined that Lucifer Yellow LY, but not FITC-dextran (4kDa), was an 

optimal indicator to assess monolayer integrity in BeWo cells. In our study, 

FITC-dextran transport across the monolayer remained unaffected by HOG-

LDL treatment. We postulated that the trophoblast cells, with an average 

diameter of approximately 20 nm, prevented the apical-basolateral movement 

of FITC-dextran through the small pores (0.4 µm diameter). When pilot 

experiments were performed using inserts with larger pores (3 µm diameter), 

a greater amount of FITC-dextran was transported across the membrane. 

Future studies are required to explore the lack of association between FITC-

dextran and TEER in trophoblast.     

Another technique used to evaluate barrier integrity is immunostaining for the 

tight junction protein ZO-1. Mitchell et al. [238] reported that ZO-1 staining was 

evident in JAR cells early in culture, providing evidence that JAR cells are 

capable of forming a confluent monolayer. As with other transformed cell lines 

[239], JAR cells were reported to proliferate and form multi-layered 

aggregates, and as a result, ZO-1 staining was lost. In the current study, BeWo 

cells showed proper tight junction integrity, and following treatment with HOG-

LDL, tight junctions appeared to be mildly diminished. Staining for ZO-1 was 

limited in JAR cells after 12-14 days in culture, potentially due to formation of 

multi-layered aggregates similar to that observed by Mitchell et al. [238], 

however, we did not find any evidence that this was the case. In a previous 

study, ZO-1 was localized mainly in cytotrophoblast cells and between cyto- 

and syncytio-trophoblasts in chorionic villi of the second trimester [240]. 

Few studies have examined the presence of junctional proteins in either 

diabetes [224] or pre-eclampsia [241]. Leach et al. [224] found that adherens 

junction patterns were significantly affected and foetal vessels were 

significantly leakier in chorionic villi from women with type 1 diabetes 

compared to women without diabetes. The authors postulated that the 

increased incidence of poor pregnancy outcome in diabetic women is likely 

attributed to increased leakiness and barrier dysfunction. Increased vascular 

permeability in the form of proteinuria is a key feature of pre-eclampsia [242]. 

Evidence suggests that endothelial cells from women with pre-eclampsia have 



Chapter 4 

142 
 

disrupted and enlarged intracellular junctions [243]. Wang et al. [242] reported 

increased endothelial permeability in monolayers co-cultured with trophoblasts 

from normal placentae, and results from functional assays (HRP leakage, 

TEER and junctional protein staining) suggested permeability was further 

increased when monolayers were co-cultured with trophoblasts from pre-

eclamptic placentae. The authors hypothesised that trophoblast-derived 

factors, released into the maternal circulation in increased amounts in pre-

eclampsia were responsible for increased vascular permeability. In the current 

study, exposure of trophoblast cells to HOG-LDL on either the apical or 

basolateral surface, increased sEng release from the apical (maternal) surface 

of the trophoblast. Increased permeability of cell monolayers, demonstrated by 

decreased TEER in JAR and BeWo cells, may have been caused either 

directly or indirectly by modified lipoproteins; increased release of the 

trophoblast-derived factor sEng may have contributed to permeability.  

Previous work by our group showed that HOG-LDL at a concentration of 200 

µg protein/ml induced apoptosis in retinal Müller cells [169]. In the current 

study, we wanted to investigate if the decreased TEER in JAR and BeWo cells 

was due to apoptosis induced by HOG-LDL. Our results suggest that in JAR 

cells, HOG-LDL added to the top chamber induced apoptosis, potentially 

contributing to the reduction in TEER. When added to the bottom chamber, 

both N-LDL and HOG-LDL induced apoptosis: the levels of apoptosis was 

consistent with effects on TEER. In BeWo cells, there was a certain degree of 

apoptosis observed under all treatment conditions (untreated, N-LDL and 

HOG-LDL): an effect likely caused by low glucose and serum conditions, rather 

than a direct effect of modified LDL. There is evidence that pre-eclampsia is 

associated with increased levels of apoptosis in placental sections [244], 

however, more studies are needed to confirm whether this is a cause and 

effect relationship or just an association.  

In summary, this study is the first to examine the exposure of both the apical 

or basolateral surface of the trophoblast to modified lipoproteins and the 

subsequent effects on barrier permeability and anti-angiogenic factor release. 

We found that trophoblast monolayer permeability was increased by HOG-LDL 
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exposure to the apical and basolateral surface: the effect was greater when 

the lipoprotein was added to the basolateral surface. It is postulated that 

increased apoptosis contributed to this effect. sEng levels were increased from 

the apical (maternal) surface of the trophoblast cell monolayer following 

exposure to HOG-LDL on either side of the monolayer. This finding is 

consistent with the literature that anti-angiogenic factors are released in 

increased amounts from the trophoblast into the maternal circulation in pre-

eclampsia. 
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 Introduction  

Early placental development is likely to be altered in women with pre-

gestational diabetes (type 1 or type 2), placing them at risk for complications, 

including pre-eclampsia later in pregnancy. Pre-eclampsia is associated with 

altered lipid profiles early in pregnancy [79]. The lipid abnormalities observed 

in pre-eclampsia are associated with atherosclerosis and diabetes, however, 

few studies so far have examined lipid abnormalities in placental tissues, 

especially in diabetic pregnancy. As the placenta ages, barrier dysfunction, 

exacerbated by diabetes, may result in permeation of maternal LDL into 

placental villi. By analogies with the arterial wall and the diabetic retina, LDL 

may then become modified (oxidized and/or glycated), and toxic towards the 

trophoblast and other neighbouring cells. In pre-eclampsia, as in 

atherosclerosis and diabetic retinopathy, extravasated, modified LDL may 

accelerate disease progression, and contribute to the high prevalence of pre-

eclampsia in women with diabetes. 

 Hypothesis  

In pregnancies complicated by diabetes, maternal LDL becomes extravasated 

within placental microvilli and modified by oxidation and glycation. Then, 

toxicity of modified LDL injures trophoblast cells, contributing to placental 

dysfunction and the development of pre-eclampsia. 

 Aim  

The aim of this chapter is to investigate the effects of diabetes and/ or pre-

eclampsia on placental pathology and to determine the presence of 

extravasated modified lipoproteins in placental tissues from women with and 

without diabetes and/or pre-eclampsia.  
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 Results  

5.4.1 Summary of study cohorts  

For the purpose of this thesis, placentae from two separate cohorts were 

studied. In brief, the American Indian Type 2 Diabetes study (AIT2D) was 

longitudinal and prospective and comprised participants from two Oklahoma 

American Indian tribes, the Chickasaw Nation and the Choctaw Nation. 

Included in the study were high-risk populations of women who had type 2 

diabetes or impaired glucose tolerance (combined these will henceforth be 

referred to as ‘dysglycaemia’ (DG)), and a control group of women from the 

same population with normal glucose tolerance (‘normoglycaemia’ (NG)); 

some had pre-eclampsia.  Placental samples were collected from vaginal and 

caesarean section deliveries. The second cohort was cross-sectional in nature 

and comprised women undergoing non-emergent, elective caesarean section 

(MUSC Placental Collection Study (MUSC-PCS)): these women were 

identified by maternal-foetal-medicine specialists at MUSC. Participants 

included women without diabetes (NG), women with pre-gestational diabetes 

(type 1 or type 2 diabetes) (DM) or women with gestational (GDM); some had 

pre-eclampsia or gestational hypertension (hypertensive disorders of 

pregnancy (HDP)). Placental samples were collected and processed within 15 

minutes of delivery. Results from each cohort are presented separately due to 

differences in study design, collection protocol and sample processing.  

5.4.2 American Indian Type 2 Diabetes (AIT2D) Study 

5.4.2.1 Maternal characteristics  

Placental samples from women with normoglycaemia without PE (NG/PE-) 

(n=5); women with dysglycaemia without PE (DG/PE-) (n=5), and women with 

dysglycaemia with PE (DG/PE+) (n=5) were analysed. Placental samples were 

also included from two women with normoglycaemia with PE (NG/PE+), 

however, due to the small number, statistical analyses were not performed. 

The clinical characteristics of these women are shown in Table 5-1.  

Age and first trimester BMI were similar in NG/PE-, DG/PE-, and DG/PE+ 

groups. Compared to NG/PE- and DG/PE-, DG/PE+ tended to gain more 
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weight during pregnancy, but these differences did not reach statistical 

significance. No differences were observed across groups with regard to 

smoking or alcohol use. In NG/PE-, DG/PE- and DG/PE+ groups, HbA1c was 

5.4±0.1%, 6.1±0.8%, 7.8±2.0% respectively, but again, these differences did 

not reach statistical significance. Compared to NG/PE- and DG/PE-, DG/PE+, 

as expected by definition, had higher blood pressure at delivery. DG/PE- were 

delivered one week earlier than NG/PE- (p<0.05). Length of gestation was 

similar in DG/PE- and DG/PE+. There were no significant differences in the 

mode of delivery across the groups.  

Statistical analyses were not performed on NG/PE+, however, women 

appeared to be of a similar age to the other groups. Mean BMI was lower than 

NG/PE-. Blood pressure at delivery, inevitably was elevated compared to 

NG/PE-. Length of gestation was similar to the NG/PE- group. 

5.4.2.2 Anti-angiogenic factors 

Compared with NG/PE-, sFlt-1 at delivery tended to be lower in DG/PE- (Table 

5-1). sFlt-1 levels at delivery were increased in DG/PE+ compared to DG/PE, 

but did not reach statistical significance. There was a trend towards increased 

sFlt-1 in NG/PE+ compared to NG/PE-. sEng at delivery was similar in NG/PE, 

DG/PE- and DG/PE+. In the NG/PE+ group, there was a trend towards 

increased sEng compared to NG/PE- (Table 5-1).   

5.4.2.3 Delivery characteristics  

As shown in Table 5-2, birth weight was similar in all groups, however, babies 

with the lowest birth weight (6.06 lb) and the highest birth weight (11.03 lb) 

were both born of DG/PE+ women, despite gestational age being similar to 

DG/PE- and NG/PE-. Birth length and head circumference were similar across 

groups. Of the 15 deliveries included in the analysis, there were seven female 

and eight male babies. The babies born of NG/PE- women were all female 

(n=5), whereas, the babies born of DG/PE+ women were all male (n=5) 

(p=0.017). This was an interesting observation since foetal sex was not a 

consideration in subset selection (factors used were maternal age, BMI, 

gestational age and birth weight).   
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Placental weight was similar in NG/PE- and DG/PE-. Compared to DG/PE-, 

placental weight tended to be lower in DG/PE+, but did not reach statistical 

significance. Placental length and width were similar in all groups. Statistical 

analyses were not performed on NG/PE+, however, delivery characteristics 

appeared to be similar to the other groups. 
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 Data are presented as mean ± SD or n (%) where appropriate.  Mann-Whitney U tests and χ2 tests were used as appropriate.  
† NG/PE+, data are presented as mean only due to small n. Statistical analyses were not performed on this group. *p value, all groups in each 
row are not significantly different, except when marked with the same letter and the corresponding p value is listed.  

Table 5-1 Maternal characteristics of women with dysglycaemia (DG) with and without pre-eclampsia (PE), and of women 

with normoglycaemia (NG) with and without PE (AIT2D). 

Maternal characteristic NG/PE- (n=5) DG/PE- (n=5) DG/PE+ (n=5) NG/PE+ (n=2)† p value* 

Age of woman (years) 26.6 ± 3.4 29.8 ± 5.9 30.2 ± 4.9 28  

Ethnicity       

Hispanic (n, %) 1 (20%) 1 (20%) 1 (20%) 1 (50%)  

American Indian (n, %) 4 (80%) 4 (80%) 4 (80%) 1 (50%)  

BMI at visit 1 (kg/m2) 35.0 ± 9.7 45.6 ± 2.1 39.3 ± 1.7 24.5   

BMI at delivery (kg/m2) 39.1 ± 7.9 40.6 ± 12.0 43.2 ± 7.1 31.1  

Change in weight (lbs) from visit 1 to delivery 24.9 ± 15.7 14.4 ± 5.5 28.5 ± 16.2 41.5  

Smoking status (n, %)  0  3 (60%) 4 (80%) 0  

Alcohol use (n, %) 0 0 0 0  

HbA1C at visit 1 (%)  5.4 ± 0.1 6.1 ± 0.8 7.8 ± 2.0 5.1  

Blood pressure at delivery (mmHg)       

Systolic BP 120.4 ± 15.3 121.2 ± 12.0a 150.4 ± 19.5a 169.5 0.01 

Diastolic BP 76.2 ± 10.5  74.0 ± 4.8a 87.8 ± 4.0a 105.0 0.01 

Mean arterial pressure 90.9 ± 11.6 89.7 ± 5.1a 108.7 ± 6.9a 126.5 0.01 

Gestational age at delivery (weeks) 39.3 ± 0.9a 38.3 ± 0.7a 38.7 ± 0.9 39.0 0.04 

Mode of delivery       

Vaginal (n, %) 3 (60%) 2 (40%) 1 (20%) 1 (50%)  

Caesarean section (n, %)  2 (40%) 3 (60%) 4 (80%) 1 (50%)  

sFlt-1 at delivery (ng/ml)  24.1 ± 7.8 16.3 ± 7.1 35.6 ± 13.2 37.3  

sEng at delivery (ng/ml)  12.1 ± 2.4 11.7 ± 0.9 9.8 ± 0.5 20.2  
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Table 5-2 Delivery characteristics of women with dysglycaemia (DG) with and without pre-eclampsia (PE), and of women 
with normoglycaemia (NG) with and without PE (AIT2D).  

 Data are presented as median (minimum, maximum) or n (%) where appropriate. Mann-Whitney tests U tests and χ2 tests were used as 
appropriate.  
† NG/PE+, data are presented as median only due to small n. Statistical analyses were not performed on this group.  

*p value, all groups in each row are not significantly different, except when the p value is listed.

Delivery characteristic NG/PE- (n=5) DG/PE- (n=5) DG/PE+ (n=5) NG/PE+ (n=2)† p value* 

Baby gender (n, % female) 5 (100%) 2 (40%) 0 1 (50%) 0.017 

Birth weight (lb.oz) 7.05 (7.03, 9.00) 8.00 (7.04, 10.00) 9.01 (6.06, 11.03) 8.09  

Birth length (in) 19.50 (19.30, 20.50) 19.50 (17.50, 21.50) 19.00 (18.90, 19.50) 20.10  

Head circumference (in) 13.50 (13.40, 14.30) 14.40 (13.25, 15.00) 14.00 (12.60, 15.00) 13.45  

Placenta weight (g) 560 (417, 606) 568 (440, 718) 482 (454, 576) 577  

Placenta length (cm) 19 (15, 20) 21 (17, 27) 19 (18, 28) 20  

Placenta width (cm) 17 (15, 20) 17 (16, 21) 18 (14, 20) 16  
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5.4.2.4 Placental pathology findings  

Placental sections were stained with H&E to assess general morphology. 

Stained slides were viewed under the microscope and images representative 

of each section were taken. Morphological features of NG/PE-, DG/PE-, 

DG/PE+ and NG/PE+ placentae (Figure 5.1-Figure 5.4) are described below. 

Histomorphometric analyses were performed (Table 5-3), however, the 

differences were insufficiently large to reach statistical significance. The trends 

described below may have reached statistical significance with a larger 

number of placentae in each group. 

Women with normoglycaemia and without pre-eclampsia (NG/PE-) 

The histological findings of NG/PE+ placentae were typical of their gestational 

age (Figure 5.1). Terminal villi were the predominant type in placental sections. 

Foetal capillaries inside the villous stroma were small and in some sections 

were not visible. Histomorphometric findings are shown in Table 5-3. Features 

of placental ‘maturation’ were present in some, but not all placentae, including 

syncytial knots, fibrinoid deposits and areas of calcification. These features 

were considered to reflect placental aging and functional decline.   

Women with dysglycaemia but without pre-eclampsia (DG/PE-) 

There were fewer total and terminal villi per image in DG/PE- compared to 

NG/PE-. In two out of the five placentae in DG/PE-, villi were large and 

immature, with less intervillous space (Figure 5.2a) compared to NG/PE- 

(Figure 5.1); DG/PE- were delivered on average one week earlier than NG/PE. 

