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Abstract 

Diabetes in pregnancy is associated with an increased frequency of placental pathology and 

abnormalities in fetal growth. Placental development is a vital component in perinatal 

survival and consequently delivery of a healthy infant. However, the relationship between 

maternal diabetes and poor perinatal outcome remains poorly understood with knowledge 

gaps in the underlying mechanisms that directly influence placental development in a 

diabetic environment such that the fetus is at increased risk of placental dysfunction in late 

pregnancy. 

The current study sought to characterise structural changes in placentas at term from 

pregnancies complicated by maternal diabetes in relation to fetal outcome, maternal 

glycaemic control and maternal levels of angiogenic factors (PlGF). This thesis tested the 

hypotheses that placental network structure would be different in pregestational diabetes 

compared to normal pregnancy and that other components of the diabetic environment in 

utero in early pregnancy may influence placental vascular development.  

The experiments in this study involved the use of vascular corrosion casting of chorionic 

plate arteries and veins to quantify assessment of placental vascular networks. Vascular 

casts were scanned using Micro-CT imaging and software (Avizo 9.40) to generate 

quantifiable characteristics of the placental vasculature in both normal and pregestational 

diabetes pregnancies. Following this, key artery and vein network biometric outputs from 

Micro-CT imaging were related to birthweight, maternal glycaemic control (HbA1c 

measurement in first and last trimester) and maternal serum PlGF concentration measured 

at early, mid and late trimesters during pregnancy in women with diabetes. 

In addition, studies were conducted using a well-established in vitro model of angiogenesis, 

to investigate the effects of elevated glucose concentration with and without insulin and 

metformin on network formation. Images of cellular networks were analysed using the 

ImageJ software with an angiogenesis analyser extension.  

Fetoplacental artery and venous network structures at delivery were significantly different 

in pregnancies complicated by pregestational diabetes with decreased length of vessels 

and reduced vascular volume observed in diabetes. The implications of these vasculature 

alterations of the placenta on its function were not investigated. Hyperglycaemia might be 

related to the observations of reduction in arterial volume as poor maternal glycaemic 

control contributed to reduced arterial and venous vascular volume in diabetes, but venous 
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vascular volume was also reduced in women with good glycaemic control. Reduced 

vascular volumes in pregestational diabetes were not related to low maternal serum PlGF 

concentration in the third trimester. The ability of HUVECs to form cellular network 

structure was inhibited under high glucose environment (hyperglycaemia). Fluctuating 

level of glucose concentrations also affected endothelial cell behaviour by hindering their 

ability to form cellular mesh network structures even after switching back to 

normoglycaemic conditions. In the presence of metformin and pathophysiological 

concentrations of insulin, HUVECs maintained in medium containing high glucose 

concentration appeared improved in network formation. This thesis provides compelling 

evidence indicating that hyperglycaemia and/or other components of the diabetic 

environment affect fetoplacental vascular development as observed in altered placenta 

structure at term. Therapies involving metformin provide a promising start to development 

of tailored clinical interventions for treatment of aberrant fetal growth in maternal 

diabetes. Future work will investigate mechanisms that underlie structural changes using 

in vitro models and the implications of altered placenta structure on function. 
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1.1 Overview 

Globally 20 million or 16% of live births had some form of hyperglycaemia in pregnancy in 

2019. The International Diabetes Federation suggests that 1 in 6 (16.8%) pregnancies are 

affected by diabetes. Of this number, 13.6% are affected by pregestational diabetes – a 

number which is likely to increase in future in line with the increasing prevalence of 

diabetes in the non-pregnant population. Diabetic women are at increased risk of poor 

pregnancy outcome, defined as babies too small (Fetal growth restriction, FGR) or too large 

(fetal overgrowth, LGA). Both these growth disorders increase risk of mortality, 

neonatal/infant morbidity and poor health in adult life. It has been widely documented that 

in pregnancies complicated by maternal diabetes there is a fourfold increased risk of 

stillbirth.  

Fetal growth depends on appropriate development and function of the placenta and 

placental dysfunction underlies growth disorders in pregnancy pathologies. However, the 

relationship between maternal diabetes and poor perinatal outcome remains poorly 

understood with knowledge gaps in the underlying mechanisms that directly influence 

placental development in a diabetic environment such that the fetus is at increased risk of 

placental dysfunction in late pregnancy. There is a need for a clearer understanding of 

placental disease in maternal diabetes, in particular how it relates to stillbirth and the 

disparate outcomes of fetal growth restriction and fetal overgrowth, and the features of 

maternal diabetes in early gestation that underlie placental dysfunction.  

The prevalence of diabetic vasculopathies in non-pregnant individuals is widely reported, 

with organ specific increased/inadequate angiogenesis contributing to the clinical 

complications. In pregnancy, fetoplacental blood vessel development is vital for adequate 

blood flow between the fetus and placenta essential to facilitate delivery of oxygen and 

nutrients to the developing fetus. Studies on altered fetoplacental vasculature 

development in maternal diabetes focus on small calibre blood vessels with differences in 

the morphology highlighted in increased villous immaturity and hyper vascularisation of 

the fetoplacental microvasculature, the site of nutrient exchange, in maternal diabetes 

implying abnormal (increased/altered) angiogenesis. The flow of blood to/from these 

vessels is determined by larger arteries and veins that branch from/diverge on the umbilical 

cord respectively but it is not known whether development of these vessels is altered in 

maternal diabetes and whether this relates to fetal outcome, maternal glycaemic control 
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or maternal angiogenic factors. Key features of maternal diabetes such as maternal 

glycaemic status, pro-angiogenic growth factors, fetal hyperinsulinemia or maternal 

treatment with metformin could be instrumental in regulating and initiating changes in 

micro-and macro vascular development. 

In this study, casts were made of placental arteries and veins to compare vascular networks 

in normal pregnancies and in women with pregestational diabetes and key metrics related 

to birthweight, maternal glucose control and maternal plasma PlGF. To investigate 

potential mechanisms underlying dysregulated fetoplacental microvascular angiogenesis in 

maternal diabetes, an in vitro angiogenesis assay was used to assess the effects of glucose, 

insulin and metformin on the formation of cellular networks. This thesis will test the 

influence of components of the diabetic environment in utero on placental vascular 

development.   

 

1.1.1 Maternal Diabetes 

Over the years, the prevalence of diabetes has increased globally and the age of onset has 

shifted down a generation to people of working age and more recently adolescents [1-3]. 

In 2015 it was estimated that about 415 million people were living with diabetes worldwide, 

a number which is expected to increase to almost half a billion by 2030 [4]. The global 

prevalence of diabetes among adults over 18 years of age has risen from 4.7% in 1980 to 

8.5% in 2014 [4]. In 2019, there were an estimated 223 million women (20-79 years) living 

with diabetes. This number is projected to increase to 343 million by 2045 [5]. As a result, 

more women of reproductive age have diabetes and more pregnancies are complicated by 

diabetes. 

Diabetes type 1 (T1 DM) is an autoimmune disorder characterized by deficient insulin 

production as a result of destruction of pancreatic β-cells and requires daily administration 

of insulin [1]. In terms of maternal diabetes, this type is prevalent in women younger than 

30 years of age who usually have a family history of autoimmune diseases [1]. On the other 

hand, Type 2 diabetes (T2 DM) results from ineffective use of insulin by cells and tissues 

[1]. This type accounts for the majority of diabetes worldwide and is largely the result of 

excess body weight and physical inactivity [1]. In pregnancy, type 2 diabetes occurs usually 

in obese women of 30 years of age or older diagnosed with inadequate insulin secretion or 
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increased tissue resistance to insulin [1]. The symptoms of these two presentations of 

diabetes are quite similar but in type 2 diabetes symptoms are often less marked leading 

to late diagnosis of the disease when complications and symptoms have already manifested 

[2]. 

Gestational diabetes (GDM), which accounts for over 86% of pregnancies complicated by 

diabetes, is defined by the World Health Organisation (WHO) as ‘carbohydrate intolerance 

resulting in hyperglycaemia of variable severity with onset or first recognition during 

pregnancy’ [2]. According to the latest WHO recommendation the screening for GDM 

should be performed universally with the standard 75g OGTT (oral glucose tolerance test) 

evaluating only the 2-hour blood glucose values or together with the fasting ones. The 

reference ranges are 4.0 to 6.0 mmol/L (72 to 108 mg/dL) when fasting and up to 7.8 

mmol/L (140 mg/dL) 2 hours after eating [2].The relationship between diabetes and 

complications that arise in pregnancy is poorly understood. 

Globally, there are over 60 million women of reproductive age with diabetes [5]. In the UK, 

approximately 700,000 women give birth in England and Wales each year, and up to 5% of 

these women have either pre-existing diabetes or gestational diabetes. It is estimated that 

87.5% have gestational diabetes, 7.5% have type 1 diabetes and the remaining 5% have 

type 2 diabetes [6]. The likelihood of serious complications of pregnancy such as stillbirth, 

pre-eclampsia, fetal growth restriction, fetal macrosomia and fetal malformations is 

heightened in women with diabetes [7, 8]. Abnormalities of fetal growth and development 

in pregnancies affected by the different types of diabetes have been associated with an 

increased frequency of placental pathology. 

 

1.1.2 Diabetes Associated Complications: Increased risk of Morbidity and 
Mortality for Fetus 

Maternal complications of diabetes in pregnancy include pre-eclampsia, preterm labour, 

polyhydramnios, increased rates of operative delivery and increased infective morbidity [9, 

10]. The principle complications encountered in third trimester are fetal macrosomia and 

intrauterine fetal demise; birth of a macrosomic baby can result in shoulder dystocia, birth 

trauma, brachial plexus injury [9, 10]. Diabetes is more common in obese women 

(particularly GDM) and maternal obesity is becoming increasingly prevalent. The 

Confidential Enquiry into Maternal and Child Enquiries (CMACE) Obesity in Pregnancy 
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national project reported the UK prevalence of women with a known BMI ≥ 35 (Class II and 

Class III obesity) at any point in pregnancy, who give birth ≥ 24+0 weeks’ gestation, is 4.99%. 

This translated into approximately 38,478 maternities each year in the UK. The prevalence 

of women with a pregnancy BMI ≥ 40 (Class III obesity) in the UK is 2.01%, while super-

morbid obesity (BMI ≥ 50) affects 0.19% of all women giving birth [11]. Obesity per se is 

associated with increased risk of stillbirth with FGR(fetal growth restriction) and delivery of 

an overgrown baby(Large for Gestational Age LGA); effects which are exacerbated in 

maternal diabetes [10]. Obesity is the most potent risk factor for Type 2 diabetes and 

accounts for 80–85 per cent of the overall risk of developing Type 2 diabetes which 

underlies the current global spread of the condition [5]. 

Similarly, pregnancies characterised by pre-existing diabetes are also associated with 

considerably increased rates of adverse obstetric and perinatal outcomes as shown in data 

from population-based studies [8, 12-14]. Studies have demonstrated associations with 

perinatal and post neonatal mortality and diabetes in pregnancy. A population based birth 

linked cohort study revealed that pregestational diabetes (PGDM) may increase the risk of 

perinatal death to a much greater extent when comparing First Nations versus non-

Indigenous populations. PGDM was associated with an increased risk of perinatal death to 

a much greater extent in First Nations (RR=5.08[95% CI 2.99 to 8.62], p<0.001; absolute risk 

(AR)=21.6 [8.6–34.6] per 1000) than in non-Indigenous populations (RR=1.76[1.17, 2.66], 

p=0.003; AR=4.2[0.2, 8.1] per 1000). PGDM was associated with an increased risk of post 

neonatal death in non-Indigenous (RR=3.46[1.71, 6.99], p<0.001; AR=2.4[0.1, 4.8] per 

1000) but not First Nations (RR=1.16[0.28, 4.77], p=0.35) infants [15]. However, as the 

study was a large population study (over 250,000 participants from 1996-2010) there was 

a lack of data on glycaemic control in diabetic pregnancies. Other studies have also 

highlighted a consistent relationship observed between diabetes mellitus subtype and 

obstetric outcomes, with women with T1 DM having the highest rate of intervention and 

the highest rates of adverse perinatal outcomes followed by women with T2 DM and 

women with GDM. The rate of neonatal morbidity ranged from 8.7% in women without 

diabetes mellitus to 11.0%, 17.4%, and 24.1% in women with GDM , T2DM, T1DM, 

respectively (P < 0.001) [16] as seen in Figure 1.1. Reports of stratified analysis by 

gestational age have also shown infants of mothers with diabetes have a significantly higher 

risk of mortality at 26 weeks’ gestation and mortality or severe morbidity at 31 weeks’ 

gestation than infants of mothers without diabetes [14]. Evaluation of neonatal and 
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maternal morbidity in mothers with gestational diabetes also revealed an increased risk of 

delivery by C-section, preterm birth, macrosomia at birth and neonatal hypoglycaemia [13]. 

Reports on trends in incidence, obstetric interventions, and pregnancy outcomes have also 

highlighted that pregestational diabetes and gestational diabetes incidence have increased 

significantly over time in a population based study of diabetes during pregnancy in Spain 

(2009–2015). Differences in the prevalence of comorbidities, obstetric risk factors, and the 

rate of adverse obstetric outcomes among women with different types of diabetes were 

found. Women with T2DM were more likely to have obstetric comorbidity (70.12%) than 

those with GDM (60.28%), T1DM (59.45%), and no diabetes (41.82%). Previous caesarean 

delivery, preeclampsia, smoking, hypertension, and obesity were the most prevalent risk 

factors in all types of diabetes. Women with T1DM had more severe maternal morbidity 

(RR 1.97; 95% CI1.70–2.29) and neonatal morbidity (preterm birth, RR 3.32; 95% CI 3.14–

3.51, and fetal overgrowth, RR 8.05; 95% CI 7.41–8.75) [17]. However again in this large 

study, clinical data regarding diabetes control and treatments, as well as indications for 

obstetric intervention were not collected.  
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Figure 1.1  Temporal trends in obstetric outcomes in diabetes 
Graphs show proportion of pregnancies resulting in A, maternal morbidity; B, neonatal 
morbidity; C, perinatal death; D, preterm birth) among pregnancies in women with type 1, 
type 2, and gestational diabetes mellitus compared with women without diabetes mellitus 
(Canada, excluding Quebec, 2004 to 2015). Graph image from Metcalfe et al.(2017) [16]. 
 
 
The major measures and outcomes reported in publications included in-hospital mortality, 

perinatal death (stillbirth), neonatal death [died in the first 28 days after birth]) and post 

neonatal death (died between 28 and 364 days after birth). Other outcomes and 

morbidities reported included; birth defects, preterm (<37 completed weeks of gestation), 

small for gestational age (SGA, <10th percentile in birth weight for sex and gestational age,) 

large for gestational age (LGA, > 90th percentile), macrosomia, hypoglycaemia, 

hypocalcaemia, hypomagnesaemia, respiratory distress, congenital malformations, and 

hyperbillirubinaemia as summarised in Table 1.1.  
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Table 1.1 Summary of Adverse pregnancy outcomes reported in diabetes pregnancies 
characterised by maternal diabetes 

 
Adverse Outcomes Pregnancy with 

T1DM 
Pregnancy with T2DM Pregnancy with 

GDM 
Perinatal Mortality  
Still birth 

   

Neonatal Mortality    

Post neonatal death    

Macrosomia    

FGR    
SGA    
LGA    

Respiratory Distress 
syndrome 

   

Intraventricular 
Haemorrhage grade 3-4 

   

Shoulder dystocia    

Hypoglycaemia 
Hypomagnesaemia 
Hyperbillirubinaemia 
 

   

BPD (bronchopulmonary 
dysplasia) 
cPVL (cystic periventricular 
leukomalacia) 
NEC (necrotizing 
enterocolitis) 

   

Stillbirth    

 
The table summarises adverse pregnancy outcomes reported in pregnancies complicated 
by diabetes. Data represents summary of adverse pregnancy outcomes; reported ,T1DM-
type 1 diabetes, T2DM-type 2 diabetes, GDM gestational diabetes mellitus , FGR-fetal 
growth restriction, SGA – small for gestational age, LGA large for gestational age, RDS- 
respiratory distress syndrome newborn, cPVL( cystic periventricular leukomalacia) NEC-
necrotizing enterocolitis, BPD-bronchopulmonary dysplasia  [8, 17-23].
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The summary shown in Table 1.1 suggests that the rates of adverse pregnancy outcomes 

are increased in pregnancies complicated with diabetes compared to normal pregnancies 

with significant difference reported between subtypes of diabetes in studies mentioned 

above. This places a considerable burden on healthcare systems in managing increasing 

number of pregnancies complicated by obesity and diabetes as a result of complications to 

mother and fetus with these morbidities. However, there still remains inadequate 

understanding of the mechanisms that account for the range of these poor fetal outcomes 

that are evident in pregnancies characterised by maternal diabetes. Poor control of 

maternal hyperglycaemia has been linked to increased incidence of fetal macrosomia in 

diabetes [24]; however even with treatment and management of hyperglycaemia [25], 

there is still a higher incidence of fetal macrosomia and other poor fetal outcomes 

compared to non-complicated pregnancies [26]. There is therefore a pressing need for 

understanding the aetiology of fetal macrosomia and other adverse complications 

associated with infants exposed to the diabetic milieu during pregnancies. Diabetes in the 

non-pregnant population is associated with vascular pathology including altered vascular 

development and function; it is probable that diabetes could affect the development and 

function of blood vessels in the placenta in pregnancy. Experimental animal studies have 

highlighted the importance of the regulation of angiogenesis and vasodilatation of the 

uterine and placental vessels as the two key mechanisms that increase placental blood flow 

during late gestation, which is paramount for normal fetal growth and development [27-

29].  Abnormalities in placental function/development are therefore likely to underlie these 

adverse fetal outcomes associated with maternal diabetes outlined in Table 1.1. It is also 

widely reported in diabetes in the non-pregnant population that vascular complications 

make up majority of the pathologies. 