There were no signs of villous immaturity in three out of the five DG/PE- 

sections (Figure 5.2b). Cross-sectional surface area and average terminal 

villus diameter were decreased in DG/PE- vs. NG/PE- (Table 5-3). Similar to 

NG/PE-, there were features of ‘maturation’ in some, but not all DG/PE- 

placentae.   
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Women with dysglycaemia and with pre-eclampsia (DG/PE+) 

Upon microscopic examination, the most obvious features in DG/PE+ were the 

presence of smaller terminal villi and a large intervillous space (Figure 5.3) 

compared to DG/PE- (Figure 5.2). There also appeared to be fewer foetal 

capillaries in the villous stroma and increased intravillous fibrinoid deposits 

(Figure 5.3) compared to NG/PE- (Figure 5.1) and DG/PE- (Figure 5.2). Cross-

sectional surface area and average villi diameter were decreased in DG/PE+ 

compared to NG/PE- and DG/PE- (Table 5-3). There were features of 

placental ‘maturation’ in some, but not all placental sections in the DG/PE+ 

group.  

Women with normoglycaemia and with pre-eclampsia (NG/PE+) 

Two placentae were included from NG/PE+ women. These were not included 

in the final analyses due to the small number, however, microscopic images 

are included in Figure 5.4. Histomorphometric findings for this group are shown 

in Table 5-3, however, statistical analyses were not performed. There was a 

similar number of total and terminal villi in the NG/PE+ and NG/PE- groups. 

Compared to the NG/PE- group, the cross-sectional surface area per terminal 

villus was reduced in the NG/PE+ group. Features of placental ‘maturation’ 

were increased in NG/PE+ (Figure 5.4) compared to NG/PE- (Figure 5.1); 

areas of calcification were evident in both placentae.  

Of course, these findings were based on one section from each placenta and 

therefore may not be representative of the entire tissue. Ideally it would be 

useful to have stained sections from multiple areas of each placenta, but in 

this study, only a single area was sampled. 
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Figure 5.1 Photomicrographs of sections in placentae from women in the 
NG/PE- group.  
Terminal villi covered by a syncytiotrophoblast cell layer (      ) and separated 
by intervillous space (IVS) (maternal blood lake). Syncytial knots (      ), 
intravillous fibrinoid (        ) and exfoliated trophoblast cells (    ) in the intervillous 
space are shown. Magnification 10x. Scale bar= 200 µm. 
 

 

Figure 5.2 Photomicrographs of sections in placentae from women in the 
DG/PE- group.  
(a) There appear to be fewer terminal villi, and evidence of villous immaturity 
compared to villi from the NG/PE- group. Large foetal capillaries (       ) are 
shown inside villous stroma. Villi are crowded, with less intervillous space. (b) 
In contrast, size of villi do not appear to differ from the NG/PE- group. Syncytial 
knots (      ), intravillous fibrinoid (      ), and exfoliated trophoblast cells (   ) are 
shown. Magnification 10x. Scale bar= 200 µm. 
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Figure 5.3 Photomicrographs of sections in placentae from women in the 
DG/PE+ group.  
In comparison to the DG/PE- group, villi appear to be smaller, resulting in a 
larger area of intervillous space. Fewer foetal capillaries are visible within the 
villous stroma.  Syncytial knots (       ), intravillous fibrinoid (       ), and exfoliated 
trophoblast cells (     ) are shown. Magnification 10x. Scale bar= 200 µm. 
 

 

Figure 5.4 Photomicrographs of sections in placentae from women in the 
NG/PE+ group.  
(a) In comparison to the NG/PE- group, villi appear to be larger. Large foetal 
capillaries (      ) are shown inside villous stroma. (b) Areas of calcification           
(      ) are shown. Magnification 10x. Scale bar= 200 µm.  
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Table 5-3 Placental pathology findings of women with dysglycaemia (DG) with and without pre-eclampsia (PE), and of 
women with normoglycaemia (NG) with and without PE (AIT2D). 

Data are presented as median (minimum, maximum) or n (%) where appropriate. Mann-Whitney tests U tests and χ2 tests were used as 
appropriate.  
† NG/PE+, data are presented as median only due to small n. Statistical analyses were not performed on this group.  

Placenta parameter NG/PE- (n=5) DG/PE- (n=5) DG/PE+ (n=5) NG/PE+ (n=2)† 

Number of villi/ image 30.0 (12, 66.5) 26.0 (9.0, 41.5) 36.5 (11.0, 45.0) 27.3 

Number of terminal villi/ image 18.5 (5.0, 39.5) 10.0 (5.5, 27.0) 16.5 (4.0, 24.0) 18.3 

Terminal villi (% of total villi)   61.7 (41.7, 71.4) 51.4 (34.6, 65.1) 49.4 (36.4, 75.8) 67.5 

Villi cross-sectional surface area (µm2) 15390 (10303, 21000) 13600 (11817, 19440) 13306 (10066, 19750) 13330 

Villi diameter (µm) 112.0 (97.0, 124.0) 108.0 (105.0, 133.0) 104.0 (93.0, 129.0) 104.5 

Villi perimeter (µm) 669.9 (561.4, 726.6) 666.6 (586. 2, 840.9) 624.9 (553.3, 804.3) 695.3 

Number of foetal capillaries/ villus 1.7 (0.8, 1.9) 1.0 (0.4, 3.6) 0.9 (0.5, 3.3) 1.3 

Villous immaturity (n, %) 0 (0%) 2 (40%) 0 (0%) 1 (50%) 

Crowded villi (n, %) 3 (60%) 2 (40%) 2 (40%) 2 (100%) 

Intravillous fibrinoid (n, %) 5 (100%) 3 (60%) 2 (40%) 2 (100%) 

Syncytial knots (n, %) 4 (80%) 4 (80%) 5 (100%) 1 (50%) 

Calcifications (n, %) 2 (40%) 0 (0%) 1 (20%) 2 (100%) 

Placental infarct (n) 0 (0%) 0 (0%) 0 (0%) 0 
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5.4.3 MUSC Placental Collection Study (MUSC-PCS) 

5.4.3.1 Maternal characteristics 

Placental samples were analysed from women without diabetes without pre-

eclampsia (NG/PE-) (n=4), women with pre-gestational (type 1 or type 2) 

diabetes without pre-eclampsia (DM/PE-) (type 1, n=3; type 2, n=1; total, n=4) 

and women with gestational diabetes without pre-eclampsia (GDM/PE-) (n=5). 

A small number of samples (n=2) were included from women with hypertensive 

disorders of pregnancy, one with and one without diabetes, and termed ‘HDP’. 

Due to the small number in this group, and a difference in diabetes/ 

hypertensive status, statistical analyses were not performed on this group.  

The clinical characteristics of these women are shown in Table 5-4. Compared 

to NG/PE-, women in DM/PE- and GDM/PE- groups tended to be older, 

however, this did not reach statistical significance, due to the small number in 

each group. Between NG/PE-, DM/PE- and GDM/PE-, there were no 

significant differences in BMI, and change in weight throughout pregnancy was 

similar in all groups. All women reported they were non-smokers, however, 

alcohol use differed significantly (p=0.049), being more prevalent in women 

with GDM. HbA1c data were limited; HbA1c was not routinely tested in NG 

pregnancies. In the DM/PE- group, HbA1c was 9.2±2.8%. GDM was diagnosed 

based on results of glucose challenge and glucose tolerance tests during the 

second trimester of pregnancy. Blood pressure at delivery was similar across 

the groups. Length of gestation was similar in NG/PE- and GDM/PE-, however, 

DM/PE- were delivered earlier. Compared to NG/PE-, HDP women were 

similar in age but BMI was elevated. As expected by definition, blood pressure 

was elevated in HDP compared to NG/PE-, DM/PE- and GDM/PE- groups. 

HDP women were delivered earlier than the other groups.  

5.4.3.2 Delivery Characteristics  

As shown in Table 5-5, birth weight, birth length and head circumference were 

similar in all groups. Placental weight was similar in the NG/PE-, DM/PE- and 

GDM/PE- groups. Despite HDP women tending to be delivered earlier, 

placental weight appeared to be increased compared to the other groups.  
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 Table 5-4 Maternal characteristics of women with pre-gestational (DM) or gestational diabetes (GDM) without pre-
eclampsia (PE), and of women without diabetes (NG) without PE, or women with hypertensive disorders of pregnancy 
(HDP) (MUSC-PCS). 

Data are presented as mean ± SD or n (%) where appropriate.  Mann-Whitney U tests and χ2 tests were used as appropriate.  
† HDP, data are presented as median only due to small n. Statistical analyses were not performed on this group.  

‡ HbA1C % (at visit 1) unavailable for NG/PE- (n=4), DM/PE- (n=1), GDM/PE- (n=3), HDP (n=1).  
 

 

Maternal characteristic NG/PE- (n=4) DM/PE- (n=4) GDM/PE- (n=5) HDP (n=2)† 

Age of woman (years) 26.5 ± 4.8 36.0 ± 5.1 34.0 ± 4.5 35.5 

Ethnicity      

African American (n, %) 3 (75%) 1 (25%) 2 (40%) 1 (50%) 

Caucasian (n, %) 1 (25%) 3 (75%) 1 (20%) 1 (50%) 

Hispanic (n, %) 0 0 2 (40%) 0 

BMI at visit 1 (kg/m2) 29.5 ± 7.0 26.0 ± 4.0 31.2 ± 9.2 35.0 

BMI at delivery (kg/m2) 35.2 ± 6.0 30.9 ± 3.1 34.9 ± 6.8 41.5 

Change in weight (lbs) from visit 1 to delivery 31.8 ± 21.4 30.0 ± 11.3 19.6 ± 17.3 38.0 

Smoking status (n, %)  0 0 0 0 

Alcohol use (n, %) 0 0 2 (40%) 1 (50%) 

HbA1C (%) at visit 1‡ - 9.2 ± 2.8 6.9 6.6 

Blood pressure at delivery (mmHg)      

Systolic BP 119.5 ± 4.9 135.8 ± 11.0 118.6 ± 18.0 148.0 

Diastolic BP 73.8 ± 4.5 80.3 ± 8.2 74.8 ± 11.4 90.5 

Gestational age at delivery (weeks) 38.7 ± 0.9 37.1 ± 0.9 38.2 ± 1.3 35.7 
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Table 5-5 Delivery characteristics of women with pre-gestational (DM) or gestational diabetes (GDM) without pre-eclampsia 
(PE), and of women without diabetes (NG) without PE, or women with hypertensive disorders of pregnancy (HDP) (MUSC-
PCS). 

Data are presented as median (minimum, maximum) or n (%) where appropriate. Mann-Whitney tests U tests and χ2 tests were used as 
appropriate.  
† HDP, data are presented as median only due to small n. Statistical analyses were not performed on this group.  

 

 

 

 

 

 

Delivery characteristic NG/PE- (n=4) DM/PE- (n=4) GDM/PE- (n=5) HDP (n=2)† 

Baby gender (n, % female) 2 (50%) 1 (25%) 2 (40%) 2 (100%) 

Birth weight (lb.oz) 7.54 (6.1, 8.1) 8.00 (6.00, 9.70) 7.59 (5.16, 8.16) 6.99 

Birth length (in) 19.88 (19.02, 21.26) 19.78 (18.50, 23.23) 18.90 (18.11, 20.08) 19.49 

Head circumference (in) 13.29 (12.99, 13.78) 13.78 (12.60, 15.55) 13.39 (12.60, 13.58) 13.39 

Placenta weight (g) 640 (558, 710) 576 (449, 762) 610 (432, 702) 775 



Chapter 5 

159 
 

5.4.3.3 Placental pathology findings  

Morphological features of NG/PE-, DM/PE-, GDM/PE- and HDP placentae 

(Figure 5.5-Figure 5.8) are described below. Histomorphometric analyses 

were performed (Table 5-6), however, the differences were insufficiently large 

to reach statistical significance. The trends described below may have reached 

statistical significance with a larger number of placentae in each group. 

Women without diabetes but without pre-eclampsia (NG/PE-) 

Photomicrographs of placental sections from women in the NG/PE- group are 

shown in Figure 5.5. As expected, terminal villi were the predominant villous 

type. Foetal capillaries inside the villous stroma were visible. 

Histomorphometric findings are shown in Table 5-6. Similar to the AIT2D 

study, features of ‘maturation’ were observed in some, but not all placentae.  

Women with pre-gestational diabetes but without pre-eclampsia (DM/PE-)  

In one of the five sections from DM/PE-, villi appeared large and immature 

(Figure 5.6) compared to NG/PE- (Figure 5.5). Cross-sectional surface area 

and villi diameter were increased in DM/PE- compared to NG/PE-.  Features 

of ‘maturation’ were present in some, but not all DM/PE- placentae. 

Women with gestational diabetes but without pre-eclampsia (GDM/PE-)  

In two of the five sections from GDM/PE-, villi appeared large and immature 

(Figure 5.7) compared to NG/PE- (Figure 5.5). Despite this, the number of total 

and terminal villi were similar in GDM/PE-, NG/PE- and DM/PE-. Cross-

sectional surface area and villi diameter were increased in GDM/PE- and 

DM/PE- compared to NG/PE-. As shown in Figure 5.7a, villous stroma had 

decreased extracellular matrix and thickened foetal capillaries. Features of 

‘maturation’ were present in some, but not all GDM/PE- placentae.  
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Women with hypertensive disorders of pregnancy (HDP) 

A small number (n=2) of placental sections from HDP were included, however, 

statistical analyses were not performed on this group due to the small number, 

but microscopic images are included in Figure 5.8 and histomorphometric 

findings are shown in Table 5-6. There were an increased number of total and 

terminal villi per image in HDP compared to the other groups. In HDP (Figure 

5.8), there was increased placental ‘maturation’ (syncytial knots and 

intravillous fibrinoid deposits) and fewer foetal capillaries within the villous 

stroma compared to NG/PE- (Figure 5.5), DM/PE- (Figure 5.6) and GDM/PE- 

(Figure 5.7).  

 

Figure 5.5 Photomicrographs of sections in placentae from women in the 
NG/PE- group.  
Terminal villi are the predominant type covered by a syncytiotrophoblast cell 
layer (      ). Maternal red blood cells (       ) are present within the intervillous 
space (IVS). Numerous foetal capillaries are shown inside terminal villi (      ). 
Syncytial knots (      ), intravillous fibrinoid (       ) and exfoliated trophoblast 
cells (    ) in the intervillous space are shown. Magnification 10x. Scale bar= 
200 µm. 
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Figure 5.6 Photomicrographs of sections in placentae from women in the 
DM/PE- group. 
(a) A placental section from a woman with DM/PE-. The majority of villi appear 
large and immature, with the persistence of large foetal capillaries inside the 
villous stroma (       ). (b) A placental section from a woman with T2DM. 
Terminal villi are the dominant villous type. Syncytial knots/ bridges    (      ) 
and exfoliated trophoblast cells are shown (    ).  Magnification 10x.   Scale 
bar= 200 µm. 
 

 
 

Figure 5.7 Photomicrographs of sections in placentae from women in the 
GDM/PE- group.  
The majority of villi appear large and immature, with fewer terminal villi present. 
In (a), decreased extracellular matrix (       ) and thickened foetal capillaries      
(        ) are shown. In (b), syncytial knots/ bridges (       ) and intravillous     
fibrinoid (      ) are present. Magnification 10x. Scale bar= 200 µm. 
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Figure 5.8 Photomicrographs of sections in placentae from women in the 
HDP group.  
(a) A placental section from a woman without DM, with PE. Increased syncytial 
knots (      ) and intravillous fibrinoid are shown (       ). Few foetal capillaries 
are present within the villous stroma. (b) A placental section from a woman 
with DM, with gestational hypertension. The majority of villi are large and 
immature. There are increased amounts of maternal red blood cells in the 
intervillous space (         ). Magnification 10x. Scale bar= 200 µm.  
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Table 5-6 Placental pathology findings of women with pre-gestational (DM) or gestational diabetes (GDM) without pre-
eclampsia (PE), and of women without diabetes (NG) without PE, or women with hypertensive disorders of pregnancy 
(HDP) (MUSC-PCS). 

Data are presented as median (minimum, maximum) or n (%) where appropriate. Mann-Whitney tests U tests and χ2 tests were used as 
appropriate.  
† HDP, data are presented as median only due to small n. Statistical analyses were not performed on this group.  

 

 

Placenta parameter NG/PE- (n=4) DM/PE- (n=4) GDM/PE- (n=5) HDP (n=2)† 

Number of villi/ image 38.0 (32.5, 48.5) 35.3 (22.5, 36.0) 38.0 (36.0, 46.0) 43.5 

Number of terminal villi/ image 16.0 (9.0, 22.0) 18.8 (8.0, 20.0) 16.5 (10.0, 21.5) 23.5 

Terminal villi (% of total villi)   44.5 (24.7, 45.4) 52.1 (35.6, 58.0) 39.1 (25.3, 56.6) 57.2 

Villi cross-sectional surface area (µm2) 14246 (10747, 23958) 18405 (9865, 21937) 16427 (11438, 19295) 15461 

Villi diameter (µm) 112.6 (99.6, 143.8) 118.4 (93.5, 138.9) 118.2 (98.4, 126.6) 113.8 

Villi perimeter (µm) 605.0 (507.2, 1049.0) 616.3 (456.4, 731.7) 587.4 (494.0, 806.7) 627.0 

Number of foetal capillaries/ villus 4.1 (3.3, 4.7) 4.6 (3.0, 5.1) 3.1 (2.0, 6.0) 3.0 

Villous immaturity (n, %) 0  1 (25%) 2 (40%) 2 

Crowded villi (n, %) 4 (100%) 2 (50%) 4 (80%) 1 (50%) 

Intravillous fibrinoid (n, %) 4 (100%) 3 (75%) 5 (100%) 2 (100%) 

Syncytial knots (n, %) 3 (75%) 3 (75%) 5 (100%) 2 (100%) 

Calcifications (n, %) 1 (25% 0 0 1 (50%) 

Placental infarct (n) 1 (25%) 0 1 (20%) 0 
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5.4.4 Immunohistochemistry  

5.4.4.1 American Indian Type 2 diabetes study (AIT2D)  

Apolipoprotein B100 (ApoB) 

As shown in Figure 5.9, immunohistochemistry analysis demonstrated that 

ApoB was present in all placental sections. Staining was predominantly found 

in trophoblasts, and more specifically in the syncytiotrophoblast cell layer, and 

to a lesser extent in the villous stroma. Computational pixel analysis revealed 

staining was similar in NG/PE-, DG/PE- and DG/PE+ (Figure 5.10). ApoB was 

present in NG/PE+ (n=2) (Figure 5.9), and computational pixel analysis 

revealed the intensity was similar to NG/PE- (Figure 5.10), however, statistical 

analyses were not performed on this group due to the small number.  

Oxidized low density lipoprotein (Ox-LDL) 

Similar to ApoB, immunohistochemistry analysis demonstrated that Ox-LDL 

was present in all placental sections (Figure 5.11). Staining was predominantly 

found in the syncytiotrophoblast cell layer, and to a lesser extent in the villous 

stroma. Computational pixel analysis revealed no significant differences in Ox-

LDL general staining across the groups (Figure 5.12). There was limited Ox-

LDL staining in the syncytiotrophoblast cell layer in some placental sections, 

however, this was observed across the groups. Staining intensity was similar 

in NG/PE-, DG/PE- and DG/PE+ (Figure 5.12). Ox-LDL was present in 

placental sections from NG/PE+ (n=2) (Figure 5.11), and computational pixel 

analysis revealed staining intensity appeared similar to the other groups 

(Figure 5.12).  

4-hydroxynonenal (4-HNE) 

Immunohistochemistry analysis revealed that 4-HNE was present in some, but 

not all placental sections (Figure 5.13). Staining in one placental section 

(Figure 5.13b) appeared to be more intense in some areas in the villous 

stroma, whereas in another placental section, staining was mainly in the 

syncytiotrophoblast layer (Figure 5.13c). Computational pixel analysis 

revealed staining intensity was similar in NG/PE-, DG/PE- and DG/PE+ (Figure 
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5.14), however, there was a trend towards decreased 4-HNE staining in 

trophoblasts in DG/PE+ vs. DG/PE-, albeit this difference was not statistically 

significant. As shown in Figure 5.13, 4-HNE was present in placental sections 

from NG/PE+ (n=2), and computational pixel analysis revealed staining 

intensity was similar to the other groups (Figure 5.14).   
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Figure 5.9 Staining for ApoB with haematoxylin counterstaining in placental sections from AIT2D.  
ApoB was detected in syncytiotrophoblast cells and to a lesser degree in villous stroma (brown staining). (a),(b) NG/PE- (n=5), (c),(d) 
DG/PE- (n=5), and (e),(f) DG/PE+ (n=5), (g),(h) NG/PE+ (n=2). Magnification 20x. Scale bar= 100 µm. 
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Figure 5.10 ApoB staining intensity in placental sections from AIT2D.  
Absolute staining intensity was assessed by computational pixel analysis. Staining intensity was assessed by (a) general intensity in 
placental villi, (b) intensity in trophoblast cells and (c) intensity in villous stroma. Data are presented as optical density (OD) values. 
NG/PE- (n=5), DG/PE- (n=5), DG/PE+ (n=5), Mean ± SEM. Mann-Whitney U tests were used.  
NG/PE+ (n=2), Mean only due to small n. Statistical analyses were not performed on this group.  
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Figure 5.11 Staining for Ox-LDL with haematoxylin counterstaining in placental sections from AIT2D.  
Ox-LDL was detected in syncytiotrophoblast cells and to a lesser degree in villous stroma (brown staining). (a),(b) NG/PE- (n=5), 
(c),(d) DG/PE- (n=5), (e),(f) DG/PE+ (n=5), and (g),(h) NG/PE+ (n=2). Magnification 20x. Scale bar= 100 µm 
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Figure 5.12 Ox-LDL staining intensity in placental sections from AIT2D.  
Absolute staining intensity was assessed by computational pixel analysis. Staining intensity was assessed by (a) general intensity in 
placental villi, (b) intensity in trophoblast cells and (c) intensity in villous stroma. Data are presented as optical density (OD) values. 
NG/PE- (n=5), DG/PE- (n=5), DG/PE+ (n=5), mean ± SEM. Mann-Whitney U tests were used.  
NG/PE+ (n=2), mean only due to small n. Statistical analyses were not performed on this group.  
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Figure 5.13 Staining for 4-HNE with haematoxylin counterstaining in placental sections from AIT2D.  
4-HNE was detected in trophoblast cells and/or villous stroma (brown staining). In some sections, 4-HNE staining was limited. (a),(b) 
NG/PE- (n=5), (c),(d) DG/PE- (n=5), (e),(f) DG/PE+ (n=5), and (g),(h) NG/PE+ (n=2). Magnification 20x. Scale bar= 100 µm 
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Figure 5.14 4-HNE staining intensity in placental sections from AIT2D. 
Absolute staining intensity was assessed by computational pixel analysis. Staining intensity was assessed by (a) general intensity in 
placental villi, (b) intensity in trophoblast cells and (c) intensity in villous stroma. Data are presented as optical density (OD) values. 
NG/PE- (n=5), DG/PE- (n=5), DG/PE+ (n=5), mean ± SEM. Mann-Whitney U tests were used.  
NG/PE+ (n=2), mean only due to small n. Statistical analyses were not performed on this group.  
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5.4.4.2 MUSC Placental collection study (MUSC-PCS) 

Apolipoprotein B100 (ApoB) 

Similar to the observations from the AIT2D study, immunohistochemistry 

analysis revealed ApoB was present in all placental sections (Figure 5.15). 

Again, staining was predominantly found in the syncytiotrophoblast cell layer 

and to a lesser degree in the villous stroma. Computational pixel analysis 

showed ApoB staining was similar in NG/PE-, DM/PE-, GDM/PE- (Figure 

5.16).  ApoB was also present in HDP (n=2) (Figure 5.15). Computational pixel 

analysis showed the staining intensities varied considerably between the two 

sections in HDP (Figure 5.16). Statistical analyses were not performed on this 

group due to the small number of samples. 

Oxidized LDL (Ox-LDL) 

Similar to the observations from the AIT2D study, Ox-LDL was present in all 

placental sections (Figure 5.17) and the syncytiotrophoblast cell layer had 

more intense staining than the villous stroma. Computational pixel analysis 

showed Ox-LDL staining was similar in NG/PE-, DM/PE-, GDM/PE- (Figure 

5.18). Ox-LDL was present in placental sections from HDP (n=2) (Figure 5.17) 

and computational pixel analysis revealed staining intensity was similar to 

placental sections from the other groups (Figure 5.18).   

4-hydroxynonenal (4-HNE) 

Immunohistochemistry analysis revealed 4-HNE staining to be similar to 

placental sections from the AIT2D study; 4-HNE was present in some, but not 

all placental sections (Figure 5.19). Computational analysis revealed no 

differences in 4-HNE staining in NG/PE-, DM/PE-, and GDM/PE- (Figure 5.20).  

4-HNE was present in the HDP (Figure 5.19) and computational pixel analysis 

revealed staining intensity was similar to placental sections from the other 

groups (Figure 5.20).   
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Figure 5.15 Staining for ApoB with haematoxylin counterstaining in placental sections from MUSC-PCS. 
ApoB was detected in syncytiotrophoblast cells and to a lesser degree in villous stroma (brown staining). (a),(b) NG/PE- (n=4), (c),(d) 
DM/PE- (n=4),  (e),(f) GDM/PE- (n=5),  and (g),(h) HDP (n=2). Magnification 20x. Scale bar= 100 µm. 
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Figure 5.16 ApoB staining intensity in placental sections from MUSC-PCS. 
Absolute staining intensity was assessed by computational pixel analysis. Staining intensity was assessed by (a) general intensity in 
placental villi, (b) intensity in trophoblast cells and (c) intensity in villous stroma. Data are presented as optical density (OD) values. 
NG/PE- (n=4), DM+PE- (n=4), GDM/PE- (n=5), mean ± SEM. Mann-Whitney U tests were used.  
HDP (n=2), mean only due to small n. Statistical analyses were not performed on this group.  
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Figure 5.17 Staining for Ox-LDL with haematoxylin counterstaining in placental sections from MUSC-PCS. 
Ox-LDL was detected in syncytiotrophoblast cells and to a lesser degree in villous stroma (brown staining). (a),(b) NG/PE- (n=4), 
(c),(d) DM+PE- (n=4), (e),(f) GDM/PE- (n=5) and (g),(h) HDP (n=2). Magnification 20x. Scale bar= 100 µm. 
 



 

 
 

1
7

6
 

C
h

a
p

te
r 5 

 

Figure 5.18 Ox-LDL staining intensity in placental sections from MUSC-PCS. 
Absolute staining intensity was assessed by computational pixel analysis Staining intensity was assessed by (a) general intensity in 
placental villi, (b) intensity in trophoblast cells and (c) intensity in villous stroma. Data are presented as optical density (OD) values. 
NG/PE- (n=4), DM/PE- (n=4), GDM/PE- (n=5), mean ± SEM. Mann-Whitney U tests were used.  
HDP (n=2), mean only due to small n. Statistical analyses were not performed on this group.  
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Figure 5.19 Staining for 4-HNE with haematoxylin counterstaining in placental sections from MUSC-PCS.  
4-HNE was detected in trophoblast cells and/or villous stroma (brown staining). In some sections, 4-HNE staining was limited. (a),(b) 
NG/PE- (n=4), (c),(d) DM/PE- (n=4),  (e),(f) GDM/PE- (n=5) and (g),(h) HDP (n=2). Magnification 20x. Scale bar= 100 µm. 
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Figure 5.20 4-HNE staining intensity in placental sections from MUSC-PCS. 
Absolute staining intensity was assessed by computational pixel analysis. Staining intensity was assessed by (a) general intensity in 
placental villi, (b) intensity in trophoblast cells and (c) intensity in villous stroma. Data are presented as optical density (OD) values. 
NG/PE- (n=4), DM/PE- (n=4), GDM/PE- (n=5), mean ± SEM. Mann-Whitney U tests were used.  
HDP (n=2), mean only due to small n. Statistical analyses were not performed on this group. 
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5.4.4.3 Controls 

A negative control was included for each placental section for each antibody 

stained. Absence of brown staining in sections stained without the primary 

antibody for ApoB, Ox-LDL and 4-HNE is shown in Supplementary Figure 5, 

Appendix VI.  

Placental sections from the AIT2D and the MUSC-PCS were stained on 

different occasions. Additional placental sections from women with DM/PE- 

were stained on both occasions as a positive control. Supplementary Figure 6, 

Appendix VI shows the reproducibility of staining patterns when compared on 

different occasions. However, the noticeable differences in staining for Ox-LDL 

in the AIT2D samples (Supplementary Figure 6c, Appendix VI) compared to 

MUSC-PCS samples (Supplementary Figure 6d, Appendix VI) was due to 

darker haematoxylin counterstaining, rather than differences in Ox-LDL. These 

differences were controlled for during computational pixel analysis; staining 

was separated into channels as outlined in Chapter 2.14.8. 

In summary, we have shown that modified lipoproteins are in fact present in 

placental tissue at term. In the AIT2D study, staining of ApoB, Ox-LDL and 4-

HNE was similar in NG/PE-, DG/PE-, DG/PE+ and NG/PE+. Similarly in the 

MUSC-PCS, staining of ApoB, Ox-LDL and 4-HNE was similar in NG/PE-, 

DM/PE-, GDM/PE- and HDP; differences between groups may not have been 

evident due to the small sample number. There were some observational 

differences in placental morphology dependent of glycaemia and PE status, 

however, again a larger number of samples may be needed to see statistically 

significant differences. 
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 Discussion  

The aim of this chapter was to determine the presence of extravasated 

modified lipoproteins in placental tissues from women with and without 

diabetes and/or pre-eclampsia. Placentae were analysed from two study 

cohorts, the American Indian Type 2 diabetes (AIT2D) study and the MUSC-

placental collection study (MUSC-PCS), to determine if there were 

pathological differences according to glycaemia and/or pre-eclampsia status. 

Maternal characteristics were similar across the groups with no significant 

effects of glycaemia and/or pre-eclampsia, however, there were some trends 

that may have been significant with a larger number of samples in each group. 

In the current study, women who developed pre-eclampsia (normoglycaemic 

and dysglycaemic) tended to gain more weight during pregnancy compared to 

women who did not develop pre-eclampsia. Our findings are in agreement with 

previous studies which have also reported an increased risk of pre-eclampsia 

in women who had excessive weight gain during pregnancy [245–247]. It 

remains unclear whether this is a causal association. Excessive weight gain 

may increase oxidative stress and initiate an inflammatory response leading to 

pre-eclampsia [77], alternatively, Hillesund et al. [246] proposed that excessive 

weight gain in women who developed pre-eclampsia may be a result of 

increased oedema, a feature of pre-eclampsia itself.   

In previous studies which examined circulating levels of anti-angiogenic factors 

longitudinally during pregnancy in non-diabetic [145] and diabetic populations 

[161, 163], sFlt-1 levels were increased in women with pre-eclampsia vs. 

without pre-eclampsia. In the current study, sFlt-1 levels at delivery tended to 

be elevated in women who developed pre-eclampsia (normoglycaemic and 

dysglycaemic), however, this effect was not significant, probably due to the 

small number in each group. Our results were in agreement with Levine et al. 

[159], who reported increased sEng levels in non-diabetic pre-eclamptic 

women, however we could not run statistical analysis to determine significance 

due to the small number of normoglycaemic women with pre-eclampsia in our 

study (n=2). The results in the current study disagreed with results from our 

MAMPED cohort, which found that sEng levels were elevated in all diabetic 
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women, regardless of pre-eclampsia status [161]. In the current study, sEng 

levels were similar in normoglycaemic and dysglycaemic women without pre-

eclampsia and in dysglycaemic women with pre-eclampsia. In addition to the 

small number of samples included in our analysis, maternal characteristics in 

the AIT2D cohort were different to the MAMPED cohort which may have 

contributed to the lack of association. The AIT2D cohort comprised of 

American Indian or Hispanic women, whereas, the MAMPED cohort 

comprised of Caucasian women. There was a difference in diabetes status 

between the cohorts: the AIT2D cohort comprised of women with pre-diabetes, 

gestational diabetes, or established pre-gestational type 2 diabetes, whereas, 

the MAMPED cohort comprised of women with pre-gestational type 1 diabetes. 

The average BMI of normoglycaemic women in the AIT2D cohort was 

increased (35.0 ± 9.7 kg/m2) compared to the average BMI of normoglycaemic 

women in the MAMPED cohort (23.5 ± 3.7 kg/m2). Likewise, BMI of 

dysglycaemic women in the AIT2D cohort was elevated compared to the BMI 

of diabetic women in the MAMPED cohort. Further studies are needed to 

confirm if there is in fact an association between sEng levels in women with 

diabetes/dysglycaemia and if other maternal factors contribute to increased 

sEng levels.  