 

1.1.3 Diabetic Complications and Vascular Development 

The abnormalities in the vasculature that are evident in diabetic non-pregnant individuals, 

and the underlying causes/pathogenesis, could also be true of the placental vasculature in 

maternal diabetes. Understanding the hallmarks of vascular development complications in 

the non-pregnant diabetic population can give a better understanding of how the diabetic 

environment affects placental development. Vasculature remodelling occurs constantly in 

the human body to adapt to physiologic and pathologic conditions. This phenomenon is 
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characterised by angiogenesis, which refers to the formation of new blood vessels from 

pre-existing ones , neovascularisation which refers to the formation of blood vessels in 

previously avascular areas or newly formed tissues [30] and arteriogenesis  which refers to 

the formation of new arteries by remodelling of pre-existing vessels, mainly stimulated by 

hemodynamic forces [31]. The remodelling of the vasculature i.e. growth and regression is 

important to allow the supply of oxygen and nutrients to all cells throughout the body.  

The circulatory system conducts the supply of oxygen and nutrients to cells throughout the 

body via macrovasculature and microvasculature. The macrovasculature is composed of 

arteries and veins, large capacity vessels responsible for transporting blood rapidly toward 

or away from organs as shown in Figure 1.2. The macrovasculature is made up of large 

conduit vessels involved in macrocirculation. The microvasculature consists of three types 

of small vessels: arterioles, capillaries, and venules. These microvessels form a network that 

regulates local blood perfusion and conducts blood–tissue exchange (Figure 1.2). The 

microvasculature is defined as vessels that are 10-200 μm in diameter involved in 

microcirculation.  

 In the fetoplacental circulation, deoxygenated blood is delivered to the placenta via two 

umbilical arteries. These arteries branch into large chorionic vessels which feed 60 – 100 

individual villous trees. The villous trees themselves branch dichotomously for several 

generations before feeding several parallel capillary conduit pathways, which provide the 

site for placental gas exchange. The function of large conduit arteries is to supply blood to 

the resistance arteries. Resistance arteries regulate blood flow to optimise nutrient 

exchange by sheer stress, metabolites and endocrine factors whereas venules/veins as 

capacitance vessels take the oxygenated blood (and nutrient rich blood) to the fetus and 

thus regulation of venous return is important in supporting fetal growth [32, 33].  
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Figure 1.2 Classification of blood vessels in systemic circulation and corresponding vessels 
in fetoplacental vasculature.  Adapted from Pearson Education, 2017 [34]. 
 

 

Excessive or defective angiogenic responses is dire to the homeostasis of the body and can 

lead to pathologic states [35]. Diabetes mellitus has been associated with excesses or 

defects in angiogenic processes known as the “diabetic paradox”  shown in Figure 1.3, 

observed in various tissues and organs [36], where there is a hyper-proliferation of the 

vessels in some tissues (e.g. retina), but insufficient vascularisation in ischemic limbs and 

myocardium in diabetes mellitus are also associated with tissue specific responses. The 

reasons why some tissues undergo increased vascularisation and proliferative angiogenesis 

but in other tissues angiogenic responses fail is poorly understood. 
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Figure 1.3 The interplay among abnormalities of angiogenesis in various tissues and the 
development of chronic diabetic complications.  
VEGF= (vascular endothelial growth factor) Green-excessive, Red-defective. Image taken 
from Fadini et al. (2019) [36]. 
 

 

These diabetic complications are characterised under (organ dependent) altered 

angiogenesis (microvasculature) and formation of anastomoses or collaterals 

(macrovasculature) in retina, heart, kidneys, nerves. Microvascular complications include 

retinopathy, nephropathy and neuropathy. Macrovascular complications include 

cardiovascular diseases, cerebrovascular diseases and peripheral vascular diseases as 

outlined in Table 1.2. 
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Table 1.2 Summary of Angiogenesis Alterations in Various Diabetic Organs and Tissues 

Organ/Tissue           Angiogenesis Alterations                     Clinical Consequences 

 
  Microvasculature Macrovasculature 

Eye  Retinal angiogenesis  Diabetic retinopathy  

Macular involvement  Diabetic macular oedema  

Choroidal angiogenesis  Neovascular glaucoma  

Kidney  Early angiogenesis 
connecting glomeruli 
with tubule  

Glomerular hemodynamic 
dysfunction  

 

Late impairment of 
peritubular angiogenesis  

Fibrosis   

Nerves  Depletion of vasa 
nervorum  

Reduced conduction velocity 
(neuropathy)  

 

Heart  Impaired VEGF signalling  Microvascular rarefaction  Cardiovascular diseases 
Angina 
Myocardial infarction 

Defective coronary 
collateralisation  

 
Coronary Heart disease 

Brain Defective coronary 
collateralisation 

 Cerebrovascular disease; 
Stroke, TIA 

Peripheral 
circulation  

Impaired 
collateralisation  

 Worse clinical course of 
atherosclerosis obliterans  
 
Peripheral artery disease 
(PAD) 

Skin  Impaired wound bed 
angiogenesis  

Delayed wound healing   

Lung  Reduction in 
microvascular density  

Diabetic lung disease   

Bone marrow  Microvascular 
rarefaction  

Impaired stem cell 
mobilisation and worse 
course of transplantation  

 

Adipose 
tissue  

Impaired angiogenesis 
during adipose 
expansion  

Adipose hypoxia, 
inflammation, and insulin 
resistance  

 

Islets  Impaired angiogenic 
support  

α-Cell/β-cell dysfunction   

Worse islet transplant 
outcomes  

 

-Data in table demonstrate the multisystem and multiorgan extensive alterations of 
angiogenesis associated with diabetes and how they can contribute to disease onset, 
progression, and complications from Fadini et al. (2019) [36]. 
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These clinical complications outlined in Table 1.2 support a relationship between diabetes 

and the incidence and progression of microvascular and macro vascular complications such 

as diabetic retinopathy, nephropathy and peripheral vascular complications.  With the 

above compelling evidence on multisystem and multiorgan vascular complications as major 

pathology associated with diabetes in the non- pregnant population, it is expected that 

angiogenesis abnormalities are present in essentially all organs and tissues of patients with 

diabetes. Therefore, it is probable that these complications could arise in the placenta and 

the examination of the placenta vasculature could identify causes of fetal growth 

abnormalities in pregnancies complicated by maternal diabetes. 

 

 
1.2 Human Placenta 

The human placenta is a specialised organ instrumental to the development of the fetus 

[37]. It acts as the organ for nutrient and oxygen exchange and a selective permeability 

barrier between the mother and growing embryo [37]. The human placenta can be 

structurally viewed as a large fetal micro vascular bed, with fetal capillaries lying within the 

stroma of the placental villous tree in close proximity to overlying syncytiotrophoblast (STB) 

which is directly bathed in maternal blood flowing from the maternal spiral arteries; it is 

this arrangement that permits efficient exchange of solutes and gases between the 

maternal and fetal circulations without intermingling of the two as shown in Figure 1.4  

[37]. However, its exposure to maternal circulation renders it particularly vulnerable to any 

aberrant circulatory factors that may be present [38]. The normal formation, growth and 

function of this organ is tightly regulated for effective exchange of nutrients, respiratory 

gases and fetal metabolic wastes between mother and fetus in a circulatory system that 

includes the maternal, fetal and placental unit [30].  
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1.2.1 Fetoplacental Vasculature 

In the human placenta, there are two anatomically separate vascular systems namely the 

maternal-placental (uteroplacental) and the fetoplacental systems. The arteries in the feto-

placental system convey deoxygenated blood and waste products from the fetus to the villi 

while oxygenated blood is conveyed by the veins from the villi to the fetus as described in 

Figure 1.4.  Nutrient and gaseous exchange occurs between maternal and fetal blood in the 

capillaries within the terminal villi (categorised under microvasculature by definition of 

<150µm of vessel diameter) where exchange occurs. The uteroplacental arteries adapt in 

early pregnancy to become low resistance high flow vessels to facilitate the delivery of 

maternal blood into the intervillous space bathing the fetal villous tree [39]. Fetoplacental 

vessels (and the overlying trophoblast layer) are capable of responding to vasoactive 

agents, growth factors, oxygen, glucose and nutrients in maternal blood (if they cross the 

placenta i.e. the STB) with compensatory mechanisms; alterations in transporter systems, 

increased/decreased angiogenesis and chorionic villous branching are all evidences of this 

[40], [41-46] . The exchange of nutrients occurs in the terminal parts of the villous tree, 

by STB bathed directly in maternal blood, with the efficiency of nutrient exchange being 

dependent on the structure/function of the fetoplacental vasculature.  

The placenta is composed of several layers of cells acting as a barrier for the diffusion 

(simple or facilitated) of substances between the maternal and fetal circulatory systems. 

The placenta has been characterized as “a lipid membrane that permits bidirectional 

transfer of substances between maternal and fetal compartments”[47]. In humans, the 

placental barrier consists of the trophoblastic epithelium, covering the villi, the chorionic 

connective tissue, and the fetal capillary endothelium[48]. The average thickness of the 

barrier varies from the first trimester (20–30 μm) to the third trimester (2–4 μm)[49]. At 

term the average exchange area is approximately 11m2 and the placental blood flow rate 

is approximately 450 mL/min [50]. The intensity of the passage of substances across the 

placenta is an important function and is inversely proportional to the thickness of placental 

membranes and other placental transfer factors that influence transport across placenta : 

uteroplacental and umbilical  blood flow, pH of the blood, placental permeability (passive 

or active transport system), placental maturity over gestation period (size, surface area, 

and thickness), lipid-protein content of membranes, placental metabolism, plasma protein 

binding, lipid solubility, and other physicochemical properties[47]. 
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Figure 1.4 Illustration of Anthropometry of fetoplacental vasculature  
Image showing the fetoplacental vasculature branching network of arteries and veins and 
information of diameter of vessels on vascular beds. The umbilical arteries (UA) and vein 
(UV) branch off at the insertion in the placenta into 6–8 generations that traverse over the 
whole chorionic plate (CP). In the chorionic plate of a mature placenta, the arteries usually 
overlay the veins. The chorionic vessels are relatively large (>350µm) and much smaller 
vessels (<350µm) branch off this network at almost right angles and penetrate into the 
placenta toward the maternal side to constitute the Intraplacental vessels (IP). The IP 
vessels give rise to the villous trees (<150µm) that are the essential structures involved in 
material exchange between mother and fetus. Image reproduced from Benirschke et 
al.(2012) and Gordon et al. (2007)[37] [51, 52]. 
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The umbilical cord stems from the connecting stalk which connects the early placenta to 

the embryo. A mature umbilical cord comprises of three blood vessels; two arteries and 

one vein, surrounded by a loose connective tissue called Wharton’s jelly throughout its 

length. The two umbilical arteries are usually connected within the umbilical cord, at or 

near its insertion point on the placenta, by the Hyrtl’s anastomosis (within about 3 - 5cm 

above)[53] [54]. Branches of each of the three umbilical vessels form a distinct tree-like 

network of vessels. Because of the Hyrtl’s anastomosis, the two arterial trees are connected 

and may collectively be seen as the “arterial tree” (though they are separable). Typically, 

arteries cross over veins on the chorionic plate [33], however there are no anastomoses 

between the chorionic networks with the exception of certain pathological situations (twin-

twin transfusion syndrome). From the point of insertion of the umbilical cord on the 

placenta, the umbilical vessels release and branch across the surface of the chorionic plate 

and are now referred to as chorionic plate vessels i.e. chorionic plate arteries and chorionic 

plate veins that can be categorized under the macrovasculature by definition of vessels 

>300µm. The chorionic plate veins all converge onto the single umbilical vein and hence 

the direction of blood flow in these veins is towards the umbilical vein at the cord insertion 

point. These vessels branch all the way into the placental core until they reach the bases of 

the stem villi.  

In regards to a central cord insertion (Figure 1.5), the distance to the chorionic plate margin 

is only one half of the placenta diameter and a dichotomous branching pattern may be the 

easiest way to traverse most of the chorionic plate with a minimal number of generations. 

A few monopodial ramifications coming off the first and second dichotomous branches 

ensure perfusion of the areas in between. Studies have highlighted the fact that the 

organisation of the chorionic vasculature is consistent, not random, and dependent on the 

umbilical cord insertion, but they could not explain the physiological reasons [37, 44]. 
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Figure 1.5 Gross Anatomy of human term placenta 
Images show the maternal and fetal surfaces of the human placenta at term and examples 
of different types of cord insertion. The normal human placenta at term is usually a round 
to oval disk-like organ and has a maternal unit opposite to a fetal unit. (A) The fetal surface 
consists of the umbilical cord and the chorionic plate, over which the umbilical arteries and 
veins successively branch and are termed (red arrows) chorionic plate veins and (blue 
arrows) chorionic plate arteries. (B) The decidua covers the maternal surface and the 
placenta contains 15 – 20 lobules also known as cotyledons which are separated by visible 
grooves divided by septa. At term, the mature human placenta measures about 22cm in 
diameter, ~2.5cm thick and weighs 450– 600g [55] (C) In normal pregnancy the umbilical 
cord inserts into the centre of the placenta (central insertion) or slightly off-centre 
(eccentric insertion). However, sometimes the cord inserts within 2 cm of the placenta 
edge, called a marginal cord insertion (MCI), or not into the placenta at all which is called a 
velamentous cord insertion (VCI) [56]. 
 

In a 2017 meta-analysis [56] , normal cord insertion was reported to  occur about 90% of 

the time. However, sometimes marginal cord insertion (MCI) or velamentous cord insertion 

(VCI) cases occur, where the umbilical cord inserts into the membranes of the amniotic sac 

and unprotected blood vessels run through the membranes before reaching the placenta 

edge. When the umbilical cord is supported by very little or no placental tissue, the risk of 

blood vessel abruption becomes much greater. A review on abnormal cord insertions 
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reported that MCIs and VCIs are considered abnormal cord insertions and occur about 7% 

and 1% of the time, respectively [56] . They occur more frequently in multiples pregnancies 

and are associated with spontaneous abortion, preterm labour, small for gestational 

age(SGA) infants, vasa previa, emergency caesarean, and other adverse outcomes [56]. 

Investigations looking at cord insertion in diabetes in relation to poor outcome may well be 

important as presumably cord insertion will have a major influence on the pattern pf blood 

vessel branching on the chorionic plate. 

 

1.2.2 Altered fetoplacental vasculature in pregnancies complicated by 
diabetes 

Early studies on altered fetoplacental vasculature in maternal diabetes focussed on small 

calibre blood vessels and mainly reported histological findings [57]. More recently, other 

methods such as stereology and whole organ casting have been employed in examination 

of the fetoplacental vasculature [58]. Results have differed among studies, which could 

potentially reflect differences in the type of diabetes, the glycaemic control of study 

participants, or the study methodology/approaches to assess fetoplacental vascular 

development. Alternatively, these inconsistencies in findings may represent different 

biologic adaptations to distinct metabolic complications of the disease.  

 
1.2.3 Evidence for abnormal placental microvasculature in diabetes 

There are variations in placental abnormalities reported in maternal diabetes studies. 