Foetal sex has long been debated to have a role in the development of pre-

eclampsia. Previous studies have reported an increased risk of pre-eclampsia 

in pregnancies with male foetuses [248, 249]. Consistent with this hypothesis, 

in our AIT2D cohort, all dysglycaemic women with pre-eclampsia bore male 

foetuses. The mechanisms are unclear, but feto-maternal histoincompatibility 

due to some antigen present on the Y chromosome may contribute [248].  

Placental weight of term normoglycaemic controls was similar to term control 

placentae from other studies [250, 251]. In the current study, placentae from 

term dysglycaemic (DG) women were a similar weight to normoglycaemic 

controls, whereas, in contrast, other studies [250–252] reported that placentae 

from women with diabetes (either type 1, type 2 or gestational diabetes) were 

heavier than those from non-diabetic controls: this effect was not dependent 

on glycaemic control. In contrast, Treesh and Khair [253], working in Egypt, 
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found that placentae from women with diabetes controlled with insulin were 

two-fold heavier than non-diabetic controls. The authors hypothesised this 

weight gain was a compensatory mechanism as a result of foetal macrosomia.  

Placental weight in pre-eclampsia has been reported to be decreased [254, 

255], however, in these studies, women were delivered earlier than women 

without pre-eclampsia: a decreased placental weight at an earlier gestation is 

therefore to be expected. Egbor et al. [256] found that placentae from women 

with pre-eclampsia had a decreased weight compared to gestational age-

matched healthy controls. Few studies have examined placental weight in 

women with diabetes and pre-eclampsia [113]. Dypvik et al. [113] reported on 

placental pathology from a large Norwegian registry study: placentae from 

diabetic women with pre-eclampsia were heavier than those from non-diabetic 

women with pre-eclampsia. The increased placental weight in diabetes was 

likely attributed to hyperglycaemia, however, it was surprising that placentae 

from diabetic women with pre-eclampsia were heavier, when pre-eclampsia is 

usually associated with lower placental weights due to hypoxia [256]. The 

authors speculated that large placentae may be hypoxic and dysfunctional, 

requiring more oxygen and nutrition than can be provided, leading to pre-

eclampsia [113]. In the current study, placental weight was decreased in 

dysglycaemic women with pre-eclampsia compared to normoglycaemic 

women with pre-eclampsia, however there was a small number of subjects in 

each group.  

The pathological features of placentae have been reported in older studies to 

be different in women with diabetes compared to non-diabetic controls [257, 

258]. Increased intermediate and immature villi (villous immaturity) and 

increased villous surface area are key features reported in both pre-gestational 

and gestational diabetic placentae [257, 259, 260]. Placental hypoxia is 

hypothesised to cause villous immaturity in diabetes [260]. The mechanisms 

are not well understood, however, villous immaturity has been independently 

associated with foetal mortality and may at least partly explain the increased 

risk of foetal intrauterine death in maternal diabetes [261]. In the current study, 

villous immaturity was observed in placentae from dysglycaemic women. 
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Another pathological pattern reported in diabetic placentae includes 

chorangiosis (increased intravillous capillary vessels) [262], however, this is 

thought to be largely dependent on glycaemic control during pregnancy. We 

observed chorangiosis in a small number of placentae from dysglycaemic 

women, however, analysis of a greater number of placentae is required to 

investigate if glycaemic control contributed to this feature. Increased syncytial 

knots are another classic pathological feature of diabetic placentae [250, 252, 

259, 263], postulated to be caused by decreased foetal blood flow and 

premature aging of the placenta. In the current study, the number of syncytial 

knots observed was reported to be similar in placentae from women with and 

without dysglycaemia.  A pathological feature of placental aging, intravillous 

fibrinoid deposits, have been reported to be increased in placentae from 

women with diabetes [111, 252, 257, 263], whereas, in the current study, 

fibrinoid deposits were observed in almost all placentae; glycaemia did not 

have any significant effect on the number of fibrinoid deposits. Abou Elghait et 

al. [263] reported increased foetal capillaries in poorly controlled diabetes, and 

attributed this to foetal hyperglycaemia resulting in increased angiogenesis. 

Previous studies [250, 263] have reported thickening of the trophoblast 

basement membrane in diabetic placentae and this is thought to contribute to 

placental barrier dysfunction and transport dysregulation in diabetes. Studies 

which have reported similar placental histology in women with diabetes and 

non-diabetic controls have attributed this to good glycaemic control in their 

study populations [250]. Desoye [264] described that histological features in 

placentae at term are often adaptive responses to protect the foetus in 

unfavourable placental environments during gestation. The majority of 

pathological features observed in placentae from women with diabetes are 

considered to be a result of increased oxidative stress and hyperglycaemia 

during pregnancy. 

In the current study, in a small number of placentae from normoglycaemic 

women with pre-eclampsia, we observed areas of calcification, increased 

syncytial knots and large foetal capillaries within villous stroma. Similarly other 

studies have reported increased infarctions, increased fibrinoid deposits and 

increased syncytial knots in placentae from women with pre-eclampsia 
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compared to control placentae [254, 255]. According to Burton et al. [265] 

increased oxidative stress in pre-eclampsia contributed to the abnormal 

vasculature and increased syncytial knots. In the current study, the cross-

sectional surface area and diameter of villi tended to be smaller in placentae 

from normoglycaemic women with pre-eclampsia compared to 

normoglycaemic controls. These findings are consistent with other studies 

[266], and the authors hypothesised that decreased villous diameter in pre-

eclampsia was due to compensatory mechanisms for placental mal-

development and dysfunction. It is important to remember that the majority of 

research to date has focused on pre-eclamptic placentae compared to healthy 

controls of a different gestational age. One study reported that placental 

histomorphometry results in pre-eclamptic women were similar in women with 

pre-eclampsia and gestational age matched (term) controls [267]. This effect 

is attributed to a compensatory mechanism which protects uteroplacental 

blood flow, however, in pre-eclamptic women delivered pre-term, this 

protection does not exist to the same extent. This effect was confirmed by 

Egbor et al. [256] who reported decreased villous diameter and surface area 

in placentae from women with pre-eclampsia and foetal growth restriction, 

however, in isolated pre-eclampsia cases, villous diameter was not 

significantly affected.  

To our knowledge, few studies have been performed to examine placental 

pathology in women with diabetes and pre-eclampsia [268]; most studies of 

pre-eclampsia exclude women with diabetes. Kovo et al. [268] examined 

pathology of placentae from women with gestational diabetes with/ without 

hypertensive disorders of pregnancy (gestational hypertension, chronic 

hypertension or pre-eclampsia) and placentae from women without diabetes 

with hypertensive disorders of pregnancy. Placentae from women with 

gestational diabetes alone and in combination with hypertensive disorders had 

a greater number of syncytial knots, fibrinoid deposits and placental infarcts 

compared with placentae from women without diabetes with hypertensive 

disorders. Villous immaturity, a classical pathological feature of placentae in 

diabetes, was only observed in gestational diabetes without hypertensive 

disorders. These findings were confirmed in the current study: we found 
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evidence of villous immaturity in women with dysglycaemia, however in 

combination with pre-eclampsia, villous immaturity was not observed. We 

observed an increased number of terminal and total villi and increased 

intervillous space in placentae from women with dysglycaemia with pre-

eclampsia. There was also evidence of increased intravillous fibrinoid 

deposits, and fewer foetal capillaries in villous stroma in these placentae 

compared to controls. Kovo et al. [268] hypothesised that vascular dysfunction, 

not villous immaturity was responsible for poor neonatal outcome. It remains 

unclear why villous immaturity was not observed in diabetic women with 

hypertensive disorders of pregnancy, however it is likely that the placenta is 

attempting to compensate for the unfavourable hypoxic environment, resulting 

in an increased number of terminal villi.  

This is the first study to examine ApoB, Ox-LDL and 4-HNE staining in 

placentae from dysglyaemic women and normoglycaemic women with and 

without pre-eclampsia. We hypothesised that ApoB, Ox-LDL and 4-HNE would 

be present in increased amounts in placentae from dysglycaemic women with 

vs. without pre-eclampsia and normoglycaemic women without pre-eclampsia.  

In our AIT2D cohort, we found that ApoB, Ox-LDL and 4-HNE were present in 

all term placentae; there was no significant effect of glycaemia and/or pre-

eclampsia status. In the MUSC placental collection study (MUSC-PCS), we 

found similar staining patterns in placentae from normoglycaemic women, 

women with pre-gestational diabetes/ gestational diabetes, with or without 

hypertensive disorders of pregnancy. Of course, it is important to remember a 

limited number of placental samples were analysed in these studies, therefore 

our results were interpreted with caution.  

Pecks et al. [196] reported increased Ox-LDL staining in pre-term IUGR 

placentae compared to pre-term control placentae, whereas in term placentae, 

Ox-LDL staining in IUGR placentae was similar to control placentae. Our 

literature search found only one other study to examine placental levels of Ox-

LDL in pre-eclampsia: Acikgoz et al. [195] reported no differences in Ox-LDL 

levels in placentae from pre-eclamptic women with IUGR compared to normal 

pregnant women and pre-eclamptic women without IUGR. In contrast, 
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Morikawa et al. [269] described the presence of 4-HNE in four out of 12 pre-

eclamptic placentae, whereas 4-HNE was not found in any of the 12 normal 

placentae. In a different study, 4-HNE was observed in all placentae examined 

(first trimester and term) [270]. Kweider et al. [271] reported increased 4-HNE 

in severe early onset IUGR pre-eclamptic placentae compared to control 

placentae. In the current study, we did not find any differences in Ox-LDL or 4-

HNE staining in term placentae from dysglycaemic women with vs. without pre-

eclampsia and compared to normoglycaemic women without pre-eclampsia. 

Although this finding did not support our hypothesis, analysis of placental 

tissue at term provides only a ‘snapshot’ of a single time point and it is 

impossible to know what changes occur in placentae throughout gestation. It 

would be useful to examine levels of modified lipoproteins in placentae before 

term, however few studies of this nature exist. Basu et al. [272] reported high 

levels of the lipid peroxidation product MDA in normal first trimester placentae 

from elective termination; as pregnancy advanced, MDA levels declined. The 

authors speculated that increased modified lipoproteins in first trimester 

placentae were due to increased ROS and decreased anti-oxidant defences 

prior to maternal spiral artery remodelling. As normal pregnancy advances, 

anti-oxidant potential increases due to maternal spiral artery remodelling, 

resulting in decreased oxidative stress in placentae. As a prelude to pre-

eclampsia, first trimester maternal spiral artery remodelling is restricted leading 

to a hypoxic environment later in gestation.  Although it therefore seems likely 

that modified lipoproteins may be increased at term in pre-eclamptic placentae 

compared to controls, this effect may instead develop at differing rates during 

gestation, reaching a plateau by the time of delivery.  At term, the placenta is 

an aged tissue, making it difficult to see any remarkable differences in staining 

patterns, especially with a small number of samples per group. As shown in 

Figure 5.21, we postulate that early in gestation, placentae from women with 

dysglycaemia who later develop pre-eclampsia have increased levels of 

oxidative stress for a longer duration, however by term, women with 

dysglycaemia and normoglycaemia who do not develop pre-eclampsia may 

have similar levels of oxidative stress. Gauster et al. [273] found first trimester 

placental stress response was elevated in type 1 diabetes compared to non-
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diabetic first trimester control, however, the data did not provide evidence for 

increased oxidative stress in placentae from type 1 diabetes.    

 

 

 

 

 

 

 

 

Figure 5.21 Our hypothesis: Women with dysglycaemia who later go on 

to develop pre-eclampsia (DG/PE+) have increased oxidative stress for a 

longer duration than women with dysglycaemia (DG/PE-) or 

normoglycaemia who do not develop pre-eclampsia (NG/PE-).  

In summary, our results confirm the presence of modified lipoproteins in 

human placentae at term, regardless of diabetes or preeclampsia. Differences 

that may have been present earlier in gestation may have disappeared at term.  

We have shown that placental pathology is negatively affected in women with 

dysglycaemia and pre-eclampsia, likely due to a compensatory mechanism to 

an unfavourable hypoxic environment.  
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 Summary of findings  

Women with diabetes have a four-fold increased risk of pre-eclampsia 

compared to the general population, however, few studies have focused on 

the effect of diabetes on the development of the condition. Endothelial 

dysfunction, known to be present in pre-eclampsia, is associated with release 

of soluble factors from the placenta into the maternal circulation. Anti-

angiogenic factors, sFlt-1 and sEng, are increased in the second trimester of 

pregnancy in women who later develop pre-eclampsia vs. those who do not 

[145, 159, 160]. In the current study, the hypotheses were that (1) exposure of 

the trophoblast to modified lipoproteins and/or high glucose enhances sFlt-1 

and sEng release, contributing to the increased risk for pre-eclampsia in 

women with diabetes and (2) in pregnancies complicated by diabetes, the 

placental barrier is compromised, LDL becomes extravasated within microvilli, 

and is modified by oxidation and glycation. Then, toxicity of modified LDL 

injures trophoblast cells, contributing to the pathogenesis of pre-eclampsia. 

The first aim of the study was to determine the effects of modified lipoproteins 

and/or high glucose on sFlt-1 and sEng release into media by trophoblast cell 

lines. This was the first study to demonstrate that modified lipoproteins 

enhance sFlt-1 and sEng release from trophoblast cells. Our data suggest that 

hyperglycaemia alone may not be sufficient to cause an anti-angiogenic 

environment, but it may amplify the effects of modified lipoproteins in the 

vicinity of the trophoblast. The second aim was to assess trophoblast barrier 

function following exposure to modified lipoproteins and/or high glucose. 

Trophoblast monolayer permeability was increased by apical and basolateral 

exposure to modified lipoproteins. sEng levels were increased from the apical 

(maternal) surface of the trophoblast cell monolayer following exposure to 

modified lipoproteins on either side of the monolayer. This finding was 

consistent with the literature that anti-angiogenic factors are released from the 

trophoblast into the maternal circulation in increased amounts in pre-

eclampsia. Our third aim was to determine the presence of extravasated 

modified lipoproteins in placental tissues from women with and without 

diabetes and/or pre-eclampsia. Our results confirmed the presence of modified 

lipoproteins in human placentae at term, regardless of diabetes or 
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preeclampsia. Possibly, women with diabetes may accumulate modified 

lipoproteins in placental tissues earlier than their non-diabetic counterparts, yet 

all may reach the same ‘saturation’ point by the time of delivery. Enhanced 

accumulation earlier in pregnancy could drive anti-angiogenic effects in 

women with diabetes. 

 Strengths and limitations  

The current study has many strengths. It is the first study to examine the role 

of modified LDL in pre-eclampsia in pregnancies complicated by diabetes. 

Trophoblast cell viability and release of anti-angiogenic factors in response to 

various concentrations of modified LDL and/or high glucose were investigated.  

For the first time, it was demonstrated that modified LDL diminished 

trophoblast monolayer integrity. It is the first study to describe ApoB, Ox-LDL 

and 4-HNE staining within placentae from women with/without dysglycaemia, 

with/ without pre-eclampsia. In other studies examining pre-eclampsia, women 

with diabetes have mostly been excluded from analysis, therefore our study 

provides novel findings regarding pre-eclampsia in this high-risk population of 

women. Compared to other studies which have examined placental pathology, 

women in the current study were matched according to BMI, maternal age and 

gestational age at delivery.  

Studies using LDL preparations have certain limitations which should always 

be considered. There are always variations between different preparations of 

LDL because no two subjects will have the same lipid compositions. In our 

laboratory, each LDL preparation is isolated from four normoglycaemic/ 

normolipidaemic participants in an effort to reduce the variability between 

preparations. It is still possible that HOG-LDL prepared from one LDL pool 

would be more toxic than that from another pool. To ensure our results were 

not skewed by some anomaly present in one LDL preparation, we used at least 

three different LDL preparations in each experiment. Separately we completed 

characterisation assays for each LDL preparation, including cell viability 

assays; levels of anti-angiogenic factors were corrected for cell viability. When 

comparing data between different studies using modified LDL, it is important 

to realise that there is no “gold standard” method for the preparation of 
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modified lipoproteins, making it difficult to define the specific components of 

modified LDL and their related effects in different cell types.  