Placental villous immaturity has been reported in both pre-gestational and gestational 

diabetes [59-61]. Placental villous immaturity, also referred to as distal villous immaturity 

(DVI), is defined as “a placental phenotype characterized by enlarged distal villi with 

excessive stroma, hypercellular villous trophoblast, paucity of vasculosyncytial 

membranes, and a decreased fetoplacental weight ratio” [61]. It is largely observed in term 

or near-term placentas and is associated with specific maternal conditions including 

impaired glucose tolerance, obesity, and excessive pregnancy weight gain [62]. Other 

descriptions of disorders of villous maturation have been described in classifications of 

delayed maturation, maturation arrest, and accelerated maturation as shown in Figure 1.6 

and Figure 1.7. 
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Figure 1.6 Schematic representation of normal term villous tree and disorders of villous 
maturation. 
Brown: trunk of a tree depicting stem villi; orange: intermediate trunk of a tree depicting 
immature intermediate villi; yellow: branches of a tree depicting mature intermediate villi; 
and green: leaves of a tree depicting terminal villi. At term, the villous tree is constituted 
by terminal villi, mature intermediate villi, stem villi, and even mesenchymal villi [88] (0–
5%; not depicted here). Delayed villous maturation is characterized by medium-sized 
intermediate villi of peripheral mature type along with stem villi. The villi display reticular 
stroma, centralized vessels, and diminished vasculo-syncytial membranes. Maturation 
arrest is characterized by the predominance of immature intermediate villi displaying 
primitive mesenchymal, embryonic, and loose reticular stroma with Hofbauer cells, few 
capillaries, considerably reduced vasculosyncytial membranes, and diminished intervillous 
space. Accelerated villous maturation is characterized by hypermature, hypoplastic, and 
slender terminal villi resembling the histology of term villi with considerably increased 
intervillous space. Image taken from Jaiman et al. (2020) [63]. 
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Figure 1.7 Histology of normal term placenta compared to disorders of villous 
maturation. 
Panels showing – normal term placenta (40 weeks) (I); – delayed villous maturation (38.6 
weeks) (II); – maturation arrest (32 weeks) (III); IV – accelerated villous maturation (33 
weeks). (A), (B) and (C) display H&E-stained sections at 40, 100, and 400× magnifications, 
respectively. (D) shows Immunohistochemistry of CD15-stained sections at 100× 
magnification. Images from (Jaiman et al. 2020) [63] 
 

Another pathologic description of altered fetoplacental vasculature in diabetes is distal 

villous hypoplasia [64, 65]. This is described as a form of placental villous maldevelopment 

that is characterized by a sparse, poorly developed distal villous tree with abnormally 

shaped, elongated, slender villi and widening of the intervillous space. This placental 

pathology is associated with significant intrauterine growth restriction and adverse 

consequences for the fetus such as neurodevelopmental delay and adult cardiovascular 

disease [64, 66, 67]. A systemic review  concluded that increased villous immaturity [66, 

68-70], increased volume and surface area of parenchymal tissue, defined as the 

intervillous space, the trophoblast layer, and fetal capillaries of both the peripheral and 

stem villi [71-73] were the placental abnormalities most consistently reported in diabetes. 

Furthermore, studies have reported increased parenchymal volumes, on average 12% 

larger than placentas from normoglycaemic controls, but a decrease in non-parenchymal 
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tissue defined as the chorionic and decidual plates, fetoplacental vessels of diameter 

greater than 0.1 cm, and intercotyledonary septa [71-75] in women with well-controlled 

T1DM compared to normoglycaemic controls [71]. 

A study conducted by Mayhew et al (2002) reported increased measures of fetoplacental 

angiogenesis by comparing capillary volume, surface area and length in T1DM. This study 

concluded that the characterized changes in angiogenesis occurred exclusively via 

longitudinal growth without a change in the cross-sectional calibre or shape of the 

capillaries, compared to controls in placentas affected with maternal T1DM despite 

adequate glycated haemoglobin levels [46]. Conversely, Jirkovska et al. (2012) reported 

increased branching angiogenesis, hypovascular and hypervascular villi in diabetic 

placentas in addition to changed structure of villous stroma (Figure 1.8) and enhanced 

capillary surface areas in terminal villi of placentas affected by maternal T1DM with good 

glycaemic control [76, 77]. 
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Figure 1.8 Structural differences of normal placental terminal villi and pathological forms 
of villi in diabetic placenta.  
Villi of normal placenta (a) are smaller than pathological villi of diabetic placenta, their 
capillaries form with villous syncytiotrophoblast vasculosyncytial membranes 
(arrowheads). Larger hypovascular villi (b) display small-diameter capillaries predominantly 
in a tight relationship to the trophoblast (arrowheads), but some of them lie distant from 
the trophoblast (arrows). Unlike normal villi the stroma resembles sparse network. In large 
hypervascular villi (c) numerous and large capillary profiles dominate the structure 
(arrowheads), and only small part of villous stroma is observable. Bars = 100 μm. Placental 
villi stained with the picrosirius method display occurrence of collagen in the villous stroma. 
Capillaries in villi of normal placenta (a) have more intense coloured layer around their 
outer surface corresponding to the presence of collagen fibres mantle (arrowheads), and 
the collagen meshwork in the stroma is dense. The collagen mantle surrounding capillaries 
(arrowheads) looks thinner and the collagen meshwork enclosing stromal channels seems 
to be variously arranged in both forms of pathological villi (b,c). Bars = 100 μm. Images 
taken from Jirkovská et al. (2012) [77]. 
 

This conflict in findings results from the different approaches used in these studies and 

classification methods used in analysing the findings. Mayhew (2002) used a design based 

stereological analysis which provides 3D properties from histologic sections such as volume 

surface, area and diameters. This method determines these parameters independent of 3D 
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structural (topological) properties i.e. the differences found in volumes of tissue using 

stereology does not provide information on 3D structural changes. Therefore, identical 

stereologic volumes could be associated with different 3D structures. However, the 

Jirkovska study (2012) involved methods of immunohistochemistry, confocal microscopy, 

topological schemes and 3D reconstruction, as shown in Figure 1.9, for quantitative 

assessment of capillary branching pattern. 

 
Figure 1.9 Three-dimensional reconstruction of villous capillary bed in normal pregnancy 
and pre-gestational diabetes. 
One section from the source stack of serial optical sections (a) and two projections of 
reconstructed capillaries (b, c) show that terminal villus of a normal placenta is long and 
slender, and its branching capillaries have almost parallel arrangement. The three-dimensional 
reconstruction of the villous capillary bed in a hypovascular placental villus from a 
pregestational diabetic shows one section from the source stack of serial optical sections (a) 
and two projections of reconstructed capillaries (b, c). In the hypovascular villus thin capillaries 
are located in more voluminous stroma (a). Capillary branches are distant each to other and 
their course is wavy. The arrowhead indicates a capillary bud. The right-hand panel shows a 
three-dimensional reconstruction of a villous capillary bed in a hypervascular villus from 
pregestational diabetes pregnancy. One section from the source stack of serial optical sections 
demonstrates numerous and large capillary profiles (a) and two projections of reconstructed 
capillaries show extremely wavy course and irregular diameter of capillaries (b, c). Images taken 
from Jirkovská et al. (2012) [77]. 
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In common with Jirkovska et al (2012), other studies have also reported an increase in the 

number of capillaries per terminal villi in women with T1DM. Teasdale (1983) studied 10 

placentas of diabetic women. The women in Teasdale’s study were classified as having 

diabetes Class B (White 1978), that is onset of diabetes after age 20 years but present less 

than 10 years and requiring insulin therapy. Five of the placentas of diabetics in Teasdale’s 

study were from pregnancies where the babies were large for gestational age; the 

placentas of these babies were heavier than those of a control group, mainly due to a 

significant accumulation of non-parenchyma and only a moderate increase in parenchymal 

tissue. None had any history of smoking, or any other complications of pregnancy, and they 

all reported excellent maternal plasma glucose control during pregnancy. These differences 

may be partly explained by  Teasdale’s  definition of  parenchyma  which  does not  include 

villous connective tissue [71, 72, 78], and GDM [79, 80]. Bjork & Persson (1984) performed 

morphometric assessment on villi from different parts of the cotyledon in placentas from 

13 insulin-dependent diabetic women and compared the results with those from placentas 

of 10 non-diabetics. Experimental measurements were made on unfixed villi and the results 

expressed in arbitrary units. They found that the organisation of the cotyledon, of 

increasing villous length and surface area towards the periphery, was not present in the 

placentas of diabetics.  In the diabetic women, placental villi were of equal length 

throughout the cotyledon and although the average villous length did not differ from that 

of the control group, the average surface area was greater. They concluded that the 

increase in villous surface area observed was due to increased branching of peripheral villi 

in the diabetic group [81]. 

One contributor to the lack of consistency in description of placental vasculature in 

pregestational diabetes could be the absence of a simple, comprehensive, and widely 

accepted classification system with reproducible grading of placenta phenotypes. A recent 

validation experiment on the classifications of villous types [82] suggested that researchers 

aiming to quantify placental structure could not solely rely on routine histological section 

analysis. The study involved two groups of morphologists (Group 1 consisted of 3 standard 

morphologists who were not experts in placental morphology and group 2 consisted of 3 

expert morphologists with long- standing experience in placental microscopic anatomy and 

pathology). These groups were given a total collection of 165 photographs of villous 

sections for villous types (terminal villi, intermediate villi, stem villi) to be classified 
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histologically by assessment of the terminal distance and stromal core of the villi using a 

formalized task description. The results from this study demonstrated that inter-rater 

variability was high and indicated substantial observer influence on the classification of the 

different villous types. Cross-match of villous types with the predetermined positions of 

villous branches of villous trees revealed substantial mismatch between the classifications 

of villous types. There were no histopathological findings examined in the study. 

This study by Haeussner et al. (2015) alludes to the fact that discrepancies in the 

classification of placental lesions could be observer dependent highlighting the need for a 

widely accepted classification system and the use of more advanced techniques to provide 

an objective quantitative assessment of fetoplacental vascular development [82]. It is 

therefore important to be wary of some of the pitfalls associated with classification of 

placenta pathology. 

In contrast to the small diameter vessels (microvasculature), less is known about diabetes 

impacts on the development of the macrovasculature and whether there are changes in 

the vascular networks of the larger calibre vessels in pregestational diabetes. Studies report 

mainly on macrovascular diseases complications with insufficient detail on changes or 

impact on structure of large calibre chorionic plate vessels. Abnormalities in larger calibre 

blood vessel development have been reported in fetal growth restriction, showing longer 

venous and shorter arterial vasculature in FGR placentas [58]. Previous investigations have 

also demonstrated the presence of fewer chorionic plate arteries and sparse capillaries in 

FGR placentas [83].  

In summary, the weight of evidence and highlights of reviews on placenta pathology in 

maternal diabetes suggests that placentas from pregnancies complicated by maternal 

diabetes may display increases in branching and non-branching angiogenesis, that 

pregestational diabetes promotes enhanced angiogenesis and that villous immaturity in 

diabetes is often associated with increased placental weight or poor glycaemic control; 

however, significant variability in study characteristics prevents quantitative meta-analysis. 

Differences in the morphology of the placental microvasculature in type 1 and type 2 

diabetes compared to normal pregnancy are likely to be secondary to altered angiogenesis. 

Although the majority of publications report increased villous immaturity and hyper 

vascularisation of the fetoplacental microvasculature in diabetes, this has not always been 
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related to maternal glycaemic control or pregnancy outcome as shown in the summary 

Table 1.3. In addition, there is very little information on pathologies of the larger calibre 

arteries and veins of the chorionic plate of the fetoplacental vasculature in maternal 

diabetes.  
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Table 1.3 Summary of Gross and Histopathologic Placental Findings in maternal diabetes 

 
Table summarises findings on placental histopathology in diabetes. 
 
 
 
 
 
 
 

Placental pathology Pregestational diabetes Gestational 

diabetes 

Type 1 diabetes Type 2 

diabetes 

 

Growth/weight - Increased placental weight 
compared to healthy controls [43, 
66, 84, 85] 

 
- Increased 
placental 
weight [75, 
86, 87] 

Degree of villous 
maturity 

- Increased frequency of immature villi 
compared to healthy controls [57, 60, 66, 69] 

- Increased 
frequency 
of immature 
villi [88, 89] 

Measures of 
angiogenesis 

- Increased number of capillaries in 
terminal villi compared to healthy 
controls [90] [76] 
- Greater combined length of fetal 
capillaries compared to healthy 
controls 
- Increased mean number of 
redundant connections per 
terminal villi compared to healthy 
controls [77]  

 
- Increased 
mean 
number of 
redundant 
connections 
per 
terminal villi 
compared 
to healthy 
controls [46, 
77, 78, 91] 

Volume and surface areas of 
parenchymal 
tissue (contains the 
structure or compartments 
that are strictly concerned in 
metabolic exchanges 
between mother and fetus) 

- Increased volume of parenchymal tissue 
compared 
to healthy controls [70-72, 74] 

- Increased 
volume of 
parenchymal 
tissue 
compared to 
healthy 
controls [78] 

 
Primary vascular and 
secondary vascular lesions 

- Increased incidence 
of nucleated fetal red 
blood cells, fibrinoid 
necrosis, villous 
immaturity, and 
chorangiosis compared 
to healthy controls [66] 

 
- Increased 
incidence 
of fibrinoid 
necrosis [88] 
and 
chorangiosis 
[89] 
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The inconsistencies and gaps in published data highlight the potential need of advantages 

of using an unbiased quantitative approach to assess placental arterial and venous 

structure particularly investigations focusing on the impact of diabetes on large calibre 

chorionic plate vessels in relation to maternal glucose status and fetal outcomes. 

The use of approaches such as vascular casting could also offer advantages to examination 

of the fetoplacental vasculature as vascular casting enables the study of the vascular 

pattern of normal or pathological tissue providing details of the three-dimensional 

anatomic arrangement of the vascular replica. Vascular corrosion casting in combination 

with Micro-CT imaging have been reported to enable quantification of fetoplacental 

vasculature (mainly chorionic plate vessels >150µm) on a holistic level [58]. 

The above abnormalities in placental blood vessels in diabetes, could point to aberrant 

angiogenesis. The vascular development of the placenta plays a very important role in 

adequate fetoplacental blood flow to optimise nutrient delivery to the fetus and transfer 

of fetal metabolites to mother by placental syncytiotrophoblast (Figure 1.10). This process 

is reliant on the appropriate development of fetoplacental blood vessels from early 

pregnancy to term by vasculogenesis and angiogenesis. 

 
 
1.3 The normal development of the placenta and placental vasculature 

In  pregnancy, placental development begins with implantation of the conceptus and the 

differentiation of the trophectoderm to form the pre-villous trophoblast around seventh 

day post conception [37]. Placental trophoblast develops from the trophectoderm while 

the embryoblast forms the embryo and the extraembryonic mesoderm, amnion and 

umbilical cord, which connects the embryo to the placenta.  

The primary villi consist of a network of columns and floating villi interwoven with a 

precursory intervillous space. Then a subsequent invasion of the primary villi by 

mesenchymal cells pushes the trophoblast to the periphery forming the secondary villi. At 

this point the placental vasculature begins to develop. The primitive development of the 

vasculature is driven by the differentiation of the mesenchyme into angioblast stem cells, 

which are precursory to the placenta endothelium [44] . 
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Figure 1.10 Histological features of first trimester placenta vs term placenta villi. 
Haematoxylin and eosin-stained cross- sections of (A) first trimester human Placental Villi 
and (B) human term placental villi. Black arrow-Syn, syncytiotrophoblast; blue arrow-Cyt, 
cytotrophoblast; S, stroma, red arrows point to Hofbauer cells in (A) and blood vessels in 
(B). (A): Villi in cross-section. Villi are cover in shell of syncytiotrophoblast and some 
cytotrophoblast cells. Villi core contains mainly mesenchyme cells. The structure, as well as 
the histological features of the human placenta varies with gestational age. (B): Surface 
layer of villi now lack cytotrophoblast cell layer and now are covered with only a 
syncytiotrophoblast layer (shell). Syncytiotrophoblast layer is variable in thickness from a 
thin cytoplasmic layer to regions of clumped nuclei. Villi core mainly occupied by fetal 
capillaries and larger blood vessels, with only a small amount of connective tissue. Fetal red 
blood cells now appear to the earlier distinctive nuclei. Images from (Hill, M.A. 2021, 
Embryology Placental villi). 

 
 

1.3.1 Placenta Vascular Formation 

Two distinct processes are responsible for giving rise to blood vessels. Vasculogenesis is 

defined as the differentiation of precursor cells (angioblasts) into endothelial cells and the 

de novo formation of a primitive vascular network, whereas angiogenesis is defined as the 

growth of new capillaries from pre-existing blood vessels (Figure 1.11) [30]. During 

development of the placenta vasculature, primitive (primary) villi form from proliferation 

of trabeculae into the intervillous space around the 13th day post conception(dpc) [92]. The 

villi at this stage only consist of two trophoblast cell layers; cytotrophoblast core 

surrounded by a layer of syncytiotrophoblast. In the next few days, extra-embryonic 

mesenchyme from the chorionic plate invades the cytotrophoblast cell layer, transforming 

the villi into secondary villi. Mesenchymal cells invade the cytotrophoblast which initiates 
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the process of vascularisation within the villi. Mesenchyme-derived macrophages 

expressing angiogenic growth factors initiate vasculogenesis at around 20 days post 

conception [37]. Placental blood vessels begin to form in the villi at this stage, where they 

are now referred to as tertiary villous mesenchyme/mesenchymal villi. 

1.3.1.1 Vasculogenesis 

The beginning of vasculogenesis is evident in the placenta at around 20 days post 

conception, progenitor cells then begin the process of forming the endothelial lining of the 

developing capillaries. The placenta becomes vascularised by formation of capillaries 

within the villi [37]. The process of de novo vascular formation begins with the formation 

of the endothelial progenitor cells called angioblasts as seen in the extraembryonic 

mesoderm allantois [44, 93].  This is as a result of differentiation events from pluripotent 

mesodermal stem cells to progenitor haemangiogenic stem cells, haemangioblasts, 

angioblasts and finally endothelial cells as seen in Figure 1.11 [27]. When formed, 

endothelial cells proliferate, migrate and interact with one another, aligning into tubes 

which subsequently become surrounded by supporting structures such as pericytes, 

smooth muscle, basement membrane to form continuous vascular networks [94]. This 

process continues until 32 days post conception when the vessels connect to the fetal 

circulation via the connecting stalk which later becomes the umbilical cord. Mesenchymal 

villi are slender, comprising of abundant Langhans cells, early vessels and under-developed 

stroma. Subsequently, they differentiate either into immature or mature intermediate villi 

[39]. By the 5th week post conception, the fetal vessels meet and merge with the locally 

formed villous vessels establishing the complete feto-placental vasculature [37]. 
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Figure 1.11 Schematic representation of the sequential regulation of vasculogenesis and 
angiogenesis during human placental development.  
As illustrated in the diagram different growth factors influence vasculogenesis / 
angiogenesis throughout gestation outlined in detail in section 1.4.1.2 Taken from Chen 
and Zhen (2013) [27]. 

 
1.3.1.2 Angiogenesis 

During pregnancy extensive angiogenesis occurs in both maternal and fetal placenta 

tissues [93]. Two different forms of angiogenesis: branching (the formation of new vessels 

by sprouting) and non-branching (the formation of capillary loops through elongation) 

have been observed in the placenta in the last third of pregnancy (Figure 1.11) [32, 95]. 

The initial branching angiogenesis occurs prior to 24 weeks post conception and onwards 

till term non- branching angiogenesis occurs [95]. 

As erythrocytes are detected, the process of vascularisation switches mainly to sprouting 

and non-sprouting angiogenesis within the placental villi, although some vasculogenesis is 

still taking place until late first trimester and early second trimester [96]. Endothelial cells 

from pre-existing vessels migrate, and sprout to form new ones, filling up the expanding 

immature intermediate villi [97]. Each immature intermediate villus consists of stroma, 

abundant macrophages and a dense capillary network [92, 98]. Distal immature 
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intermediate villi revert into their parent (mesenchymal villi) to sustain their generation, 

while proximal ones progressively transform into stem villi. Centrally located capillaries 

within the fibrous stroma of the stem villi, differentiate into arterioles and venules while 

peripheral ones regress [92]. 

At this stage the developing embryo receives nutrients via vitelline circulation from the yolk 

sac as the placental circulation remains inactive. The yolk sac is an extraembryonic 

membrane attached to the ventral surface of the embryo [99]. By 24 weeks, reversion of 

distal immature intermediate villi to mesenchymal villi stops and mesenchymal villi switch 

to production of mature intermediate villi while residual immature intermediate villi are 

incessantly converted into stem villi. Histologically, mature intermediate villi possess 

straight elongated capillaries [92]. These capillaries grow longer than the mature 

intermediate villi and subsequently form loops which further develop into highly 

vascularised grape-like gas-exchanging structures – the terminal villi [44, 92] as seen in 

Figure 1.12. Within the terminal villi, vessels continue to grow by the multi-stage process 

of non-sprouting/non-branching angiogenesis. In the third trimester, terminal villi 

formation by non-branching angiogenesis increases (Figure 1.11), causing a massive 

increase in the surface area available for materno-fetal exchange to about 13m2 at term, 

with up to 25% of the entire fetoplacental blood volume being within the terminal villous 

capillaries [100].This process of vessel development, as well as maturation of intermediate 

villi and development of new terminal villi, continues during the third trimester till term 

[55]. 
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Figure 1.12 3D Patterns of villous development and cross section of three classes of term 
villi.  
The 3 distinct classes of villi within the architecture of term placenta and 3D structure of 
vascular systems within the villus. SV; largest villi are the stem villi located internally, next 
to the inner surface of the chorionic plate and range between 150 -1000> microns in 
luminal diameter A: central placental artery of SV with thick vascular smooth muscle 
surrounding lumen B: central placental vein of SV with thin vascular smooth muscle 
surrounding lumen. MIV; the stem villi branch into slender intermediate villi measuring 60 
– 100μm in diameter, these contain a very loose stroma and slender small calibre arterioles 
and venules (the post-capillary venules) with poorly defined or absent muscular walls. 
Arteriole and venule sizes are widely variable; the smallest ones measure 20 – 40μm in 
diameter C: small longitudinal capillaries of the MIV. TV; the intermediate villi branch into 
numerous terminal villi. These are grape-like terminal branches of the villous tree 
measuring 30 – 80μm containing a loose stroma rich in highly coiled capillaries. Their mean 
diameter ranges between 12 – 14μm, and they are characterised by areas of focal dilatation 
(sinusoids) measuring up to 50μm in diameter. D: the vasculo-syncytial membrane of the 
TV with thin layer of overlaying syncytiocytotrophoblast. (E-F):TV of the MIV from term 
placenta with varying degrees of vascularisation. E:abnormal development (excessive non-
branching angiogenesis).F: abnormal development (excessive branching angiogenesis)[44, 
94, 101]. Adapted from Charnock-Jones et al. (2003). 
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1.3.2 Regulators of Placental Vasculature development: Angiogenic Growth 
factors: 

The key processes of vasculogenesis and angiogenesis are regulated by different growth 

factors considered in detail below [30, 93, 95, 102, 103]. 

 

Table 1.4A : Angiogenic factors and receptors, their function and location in the placenta 

Angiogenic 
Factors and 
Receptors 

Function Placental Site Ref. 

VEGF-A Regulate placental 
vasculogenesis and 
angiogenesis in paracrine 
and/or autocrine manners 

Trophoblast, Hofbauer 
cells, vascular smooth 
muscle  
 

[94, 
104] 

VEGF-B Specific function in placenta 
development has not been 
defined. 

None detected  [94] 

VEGF-C Mediates angiogenesis in the 
placenta. facilitate immune 
tolerance of human uterine 
NK cells at the maternal-fetal 
interface 

Decidual natural killer 
cells  
 

[94, 
105] 

VEGF-D Lymphangiogenesis None detected  
 

[94] 
[106] 

PlGF Stimulates angiogenesis to 
control trophoblast growth 
and differentiation 
 

Trophoblast  
 

[94, 
104, 
106] 

FGF-1  

FGF-2 

promote endothelial cell 
proliferation and 
vasculogenesis. 

Trophoblast and vascular 
smooth muscle 
 

[94, 
107, 
108] 

Ang-1 Maintains vessel integrity and 
plays a role in the later stages 
of vascular remodelling  

Villous trophoblast and 
perivascular cells 
 

[94] 

Ang-2 Functions to loosen cell-cell 
interactions and allow access 
to angiogenic inducers such as 
VEGF 

Villous 
trophoblast  

[94] 

PDGF Stimulates growth and 
migration of endothelial cells.  
Recruitment of pericytes 
required for stabilisation and 
maturation of blood vessels 

Villous stroma  [109] 

TGFβ Inhibition of proliferation and 
invasiveness extravillous 
trophoblasts, and stimulation 
of differentiation by inducing 
multinucleated cell formation 

Syncytiotrophobl-
ast cells of the 
placental villi 

[110, 
111] 
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Table 1.4B: Angiogenic factor receptors, their function and location in the placenta 
 
Angiogenic 
Factor 
receptors 

Function Placental Site Ref. 

VEGFR-1 (flt-
1) 

Vasculogenesis 
Angiogenesis 

Villous endothelial cells 
and trophoblast 
 

[94] 

VEGFR-2 
(kdr): 

Vasculogenesis 
Angiogenesis 

Villous endothelial cells  
 

[94] 

VEGFR-3 (flt-
4) 

Lymphangiogenesis Trophoblast  [94] 

Soluble 
VEGFR-1 (sflt-
1) 

sFlt-1 inhibits angiogenesis 
regulating blood vessel 
growth through reduction of 
free VEGF and PlGF 
concentrations. 

Trophoblast  [94] 

FGFR1 
 

 
Activate signal transduction 
pathways, such as the MAPK 
cascade, and stimulate 
mitogenesis, differentiation, 
and cell migration 

Villous stroma  [112] 

FGFR2 Villous stroma 
and 
cytotrophoblast 
 

[112, 
113] 

FGFR3 Villous stroma 
and 
cytotrophoblast 

[112] 

FGFR4 Villous stroma  [112] 
Tie-1 Promote growth and 

migration during placental 
development. 
Activates signaling pathways 
to initiate angiogenesis 
Regulation of vascular smooth 
muscle cell recruitment. 

Villous endothelial cells 
and trophoblast 
Syncytiotrophobl-
ast 

[94] 

Tie-2 Syncytiotrophoblast and 
cytotrophoblast 

PDGFRα 
(PDGFRA) and 
-Rβ (PDGFRB) 

Regulate trophoblast 
proliferation in the human 
placenta. 

Syncytiotroph-
oblast and 
cytotrophoblast 

[114] 

TGFβR I   Microvillus 
membrane, 
syncytiotroph-
oblast, 
and 
cytotrophoblast 
 

[110, 
111, 
115] 

TGFβR II   
 

Syncytiotroph-
oblast 

[111, 
115] 

TGFβR III Expressed in the 
decidua 

[110] 

TGFβR IV Microvillus 
membrane 

[111] 

 [Tables adapted from (Charnock-Jones et al. 2004)] 
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1.3.2.1 Vascular Endothelial Growth Factor (VEGF) 

The VEGF  family of growth factors, originally known as vascular permeability factor 

(VPF),[116] includes important signalling proteins involved in both vasculogenesis and 

angiogenesis throughout gestation. The VEGF family consists of five members in mammals: 

VEGF-A, placenta growth factor (PIGF), VEGF-B, VEGF-C and VEGF-D (Table 1.4A). All 

members of the VEGF family stimulate cellular responses by binding to tyrosine kinase 

receptors (the VEGFRs) shown in Figure 1.13 on cell surfaces, causing them to dimerize and 

become activated through transphosphorylation, although to different sites, times, and 

extents. VEGF-A, VEGF-C and placenta growth factor (PIGF) are all expressed in different 

sites within the human placenta. VEGF-A is expressed in trophoblast, macrophages and 

vascular smooth muscle cells and stimulates endothelial expression of proteases such as 

urokinase-type and tissue-type plasminogen activators and interstitial collagenase that 

break down extracellular matrix and release endothelial cells from anchorage, allowing 

them to migrate and proliferate. [94, 104]. During normal pregnancy, human placental 

VEGF expression increases with gestational age. VEGF has been shown to regulate all steps 

of the angiogenesis process as shown in Figure 1.11 [27].  

1.3.2.1.1 PIGF  

PlGF is an angiogenic factor of the VEGF family, discovered by Maglione et al. in 1991 [117]. 

PlGF and its receptor VEGFR-1 (flt-1), are expressed in trophoblast [94]. PlGF functions to 

control trophoblast growth and differentiation. The secretion of PlGF by trophoblast cells 

has been reported to be the signal that initiates and coordinates vascularisation in the 

decidual and placenta during early embryogenesis  [118]. Studies have reported PlGF 

stimulates angiogenesis by moving VEGF from the VEGFR-1, hence increasing the fraction 

of VEGF available to activate VEGFR-2 (Figure 1.14). Alternatively, PlGF may also stimulate 

angiogenesis by transmitting intracellular signals through VEGFR-1. Angiogenic functions of 

PlGF include; binding to VEGFR-1 in endothelial cells which facilitates VEGF binding and 

activation of VEGFR-2; recruitment of monocytes/macrophages to promote vessel growth; 

and  mobilizing hematopoietic progenitor cells from bone marrow [119]. In the placenta , 

placental growth factor (PlGF) is critically important for the formation of the placental 

capillary network via sprouting and elongation (Figure 1.11) with the development of the 
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villous tree. PlGF and VEGF-A are also known to form a PlGF/VEGF heterodimer which is a 

highly potent endothelial mitogen [73]. The synergism between VEGF and PlGF is 

hypothesized to contribute to both physiological angiogenic processes and pathological 

plasma extravasation [119]. The synergism between PlGF and VEGF is specific; PlGF 

deficiency is reported to  impair the cell response to VEGF [120].  

Carmeliet et al. (2001), reported that in PlGF −/− cells, VEGF only induced endothelial 

migration by 25%, proliferation by 40% and survival by 7% compared to PlGF +/+ 

endothelial cells [120]. Additionally, high concentrations of PlGF alone did not affect the 

response of wild-type endothelial cells to VEGF, because these cells already produced 

sufficient PlGF. However, at low doses, PlGF dose-dependently restored the impaired 

VEGF-response in PlGF −/− endothelial cells. This suggests that, PlGF though ineffective 

alone, amplifies the VEGF response by activating VEGFR-1 [120]. Levels of PlGF 

concentrations in maternal serum rise during pregnancy, peaking at the end of mid 

trimester of pregnancy. Low levels of PlGF concentrations during pregnancy are associated 

with pregnancy complications including recognized later-life cardiovascular risk [121]. A 

growing body of evidence also point to (PlGF), measurable in the maternal circulation, as a 

maternal serum biomarker for placenta disease [122-125]. 
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Figure 1.13 Structural model of human placental growth factor (PIGF)-1, VEGF-A and 
VEGF-B.  
Schematic representation of the binding of homodimers of PlGF, vascular endothelial 
growth factor (VEGF)-A, and VEGF- B to their respective receptors. Adapted from Nguyen 
et al. (2016) [126].  

 
1.3.2.1.2 VEGF Receptors 

VEGFRs are typical tyrosine kinase receptors (TKRs) carrying an extracellular domain for 

ligand binding, a transmembrane domain, and a cytoplasmic domain, including a tyrosine 

kinase domain. The overall structure of VEGFRs is similar to that of the PDGFR family 

members; however, these 2 receptor families have clear differences: the PDGFR 

extracellular domain contains 5 immunoglobulin (Ig)–like domains, whereas VEGFRs bear 7 

Ig-like domains. The biological functions of VEGF polypeptides are mediated upon binding 

to type III receptor tyrosine kinases (RTKs), VEGFR-1 (Flt-1), VEGFR-2 (KDR/Flk-1) and 

VEGFR-3 (Flt-4) [127]. They consist of seven extracellular immunoglobulin (Ig)-like domains, 

a transmembrane (TM) domain, a regulatory juxtamembrane domain, an intracellular 

tyrosine kinase domain interrupted by a short peptide, the kinase insert domain, followed 

by a sequence carrying several tyrosine residues involved in recruiting downstream 

signalling molecules [128]. These receptors are expressed on the cell surface of many bone-

marrow-derived cells such as hematopoietic cells , macrophages and endothelial cells, on 
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some malignant cells [129] and on vascular smooth muscle cells (VSMCs) [130] . In the 

placenta , VEGF receptors are expressed in villous endothelial cells and trophoblast (Table 

1.4B) and  play a role in angiogenesis i.e. regulating  blood vessel growth through reduction 

of free VEGF and PlGF concentrations. VEGF-A and its receptors VEGFR-1 and VEGFR-2 play 

major roles in physiological as well as pathological angiogenesis, including tumour 

angiogenesis. VEGF-C/D and their receptor VEGFR-3 can regulate angiogenesis at early 

embryogenesis but mostly function as critical regulators of Lymphangiogenesis [127, 131]. 