In Chapter 4, although we found that trophoblast barrier integrity was 

diminished following exposure to modified LDL, FITC-dextran leakage did not 

correlate with TEER. Further assay characterisation experiments are required, 

potentially using Transwell inserts with larger pores.  

In Chapter 5 we analysed a small number of placentae from women with 

different glycaemia and pre-eclampsia status. Sections from one area of each 

placenta were examined, when ideally it would be useful to examine multiple 

areas of each placenta. Direct comparisons could not be made between 

samples from the AIT2D study and the MUSC-PCS: women included in the 

AIT2D study were delivered either vaginally or by caesarean section, whereas, 

women included in the MUSC-PCS were only delivered by elective caesarean 

section. The collection and processing protocols also differed between the 

studies. In the MUSC-PCS, collection and processing protocols have now 

been standardised and with an increased number of samples collected in the 

near future, it will be possible to conclude with confidence the role of modified 

lipoproteins in the development of pre-eclampsia in women with diabetes.  

 Future directions  

The results of this thesis will, it is hoped, contribute to the development of a 

better understanding of the mechanisms underlying pre-eclampsia, particularly 

in women with diabetes. Future studies should address the component(s) of 

modified lipoproteins that are responsible for the observed effects on 

trophoblast cell viability and release of anti-angiogenic factors. The trophoblast 

cell culture models developed in the current study will undoubtedly be useful 

in the first instance for testing novel therapeutics for pre-eclampsia. In our 

trophoblast barrier model, a next step would be to perform co-culture with 

trophoblast and endothelial cells to properly replicate the placental barrier. 

Although findings from our immunohistochemistry study were positive in that 

we determined the presence of modified lipoproteins in human placentae at 

term, we intend to repeat the analysis performed in the current study with a 
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larger number of samples; placental collections are currently ongoing from 

women with/without diabetes, with/without pre-eclampsia using a standardised 

protocol involving collection of samples from four quadrants of each placenta 

for future analysis. In addition, protein levels of modified lipoproteins, 

measured by western blot would be invaluable to properly quantify levels of 

ApoB, Ox-LDL and 4-HNE. In our future work with a larger number of placental 

samples, there is potential to validate other findings from our cell culture 

experiments and vice versa to further strengthen our work.   

 Final conclusions 

The principal conclusions from the current study are that: 

 Modified lipoproteins decrease trophoblast cell viability in a concentration 

dependent manner, potentially contributing to placental dysfunction in 

pregnancies complicated by pre-eclampsia 

 Exposure of trophoblast cells to modified lipoproteins causes increased 

release of two anti-angiogenic factors, sFlt-1 and sEng into cell 

supernatant, providing a novel mechanism for pre-eclampsia in women 

with diabetes.  

 High glucose alone has no effect on trophoblast cell viability and anti-

angiogenic factor release, however, in combination with modified LDL, high 

glucose amplifies the effects on sFlt-1 and sEng. This result suggests that 

hyperglycaemia in diabetes may not be sufficient to cause pre-eclampsia, 

and oxidative stress and modified lipoproteins play a crucial role.  

 Exposure of trophoblast cell monolayers to modified lipoproteins causes 

diminished barrier integrity. In other complications of diabetes (diabetic 

retinopathy and nephropathy) it is well known that barrier dysfunction 

exists. The findings of this study provide further evidence for a role of 

modified lipoproteins in contributing to placental barrier dysfunction.  

 Placental pathology is negatively affected by dysglycaemia and/or pre-

eclampsia.  

 Modified lipoproteins are present in human term placentae, however, a 

larger number of samples is required to determine if levels are in fact 

increased in women with diabetes and pre-eclampsia. It is possible that 
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oxidative stress is increased earlier in gestation in women with diabetes 

who develop pre-eclampsia compared to those who do not; the placenta at 

term is an aged tissue in all pregnancies, regardless of glycaemia or pre-

eclampsia, therefore making it difficult to see any differences at this stage.  
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N-LDL and HOG-LDL Preparation Protocol 

Day before blood draw 

1. Pool needs to be named- e.g. 15006 (This is the 6th pool of the year 2015).  
2. Need a total of 4 healthy volunteers (recruit on Friday for Monday). Volunteers 

must fast overnight.  
3. Identities of volunteers must be kept anonymous- therefore name 01, 02, 03, 04 
4. Prepare tubes for blood draw- 4 x 50ml falcon tubes per volunteer. Need 500ul 15% 

EDTA per tube. These can be kept in fridge over weekend.  
5. Check have all relevant needles, syringes, blood tubes- 1x yellow, 1x grey, 1x purple 

for each volunteer (can label these now- first name- e.g. 01, last name- 15006).  
 

Week 1- Day 1  

1. Turn on ultra-centrifuge (UC) and turn on vacuum as this will cool the UC to the 

correct temperature. Can then put the rotor and rotor caps will be using later into 

the fridge to cool.  

2. Blood draw from 4 healthy volunteers- Draw 180-200ml per volunteer into 50 ml 

falcon tubes with EDTA (prepared day before) (Appendix II, Fig. 1). These must be 

kept on ice. Ensure tubes are labelled for each volunteer. When assisting with 

blood draw, when last syringe has been filled, take needle off person taking the 

blood, while still connected to syringe and insert needle into each of the blood 

tubes (yellow, grey, purple). Once these are filled, transfer remainder of blood into 

last 50ml falcon tube. When transferring blood from syringe into falcon tubes, 

release plunger slowly. After these are filled, rotate gently to mix EDTA and blood. 

All HTA relevant waste must go in HTA waste box with red lid. Sharps in sharps bin. 

Tidy blood room up before leaving. On characterisation sheet, record how much 

total blood collected per volunteer. 

3. Once blood is collected and on ice, transfer into main lab to put into table top 

centrifuge. The 50ml tubes need to be calibrated in weighing scales in centrifuge 

buckets. Can use middle tube to calibrate. 4 tubes in each bucket with lid being 

kept on scale when adjusting the middle tube. Centrifuge for 30-35 minutes at 

3000rpm at 4⁰C.  

4. While this is centrifuging, can put blood tubes for hospital lab into labelled 

envelopes and taken over to Kelvin lab. Yellow envelope- yellow and grey tube and 

Week1 time prepare carry out spin @ note

Day1

09:00 *10X Saline/EDTA 2L (dilute → 20L)

*50ml tubes chilled 

*add 15%EDTA pH7.4: 10µl /ml  (500µl/ tube)

*ICE, syringes, vacuettes, venep. Equipment

Blood draw 200ml per participant; collect into 50ml tubes 

*Blood into 50ml tubes with 500µl 15% EDTA / tube

4 participants = 16tubes

Start up UC; set temperature

*T75 flasks; 

13:00 *1.019KBr density buffer pH7.4 for top up * separate blood in Eppendorf table top centrifuge Table top centrifuge

*UC seal tubes 40ml *3000rpm/4
o
C/30min *discard cells safely

* collect supernatant plasma carefully *measure plasma volume

*pool plasma in T75 flasks *add KBr @0.0185g/ml plasma; 

*distribute in UC seal-tubes (40ml, part345321A) 

*seal tubes

*place in rotor P70AT (70000rpm=505000g, k=44)

expect at least 180ml plasma 

(i.e. 4 to 6 UC tubes) keep 

some for Gels !

16:00 UC 65000rpm/10
o
C max 320ml (8 tubes)

Rotor: P70AT / 18hrs

over Accel:  9 

night Decel: 9
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red envelope- purple tube. Remember to stick label with contact details onto 

envelopes.  

5. Once back, centrifuge should be finished. Blood will have separated into three 

layers (top- plasma; middle- buffy coat; bottom- red blood cells) (Appendix II, Fig 

1.). Transfer tubes to bench top.  

6. Using 10ml pipette, transfer plasma into 2x T75 flasks being careful not to disturb 

buffy coat or take up any RBCs (Appendix II, Fig. 1). Use Pasteur pipette once close 

to buffy coat. Transfer into T75 flasks slowly being careful not to cause bubbles. 

Record on characterisation sheet how much plasma in total and how much density 

buffer going to add.  

7. Keep a sample of plasma for characterisation (approx. 1ml).  

8. To plasma, will need to add differing amount of density buffer. e.g. (0.0185g/ml 

plasma) e.g. for 150ml plasma, need 2.835g KBr. It helps to write on T75 flask the 

amount of plasma and how much KBr going to add. KBr is kept in sealed vacuum 

container. Once this is added, place on shaker to dissolve, gently shaking so not to 

cause bubbles in plasma.  

9. While this is dissolving need to make up 1.019KBr density buffer (50ml dialysis 

buffer Saline/EDTA and 0.925g KBr). Should only need 50ml for first round.  

10. Work out with how much plasma you have, how many ultracentrifuge (UC) tubes 

going to need. These tubes hold 40ml in total, therefore if have 186.5ml plasma, 

need 4.7 tubes- therefore will need 6 tubes in total in order to balance the UC. 

31ml plasma and top up with density buffer. N.B. UC can hold up to 8 tubes.  

11. Once KBr is dissolved in plasma, transfer contents of T75 to a 50ml falcon tube and 

take up with a syringe and needle and slowly transfer plasma from syringe into UC 

tube using needle. Fill all tubes with plasma first and then fill up with buffer with 

smaller needle (Appendix II, Fig. 2).  

12. Need to balance tubes on weighing scales and ensure no air bubbles. May have to 

squeeze tube to remove bubbles from the top.   

13. To seal- need soldering iron and caps labelled Hitachi sealing caps in top drawer. 

Also need forceps and rod. Place soldering iron on top of cap that has been placed 

on UC tube and press down slowly until feel the tube “give”. Remove soldering iron 

and hold rod straight on top of tube for 30 seconds or so until sealed (Appendix II, 

Fig 2.). Seal second tube in same way, remove caps and squeeze tubes to ensure 

they are properly sealed. Repeat process for all remaining tubes.  

14. Load tubes into rotor ensuring balanced pairs opposite each other. Place red caps 

on top of tubes, ensuring they are far enough down and not raised in the rotor (if 

they are raised, the tubes may not be sealed correctly).  

15. Move rotor into UC, and turn on to 65000rpm at 10⁰C for at least 19 hours. 

Remember to record rotations at start and end of run.  

16. Wait for vacuum-3 arrows to appear and wait until UC reaches past 10000rpm. 

Meanwhile, put tube rack into dialysis fridge to cool overnight as this will be 

needed Day 2.  
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Week 1 Day 2  

 

1. Prepare knife block for cutting of tubes. For this need the following: 2 rubber rings, 

metal ring, lubricant, and vacuum cream. Unscrew top plate, remove this and 

lubricate where knife will sit, place in metal ring, followed by the rubber ring, 

lubricate around these. Place the knife in block and return top plate. Place rubber 

ring followed by metal ring on top, ensuring these are well lubricated also. Screws 

can be hand tightened and can use Alan key if necessary. Knife should be able to 

slide in and out with ease.  

2. After 19 hours in UC, remove all tubes from rotor- may need pliers to lift them out 

of the rotor.   Lift out tube rack that had been kept in fridge overnight. Place rotor 

back into UC and turn on vacuum to keep cool. Tubes can go into rack in 

preparation for cutting. Will see from tubes that the plasma will have separated 

into three layers (top layer is VLDL and chylomicrons, middle layer is mainly LDL and 

buffer and the bottom layer is HDL). Want to cut the tube just under the top layer 

and will dispose of top layer keeping the middle layer.  

3. Slide first tube down into the knife cutter, having well lubricated the rubber ring 

with lubricant. Position this so tube can be cut where the top layer ends (Appendix 

II, Fig. 3). Once knife has gone through the tube, may need to use a needle and 

syringe to remove some of the plasma before lifting off the top, or else use forceps 

to carefully release vacuum seal and be ready with a pasteur pipette to remove 

some of the plasma to avoid spilling it. Once top is off tube, can pipette top layer 

into a waste flask. Can then pull back the knife and remove another 1-2ml from the 

top of the middle layer and dispose into T75 as this is mostly buffer. To a separate 

T75 flask, pour in the remaining contents of the tube, occasionally stirring tube as 

pour in. The very bottom layer which is a “gloopy” consistency can be disposed of. 

Can give knife block a wipe, add more lubricant to rubber ring and repeat process 

of cutting for all the remaining tubes. May need more than 1 T75 flask for the 

plasma contents (should be able to roughly read how much plasma in flask).   

4. Once all tubes are cut, record how much plasma is in each T75 flask. To the plasma, 

need to set the density with KBr for next UC step. Add 0.064g of KBr per ml of 

plasma, therefore if have 190ml plasma, will need to add 12.16g KBr. Add relevant 

amounts to each T75 and place on shaker to dissolve, gently shaking to avoid 

formation of air bubbles.  

5. While this is dissolving, can disinfect the knife block with alcohol. Push knife in so it 

doesn’t fall when top plate is removed. Loosen screws, lift top plate off and give 

Day2

09:00 *T75 flasks 

*1.063KBr density buffer pH7.4 for top up

*UC seal tubes 40ml VLDL on top - discard

12:00 *cut tubes (cutting level 16 mm  above sclicer bottom)

*discard VLDL fraction (top)

*measure volume of rest 

*pool rest in T75 flask *add KBr @0.064g/ml ;

*distribute in UC seal-tubes (40ml, part345321A)

*seal tubes

*place in rotor: P70AT

 

15:00 UC 65000rpm/10
o
C expect to fill 4-6 tubes

Rotor: P70AT / 18hrs

Accel: 9

over Decel: 9

night
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everything a spray. Wipe off with paper towel. Put knife block back together, put 

knife, rubber and metal rings into top drawer under bench.  

6. Will then need to prepare new tubes for UC. Need to prepare density buffer for 

topping up tubes i.e. 4.2g KBr to 50ml EDTA/saline buffer.  

7. Repeat process of filling tubes as did in Day 1 (steps 10-14). 

8. Move rotor into UC, and turn on to 65000rpm at 10⁰C for at least 18 hours. 

Remember to record rotations at start of run and end of run.  

9. Wait for vacuum-3 arrows to appear and wait until UC reaches past 10000rpm. 

Meanwhile, put tube rack into dialysis fridge to cool overnight as this will be 

needed Day 3. 

 

Week 1 Day 3  

 

1. Prepare knife block as before (Day 2, Step 1).  

2. After UC has finished, remove all tubes from rotor- may need pliers to lift them out 

of the rotor.   Lift out tube rack that had been kept in fridge overnight. Can put 

swing bucket rotor into UC and turn on vacuum to cool to correct temperature and 

metal centrifuge tubes can go into fridge to cool for later.  

3. Tubes can go into rack in preparation for cutting. Have waste bottle and 2 x T25 

flasks ready. Tube will again have 3 layers (top layer is LDL, middle layer is mainly 

buffer and HDL is again at the bottom). Before putting tube in cutter, mark on tube 

where want to cut (again just below the top layer) and then measure 16mm below 

this and mark here as well. This will make it easier to cut the tube in the correct 

position. Place tube into the cutter and move down until can see the second mark 

on tube coming out the bottom of the knife cutter. Cut the tube and remove top 

with forceps and use a small pipette to transfer the top portion into a T25 flask, 

being careful not to create bubbles. Slide knife back, pipette 1-2ml off and put into 

waste bottle so there is no spillage when removing the tube. Can then dispose of 

the contents of the tube into the waste bottle.  

4. Repeat this process for all 6 tubes. Once all tubes are finished, record quantity of 

LDL plasma and quantity of waste.  

5. Need to set the density of the plasma, this time, 0.0295g KBr per ml plasma and 

place T25 flasks with added KBr onto shaker to dissolve for a few minutes.  

6. For this next centrifugation step, need to use different tubes which do not need 

sealed at top. These tubes are smaller and fit in swing bucket rotor. They can be 

Day3 *LDL on top* 

09:00 *T75 flasks 

*1.063KBr density buffer pH7.4 for top up

*cut off LDL fraction (top)

*pool fractions in T75 flask

*measure volume of LDL

*UC tubes 13ml *add KBr @0.0295g/ml ;

 *distribute in UC tubes (13ml; PA332901A / PET303276A); 

*1/2 fill tubes and overlay with buffer (d=1.063)

*place in rotor: P40ST (40000rpm=284000g, k=139)

11:00 UC 40000rpm/10
o
C start UC before 11am

Rotor: P40ST / 24hrs if possible

Accel: 9

Decel: 7

Free spin out >3.5 hrs

over

night
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reused a maximum of 5 times and can be washed after use and sent for 

autoclaving.  