VEGF-A has a variety of functions, including pro-angiogenic activity, vascular permeability 

activity, and the stimulation of cell migration in macrophage lineage and endothelial cells. 

Furthermore, under pathological conditions, synergism between PlGF and VEGF-A has been 

shown to contribute to angiogenesis [120].  

 

 
Figure 1.14 Schematic of VEGF family molecules and their receptor interactions, signalling 
and functions.  
VEGF-A binds to both VEGFR-1 and VEGFR-2. VEGF-B, PlGF-1 and -2 bind to VEGFR-1. VEGF-
C and VEGF-D bind to VEGFR3. PlGF-1 and -2 also bind to neuropilin 1 and 2 (NRP-1 and 
NRP-2). Activation of VEGFR-1, VEGFR-2, and VEGFR-3 leads to autophosphorylation and 
coupling to the intracellular signal transducer and induce vasculogenesis, angiogenesis, and 
lymphangiogenesis, respectively. Adapted from Wang and Zhao, (2010) [119] 
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1.3.2.2 Fibroblast growth factor family 

The fibroblast growth factors (FGF) are a family of cell signalling proteins that are involved 

in a wide variety of processes, most notably as crucial elements for normal development. 

These growth factors generally act as systemic or locally circulating molecules of 

extracellular origin that activate cell surface receptors [132]. In humans, 22 members of 

the FGF family have been identified, all of which are structurally related signalling 

molecules [132, 133]. Members FGF1 through FGF10 all bind fibroblast growth factor 

receptors (FGFRs). FGF1 is also known as acidic fibroblast growth factor, and FGF2 is also 

known as basic fibroblast growth factor. The mammalian fibroblast growth factor receptor 

family has 4 members, FGFR1, FGFR2, FGFR3, and FGFR4 (Table 1.4B). The FGFRs consist of 

three extracellular immunoglobulin-type domains (D1-D3), a single-span trans-membrane 

domain and an intracellular split tyrosine kinase domain. FGF-1 and -2 are co-localised in 

first trimester cytotrophoblast cells and extravillous trophoblast and in the endothelial cells 

and smooth muscle cells of placental vessels by term (Table 1.4A). In the placenta, FGF2 

regulates the formation of angioblasts along with the formation of the first mesenchymal 

villi as shown in Figure 1.11 [107, 108, 134]. 

 
1.3.2.3 Angiopoietin 

Angiopoietin is part of the vascular growth factors family with roles in embryonic and 

postnatal angiogenesis. The angiopoietin (Ang) family of growth factors includes four 

members, all of which bind to the endothelial receptor tyrosine kinase Tie2 [135, 136]. Two 

of the Angs, Ang-1 and Ang-4, activate the Tie2 receptor, whereas Ang-2 and Ang-3 inhibit 

Ang-1-induced Tie2 phosphorylation. Angiopoietin signalling most directly corresponds 

with angiogenesis; angiogenesis proceeds through sprouting, endothelial cell migration, 

proliferation, and vessel destabilisation and stabilisation [137]. Ang-1 and Ang-2, are 

expressed in the placenta [138]. Ang-1 is expressed in the villous trophoblast and 

perivascular cells while Ang-2 is expressed solely in the villous trophoblast (Table 1.4A). 

They are responsible for assembling and disassembling the endothelial lining of blood 

vessels [139]. Angiopoietins are involved in upregulation to facilitate the expansion of 

placental vascular network during the third trimester [27].  Ang-1 induces vessel 

maturation. Ang-2 cooperates with other angiogenic factors in the induction of sprouting 

angiogenesis. Ang-2 appears to antagonize Ang-1 function by preventing its binding to Tie-
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2 receptors.  Tie-1 heterodimerizes with Tie-2 and antagonizes Ang-1-mediated vessel 

maturation. Angiopoietin-1 is critical for vessel maturation, adhesion, migration, and 

survival. Angiopoietin-2, on the other hand, promotes cell death and disrupts 

vascularisation [140]. However, when it is in conjunction with vascular endothelial growth 

factors, it has been reported it can promote neo-vascularisation [120, 137]. 

 

1.3.2.4 PDGF 

Platelet-derived growth factor (PDGF) is also a member of growth factors that regulate cell 

growth and division. In particular, PDGF plays a significant role in blood vessel formation, 

the growth of blood vessels from already-existing blood vessel tissue [104, 131]. Platelet-

derived growth factor is a dimeric glycoprotein that can be composed of two A subunit 

(PDGF-AA), two B subunits (PDGF-BB), or one of each (PDGF-AB). There are five different 

isoforms of PDGF that activate cellular response through two different receptors. The 

known ligands include; PDGF-AA (PDGFA), -BB (PDGFB), -CC (PDGFC), and -DD (PDGFD), and 

-AB (a PDGFA and PDGFB heterodimer). The ligands interact with the two tyrosine kinase 

receptor monomers, PDGFRα (PDGFRA) and -Rβ (PDGFRB) The PDGF family also includes a 

few other members of the family, including the VEGF sub-family [137, 141]. PDGF binds to 

the PDGFR ligand binding pocket located within the second and third immunoglobulin 

domains. Upon activation by PDGF, these receptors dimerize. The auto-phosphorylation of 

several sites on their cytosolic domains, which serve to mediate binding of cofactors then 

subsequently activate signal transduction. PDGF plays a role in embryonic development, 

cell proliferation, cell migration, and angiogenesis [142]. In the human placenta, PDGF is 

expressed in the villous stroma [109]. It induces angiogenesis by signalling via two receptors 

(α and β) to stimulate growth and migration of endothelial cells. In addition, PDGF is 

involved in recruitment of pericytes required for stabilisation and maturation of blood 

vessels [143-145]. 
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1.3.2.5 TGFB 

Transforming growth factor beta (TGFβ) is one of the growth factors that have been 

reported to play significant roles in both vasculogenesis and angiogenesis and is therefore 

essential for development and homeostasis of the vascular system. TGFβ drives vascular 

responses via its binding to a TGFβ receptor complex formed by type I and type II receptors, 

as well as type III co-receptors present on both endothelial and mural cells [146]. The 

transforming growth factor beta (TGF-beta) has been reported as a vital regulator of 

placental development and functions; TGF-beta exerts several modulatory effects on 

trophoblast cells, such as inhibition of proliferation and invasiveness, and stimulation of 

differentiation by inducing multinucleated cell formation in the placenta [147] [148]. 

In summary, studies have shown that throughout gestation, placental expressions of 

angiogenic factors mentioned above and in Table 1.4 play significant roles in regulating 

angiogenesis (Figure 1.11) and contributing  to increased efficiency in coordinating 

development of the vascular system via sprouting and elongation in the placental villi as 

shown in Figure 1.11 [27]. Experimental animal studies have also highlighted the 

importance of the regulation of angiogenesis and vasodilatation of the uterine and 

placental vessels as the two key mechanisms that increase placental blood flow during late 

gestation, which is paramount  for normal fetal growth and development [28, 29]. Reports 

suggest that most regulatory growth factors and cytokines of placental vasculogenesis and 

angiogenesis such as vascular endothelial growth factor (VEGF), fibroblast growth factor 

(FGF-2), angiopoietins, placental growth factor (PlGF), tumour necrosis factor-α (TNF-α), 

interleukin 8 (IL-8) and insulin- like growth factors 1 and 2 (IGF1, IGF2) outlined in Table 1.5 

are altered in maternal diabetes mellitus [95]. These reports suggest that the diabetic 

environment alters the expression and levels of these angiogenic factors affecting their 

roles and function in vasculogenesis and angiogenesis. Insulin and IGFs are implicated in 

the regulation of fetal and placental growth and development. IGF1 and IGF2 are 

synthesized in placental mesenchymal cells, such as macrophages and endothelial cells, 

with little change throughout gestation. However, while IGF1 is present in the trophoblast 

compartment at all gestational stages, IGF2 is not found in the syncytiotrophoblast and its 

expression in villous and extravillous cytotrophoblast in the first trimester becomes 

undetectable at term of gestation [149]. 
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1.3.3 Abnormal angiogenesis in diabetes: regulatory factors  

The effects of diabetes on the macrovasculature in relation to larger calibre vessels remains 

poorly reported. Diabetes predispose individuals  to the development of macrovascular 

complications of diabetes through complex molecular pathways that involve 

hyperglycaemia and insulin resistance [150]. Macrovascular complications of diabetes are 

affect the coronary arteries, peripheral arteries, and cerebrovasculature [150]. Early 

macrovascular disease is associated with atherosclerotic plaque in the vasculature 

supplying blood to the heart, brain, limbs, and other organs. Late stages of macrovascular 

disease involve complete obstruction of these vessels, which can increase the risks of 

myocardial infarction (MI), stroke, claudication, and gangrene [151]. Although 

macrovascular disease in diabetes is multifactorial, the common recipient of injury 

reported in the literature is the vascular endothelium via impairing the ability of the 

vasculature to vasodilate through inhibition of the nitric oxide (NO) pathway [152].  

As discussed earlier, diabetes mellitus has been associated with abnormalities in angiogenic 

processes (excesses or defects) with both contributing to critical features of chronic 

diabetic vascular complications that result in severe clinical consequences [36]. For 

example, diabetic retinopathy (Figure 1.15), a secondary microvascular complication of 

diabetes mellitus, is attributed to two major retinal problems that cause the majority of the 

diabetes related vision loss: diabetic macular oedema and complications from abnormal 

retinal blood vessel growth characterised by pathologic ocular angiogenesis [153]. 
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Figure 1.15 Image of Normal retina and Diabetic retinopathy   
Normal Retina: The fovea (the dark red spot in the centre), the healthy pink retinal colour, 
and normal blood vessels surrounding it without any bleeding. Background Diabetic 
Retinopathy: The red spots of bleeding and yellow spots of cholesterol leakage throughout 
the retina with increased neovascularisation (abnormal blood vessel growth). (Taken from 
© 2017, Eye Physicians of North Houston) [154]. 

 

 

Diabetic retinopathy can be classified into two stages: nonproliferative and proliferative. 

Secondary to angiogenesis, it has been reported that increased retinal blood flow plays a 

key role in the progression of diabetic retinopathy [153]. Understanding the role of 

hyperglycaemia seems to be the most critical factor in regulating retinal blood flow, as 

increased levels of blood glucose are thought to have a structural and physiological effect 

on retinal capillaries causing them to be both functionally and anatomically incompetent. 

However, studies have shown that high blood glucose induces hypoxia in retinal tissues, 

thus leading to the production of VEGF-A (vascular endothelial growth factor protein). The 

main mechanism is through hypoxia and AGEs (advanced glycosylation products); AGEs 

correlate with prolonged hyperglycaemia and produce ROS (reactive oxygen species) and 

ROS increases VEGF expression. Hypoxia also induces HIF-1α (hypoxia inducible factor), 

which stimulates production of VEGF and VEGF receptors. VEGF leads to mitogenic effect 
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and proteolysis of basement membrane that is the first stage of angiogenic process and 

causes proliferative diabetic retinopathy [155]. Hypoxia is a key regulator of VEGF induced 

ocular neovascularisation. A study reported 69 of 136 samples of ocular fluid from patients 

with diabetic retinopathy contained detectable levels of VEGF and concentrations were 

higher in those patients with signs of retinal disease [156]. These findings suggest that the 

balance between VEGF and angiogenic inhibitors may determine the proliferation of 

angiogenesis in diabetic retinopathy [153]. Therapies with anti-VEGF agents such as 

ranibizumab and bevacizumab shows that VEGF through several mechanisms play a role in 

the pathogenesis of diabetic macular oedema [157, 158]. Early studies have also reported 

increased expression of placenta growth factor in proliferative diabetic retinopathy. 

Specimens from patients with either proliferative diabetic retinopathy or macular hole 

observed that PIGF immunoreactivity was intensely localized to the endothelial and 

perivascular regions of newly formed blood vessels of excised fibrovascular preretinal 

membranes. Intense localisation of PIGF protein was also observed in superficial retinal 

vessels in diabetic retinae adjacent to neovascular preretinal membranes. Localisation of 

PIGF was weak or absent in diabetic retinae that showed no evidence of neovascular 

proliferation. PIGF protein was also absent in normal retinae suggesting an implicate role 

for PIGF in the pathogenesis of proliferative diabetic retinopathy [159]. 

Similarly, in diabetic nephropathy there is evidence that excess and abnormal angiogenesis 

occurs early in diabetic kidney disease (DKD) [160]. In both human and experimental animal 

studies, abnormal capillaries were observed to contribute to glomerular hypertrophy, 

forming anastomoses with peritubular capillaries [161, 162]. VEGF-A overexpression 

induced by hyperglycaemia and shear stress in DKD was also reported as a compensatory 

attempt to reduce intraglomerular pressure, as newly formed vessels were often found to 

bypass the glomerulus connecting to peritubular capillaries [36]. In addition to VEGF-A, an 

imbalance of angiopoietin-1 and angiopoietin-2 was also reportedly associated with 

abnormal regulation of angiogenesis in DKD [163]. A recent review on angiogenic 

abnormalities [36] associated with diabetes suggest that mechanisms influencing 

angiogenesis in diabetes include defective responses to hypoxia and proangiogenic factors, 

impaired NO signalling, shortage of proangiogenic cells, and loss of pericytes. The findings 

also suggest that exposure to high glucose directly affects angiogenic and or vasculogenic 

processes.  
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1.3.3.1 Altered Angiogenic factors in maternal diabetes and 
consequences for aberrant fetoplacental vasculature and or 
vascular dysfunction 

Pregestational diabetes and gestational diabetes are associated with altered 

expression/levels of angiogenic factors (Table 1.4)  which could modulate vasculogenesis 

and angiogenesis in the fetoplacental vasculature depending on the onset of the disease 

[77, 164-169]. Reports suggest that most regulatory growth factors and cytokines of 

placental vasculogenesis and angiogenesis such as vascular endothelial growth factor 

(VEGF), fibroblast growth factor (FGF-2), angiopoietins, placental growth factor (PlGF), 

tumour necrosis factor-α (TNF-α), interleukin 8 (IL-8) and insulin- like growth factors 1 and 

2 (IGF1, IGF2) are altered in maternal diabetes mellitus as summarised below in Table 1.5. 
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Table 1.5 Altered expression and levels of proangiogenic factors in different types of 
maternal diabetes  

 
↑ indicates elevated levels, ↓ indicates reduced levels, and = indicates unchanged levels 

Angiogenic 
Factors 

Type of 
Diabetes 

Placenta Cord 

VEGF  GDM 
T1DM 

↓protein [170] 
=mRNA [171] 

↓[89] 
↓[165] 

PIGF GDM 
T1DM 

↓protein [170] 
=mRNA [171] 

↓[89] 
↓[165] 

FGF GDM 
 

T1DM 

↑mRNA and protein [172] 
 

↑mRNA and protein [173, 
174] 

↑protein[175] 
=mRNA [171] 

↑[172],[166] 
 
 

↑[166] 
 

Angiopoietin GDM 
T1DM 

↓protein [176] 
=mRNA [171] 

 

PDGF GDM ↑mRNA[177]  

TFGβ    

Erythropoietin GDM 
T1DM 

 ↑[178] [89]] 
↑[178, 179] 

 

IL6 GDM 
T1DM 

↑mRNA [180] ↓[29] 

TNF-α GDM ↑protein [181] 
↑mRNA [176] 
=mRNA [180] 

=[182] 
↓[29] 

Insulin GDM 
T1DM 

  ↑[183-186] 
↑[[85, 179, 184] 

IGF1 GDM 
 

=mRNA [172] 
↓mRNA [176] 

↑[172, 187, 188] 

T1DM 
 

 =[85] 

IDDM  ↑[189] 
T2DM 

 
 =[187] 

 
D =mRNA [190] ↑[190] 

IGF2 GDM ↑mRNA [176] ↑[169] 
=[188] 

IDDM  ↑[169, 189] 
D =mRNA [190] 

↓peptide [190] 
↑[190] 
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in diabetes. GDM: gestational diabetes mellitus; T1D: type 1 diabetes; T2D: type 2 diabetes; 
IDDM: insulin dependent diabetes mellitus without further classification; D: diabetes 
without further classification. Data from Cvitic et al.,2014 [149]. 

The evidence provided in a review also concludes on the premise that, as dissecting the 

molecular regulators of the different tissue-specific alterations of angiogenesis and 

vasculogenesis remains a tasking challenge in devising new therapeutic approaches, 

glycaemic control remains the most realistic therapeutic strategy to normalize angiogenesis 

in diabetes [36]. It is also hypothesized that there could be an intersection between micro 

and macro vascular complications, in which microvascular complications distinctly precede 

macrovascular complications. However, whether complications in both vessel types 

progress simultaneously still remains elusive [151]. 

 
Studies have attempted to elucidate the underlying causes of abnormalities in fetal growth 

caused by maternal diabetes and their direct/indirect effects on altering angiogenic factors 

important in regulating placental vasculature development.  

Placental blood flow determines the transport of flow-limited substances such as oxygen 

and glucose [191, 192]. Efficient uteroplacental and fetoplacental circulation is crucial for 

the maintenance of physiological fetal growth.  Abnormalities of placental blood flow have 

been associated with adverse fetal outcomes in disorders such as preeclampsia, 

intrauterine fetal growth restriction, and poorly controlled pregestational diabetes mellitus 

[193-195]. A study on uteroplacental blood flow index in the diabetic pregnant women, 

reported that the maternal-placental blood flow index was reduced 35% to 45% compared 

to that in healthy women. The blood flow index tended to be further impaired in those 

diabetic women who had higher blood glucose values [196]. In addition, some placentas 

from pregnancies complicated by type 1 diabetes have shown fibrinoid necrosis and 

atherosis in their decidual bed, as observed in preeclampsia [197]. There is a relationship 

between the severity of this pathology and abnormal uterine arcuate artery systolic/ 

diastolic ratios in type 1 diabetic patients [198]. Pietryga et al. (2005) demonstrated 

significantly increased uterine artery vascular impedance in pregnant women with type 1 

diabetes with vasculopathies. Abnormal uterine artery Doppler was related to 

pregestational vasculopathies and adverse perinatal outcomes. This study’s results  also 

suggested that, the uterine arteries affected in women with clinical signs of pregestational 
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vasculopathies may influence placental perfusion and fetal well-being [199]. This could also 

suggest that impairment of uteroplacental circulation is a primary pathology in the 

placentas of women with severe vasculopathies and changes in the umbilical artery may 

occur later as an adaptation to reduced uteroplacental perfusion [200, 201]. Changes in 

maternal placental blood vessels during the course of pregnancy under the influence of 

hyperglycaemia have been considered as characteristic for microangiopathic diabetic 

[202]. Thickening of basement membranes, proliferation of endothelial cells, and 

disarrangement in perivascular space with increase of collagen, proteoglycans, and 

glycosaminoglycans are reported characteristic vessel changes as a consequence of 

hyperglycaemia [203]. 

 Another hypothesis to account for abnormalities in fetal growth associated with diabetes 

was proposed by Pedersen (1967). The hypothesis stated that “maternal hyperglycaemia 

results in fetal hyperglycaemia and, hence, in hypertrophy of fetal islet tissue with insulin-

hypersecretion. This again means a greater fetal utilisation of glucose. This phenomenon 

will explain several abnormal structure and changes found in the newborn” [204]. This 

hypothesis focuses on trophoblast delivery of glucose to the fetus. However, maternal 

hyperglycaemia, or fluctuating glucose levels modulates vascular development and may 

directly influence or possibly affect placental vascular permeability and function. 

 
 

1.3.3.2 Hyperglycaemia 

 Hyperglycaemia is defined as an excessive amount of glucose circulating in the blood 

plasma (has been defined by the World Health Organisation as blood glucose levels greater 

than 7.0 mmol/L (126 mg/dl) when fasting and blood glucose levels greater than 11.0 

mmol/L (200 mg/dl) 2 hours after meals) [5]. Studies on the placenta in diabetes (GDM and 

T1DM), have shown reduced and unchanged levels of proangiogenic factor VEGF 

expression respectively as highlighted in Table 1.5 [170, 171]. However, hyperglycaemia 

has been reported to affect regulation of angiogenesis by inducing expression of inhibitory 

genes to promote neovascularisation via increased production of reactive oxygen species 

(ROS) and production of advanced glycation end products (AGEs) (Figure 1.16) leading to 

increase in VEGF mRNA expression and has direct effects by acting as pro-constrictor, 

proangiogenic, pro-permeability and pro- inflammatory agent [205]. Molecular pathways 
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such as the Protein Kinase C (PKC) pathway are also affected by high glucose. Animal studies 

have also reported that, the rise in blood glucose causes a de-novo synthesis of 

diacylglycerol in various tissues in the rat, which in turn causes an increase in the 

production of PKC [40, 88, 89, 206-208]. This increase in PKC production triggers the 

increased release of several growth factors such as VEGF that contribute to altered 

placental angiogenesis [41, 208-211]. 

 

 

 

 

 

 
 
Figure 1.16 Scheme to show summary of mechanisms proposed to link maternal 
hyperglycaemia to abnormal fetoplacental angiogenesis.  
Schematic diagram summarising effects of hyperglycaemia in contributing to altered 
angiogenesis via increased production of ROS in response to other factors such as 
formation of advanced glycation end products (AGE’s) and its role in altered expression of 
growth factors (VEGF) that may influence placenta development (angiogenesis) and 
function. 
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While maternal insulin does not cross the placenta [212-214], maternal glucose freely 

passes to the fetus along its concentration gradient and stimulates secretion of insulin from 

the fetal pancreas. Fetal growth directly depends on the nutrients crossing the placenta.  

Glucose serves as the primary source of energy for metabolism and growth of fetoplacental 

tissues. Glucose crosses the placenta and is transported by facilitated-diffusion glucose 

transporters, based on the concentration-dependent kinetics [215]. A sodium-independent 

transport system for D-glucose has been identified in the microvillous (apical) and basal 

plasma membrane of the syncytiotrophoblast The transport system has a high capacity and 

is saturable only at maternal concentrations ≥20mmol/L [216]. Several glucose transporters 

have been identified in the human term placenta (GLUT-1, GLUT-3, GLUT-4,GLUT-8, GLUT-

12) [215, 217-219]. GLUT-1 and GLUT-8 are ubiquitously expressed in all cells of the human 

placenta. GLUT-1 is the predominant transporter on the trophoblast, with a 3:1 asymmetric 

distribution between the microvillous and basal membrane [219] and accounts for glucose 

uptake into the trophoblast and subsequent transfer to the fetus. GLUT-3 as well as the 

insulin-sensitive glucose transporters GLUT-4 and GLUT-12 are predominantly located on 

the fetal aspect of the placenta (i.e. endothelial cells and stroma), where they may facilitate 

glucose uptake from the fetal circulation [220, 221].  

Glucose transport in the placenta is regulated by the extracellular (maternal) glucose 

concentration and GLUT expression and activity in the microvillous membrane (glucose 

uptake) and basal membrane (glucose delivery) [222]. Glucose uptake into fetal tissues is 

regulated by glucose transporters that increase or decrease in response to both acute and 

chronic changes in fetal glucose concentration and conditions of intrauterine growth 

restriction[223]. Acevedo et al. (2005) demonstrated that insulin and nitric oxide (NO) 

stimulate glucose uptake in human placenta and suggested that both potential regulators 

of glucose transport use different signalling pathways[224]. GLUT-I is regulated by ambient 

glucose levels.  

Hyperglycaemia reduces GLUT-1 transcript and protein levels (SI) and translocates GLUT-1 

from the surface to intracellular sites [225], resulting in a loss of functional GLUT-L on the 
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trophoblast surface. This loss of GLUT-1 at the cell surface alters glucose uptake. The GLUT-

1 response to hyperglycaemia is found at term but nor in the first trimester [226]. Insulin is 

essential for regulating intracellular and plasma levels of glucose in peripheral tissues, such 

as adipose tissue, skeletal muscle, and liver, via mechanisms that include Akt/PKB and 

mitogen-activated kinase (MAPK) pathways. The activation of the insulin signalling pathway 

in the placenta is associated with control of cell survival, differentiation, proliferation, and 

metabolism of primarily amino acids, and, in a gestational age-specific manner, to the 

transfer of glucose[213]. In the first trimester of pregnancy, placental glucose transfer is 

enhanced by insulin; while during the third trimester glucose uptake is not regulated by 

insulin [227]. 

Thus, maternal hyperglycaemia subjects the fetus to a state of hyperinsulinemia and 

hyperglycaemia, thought to be the major contributing factor for adverse perinatal 

outcomes associated with maternal diabetes [149]. However, despite good glycaemic 

control some pregnant women with diabetes of any classification GDM, type 1 or type 2, 

deliver large or macrosomic fetuses [228]. This questions whether the Pedersen hypothesis 

reflects the whole story. The role of hyperglycaemia in pregnancies complicated by 

diabetes present one possible explanation for the range of complications observed in 

diabetes. Studies have shown that the principle complication of fetal macrosomia as a 

consequence of pathological changes observed in placentas from pregnancies complicated 

by diabetes cannot be fully accounted for by maternal hyperglycaemia. For example, the 

incidence of fetal macrosomia in a non-selected prospective nationwide cohort of 289 Type 

I diabetic women with good glycaemic control (i.e. mean HbA(1c) <or=7.0%) was as high as 

48.8%, with 26.6% of infants weighing more than 97.7th percentile [228]. The Pedersen 

hypothesis also does not account for other disparate outcomes such and FGR and stillbirths 

reported in maternal diabetes.  
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1.3.3.3 Hyperinsulinaemia 

Hyperinsulinaemia has been suggested as contributing to altering placental angiogenic 

factors and thus altered placental vascular development and dysfunction. 

Hyperinsulinaemia is defined as elevated circulating insulin in relationship to its usual level 

relative to blood glucose. Studies have suggested that fetal insulin is involved in the control 

of placental angiogenesis and permeability of the vasculature as evidence points to the 

enhancement of VEGF protein expression and secretion by insulin (Figure 1.17) [149, 229, 

230]. This may explain excessive placental vascularisation in conditions of fetal macrosomia 

[231]. Clinical trials have shown that acute intensive insulin therapy exacerbates diabetic 

blood retinal barrier breakdown via activation of the hypoxia inducible factor-1alpha (HIF- 

1α)/VEGF pathway and is accountable for blindness [230]. Retinal HIF-1α levels increase as 

a result of intensive insulin therapy and this promotes HIF-1α translocation into the 

nucleus, which in turn increases VEGF mRNA expression and protein synthesis via the PI3-

kinase and mitogen activated protein kinase (MAPK) pathways. Activation of PI3-kinase/Akt 

can upregulate the expression of HIF-1α, which in turn increases VEGF expression through 

a direct interaction with the VEGF promoter [211, 230]. Elevated fetal insulin could 

modulate fetoplacental vascular development in maternal diabetes because receptors are 

expressed on fetoplacental endothelium. Insulin and IGF receptors are expressed on 

distinct placental surface cell types, specifically in the mesenchymal cells such as 

macrophages and endothelial cells, with minimal changes throughout gestation [229]. 
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Figure 1.17 Scheme to show summary of mechanisms proposed to link fetal 
hyperinsulinaemia to abnormal fetoplacental angiogenesis.  
Schematic representation demonstrating how fetal hyperinsulinaemia could impact on 
fetoplacental angiogenesis through effects on nitric oxide activation and altered expression 
of growth factors. Insulin receptor activation stimulates endothelial cell differentiation via 
activation of mitogen activated protein kinase (MAPK) pathways. This activates nitric oxide 
synthesis via activation of PI3-kinase/Akt. This can upregulate the expression of HIF-1α, 
which in turn increases VEGF expression and possibly altered placental angiogenesis [231]. 
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1.3.3.4 Advanced Glycation End products (AGEs) 

There is growing evidence on the effects of advanced glycation end products (AGEs) on the 

expression of key receptors in endocrine regulation of placental development. AGEs are 

biochemical end products of non-enzymatic glycosylation in diabetic patients with poor 

glycaemic control [232]. The formation of these products has been shown to play significant 

roles in the pathogenesis of microvascular complications of diabetes via formation of cross-

links between endogenous molecules such as lipids and nucleic acids in the basement 

membrane of the extracellular matrix and by engaging the receptor for advanced glycation 

end products (RAGE) [233]. The activation of RAGE by AGEs causes upregulation of the 

transcription factor nuclear factor-kappaB and its target genes. AGEs in the basement 

membrane inhibit monocyte migration. Monocytes/macrophages are the major players in 

collateral formation. Studies have shown that VEGF-dependent monocyte function is 

severely impaired in diabetic patients [234]. AGEs in diabetes cause defective VEGF 

signalling including inactivation of the VEGF receptor, FLK-1, which affects endothelial 

growth and migration, monocyte, and EPC recruitment. AGE-bound RAGE increases 

endothelial permeability to macromolecules and blocks nitric oxide activity in the 

endothelium resulting in impairment in angiogenesis [233, 235] [236]. 

 
1.3.3.5 Oxidative Stress 

Oxidative stress is another factor that may contribute to the proinflammatory environment 

of diabetes and affect angiogenesis. There is increased expression of markers of chronic 

oxidative stress such as 8-isoprostane, increased activity of superoxide dismutase and 

glutathione peroxidase, or elevated levels of malondialdehyde (MDA) in placentas from 

pregnancies complicated by diabetes [233, 237]. The effects of oxidative stress on 

angiogenesis has been well documented in pathologies such as TDM2 [35]. As with the 

other hyperglycaemia-induced mechanisms, high glucose levels and AGEs formation leads 

to the generation of excess ROS via multiple mechanisms including increased flux through 

the polyol and hexosamine pathways and protein kinase C (PKC) activation. Pathological 

angiogenesis is initiated by demands for oxygen resulting in a hypoxia/reoxygenation cycle, 

which, in turn promotes the formation of reactive oxygen species(ROS). ROS stimulates the 

induction of VEGF expression in various cell types, such as endothelial cells, smooth muscle 
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cells, and macrophages [35] [238]. However, the increased levels of ROS impair endothelial 

function by depleting NO availability and causing oxidative damage to cellular DNA, lipids 

and proteins [239]. Studies show indices of oxidative damage are elevated in maternal, 

placental and fetal tissues from maternal diabetes pregnancies [89, 240, 241]. For example, 

studies of placental tissue extracted from GDM pregnancies also reported higher protein 

carbonyl content, a marker of protein oxidation, and exhibited greater release of 8-

isoprostane, an indicator of lipid peroxidation [237]. In vitro studies have also 

demonstrated that high glucose treatment in cultured isolated endothelial colony forming 

cells from cord blood of normal pregnancy reproduced the abnormal proliferative and 

migratory properties observed in GDM-derived cells [242]. Similarly, in vitro high glucose 

exposure increased markers of oxidative stress and enzymatic sources of ROS in HUVECs 

collected from normal pregnancy [243] [244]. 

 
1.3.3.6 Inflammation 

In many pathologies, it has been established that oxidative stress induced angiogenesis and 

inflammation are intimately related [245, 246]. Oxidative stress is coupled with heightened 

inflammation, as there is a high degree of intersection between redox and inflammatory 

signalling pathways. Through activation of redox sensitive transcription factors, ROS 

regulate the gene expression of several pro-inflammatory molecules including cytokines, 

cell adhesion molecules (CAM), and Cox-2, a major mediator of vascular inflammation. 

Indeed, amplification of pregnancy-induced immune activation is common to GDM 

pregnancies. Increased circulating concentrations of pro-inflammatory cytokines including 

tumour necrosis factor-α (TNF-α), interleukin-6 (IL-6) and monocyte chemoattractant 

protein-1 (MCP-1) have been reported in women diagnosed with GDM (Table 1.5). 

Inflammatory cells release proangiogenic growth factors, including vascular endothelial 

growth factor (VEGF) [247, 248], which facilitate neovascularisation. Newly formed blood 

vessels enhance inflammatory cell recruitment, thereby promoting chronic inflammation, 

which is a key hallmark in complications of diabetes [245]. 

During normal pregnancy, each trimester is associated with a distinctive pattern of 

placental cytokine expression necessary for the various stages of placentation [229]. This 

tightly regulated balance in placental expression of pro-inflammatory and anti-

inflammatory mediators is disrupted in maternal diabetes, as demonstrated by studies 
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showing altered cytokine production (Table 1.5). The findings suggest that the placenta 

serves as a barrier to limit exposure of pro-inflammatory signalling molecules derived from 

the placenta or maternal tissues to the fetus [222]. In vitro studies on HUVECs  observed 

pro-inflammatory phenotype in HUVECs collected from GDM pregnancies, which was 

marked by heightened monocyte adhesion and increased CAM levels after cells were 

treated with TNF-α [249]. HUVECs from normal pregnancies exposed to intermittent high 

glucose were observed to  increase expression of CAMs, intercellular adhesion molecule-1 

(ICAM), vascular cell adhesion molecule 1 (VCAM-1) and E-selectin [250]. 