7. To these tubes (kept in drawer in autoclave bag), add even amounts of LDL plasma 

to each of the 6 tubes and top up with 1.063KBr buffer. Need to then balance tubes 

on weighing scales, remembering to put lids of buckets onto scales as well. Buckets 

and lids are numbered and must match up. When closing buckets, ensure dot on lid 

is lined up with dot on bucket. Buckets match up as follows: 1+4, 2+5, 3+6. Remove 

swing bucket rotor from UC and attach buckets in correct positions.  Transfer rotor 

into UC and screw off handle.  

8. Start vacuum and set to 40,000rpm at 10⁰C for 24 hours. Once vacuum has reached 

3 arrows, can press start. Remember to record rotations at start and end of run. 

Can put tube holder into fridge for the next morning. 

9. In preparation for tomorrow, can also prepare EDTA/saline dialysis buffer (see 

Shared Drive-TF-LDL protocol, Buffers and Reagents section).   

 

Week 1, Day 4  

 

1. After UC has finished after 24 hours, remove rotor buckets and place on bench in 

tube holder that was kept in the fridge overnight. Remove caps from buckets and 

use tweezers to lift tubes out of buckets into tube holder. This time there will be 

two layers- a very small layer at the top which is the LDL and the bottom is mainly 

buffer (Appendix II, Fig. 4). Using a Pasteur pipette, can go carefully round the edge 

of the top of the tube and remove LDL portion layer from the top. This can be 

transferred into a falcon tube, slowly pipetting it in so as to avoid bubbles. All 6 

tubes should yield approximately 15ml LDL.  

2. Once all tubes have been emptied, these need washed. Soak in decon for a few 

hours in a beaker, rinse with tap water, then with deionized water and finally with 

alcohol. Leave tubes to dry and then put in paper bag and send to be autoclaved. 

N.B. tubes can be used a maximum of 5 times before need to replace them. Clean 

out buckets and lids with alcohol, tissue paper and forceps.  

3. Prepare 4000ml EDTA/saline dialysis buffer and cool in fridge. Pipette 

approximately 14ml LDL into 15ml dialysis cassette and squeeze gently to remove 

any air (Appendix II, Fig. 4). Bubble nitrogen gas into dialysis buffer for 2 minutes 

approx. and transfer dialysis cassette into buffer. Purge with nitrogen for a further 

Day4

09:00 Dialysis against cold dialysis buffer:

*dialysis tubing (spectra/por7 10k MWCO) fridge!

*or  slide-alyzer G2 cassettes (10k MWCO) 

Thermo Sci. 3ml 87730 15ml 87731

*dialysis buffer fridge! (16 L)

*adjust pH 7.4 - 7.6 purge with N2

*at 4
O
C / cold room or fridge

DIALYSIS in COLD ROOM / Fridge UC finished 

*LDL's washed and 

concentrated* 

*LDL on top*

*measure volume of LDL

*cut off LDL fraction (ca 5ml / tube)

*pool fractions 

*Purge: N2 / 5min/ parafilm cover

*distribute in ≥2 dialysis bags (2-3ml/bag), clips

*place bags in dialysis buffer (cold!), attach to floats

*gently purge nitrogen over top of the buffer.

*Cover well, place a dark cloth over the flask and stir gently in 

the cold room / fridge. 

*Buffer change: 4 times over 24hrs! *Dialysis with 4 buffer changes @max 4hr intervals

* 4x 4L buffer required
1. 3-4hrs

2. 3-4hrs

over 

night
3. over night
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minute and cover with cling film and put on stirrer in the fridge for 2-3 hours. After 

2-3 hours, can remove the cassette and transfer into a fresh flask of dialysis buffer. 

Again purge with nitrogen and place on stirrer. Dialysis must be carried out a total 

of 4 times over 24 hours so can leave 3rd one overnight and carry out final one next 

morning.  

 

Week 1, Day 5  

 

1. After last dialysis in the morning, can remove cassette from dialysis buffer and 

pipette slowly into 15 ml falcon tube (Appendix II, Fig. 4). Record how much LDL 

there is in total. Split this into two portions, e.g. if there is 8.5ml in total, 4ml to 

be stored as N-LDL, 4ml to be set aside to be glycated and the remaining 500ul 

can be transferred into a tube to be used for characterisation. Before storing N-

LDL, will need to sterile filter. Label 8 x 500ul vials with label maker on 

computer, e.g. 15006 N-LDL. Transfer 500ul of N-LDL into each vial. Can then 

place these in 50ml falcon tubes (can fit 6 x 500ul vials into one falcon tube). 

Purge these tubes with nitrogen and cover with tin foil and store in LDL dialysis 

fridge.  

2. Now need to set up the glycation step of the remaining portion of N-LDL. Add 

18.1ul glucose solution and 20ul DTPA (kept in dialysis fridge, sterile filtered) 

per ml of remaining N-LDL, i.e. in this case, need 18.1ul x 4ml = 72.4ul glucose 

solution and 20ul x 4ml= 80ul DTPA. Once this is added, gently invert tube a 

few times without causing bubbles. Purge tube with nitrogen and wrap in tin 

foil, give a spray and store in 37⁰ C incubator in tissue culture for 72 hours.  

3. At this point, can run a lipo-gel on plasma and N-LDL (Follow instructions in 

lipo-gel pack).  

 

 

 

 

 

 

 

 

 

 

 

 

Week2 time prepare carry out spin @ note

Day1 * run LIPO-gel 1 before modification (2µl) *use conc. LDL and 

include donor serum

*divide LDL into two portions 

*syringes

*0.22µm syringe filters

*1-2 ml sterile sample vials

*filter sterilize N-LDL portion 

*purge with N2/ place in sterile vials/parafim
 

* 50% glucose solution in H2O (5g in 10ml)

*50mM  DTPA (393mg in 20ml H2O adjust pH 7.4)

Make G-LDL with other portion

*add 18.1µl glucose solution per ml of LDL 

(final concentration of 50mM) 

*add  20µl of DTPA stock solution per ml of LDL

* filter sterilize solutions

* purge with N2

*cap and cover with aluminium foil

*place in 37 
o
C incubator for 72 hours
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Week 2, Day 1  

 

1. Make up PBS buffer for dialysis (recipe on glass bottle), pH to 7.4 and dilute in 

deionised water (1L PBS into 9L deionised water). Add 4L into a beaker (labelled 

PBS only) and purge with nitrogen for 2 minutes and cover in cling film.  

2. After 72 hours, remove glycated N-LDL from the incubator. Transfer into either 1 x 

15ml cassette or 2 x 3ml cassettes. Add the cassette(s) to the beaker of PBS buffer, 

purge with nitrogen for 30 seconds and place in stirrer in dialysis fridge for 2 ½ to 3 

hours. After this time point is up, transfer to fresh PBS in other PBS beaker and 

repeat dialysis for 2 ½ to 3 hours. Carry out 3rd dialysis overnight and 4th the next 

morning.  

 

Week 2, Day 2  

 

1. After final dialysis in the morning, transfer to 15ml falcon tube. Need to store small 

vial for characterisation.  

2. At this point, must carry out BCA on glycated LDL (G-LDL) and if over 3mg/ml need 

to adjust to 3mg/ml with PBS.  

3. Need to sterile filter G-LDL and distribute evenly to a 6 well plate (e.g. 2ml per 

well). Make up fresh 100mM CuCl2 stock in glassware (do not use plastic). Dilute 

this to 400uM (e.g. 12ul in 3ml deionised water). Make up 50% glucose solution 

(there is also some kept in fridge). Add 18.1ul glucose solution per ml G-LDL, 

therefore 36.2ul per well if 2ml per well. Add 25ul 400uM CuCl2 per ml G-LDL, 

therefore 50ul per well if 2ml per well. Place in incubator for 24 hours, checking 

regularly for colour change from yellow to milky (Appendix II, Fig. 5).  

 

 

 

 

 

 

Dialysis against cold PBS: after 72 hours in incubator

*dialysis tubing (spectra/por7 10k MWCO) fridge!

*or  slide-alyzer G2 cassettes (10k MWCO) 

Thermo Sci. 3ml 87730 15ml 87731

*PBS pH7.4 16L

*adjust pH 7.4 - 7.6 purge with N2

*at 4
O
C / cold room or fridge

*Dialysis (PBS!!!!) with 5 buffer changes at least 24 hrs 

1. 3-4hrs

2. 3-4hrs

3. over night

It is crucial to use PBS 

at this time to eliminate 

any traces of EDTA.

Best use 3-4 small or 2 

large G2 cassettes 

4. 3-4hrs

5. 3-4hrs

recover sample / purge with Nitrogen / store in fridge

This fraction is G-LDL 

and is usually about 10-

15mls

keep a sample if needed

prepare carry out spin @ note

*protein test

*PBS pH7.4

 LOWRY / BCA

*if protein concentration is >3mg/ml adjust with PBS (O2  

saturated)

adjust protein conc. to  

≤3.0mg/ml if necessary

*50% Glucose solution (5g in 10ml H2O)

*100mM CuCl2 stock solution 

*→ dilute to 400µM (12µl CuCl2 in 3ml H20) 

* 6-well TC dishes 

*Oxygen saturate PBS @2l/min for 10 min before 

adding glucose and CuCl2.

Make HOG-LDL (for Ox-LDL: without glucose) 

*sterile filter 50%glucose solution; fresh 400µM CuCl2  

solution and G-LDL

In cell culture hood:

* 2ml sterile G-LDL (protein adjusted at 3mg/ml) per well 

*add 18.1µl glucose solution per ml  

*add 25µl of fresh 400µM CuCl2 solution per ml

* incubate in a 37
o
C incubator for at least 24 hours

Check regularly: Watch 

for colour change from 

yellow to clear to milky. 

Do not allow the reaction 

to aggregate
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Week 2, Day 3  

 

1. After 24 hours in incubator, remove and it should be a milky white colour 

(Appendix II, Fig. 5). Add 10ul EDTA solution per ml of LDL to stop the oxidation 

reaction. Transfer to 2 x 3ml or 1 x 15ml dialysis cassettes and dialyse in EDTA 

buffer in fridge on stirrer for 2 ½ to 3 hours. A total of 4 buffer changes should be 

carried out over 24 hours. 3rd or final one should be carried out overnight.  

 

Week 2, Day 4 

 

1. If necessary, carry out final dialysis change in the morning. After 2 ½ hours, remove 

from dialysis buffer and sterile filter into falcon tube. Print labels for HOG-LDL and 

label 500ul tubes and 1 x 1.5ml tube (for characterisation purposes). Transfer 500ul 

of HOG-LDL into tubes, store 6 x 500ul tubes into 50ml falcon tube, purge with 

nitrogen and place in fridge. Transfer whatever is remaining (approx. 1ml) into 

1.5ml tube and put in small characterisation box in fridge. 

 

Week 2, Day 5 

1. Run further characterisation assays as below 

 
N.B. For measuring absorbance, use a clear bottomed 96 well plate and for 

measuring fluorescence, use a black bottomed 96 well plate. 

  

 

 

 

* 10mM EDTA solution * add 10µl EDTA solution per ml HOG-LDL EDTA stops oxidation!

Dialysis against cold dialysis buffer:

*dialysis tubing (spectra/por7 10k MWCO) fridge!

*or  slid-alyzer G2 cassettes (10k MWCO) 

Thermo Sci. 3ml 87730 15ml 87731

*Dialysis Buffer pH7.4 16L

*adjust pH 7.4 - 7.6 purge with N2

*at 4
O
C / cold room or fridge

*Dialysis with 4 buffer changes 

1. 3-4hrs

2. 3-4hrs

3. over night

*syringes

*0.22µm syringe filters

*1-2 ml sterile sample vials

4. 3-4hrs

*recover HOG-LDL sample

* filter through 0.2µm syringe filters

* purge with N2 / place in sterile vials/ parafilm

The finished product is

HOG-LDL

further characterization assays: 1. Determine protein  (Lowry/BCA) expect at least 3mg/ml

Prepare from both N-LDL and HOG-LDL:

a. 2ml of 100µg/ml 

b. 100µl of 1mg/ml

Run LIPO-gel and measure 

absorbence and fluorescence 

simultaneously

2. Lipo-gel 2 (1mg/ml; 100ug/ml)

3. Absorbance @234nm 

4. Fluorescence @ 355nm-ex/460nm-em 

for HOG LDL Rf  3 to 5

N<HOG (HOG: Ar >2 )

N<< HOG (HOG Fr >3)

5. Cytotoxicity: e.g. Retinal Pigment Epithelium Cells 

(RPE cells); for 50, 100, 200, 300µg/ml of N-LDL and HOG-

LDL

visual / cell count 

or CCK-8 (Sigma 96992) 

6. Endotoxin assay (LAL QCL-1000) <0.1EU (1EU=0.1to0.2ng/ml)
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Figure 1. Week 1 Day 1 (a) Blood was collected from four healthy volunteers 
into 50 ml syringes and transferred to 50 ml tubes. (b) Blood was centrifuged 
(3000 RPM, 30 mins, 4°C) to separate the plasma portion. (c) Plasma was 
transferred to 2 x T75 flasks and potassium bromide was used to set the 
density.  

 

 
Figure 2. Week 1 Day 1 (a) Plasma was transferred to Beckmann 
ultracentrifuge (UC) tubes using a syringe and needle. (b) UC tubes were 
sealed using a soldering iron. (c) Sealed UC tubes (6 or 8) were then 
transferred to Beckmann 70TI rotor and spun in ultracentrifuge (65,000 
RPM, 18 hrs, 10°C). 
 

b 

a b c 

a c 
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Figure 3. Week 1 Day 2. UC tubes were cut using a knife block as shown. 
The top portion was disregarded and density buffer (1.063 g/l) was added to 
the bottom portion (LDL and HDL). The bottom portion was transferred to 
fresh UC tubes and centrifuged (65,000 RPM,18 hrs, 10°C).  

 

 

 

 

Figure 4. Week 1 Day 4 (a) The 
LDL portion (top layer) was 
removed from the swing 
bucket rotor UC tubes. (b) LDL 
was transferred to a dialysis 
cassette and (c) dialysed 
against cold dialysis buffer (4 

changes over 24 hrs). (d) After 
last dialysis, LDL was removed 
from cassette and split into 
two portions.  
 

 

 

a b 

c 

d 
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Figure 5. Week 2 Day 2-3 (a) Glycated LDL was further glycated (50mM 
glucose) and oxidized using copper chloride (25 µl/ml of 400µM copper 
chloride). (b) Following 24 hour incubation (37°C), the LDL changed colour 
from yellow/orange to cloudy/milky. This was referred to as ‘highly-oxidized 
and glycated’ (HOG)-LDL.   
 

 

 

 

 

 

 

a b 
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Protocol 

Mechanisms and Prediction of Pre-Eclampsia in Minority Women with impaired 

glucose level 

Timothy Lyons, MD, Principal Investigator 

 

Subjects:  At two Oklahoma Native Indian tribe locations (Chickasaw Nation, Ada; 

Choctaw Nation, Talihina) and the High-Risk Pregnancy Clinic at OUHSC, Oklahoma 

City, a total of 300 pregnant women with impaired glucose and 60 non-diabetic control 

pregnant women (the latter to define normal values) will be recruited in early pregnancy.  

Accrual of subjects will occur over a three-year period, with ~40 subjects per center per 

year, with the clinical work extending over three years.  All subjects will provide informed 

consent, and the study will be approved by the Human Subjects Review Boards at each 

institution.  We expect that 60 out of 300 (~20%) impaired glucose subjects, 3 out 60 

(~5%) non-diabetic controls will develop PE (there is no intent to study PE prospectively 

in non-diabetic women: this would be prohibitive in view of our budget). 

 

Inclusion/exclusion criteria:  We will recruit pregnant women with pre-diabetes, 

gestational diabetes, or established pre-gestational Type 2 diabetes, including those with 

pre-gestational microalbuminuria.  Subjects with known hypertension or overt 

nephropathy (serum creatinine >1.5mg/dl and/or frank proteinuria), or serious intercurrent 

illness such as cardiovascular disease, severe anemia (Hb<8mg/dl), sickle cell disease, 

epilepsy, connective tissue disease, cancer, or active debilitating infectious disease will be 

excluded.  Pregnant non-diabetic controls will be age-matched, non-smokers, and entirely 

healthy. 