These metabolic disorders mentioned above that have been reported as mechanisms 

underlying altered angiogenesis, abnormal placenta vasculature and potential contributors 

to adverse fetal outcome in maternal diabetes, are common to maternal obesity. Maternal 

obesity is present in the majority of maternal diabetes cases specifically GDM and has also 

been independently reported to predict fetal macrosomia [25]. 

 

1.3.3.7 Obesity  

Currently, it has been widely documented that there is an association between increased 

incidence of obesity and pregnancies complicated by maternal diabetes especially 

increasing incidence of type 2 diabetes. The majority of women of reproductive age with 

pre-existing diabetes now consist of women with type-2 rather than type-1 diabetes [251]. 

Obesity presents metabolic symptoms both in pregnancy and the non-pregnant population 

which involves an inflammatory milieu, where macrophages in the adipose tissue produce 

cytokines that affect post receptor insulin signalling which results in increased insulin 

resistance [252]. Pregnancy itself is an inflammatory condition, very possibly initiated to 

allow immuno-tolerance of the fetus by the mother [253]. Therefore, heightened 

inflammation has become an important factor in understanding the mechanisms that 

characterize increased insulin resistance in pregnancies [25]. Research studies continue to 

explore some of the unknown mechanisms that underpin diabetic complications in the non- 

pregnant population and their contribution  (Figure 1.18) to altered fetoplacental vascular 

development in pregnancies complicated by maternal diabetes. 
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Figure 1.18 Scheme to summarise mechanisms that could link maternal diabetes to 
abnormal fetoplacental vascular development, placental dysfunction and fetal growth 
disorders.  
Schematic representation of hypothesis that takes into consideration the factors in a 
diabetic environment in utero such as hyperglycaemia, hyperinsulinemia and other 
external factors that might arise in response to this environment (oxidative stress, 
inflammation and hypoxia ).The schematic describes their roles in altered expression of 
growth factors that may induce metabolic, hormonal, and inflammatory changes that lead 
to placental hypervascularisation or influence the development and function of placenta. 
The resultant adverse outcomes that might lead to long term health implications are also 
highlighted. Factors such as Leptin are regulated by multiple aspects of the fetal diabetic 
environment. In pregnancies complicated by maternal diabetes mellitus, placental leptin 
production and fetal plasma leptin is increased. TNF-α and IL6 upregulate leptin expression 
in trophoblasts in vitro [254]. EPO also involved in regulation of angiogenesis during 
embryonic development, mitogenesis, and stimulation of circulating endothelial progenitor 
cells. Adapted from Cvitic et al. 2014 [149]. 
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The schematic in Figure 1.18 illustrates the complexity of factors that could contribute to 

altered fetoplacental vascular network formation/angiogenesis in situ in maternal 

diabetes. The mechanisms proposed in Figure 1.18 could be further modulated in utero 

by diabetes pharmacological treatment metformin discussed in section 1.5. 

 
 
 
 
1.4 Early Pregnancy and the need for early intervention 

 

 
Figure 1.19 Placental development and windows of metabolic insults in maternal 
diabetes 
Schematic representation of specific windows of placental development susceptible to 
metabolic insults of pregestational and gestational diabetes, respectively. Taken from Cvitic 
et al. (2014) [149]. 
 

 

The effects of factors that characterise diabetic complications on the early processes in 

vasculogenesis and angiogenesis is unclear hence further studies are required to highlight 

the specific impact of these factors (i.e. hyperglycaemia, hyperinsulinaemia, oxidative 

stress etc.) in placenta development in the first trimester. The placenta is reported to be 

sensitive to the hyperglycaemic milieu and responds with adaptive changes in the structure 
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and function of the trophoblasts [255]. In rat the most vulnerable time for the fetus is in 

early pregnancy, when just three injections of high glucose in early pregnancy caused an 

increase in fetal weight at term [256]. Similarly, placentomegaly and fetal macrosomia at 

the end of gestation is a distinct feature of many diabetic pregnancies which also indicates 

that there is a period of accelerated placental growth in these pregnancies as seen in 

placental growth in diabetic rats [257]. This observation may also support or parallel 

reported findings on the biphasic growth pattern of the fetus in T1DM pregnancies [258]. 

Subsequently, observations on the fetoplacental vasculature made at delivery will reflect 

earlier events in vessel development, but most of these observations have not yet been 

related to factors such as fetal growth velocity, umbilical blood flow velocity, maternal 

serum concentrations of placental derived growth factors in early pregnancy and 

importantly longitudinal glycaemic control. Determining whether altered fetoplacental 

vascular structure at term is related to fetal growth, maternal serum biomarkers and 

glycaemic control earlier in pregnancy could lead to the development of targeted 

interventions in the first trimester to restore normal fetal growth. 

 

1.5 Treatment, Control and Implications 

There is no known preventive measure against pregestational diabetes Type 1 and insulin 

is administered in management of the disease. Type 2 diabetes, which accounts for the 

majority of cases [4] can sometimes be prevented or delayed, with assertive lifestyle 

choices such as healthy diets, physical activity to maintain healthy body weight and 

avoidance of key risk factors such as smoking [2]. There is international consensus over the 

importance of tight glucose control before conception and throughout pregnancy to 

optimise pregnancy outcomes. Given that early pregnancy is a time of enhanced insulin 

sensitivity, it is important to have good glycaemic control throughout pregnancy. The 

situation rapidly reverses by approximately 16 weeks as insulin resistance increases 

exponentially during the second and early third trimesters [149]. The insulin requirement 

levels off toward the end of the third trimester with placental aging. A rapid reduction in 

insulin requirements can indicate the development of placental insufficiency [239]. In 

normal pregnancies and women with normal pancreatic function, insulin production is 

sufficient to meet the challenge of this physiological insulin resistance and to maintain 

normal glucose levels [149]. However, in women with diabetes, hyperglycaemia occurs if 
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treatment is not adjusted appropriately. A recent Cochrane systematic review was not able 

to recommend any specific insulin regimen over another for the treatment of diabetes in 

pregnancy [259]. Insulin therapy and medications such as metformin are used in 

management of pregnancies characterised by maternal diabetes. 

 

1.5.1 Insulin 

Although developing evidence supports the use of glyburide or metformin in the 

management of pregestational and gestational diabetes, many guidelines continue to 

recommend insulin as the first-line therapy. In pregnancy, this could in part be as a result 

of safety data indicating clinically insignificant amounts of human insulin that cross the 

placenta [6, 260]. The physiology of pregnancy requires frequent titration of insulin to 

match changing requirements and underscores the importance of daily and frequent self-

monitoring of blood glucose. Due to the complexity of insulin management in pregnancy, 

referral to a specialized centre offering team-based care is usually recommended [261].  

Evidence from clinical trials demonstrated that insulin compared with usual prenatal care 

in the management of GDM resulted in decreased numbers of births associated with 

shoulder dystocia, macrosomia, and preeclampsia [262] . 

 
1.5.2 Metformin 

Although in diabetes, many pathways and mechanisms that underlie altered vasculature 

are involved in ROS-induced endothelial dysfunction, few effective antioxidant approaches 

have achieved clinical success. Traditional antioxidant therapy has been reported to be 

inefficient at alleviating oxidative stress during diabetes [263]. Metformin, a biguanide 

compound, exerts its clinical effect by both reducing hepatic glucose output and by 

increasing insulin sensitivity [264]. This results in a decreased glucose level without an 

associated high risk of either hypoglycaemia or weight gain[265, 266]. These characteristics 

have established metformin as an ideal first-line treatment for individuals with type 2 

diabetes and, hypothetically, a particularly attractive drug for use in pregnancy. Evidence 

shows that metformin, a blood sugar lowering agonist, decreased fetal mortality in type 2 

diabetes [3, 6]. Studies also showed that metformin improved vascular endothelial 

functions and insulin sensitivity in patients with type 2 diabetes [267] and also decreased 
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expression of VCAM-1, E-selectin and PAI-1, which was not related to changes in glycaemic 

control [268].Likewise, other clinical  studies also demonstrated the endothelial protective 

effects of metformin in patients with diabetes with findings that reported decreased 

weight, BMI, systolic blood pressure, and fasting plasma glucose, and improved lipid profile. 

Endothelium-dependent forearm blood flow (FBF) responses were also improved [269]. 

Conversely, there are studies that report metformin has no significant effects on 

endothelium in patients with type 2 diabetes in the non-pregnant population [270]. The UK 

Prospective Diabetes Study demonstrated that although monotherapy with metformin and 

also sulfonylureas or insulin can achieve good glycaemic control initially, sustained control 

with these agents fails in 50% of patients after three years [271].  

 In addition, whereas insulin crosses placenta very sparingly if at all, metformin is known to 

cross the placenta, and its use in pregnancy has been limited by concerns regarding 

potential adverse effects on both the mother and the fetus [272].  There is controversy over 

the value of metformin as a treatment for dysregulated angiogenesis in type 2 diabetes in 

non –pregnant individuals [273]. This highlights the potential need for multiple therapies 

which target different aspects of diabetic abnormalities to protect vascular function and 

obtain adequate long-term glycaemic control.  

Overall, the beneficial effects of metformin have been summarised as follows; direct 

reduction of insulin resistance in type 2 diabetes, antioxidant effects in both types of 

diabetes, which ultimately increases NO bioavailability, and direct effects on vascular 

endothelial and smooth muscle cells causing vasorelaxation [267]. All of these effects are 

reported to subsequently improve endothelial dysfunction in diabetes. A recent review also  

reports metformin can promote or inhibit angiogenesis [273]. Insulin and metformin could 

alter trophoblast production/secretion of angiogenic factors. The potential effects of 

insulin +/- metformin and high/fluctuating (unstable) glucose levels on the processes of 

angiogenesis have yet to be determined. 
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1.6 Summary 

It has been widely documented that in pregnancies complicated by maternal diabetes there 

is a corresponding increase in incidence rates of complications and adverse fetal outcomes 

(SGA, LGA, fetal macrosomia and stillbirth) [13, 14, 23]. This places a considerable burden 

on healthcare systems in managing the increasing number of pregnancies complicated by 

obesity and diabetes. However, the relationship between maternal diabetes and poor 

perinatal outcome remains poorly understood with knowledge gaps in the underlying 

mechanisms that directly influence placental development in a diabetic environment such 

that the fetus is at increased risk of placental dysfunction in late pregnancy. The vascular 

development of the placenta plays a very important role in adequate fetoplacental blood 

flow to optimise nutrient delivery to the fetus and transfer of fetal metabolites to mother 

by placental syncytiotrophoblast. This process is reliant on the appropriate development of 

fetoplacental blood vessels from early pregnancy to term by vasculogenesis and 

angiogenesis [30, 94, 95, 274]. 

Diabetes in the non-pregnant population is associated with vascular pathology including 

altered vascular development and function. Diabetes mellitus has been associated with 

abnormalities in angiogenic processes (excesses or defects) with both contributing to 

critical features of chronic diabetic vascular complications in the microvasculature and 

“macrovasculature” [36, 275]. The processes of vasculogenesis and angiogenesis are 

regulated by different growth factors such as VEGF, PIGF, insulin/IGF system, which are 

essential to the process of vascular development [27, 30]. In diabetes, vascular 

complications that result in severe clinical consequences such diabetic retinopathy, 

diabetic neuropathy, diabetic nephropathy, impaired wound healing  have been associated 

with altered angiogenic factors [35, 276]. By analogy similar mechanisms could underlie 

altered development and function of blood vessels in the placenta in pregnancies 

complicated by maternal diabetes. Previous studies and investigations were hampered by 

small sample numbers and sizes, insufficient clinical characterisation and monitoring and 

the lack of a holistic, full organ approach to characterisation of the vascular anatomy of the 

placenta in diabetes. 
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In contrast to the microvasculature, there is very little information on the impact of 

maternal diabetes on network formation by the larger calibre arteries and veins of the 

chorionic plate, responsible for delivery of blood to and from the vessels that regulate 

blood flow at the sites of maternal-fetal nutrient exchange. Furthermore, it is not known 

whether vascular networks at term are related to fetal outcome, or to maternal glycaemic 

control or maternal circulating angiogenic factors earlier in diabetic pregnancy. It is also 

important to determine the potential for interactions between the maternal and fetal 

environment in regulating angiogenesis in maternal diabetes (i.e. maternal hyperglycaemia 

alone and in conjunction with fetal hyperinsulinemia) and whether these effects are 

modulated by maternal therapy (e.g. metformin). Identifying factors that underlie altered 

placental vascularity in pregnancies complicated by diabetes and relating longitudinal 

changes in maternal glycaemia to vascular structure of placenta at term and fetal outcome 

may point to potential areas for more appropriate interventions 

Currently, therapeutic measures for management of diabetes in pregnancy have failed to 

make impact on reducing poor pregnancy outcomes such as fetal growth restriction (FGR), 

large for gestational age (LGA), macrosomia and stillbirth [264, 271, 277-279]. This suggests 

that these measures are not addressing the underlying pathology and/or are missing 

specific windows of therapeutic benefit during pregnancy. This highlights the need for 

therapies which target different aspects/manifestations of diabetic abnormalities to 

protect vascular function while maintaining adequate long-term glycaemic control.  

Determining relationships between fetoplacental vascular networks, fetal outcome, 

maternal glucose control and maternal serum levels of angiogenic factors could improve 

understanding of the origins of these disparate poor pregnancy outcomes in diabetes and 

facilitate targeted and timely interventions in the future. 
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1.7 Hypothesis 

The overarching hypothesis for this study is that in maternal diabetes, hyperglycaemia 

and/or other components of the diabetic environment in utero in early pregnancy may 

influence placental vascular development increasing risk of placental dysfunction, aberrant 

fetal growth and stillbirth in late pregnancy. 

1.7.1 Aims 

The study had three main research aims: 

1. To determine whether there are differences in placental macrovascular networks 

at term in women with pregestational diabetes compared with normal pregnancy 

2. To determine whether metrics of the placental macrovascular network at term are 

related to fetal growth, maternal glycaemic control and maternal plasma PIGF 

concentrations in women with pregestational diabetes 

3. To determine whether hyperglycaemia +/-insulin and metformin have potential to 

regulate fetoplacental angiogenesis using human umbilical vein endothelial cells in 

vitro 

For Aim 1, vascular corrosion casting of chorionic plate arteries and veins (150-2000µm) 

was used to assess placental vascular networks. Vascular casts were scanned using Micro-

CT imaging, reconstructed into a three-dimensional virtual object and analysed with 

segmentation and skeletonisation software (Avizo 9.40) to generate quantifiable 

characteristics of the placental vasculature. 

For Aim 2, key artery and vein network biometric outputs from Micro-CT imaging were 

related to birthweight, maternal glycaemic control (HbA1c measurement in first and last 

trimester) and maternal serum PlGF concentration measured at early, mid and late 

trimesters during pregnancy in diabetic women. 

For Aim 3, a well-established in vitro model of angiogenesis, based on the ability of 

endothelial cells to form network structures when plated on an extracellular matrix 

support, was used to investigate the effects of elevated glucose concentration with and 

without insulin and metformin on network formation. Images of networks were taken 

under a light microscope (Olympus BX41) and Qcapture Image Pro® Plus 7.0 (Media 

Cybernetics) and cellular mesh network variables analysed using the ImageJ software with 

an angiogenesis analyser extension. The specific aims of each study are elaborated in detail 

in their corresponding chapter. 
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2 Chapter Two: General Methods Section
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2.1 Subjects  

This project focused on 2 groups of women: (1) women from the VELOCITY study with pre-

gestational diabetes and women from the term tissue bank having normal pregnancy (2). 

Women with gestational diabetes from the term tissue bank were also recruited, their 

placentas were not analysed in this project.  

2.1.1 Biobank sample recruitment and collection 

All placenta tissues from normal pregnancies and gestational diabetes were obtained from 

women who delivered at St. Mary’s Hospital, Manchester, United Kingdom, under Biobank 

ethical approval (REC 08/H1010/55). Informed consent was obtained prior to delivery and 

normal placentas were collected within 40- 60 minutes of delivery.  

Referral criteria: Women having normal pregnancy at term >35 weeks 

Exclusion criteria: Pregnancies complicated by FGR (fetal growth restriction), PE 

(Preeclampsia), Non singleton, Women unable to provide written informed consent and 

women who signed up for stem cell collection post-delivery (Anthony Nolan). 

Data: Maternal age, height and weight ethnicity, smoking status, parity, mode of delivery, 

gestational age at delivery were recorded and body mass index was (Kg/m2) calculated. 