 

Clinical protocol:  For study subjects, participation in this study will involve maximum 

four study visits (four occasions during pregnancy) that will occur during the course of 

standard ante-natal and peri-natal care. Since pre-eclampsia develops between second and 

third trimester, participants are allowed to participate in the study started from second visit 

(20-22wk of gestation). At each, history and physical examination findings will be 

recorded, and blood and urine will be collected.  Detailed clinical information will be 

recorded at each study visit (10-14wk, 20-22wk, 30-32wk, and 37wk of gestation).  

Briefly, this will include full medical, social, and obstetric history, records of past and 

present glycemic control, diabetes complication status, medications, and a detailed 

physical exam.  HbA1c will be recorded using a blood test or with DCA2000 meters 

(Bayer Corp, Tarrytown, NY), which employ a well-standardized monoclonal antibody-

based technique.  Fasting glucose and insulin will be measured at the first visit, and the 

HOMA index calculated.  In addition, placenta tissue and cord blood will be collected at 

term. During each visit, a patient health questionnaire (PHQ-9, Appendix A.) will be 

provided to evaluate their depression status. Control subjects will be treated identically.   

 

In addition, an in-person, 24 hour multiple pass recall (MPR) methodology will be used 

for all dietary interviews at each subject’s visit. The study coordinators will record the 

information reported by the participant. Measurement aids and visuals including charts, 

drawings and models will be used to quantify the foods and beverages reported.  To ensure 

that accurate details are obtained by 24 h MPR, all study coordinators will be trained by a 

Registered Dietitian, who are with knowledge of appropriate questions or probes to ask 
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regarding food identification, preparation and ingredients. The probes will be standardized 

by using the validated tool: Food Instruction Booklet developed in the USA (US 

Department of Agriculture, Agricultural Research Service, 1998).  Calculation of nutrient 

values will be obtained via Axxya Systems Nutritionist Pro version 4.4. The MPR chart 

is attached as Appendix B.  

 

 

Ascertainment of PE:  The criteria for PE are the occurrence of hypertension after 20 

weeks of gestation in a previously normotensive woman, accompanied by proteinuria.  

Hypertension refers to systolic blood pressure ≥140 mm Hg or diastolic blood pressure 

≥90 mm Hg; or systolic blood pressure increase of ≥30 mm Hg or diastolic blood pressure 

increase of ≥15 mm Hg over first trimester of pre-pregnancy values.  Proteinuria is defined 

as 24-hour urine protein ≥300 mg or dipstick protein ≥1 g/L.  Blood pressure will be 

recorded by standardized mercury sphygmomanometry as recommended (Davey & 

Macgillivray).  Urine (24hr sample) will be obtained at each study visit, the volume 

recorded and aliquots frozen (see below) for determination of microalbuminuria and 

creatinine at OUHSC.  Each facility will, in addition, provide its usual care (monthly or 

more frequent review), generating interim records of HbA1c, BP, and proteinuria.  Liver 

function tests, CBC, and platelet counts will be recorded at times of study visits and more 

frequently if PE is suspected.  Optional Doppler velocimetry of the uterine artery (at 20 

and 30wks) and of the umbilical artery (at 30wks) will be recorded and assessed if the 

tests are available.  

 

Sampling protocol:  Blood samples: Fasting blood samples (55ml) will be drawn at each 

study visit using standard sterile kits provided from OUHSC, and processed as shown in 

the Sampling Protocol (Appendix).  Briefly, aliquots of plasma, serum, and red cell pellets 

will be prepared and stored at -80C.  Samples will be batched and shipped (or personally 

transported), frozen, to OUHSC 3-4 times per year, and stored at -80C until analysis.  

Urine samples: 24hr samples will be collected, the volume recorded and aliquots stored 

as per Sampling Protocol (Appendix).  Term Collection:  In addition to maternal blood, 

non-infarcted placental tissue, cord blood plasma, serum, and packed red cells will be 

collected and stored. 

 

Detailed analyses: 

a.  Endothelial dysfunction 

(a)    Fibrinolytic activity: i.  t-PA by ELISA (Bipool International, Ventura, CA). 

    ii.  PAI-1 and PAI-2 by ELISA (Bipool International).   

(b) Coagulation: i.  Antithrombin III by ELISA (Bipool International).  

ii. Thrombin/antithrombin III complex by ELISA (American 

Diagnostica, Greenwich, CT). 

(c) Vasoactive compounds:i. Plasma/urinary TXA2 and PGI2 by ELISA (R&D 

Systems, Minneapolis, MN).  Ratio of TXA2/PGI2 will be determined.   
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ii. Endothelin-1 in serum by ELISA (R&D Systems). 

(d) Adhesion molecules: i. sVCAM-1, sICAM-1, and sE-selectin by ELISA (R&D 

    Systems). 

    ii.  Fibronectin by ELISA (Santa Cruz, Santa Cruz,CA). 

(e) Cytokines/inflammation markers:i.  IL-6 and TNFα in plasma by ELISA (R&D 

     Systems).   

     ii.  PTX3 by ELISA (Axxora, San Diego, CA). 

(f)     Other circulating markers: i. esRAGE by ELISA (R&D Systems) 

ii. Soluble ADAM-12 ELISA (Imgenex 

Corporation, San Diego, CA) 

iii. Serum ADMA (ELISA, Salem, NH; HPLC) 

b.  Oxidative stress 

 (a)     8-Iso prostaglandin F2  in plasma and urine by ELISA (R&D Systems). 
 (b)    Ox-LDL by ELISA (Mercodia, Uppsala, Sweden).  To control for substrate stress 

the ratio of ox-LDL to   LDL will also be determined.     

 (c)   PON-1 activity in serum by the rates of hydrolysis of paraoxon (to give paraoxonase 

activity) and of  phenylacetate (to give arylesterase activity) as previously described.  

 

c.  Dyslipoproteinemia  

(a)    Conventional serum lipid profile will be performed at the OUHSC Clinical 

Chemistry Laboratory.  Total cholesterol and triglycerides and HDL-cholesterol by 

enzymatic analyses with CVs<3%.  LDL-C will be calculated by the Friedewald 

equation if triglyceride levels are <400mg/dl and from NMR results if >400mg/dl.     

(b)     NMR lipoprotein subclass profile in serum will be determined by LipoScience, 

Inc. (Raleigh, NC, TX).   

 

Aim 2:  To define the role of angiogenic and anti-angiogenic factors in the increased 

incidence of PE in women with impaired glucose in American Indian and Hispanic 

populations.  

 

Detailed analyses:  Serum or plasma levels of VEGF, PlGF, sFlt1, soluble endoglin, and 

PEDF will be quantified by the ELISA method at all trimesters and at term, and will be 

related to the pregnancy outcome. Kits for VEGF, PlGF, sFlt1 and endoglin are from R&D 

Systems (Minneapolis, MN) and kits for PEDF from Chemicon Int., Inc. (Temecula, CA). 

 

Aim 3.  To test the hypothesis of altered angiogenic/anti-angiogenic balance in the 

development of PE in cell culture studies.  We will test two sub-aims: a) to define the 

effects of pre-eclamptic plasma (vs controls) on cultured vascular and glomerular 

endothelial cells, and to determine whether reduced VEGF and PlGF and increased sFlt1 
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and endoglin are causative; b) to determine the mRNA and protein expression levels of 

endogenous PEDF, and the role of exogenous PEDF on cells treated with pre-eclamptic 

plasma.  

 

Experimental design:  Ex vivo experiments using the plasma or serum from clinically 

established PE patients will be performed.  We will employ samples from different stages 

of pregnancy, i.e. immediately preceding and after PE.  In cultured cells, time- and dose-

dependent effects of PE samples will be determined.  Endpoints to be measured include: 

1) expression and release (into medium) of ICAM-1, VCAM-1, PAI-1/PAI-2, tPA, PGI2, 

endothelin-1, cytokines and PTX3; 2) intracellular reactive oxygen species and 

peroxynitrite generation; 3) NF-κB activation; and 4) apoptosis/proliferation, migration, 

tube formation.  Samples from age-, ethnicity- and parity-matched women who did not 

develop PE will be used as controls.   

After the optimal time and dose range are established, and a clear window of difference 

between PE and non-PE samples are observed, we will test the above two sub-aims.  a) 

Exogenous sFlt1 and soluble endoglin, alone or in combination, will be added to the non-

PE samples to see if that blocks the normal proliferation, migration, and angiogenesis, and 

induces adverse effects.  Exogenous VEGF, PlGF and TGF-β, alone or in combination, 

will be added to the PE-samples to see if they inhibit the adverse effects of the PE samples.  

Again, dose-related effects will be determined.  b) We will measure the expression 

endogenous PEDF at protein and mRNA levels and its release.  Specific siRNA will be 

utilized to down-regulate PEDF and to determine if decreased endogenous modulates the 

sensitivity of cells exposed to PE samples.  In addition, exogenous PEDF will be added to 

the cells to see if it blocks the adverse effects of PE samples in a dose-related manner.  If 

required, we will also use adenovirus expressing PEDF on cells.  

 

 

Amendment 

10/21/2015 

 

Purpose: To measure heavy metal concentrations in maternal urine samples to determine 

whether any of the metals differ between groups and, if so, whether those differences 

relate to differences observed in the DNA methylation patterns. 

 

Rationale: The results from the DNA methylation array comparing genome wide DNA 

methylation in placentas from mothers with diabetes to controls in a similar population 

were significantly enriched for genes involved in metal and cation binding in separate 

analyses of placentas from male and female offspring. There is experimental evidence in 

the placenta that metals preferably bind to glutathione (GSH) forming a complex, which 

can be effluxed by transporters in the placenta (Gundacker et al). It is our hypothesis that 

exposure to the altered metabolic milieu of diabetes in pregnancy alters the placenta’s 

ability to efflux the metals. 

 

Protocol Change: We plan, in collaboration with Dr. Steven Chernausek, to measure 

heavy metal concentrations, such as cadmium, lead, mercury, uranium, arsenic, 

selenium, and chromium in maternal urine through inductively coupled plasma 

spectrometry (ICP) at the West Virginia University Health Science Center in 
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collaboration with Drs. Rosana Schafer and Janet Tou. The initial genome-wide DNA 

methylation analysis of Dr. Chernausek’s study was performed as a matched paired 

analysis and we will employ the same matched paired grouping for paired t-tests to 

determine if the levels of each metal measured in the women with gestational diabetes 

are significantly different from controls (p< 0.05). 

 

Impact on study integrity: None anticipated as this analysis utilizes existing samples and 

patient confidentiality will be preserved according to study protocol. However, the 

results of this analysis could have important public health implications and, if our 

hypothesis is confirmed, will spawn important research questions.  

 

 

 

Amendment 

8/16/2016 

 

Purpose: To measure CRP expression from previously collected samples. To explore 

possible genetic factors influencing risk of pre-eclampsia (PE). 

 

Rationale: Dr. Lyle Best’s ongoing work has resulted in discovery of 3 genetic variants 

in the CRP gene which are associated with PE. These findings have been replicated 

among both a predominantly European cohort in eastern United States and a study 

among the Han Chinese. In addition to these reports, a possible molecular mechanism 

for the influence of the expressed CRP protein on the development of PE has recently 

been reported. This latter discovery increases scientists' confidence that our genetic 

findings are relevant and potentially useful in developing treatments or preventive 

measures.  

 

Protocol Change: We plan, in collaboration with Dr. Lyle Best, to demonstrate the 

ability to identify C-reactive protein (CRP) mRNA expression in various tissues at the 

Turtle Mountain Community College (Dr. Best’s) laboratory, determine if oral buccal 

epithelium expresses CRP mRNA, determine if vaginal epithelium expresses CRP 

mRNA and investigate effects of 3 CRP SNP variants on CRP mRNA and serum protein 

expression 

 

Impact on study integrity: None anticipated as this analysis utilizes existing samples and 

patient confidentiality will be preserved according to study protocol. However, the 

results of this analysis could have important public health implications and, if our 

hypothesis is confirmed, will spawn important research questions. 
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Appendix A. Patient Health Questionnaire – 9 (adopted from Thibault J.M., et al, AASP. 

2004, 70(6): 1101-1110) 
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Appendix B: 24-Hour Food Recall 
 

1.  ID Number:                                                2.  Date of Recall:  

3.  Name: 4.  Staff: 

5.  Takes Nutritional Supplements   Yes   No     If Yes, list type: Serving Abbreviations 

tbsp= tablespoon    c   = cup 

tsp= teaspoon        lb  = pound 

oz= ounce              sl = slice 

 

Meal*  

Place* 

  Amount        Food Description Comments 

 

 

 

   

 

 

 

   

 

 

 

   

 

 

 

   

 

 

 

   

 

 

 

   

 

 

 

   

 

 

 

   

 

 

 

   

 

 

 

   

 

 

 

   

*Meal Codes: 1-Morning (4-9a.m.)  *Place Codes: Home – HO 

  2-Midmorning (9-11:30a.m.)   Restaurant – RE (Please Specify 

name of Restaurant) 

  3-Noon (11:30-2p.m.)    Friends –FR  

  4-Afternoon (2-5p.m.) 

  5-Evening (5-8p.m.) 

  6-Late Evening (8p.m.-4a.m.) 
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PROTOCOL TITLE:  Diabetes, modified lipoproteins, and preeclampsia  

 

PRINCIPAL INVESTIGATOR: Timothy Lyons, MD 
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1.0 Objectives / Specific Aims 
1) To establish a standardized, high-quality repository of placental tissues (and maternal 

and cord blood) and isolated primary villous trophoblast cells at elective C-section, in 

women with/without PE and with/without diabetes. A total of 120 diabetic (pre-gestational 

T1DM (PE+/PE-; 20/20), pre-gestational T2DM (PE+/PE-; 20/20), and gestational DM 

(PE+/PE-;20/20)) and 40 non-diabetic pregnant women will be recruited. Placental 

morphology will be evaluated. This work will provide key tissues to augment the 

longitudinal data obtained from the existing blood samples from two prospective studies 

of diabetic pregnant women: a) Markers and Mechanisms for Pre-Eclampsia in Type 1 

Diabetes (‘MAMPED’), and b) Preeclampsia in American Indian Women with Type 2 

Diabetes.  The repository is to enable Aims 2 and 3 below, and also to enable future, as 

yet unknown research.  Any such future research would not involve genetic studies. The 

ability to readily and reproducibly obtain non-immortalized human cytotrophoblast cells 

and syncytiotrophoblast is necessary for the study of placental function and to define the 

roles of each of these cellular components in normal physiology and in PE.  

2)To determine the presence and extent of extravasated modified lipoproteins in placental 

tissues, and to correlate this with levels of sFlt1 and sEng in both tissues and blood, as 

well as with diabetes status. This will provide critical translational data to validate the 

findings from our trophoblast culture studies. 

3)To determine the expression levels of sFlt1/Flt1 mRNA, the alternative splicing factor 

Sam68, and its upstream effector Nkx2-5 in placental tissues, and their potential 

relationships to diabetes, PE, and tissue content of modified lipoproteins. Sam68 is a 

mediator of placental sFlt1 mRNA splicing in early-onset and severe PE, downstream of 

the cardiovascular transcriptional regulator Nkx2-5. Establishing a positive relationship 

of this pathway in the setting of DM will deepen our understanding of disease pathways 

and their relationship to placental development, and will highlight rational candidate 

targets for drug discovery.). 

 

2.0 Background 
Pre-eclampsia (PE) is characterized by de novo hypertension and proteinuria with onset 

during the second half of pregnancy, and is a major cause of maternal and fetal morbidity 

and mortality. The reported prevalence of PE in the general population is approximately 

~4%, with 93% of cases developing at ≥ 34 weeks gestation [1]. In the United States, PE 

is responsible for 15% of premature deliveries [2] and almost 18% of maternal deaths [3]. 

In addition to its immediate, short-term effects, PE is associated with long-term health 

complications in both mother and child, thus imposing enormous personal, health and 

socioeconomic burdens [4]. 

 

PE is a heterogeneous disorder, and its pathogenesis may differ according to pre-existing 

risk factors, including pre-gestational diabetes mellitus (DM) [5]. The incidence of PE is 

dramatically increased in pregnancies complicated by any type of diabetes (to ~20%). In 

2013, over 21 million live births were affected by maternal diabetes during pregnancy 

worldwide [6], and the ongoing epidemic of Type 2 diabetes in youth, and the steadily 

increasing incidence of Type 1 diabetes, portend an even higher prevalence of PE in the 

future. 
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The etiology of PE remains unclear; however, it has been shown that placental hypo- 

perfusion and diffuse endothelial cell injury are central pathologic events. Recent data, 

including our own [7], suggest that an imbalance of angiogenic/anti-angiogenic factors 

may contribute, raising the possibility that these factors may be targeted to treat or even 

prevent PE. Currently, PE cannot be accurately predicted and there is no effective 

treatment: delivery of the baby (and placenta) represents the only “cure”. 

 

Investigators at MUSC have collaborated with one another and with others, both 

nationally and internationally, and have assembled two invaluable, irreplaceable sets of 

human clinical samples from major prospective studies of pregnant Type 1 and Type 2 

diabetic women: 

 

a. Markers and Mechanisms for Pre-Eclampsia in Type 1 Diabetes (‘MAMPED’). This 

study was initiated in 2001 by the PI, Dr. Lyons, recognizing that since PE occurs much 

more frequently in diabetic women, it might therefore provide an accelerated ‘model’ of 

vascular injury in diabetes (occurring in months- not over years or decades, as is the case 

with nephropathy or CVD). 

 

MAMPED was the first study of its kind. It was based on the following premises: (1) PE 

in diabetes is a common and serious problem which had been inadequately investigated; 

(2) prospective studies are urgently needed; (3) many potential markers and mechanisms 

for PE in diabetes could be assessed in the Lyons laboratory and by collaborators; (4) 

prospective studies might lead to identification of early warning signs, and hence to 

preventive and therapeutic strategies to block the development of PE in diabetes; (5) such 

studies could also lead to improved understanding of the mechanisms of PE in general, 

and of the vascular complications of diabetes; and (6) PE may represent an accelerated 

model (since it progresses from start to finish within months) of vascular disease in 

diabetes. 

 

MAMPED was an international (US, Norway, Australia) prospective study of 151 

pregnant women with Type 1 diabetes: 30 developed PE, all but one after more than 34 

weeks gestation. Participants had detailed clinical assessments throughout their 

pregnancies. Blood and urine samples were collected at three time points during gestation 

(12, 22, 32 weeks) and at term. Laboratory analyses were performed (mostly in the Lyons 

laboratory, some in Oslo, Norway), to determine how measures of oxidative stress, 

abnormal plasma lipids, adipokines, inflammatory factors and markers of altered 

endothelial cell function affect the risk for later PE. The study has identified new markers 

for subsequent PE as early as 12 weeks of gestation [7-14]. We anticipate that, with on-

going analyses, it will contribute towards a basis for preventive and therapeutic measures 

to improve the health of women with diabetes and their children, provide a greater 

understanding of PE in general, and, we hope, elucidate the complications of diabetes. 

 

b. Pre-eclampsia in American Indian Women with Type 2 Diabetes. As in Type 1 diabetes, 

PE is increased in women with Type 2 diabetes. American Indian women are experiencing 

a particularly severe “epidemic” of Type 2 diabetes. Many studies of PE have excluded 

women with Type 2 diabetes, particularly those from minority groups. Drs. Lyons and Yu, 
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while working at the University of Oklahoma, initiated a multi-center prospective study 

of pregnant women with Type 2 diabetes and American Indian ancestry. The clinical 

sample collection phase is now complete. Samples from 400 participants at two Oklahoma 

tribal clinics were collected. Detailed clinical assessments were recorded throughout the 

pregnancies, and blood and urine samples were collected at ~12, ~22, and ~32 weeks’ 

gestation and at term. Our team will use these samples to perform detailed analysis 

(including measures of lipids, antioxidants, inflammatory factors etc.), and other factors 

in the blood that may affect vessel growth. We expect that this study will identify markers 

to identify diabetic patients at highest risk for PE, clarify disease mechanisms, and 

eventually reveal ways to prevent and treat PE. The Institutional Review Boards of both 

partner tribes requested that samples collected in this study be transferred to MUSC so 

that they remain in the care of Dr. Lyons and so that the next phase of the study can 

proceed. The samples were transferred to MUSC in May, 2017. 

 

 

3.0 Inclusion and Exclusion Criteria/ Study Population 

All participants will have been scheduled for non-emergent, elective Cesarean section; 

they will be identified through collaborative efforts with MUSC Women’s Health staff. 

The PI and/or study coordinator will explain the nature of the study to women who meet 

the criteria below. Individuals who take part in this study must choose to participate 

voluntarily and must provide signed consent. Potential participants will be provided IRB-

approved consent forms and the opportunity to ask questions. They will be encouraged to 

take time to discuss study participation with family and friends. Once the informed 

consents are signed, the patients will be actively enrolled in the study. 

 

Inclusion criteria: 

 

• Age 18-50 inclusive 

• ≥ 32 gestational weeks of pregnancy 

 

• Either: 

o Normotensive pregnancy, OR 

o Pregnancy complicated by PE, defined by presence of both of the following: 

 

 Hypertension: blood pressure of ≥ 140 mm Hg (systolic) or ≥ 90 mm Hg (diastolic) 

on at least two occasions and at least 4-6 hours and no more than 7 days apart; of new 

onset after the 20th week gestation, in women known to be previously normotensive. 

 Proteinuria: excretion of ≥ 300 mg of protein every 24 hours. If 24hour urine 

samples are not available, proteinuria is defined as a protein concentration of ≥300 mg/L 

(≥1 + on dipstick) in at least two random urine samples taken at least 4-6 hours and no 

more than 7 days apart, with new onset after the 20th week gestation. 

 

• Undergoing scheduled, non-emergent, Cesarean Section 
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Exclusion criteria: 

 

• Hypertension or proteinuria before 20 weeks’ gestation 

• Prior renal disease 

• Taking antihypertensive medication 

• Multiple gestation 

• Fetal structural or chromosomal abnormality 

• Impaired glucose tolerance, without diabetes diagnosis 

 

4.0 Number of Subjects 
 

A. Participant Recruitment: 

  

A total of 120 diabetic (pre-gestational T1DM (PE+/PE-;20/20), T2DM (PE+/PE-;20/20), 

or gestational DM (PE+/PE-;20/20) and 40 non-diabetic pregnant women (PE+/PE-

;20/20) who qualify for the study inclusion/exclusion criteria will be recruited at the 

Medical University of South Carolina (MUSC). All participants will have been scheduled 

for elective Cesarean section; they will be identified through collaborative efforts with 

MUSC Women’s Health staff and will be approached by the Co-PI who is the treating 

physician.  

 

5.0 Setting 
All participants will be seen at MUSC’s labor and delivery department.  

 

6.0 Recruitment Methods 
Participants will be identified through collaborative efforts with MUSC Women’s Health 

staff and the chief research Information officer (CRIO). Patients will be identified by a) 

obtaining information from the electronic health record to identify potential participants, 

b) Maternal Fetal Medicine Care Team's snap board, and c) antepartum Residents. The 

Co-PI and treating physician, Dr. Chang, will approach potential participants. 

 

7.0 Consent Process 
The PI and/or IRB-approved personnel will explain the nature of the study to women who 

meet criteria. Individuals who take part in this study must choose to participate voluntarily 

and must provide signed consent. Potential participants will be provided IRB-approved 

consent forms and the opportunity to ask questions. They will be consented when they 

arrive for scheduled surgery. They will be encouraged to take time to discuss study 

participation with family and friends. Once the informed consents are signed, the patients 

will be actively enrolled in the study.  

 

 

8.0 Study Design / Methods 
1) Fasting maternal blood (25 mL) will be obtained prior to C-section, centrifuged to 

obtain serum, plasma, and cell pellets, aliquoted and frozen until analysis. Placenta and 

cord blood plasma will be collected at the time of C-section. Placental tissues (entire 
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placenta) will be processed using a pre-established SOP, preserved in formalin (for 

histochemistry) and in liquid nitrogen. Placental histology will be examined. Primary 

villous trophoblast cells will be collected, isolated and cultured from placental tissue using 

straightforward and reliable methods as outlined by Li, Schust, et al [15]. 

 

 Table 1.  

Maternal -Physical, anthropological, and 

ethnographic data 

Family history (siblings/parents/g-parents) 

cardiovascular disease (CVD)/age at occurrence 

Age Family history (siblings/parents/g-parents) DM 

Self-described ethnicity Obstetric history (# and gestational age) 

Country of birth/Parents country of birth Miscarriage 

Parity/Gravidity Stillbirth 

Height, weight (pre-pregnancy or before 14wk) Induced abortion 

Years of education Gestational HTN 

Smoking/tobacco use history PE/Eclampsia/HELLP 

Alcohol use/history SGA and IUGR 

Recreational drug use/history GDM/treatment with insulin or oral 

hypoglycemic agents 

Medical history  Preterm delivery (<37 wk) 

Hypertension (HTN) Neonatal death 

Renal disease Present pregnancy 

Diabetes mellitus (DM) (type 1 or type 2) Blood pressure at first visit 

Collagen vascular disease Hydatidiform mole 

Previous preeclampsia (PE) Hydropic placenta 

Previous gestational diabetes (GDM) Antihypertensive use in this pregnancy 

Clinical history Other medications 

Gestational age at start of documented care Diagnosis of PE 

Number of prenatal visits Highest systolic and diastolic BP w/in 2wk of 

delivery (not during labor) 

Blood transfusions in life /present pregnancy Highest intrapartum BP 

Urine protein values (at each visit) Highest BP within 48 h postpartum 

Protein/creatinine ratio Proteinuria (dipstick/24 h urine/PC ratio) 

Weight gain during pregnancy Multisystem involvement (platelets/liver 

enzymes/serum creatinine/seizures/IUGR, or 

fetal death) 

Weight gain since last delivery Infant data 

Growth by ultrasound Survival 

Macrosomia Sex 

Fertility history Newborn weight 

Assisted reproductive technology Length 

Age at menarche Gestational age at delivery; weeks/days (LMP & 

ultrasound) 

Birth weight of the pregnant woman Umbilical cord gases 

Duration of preconception intercourse w/bio 

father of child  

Admitted to NICU (yes/no)/los 

Previous pregnancy outcomes (#, & partner & 

gestational age at occurrence) 

Outcome at dc from NICU 

Relevant maternal family history APGAR scores (1, 5, and 10 min) 

Mother, sister, or cousin w/PE  
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Data (in Table 1), as recommended by Myatt, Roberts, et al [16], will be collected from 

the participant’s chart and alpha-numerically coded. These data will be stored in a secure 

REDCap database. 

 

2) We will conduct placental immunohistochemistry using antibodies against ApoB100 

(both native and oxidized LDL/VLDL) and against ox-LDL to identify lipoproteins and 

determine their tissue distribution. The correlation between ox-LDL vs sFlt1/sEng in the 

placental tissue and vs. their levels in maternal/cord blood will be examined. The data will 

be analyzed relative to diabetes (T1DM, T2DM, GDM, or non-diabetic) and PE status. 

 

3) Determine the expression levels of sFlt1/Flt1 mRNA, the alternative splicing factor 

Sam68, and its upstream effector Nkx2.5 in placental tissues, and their potential 

relationships to diabetes, PE, and tissue levels of modified lipoproteins. Using qPCR and 

immunohistochemistry, we will examine cell-type specific expression levels of Sam68 

and its upstream target Nkx2.5 in placental samples from both PE and non-PE patients, 

and correlate with that of sFlt1 (soluble form) and Flt1 (membrane form), and ox-LDL, as 

well as the diabetes status. 

 

9.0 Specimen Collection and Banking (if applicable) 
Cells will not be cultured more than ten passages, and will be destroyed following 

MUSC’s standard biosafety procedures. Cells under ten passages may be cryo-stored at 

STB538 for future use until study completion, after which the cells will be destroyed. No 

genetic analysis will be conducted on these cells. Dr. Lyons and his designated laboratory 

personnel will have access to the specimens, and be responsible for receipt or transmission 

of the specimens. The specimen will not be sent to an outside facility. 

 

10.0 Data Management  
Participants’ privacy will be protected via alpha-numeric coding of the data once obtained. 

Names of participants will not be entered in the database, instead they will be identified 

by assigned code. Information linking the code to the participant will be kept securely by 

the PI. There will be no link to the participant after study completion. The consent forms, 

which are the possible way to breach confidentiality, will be stored in the PI’s office as 

well in a secure location. We anticipate recruiting patients for 1 year based on data 

available from MUSC (average of 8-12 women per month). All clinical data pertaining to 

the study will be stored online in REDCap. 

 

11.0 Risks to Subjects 
The subject’s results will be known only to the investigators.  The subjects’ research 

records will be confidential and will be stored locked in the PI’s office. The participants’ 

involvement will not include any active intervention or clinical procedure except for the 

single fasting blood draw which will be collected along with other indicated lab work 

when the patient is admitted. The placenta, in its entirety, (they usually are discarded) and 

cord blood will be collected and analyzed. Clinical data, listed in Table 1, will be obtained 

from the patients’ medical record after they have consented to participate. Once these data 

and the tissues are collected, the patient’s involvement in the study will end. No further 

contact will be made. 
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Clinical data will be alphanumerically-coded and correlated to the stored samples. Codes 

have no association to the patient’s identity. 

 

Apart from the clinical data listed in Table 1 that is obtained from the mother’s chart; no 

direct involvement of the child is anticipated in this study. 

 

12.0 Potential Benefits to Subjects or Others 
If the study hypotheses are correct there may be significant potential benefit to the diabetic 

population with regard to the amelioration of vascular disease. There will be no direct 

benefit to the participants. 
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Supplementary Fig. 1 Transepithelial electrical resistance (TEER) and FITC-
dextran leakage through a RPE-19 cell monolayer cultured on standard Transwell 
inserts with 0.4µm pores compared to Transwell inserts with 3µm pores. (a) TEER 
responses are shown following treatment (0-24 hrs) with N-LDL vs HOG-LDL (200 
µg/ml), with EDTA (2.5mM) as a positive control and (b) FITC-dextran leakage 
across the cell monolayer following treatment with N-LDL vs HOG-LDL (200 
µg/ml), with EDTA (2.5mM) as a positive control. n=1. 
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Supplementary Fig. 2 Transepithelial electrical resistance (TEER) and FITC-dextran leakage through a trophoblast cell monolayer 
cultured on standard Transwell inserts with 0.4µm pores compared to Transwell inserts with 3µm pores. TEER responses are shown 
following treatment to the top chamber (0-24 hrs) with N-LDL vs. HOG-LDL (200 µg/ml), with EDTA (2.5mM) as a positive control in 
(a) JAR and (b) BeWo cells. FITC-dextran leakage across the cell monolayer following treatment to the top chamber with N-LDL vs. 
HOG-LDL (200 µg/ml, 24 hrs), with EDTA (2.5mM) as a positive control in (c) JAR and (d) BeWo cells. n=1.  
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Supplementary Fig. 3 Transepithelial electrical resistance (TEER) and FITC-dextran leakage through a trophoblast cell 
monolayer cultured on standard Transwell inserts with 0.4µm pores compared to Transwell inserts with 3µm pores. TEER 
responses are shown following treatment to the bottom chamber (0-24 hrs) with N-LDL vs. HOG-LDL (200 µg/ml), with 
EDTA (2.5mM) as a positive control in (a) JAR and (b) BeWo cells. FITC-dextran leakage across the cell monolayer 
following treatment to the bottom chamber with N-LDL vs. HOG-LDL (200 µg/ml, 24 hrs), with EDTA (2.5mM) as a positive 
control in (c) JAR and (d) BeWo cells. n=1.  

a 

c d 
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Supplementary Fig. 4 sFlt-1 release from apical and basolateral surface of the 
BeWo cell monolayer following N-LDL vs. HOG-LDL (50-200µg/ml, 24 hrs) under 
normal glucose conditions (17.5mM Glucose). Lipoprotein added to (a) the top 
chamber and (b) the bottom chamber. Data are presented as mean ± SEM, n=2.  
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Supplementary Figure 5. Negative control of (a),(b) ApoB, (c),(d) OxLDL, (e),(f) 
4-HNE staining omitting the primary antibody. Staining was performed (a),(c),(e) 
with AIT2D samples and (b),(d),(f) with MUSC-PCS samples. Negative controls 
were performed for each placental section. Images are representative of negative 
control staining for all sections. 20x magnification. Scale bar= 100 µm. 
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Supplementary Figure 6. Positive control placental sample (DM/PE-) of (a),(b) 
ApoB, (c),(d) OxLDL, (e),(f) 4-HNE. Staining was performed (a),(c),(e) with AIT2D 
samples (b),(d),(f) with MUSC-PCS samples. 20x magnification. Scale bar= 100 
µm. 
 
 
 
 
 
 
 
 