Pregnancy outcome data were also recorded (birthweight, Individualised birthweight ratio, 

fetal sex and mode of delivery). 

2.1.2 Velocity sample recruitment and collection 

Velocity is a cohort observational study of 250 women with pregestational diabetes over 

the course of 5 years (commenced September 2016) and evaluates fetal growth velocity in 

pregnancies complicated by maternal diabetes. Over a 5-year period, women were 

recruited at <20 weeks gestation with pre-existing diabetes (criteria included in Appendix 

1) and seen subsequently at 4 weekly visits. Multiparous women, women unable to provide 

written informed consent and women under 16 years of age were excluded from 

recruitment. Maternal age, height and weight, ethnicity, smoking status, parity, mode of 

delivery, gestational age at delivery were recorded and body mass index was (Kg/m2) 

calculated. Uteroplacental Doppler assessments, fetal biometry, placental volume and 3D 

fractional thigh measurements were also collected. Maternal serum HbA1c (first and last 
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trimester measurements) and maternal plasma PlGF levels were recorded (23,33,36 weeks; 

early, mid, late trimester). Continuous glucose monitoring was also conducted at 3 times 

points (10-16, 22-26, 30-34 weeks) and a diary of daily activity recorded. Vascular 

assessments, maternal blood and urine collections, pregnancy outcome data, collection of 

cord blood and skinfold thickness of infants at 28weeks was also taken. The detailed 

protocols are presented in Appendix 1.  Placentas of women in the velocity study were 

collected within 40 – 80 minutes of delivery. 

 

2.2 Demographic, clinical and gross placental examination details of 
subjects  

The demographic and clinical details of the women and babies whose placentas were 

collected in total across the duration of this project including samples collected and stored 

for histological analysis  are shown in Table 2.1. Statistical analysis using Mann Whitney U 

test demonstrated that gestational age, individualised birthweight ratio, mode of delivery 

and fetal sex were significantly different between women with normal pregnancies and 

women with pregnancies complicated by diabetes. Median gestational age was 273(261-

295) days and 259 (217-280) days p< 0.00001 for the normal and pregestational diabetes 

pregnancy groups respectively. Median individualised birthweight ratio was 41.5(6-100) 

and 69 (2-100), p=0.0067 for the normal and pregestational diabetes groups respectively. 

In mode of delivery (p=0.0359), 1 out of 30 women within the control group having normal 

pregnancy had vaginal births (3.3%) and 29 out of 30 delivered via caesarean-section 

(96.7%). On the other hand, 18 out of 72 women with pregnancies complicated by 

pregestational diabetes had vaginal births (25.0%) and 54 out of 72 delivered via caesarean-

section (75.0%). Fetal sex outcome for control group was 20 (66.7%) males and 10 (33.3%) 

females. Fetal sex outcome was 32(44.4%) males and 40 (55.6%) females, (p=0.0392). 

Demographic details of sub-groups of women whose placentas were utilised in this project 

in specific studies are shown where appropriate in Chapter 3. Statistical analysis 

demonstrated that there were differences between the two groups from which samples 

were used in this project and these differences are outlined in the corresponding chapter 

(Chapter 3). 



87  

 

Table 2.1 Demographic, clinical and placental examination details of maternal and fetal 
donor participants. 

Demographic data Normal Pregnancies 
(n=30) 

Pregestational 
diabetes 
Pregnancies (n 
=72) 

p value 

Ethnicity        

  -White 20(66.7%) 32(44.4%)  

  -Black 0(0.0%) 8(11.1%) 

  -Asian 7(23.3%) 18(25.0%) 

  -Mixed 0(0.0%) 5(6.9%) 

  -Other 3(10.0%) 9(12.5%) 

Maternal age, years 34(26-48) 31(24-44) 0.39358 

Maternal BMI, Kg/m2 32.2(19.7-59.4) 28.6(20.6- 47.4) 0.1814 

Gestational age at 
delivery, (days) 

273(261-295) 259.7(217-280) <0.00001 

Parity 
  

0.4965 

-0 6(25%) 12(17.7%) 

-1 > 24(75%) 60(83.3%) 

Birth weight, g 3300(2780-4390) 3144(2107-4640) 0.1423 

Placenta weight, g 537(375-781) 601(448.5-905) 0.28774 

IBR, centile 41.5(6-100) 69(2-100) 0.0067 

Smoking, number (%) 6/30(20.0%) 2/72 (2.8%) 0.1378 

Mode of delivery, 
number (%) 

  
 

Vaginal 1/30(3.3%) 18/72(25.0%) 0.0359 

Caesarean section 29/30(96.7.%) 54/72(75.0%) 

 Fetal Sex 
Male: 
Female: 

 
20(66.7%) 
10(33.3%) 

 
32(44.4%) 
40(55.6%) 

0.0392 

 
Demographic data of all the placentas collected during this project. Values represent 
median and interquartile range (IQR) in parenthesis, or number with percentage in 
parenthesis. p-value obtained from Mann Whitney U test, p <0.05 is the chosen level of 
significance. BMI, IBR represent body mass index and individualised birth weight ratio 
respectively. 
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2.3 Fetoplacental vascular corrosion casting 

To compare fetoplacental vascular structure at term in women having normal pregnancy 

and pre-gestational diabetes, vascular corrosion casting was used. Vascular corrosion casts 

as shown in Figure 2.1, enables the study of the vascular pattern of normal or pathological 

tissues. The methods of casting and analysis of casts were followed according to published 

methods [58, 83]. The placenta was weighed after collection and then fetal membranes 

and excess umbilical cord length were trimmed off each placenta and weighed separately. 

Photographs were taken of the fetal and maternal sides of each placenta against a white 

tray background and rule for scale. Images were uploaded on to Image Pro Plus software 

(Media Cybernetics Inc, USA) and the software computed the surface area for each 

placenta based on a tracing of the placental disc outline. 

The fetoplacental vasculature was perfused with a radiopaque methyl methacrylate-based 

casting material [Batson’s No.17, Anatomical Corrosion Kit (Polysciences Inc, Germany)] as 

described in published corrosion casting protocols as outlined in the following steps [58, 

83, 280, 281]. The cord was clamped after delivery to ensure the dilation of the vessels 

even before placentas were photographed on both sides. To prepare venous vascular casts, 

the umbilical vein was cannulated within the cord, while for arterial casts, one of the 

umbilical arteries was cannulated (ahead of the Hyrtl’s anastomosis, about 5cm before cord 

insertion) using a 20G cannula held in place with a suture. The two umbilical arteries are 

connected by the Hyrtl’s anastomosis near the cord insertion in most human placentas [53, 

54]. Cannulation of one of the arteries ahead of the anastomosis allowed flow of casting 

material into both arteries. The placenta was transferred to a fume hood and cannulated 

vessels were infused with about 20ml of 5000iu/L heparin in phosphate buffered saline 

(PBS) to prevent intravascular coagulation as reported in protocols. Casting polymer 

mixture was prepared according to Batson’s Kit protocol as shown in Figure 2.1 step 1. & 

2. and manually injected via the cannula and syringe. The vessels were filled until back 

pressure prevented any further injection. The cannula was closed and the cord clamped 

below the point of cannulation, to ensure no leakage of the polymer. The placenta was 

placed on a polythene sheet on ice to lower the temperature, allowing polymerisation to 

occur at a more uniform rate overnight as reported [58] in a Class II microbiological safety 

cabinet (MSC).  After 24hrs, the whole cast placenta was submerged in 500ml of 20% w/v 
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potassium hydroxide (KOH; Fisher Scientific, Lutterworth, UK) within a gasket- sealed tub 

in a water bath at 40°C in the safety cabinet.  The KOH solution was changed at 6h intervals 

continuously until the tissue around the cast was completely corroded. Corroded solution 

was safely disposed and the solution was then replaced with distilled water for a similar 6h 

routine to rinse off any excess KOH solution. At the end of the process, the rinsed cast were 

air dried under a fume hood, photographed and stored under HTA guidelines till they were 

scanned. 

 

 

 
Figure 2.1 Schematic diagram of placental vascular corrosion casting method (numbered 
steps illustrating different stages during the casting processes) 
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2.3.1 Micro CT Image acquisition and processing 

The methods of image processing and analysis of casts as described in published literature 

were used [58, 83]. A high resolution micro-CT machine (Nikon metris XTH225, Nikon 

Metrology NV) was used in acquiring 3D datasets from placenta casts scanned as shown in 

Figure 2.2. The machine was fitted with a 225/320keV x-ray CT source, a rotating stage and 

a 2000 x 2000 Perkin Elmer detector, controlled by Nikon's Inspect-X software. The cast 

was put on the rotating stage over 360o at angular increments of 5o around the vertical axis 

and positioned via homing to get the whole cast within the field of view.  

The scan was performed with an x-ray source tube emitting x-rays from a microfocus in 

cone beam geometry geo at 42keV x-ray energy.  The maximum magnification and 

exposure time varied depending on each specimen’s circumference, which had to be within 

the cone beam of irradiation.  Each scan generated about 3000- 6000 slice views for each 

cast using a step scan. An application (Inspect-X, CT Agent, Metris, UK) was used to receive 

CT scan slice data and volumes of files were transferred and reconstructed via 

synchronising reconstruction software (CT Pro 2.0, Metris, UK). 
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Figure 2.2 The principle of micro-CT imaging 
The orange area in Nikon XTH225 represents mounting stage where casts are placed. X-ray 
source depicted as displayed is positioned opposite detector with rotating stage in the 
middle (object: cast). The source emits x-rays in cone beam geometry through the cast 
which is rotated over 360o to generate numerous slices of radiographs in the XY, XZ and YZ 
planes. 

 

2.3.2 Image Analysis 

Following 3D reconstruction of the CT projections into a single volume 3D virtual object on 

CT Pro, a MATLAB (MathWorks, Massachusetts, USA) algorithm was used to export the data 

into. hx and .tiff format compatible with volume rendering in Avizo (Avizo 8.0, FEI 

Visualisation Sciences Group, Konrad-Zuse-Zentrum fur Informationstechnik Berlin (ZIB) 

and FEI, SAS) analysis software shown in Figure 2.3. Each 3D dataset was volume-rendered 

in Avizo. Background noise was removed from the image using the ‘orthoslice’ tool and 

colour map adjustments. 
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Figure 2.3 Diagram with snapshots of components of Image processing 

Each cast produces about 4000-6000 image projections depending on size. Slices of scan 
shown with representative sonogram of centre slice which is detected in reconstruction 
software to determine slice thickness and increments. Reconstructed slices are stacked in 
an 8-bit tiff. Volume file containing single slices. Reconstructed slices are then uploaded on 
to (Avizo 8.0, FEI Visualisation) software and volume rendered into 3D skeletonised image 
of cast. 
 
 
The vessels in each sub volume were segmented using the ‘image segmentation’ tool on 

Avizo. Segmented vessels were skeletonised, rendering them in different colours based on 

their diameter as shown in Figure 3.1. In Avizo, nodes along the path of each vessel were 

recognized as a site of branching and/or any deviation of the vessel from a straight path. 

The nodes separated the vessels into various segments, from which measurements of 

morphological parameters including vessel length, diameter, volume and tortuosity were 

derived. Data obtained were added together for further analysis outlined in the 

corresponding chapter (Chapter 3). 
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2.4 In vitro model of angiogenesis 

2.4.1 Culture of Human Umbilical Vein Endothelial Cells (HUVECs) to assess 
effects of glucose, insulin and metformin on angiogenesis in vitro 

Potential effects of glucose concentration, insulin and metformin on modulating 

fetoplacental angiogenesis were assessed using an in vitro model of cellular network 

formation by HUVECs [282, 283]. All in vitro experiments were performed in a sterile 

microbiological safety cabinet (BSC). HUVECs were obtained from Lonza (UK). Frozen cells 

were thawed on ice and the cells were maintained in culture flasks in EBM basal medium 

(LONZA CC-3121) supplemented with EGM-MV SingleQuot Kit Suppl. & Growth Factors (CC- 

4143) and FGF2 (10ng/ml) or VascuLife® endothelial basal medium (Lifeline Cell Technology 

LL-0005) and FGF2 (10ng/ml) and passaged when 70% confluent. Cells were used for 

experiments at passage number 5. 

2.4.2 Pilot studies to determine optimum cell plating density, time of 
cellular network formation and effect of VEGF 

Growth factor-reduced BD Matrigel Product (#356230) from the freezer (−20 °C) was 

thawed on ice. During the thawing process a 96 well culture plate (Corning Inc, USA) was 

also placed on ice in B.S.C. 15μl of thawed matrigel was then added to each well of a 96 

well plate and the plate incubated for 30–60 min at 37°C (21% O2, 5% CO2, 37°C) to allow 

the gel to solidify as illustrated in Figure 2.4. The flask of cells was washed thrice with 

phosphate buffered saline solution without Ca2+/Mg2+ (HBSS; Invitrogen) and trypsinised 

(Trypsin-EDTA; Lonza, catalogue number CC-5012) for few minutes to detach the cells (2ml 

trypsin per 75cm2 flask, 1ml trypsin per 25cm2 flask). Serum-containing media [Dulbecco’s 

modified Eagle’s medium (DMEM; Lonza) or VascuLife® endothelial basal medium (Lifeline 

Cell Technology LL-0005) and FGF2 (10ng/ml) with fetal bovine serum (FBS; Lonza)] was 

added to neutralise trypsin. Cells were spun down for 10 minutes at 1000rpm and the pellet 

re-suspended in 1ml of medium. After the cells were passaged, they were counted in a 

haemocytometer, then plated onto matrigel-coated wells at 5,000, 10,000, 15,000 and 

20,000 per well (Figure A3.0.14). Cells were cultured in control medium (no VEGF), medium 

with VEGF (Human Recombinant VEGF 165) at 100pg/ml, to reproduce the concentration 

in umbilical cord blood [284-286] and high VEGF at 6.67ng/ml (positive control) (Figure 

A4.0.16). The high concentration was chosen because it is the EC50 concentration for 
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maximum vasodilation of the fetoplacental vasculature in the perfused placenta [287]. The 

cells were then observed at 6h, 12h, 18h and 24h for cellular mesh network formation. In 

these pilot studies, cellular mesh network formation was assessed qualitatively from 

captured images. 

 

 

Figure 2.4 Pictorial representation of Angiogenesis Assay method 
The cells were cultured in flasks in EBM Basal medium (LONZA CC-3121) supplemented with 
EGM-MV SingleQuot Kit Suppl. & Growth Factors (CC- 4143) and FGF2 (10ng/ml) and 
passaged when 70% confluent. Growth factor-reduced BD Matrigel Product (#356230) 
from the freezer (−20 °C) was used as the matrix substrate. Cells were then plated in 
respective densities and incubated and imaged at different time points. Image adapted 
from Wu et al.,2004[An Automated Endothelial Cell Tube Formation Assay System for the 
Screening of Angiogenesis Stimulatory and Inhibitory Molecule, BD Biosciences Discovery 
Labware, Bedford, MA 01730;] 
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2.4.3 Imaging of HUVECs to assess cellular network formation 

Following plating, the cells were observed at 6h, 12h, 18h and 24h for cellular network 

formation and imaged under an inverted light microscope with 4× objective (final 

magnification x40). 4 Images per well were taken in clockwise direction under a light 

microscope (Olympus BX41) and Qcapture Image Pro® Plus 7.0 (Media Cybernetics) as 

shown in Figure 2.5. 

 

 
Figure 2.5 Schematic to show images taken of human umbilical vein endothelial cells in 
vitro to assess the formation of cellular networks 

Images were taken in clockwise direction and collated on PowerPoint for observational 
purposes. Images used to assess the cellular network formation in response to plating 
density and time (Figure A.4.0.15), and the effects of VEGF used as a positive control       
(Figure A4.0.16) are shown in the Appendix 4. From these pilot studies a plating density of 
15000 cells per well, and time period of 18h, were considered optimal for the subsequent 
studies of the effects of glucose, insulin and metformin on cellular network formation by 
HUVECs. 
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2.4.4 Effects of glucose, insulin and metformin on cellular mesh network 
formation by HUVECs in vitro 

Informed by the pilot studies, experiments were performed on HUVECs, maintained as 

described above, and plated at 15000 cells per well. Cells were cultured in media containing 

a range of glucose concentrations (7 -25mM) +/- metformin or insulin to investigate the 

effects of glucose in combination with insulin at physiological concentrations and 

metformin at therapeutically relevant concentrations. The cells were then observed at 

different time intervals on a live bio- imaging system and images were taken at various time 

intervals for quantification of the cellular network formation using ImageJ software with an 

angiogenesis analyser extension. The experimental protocols for these studies, the image 

capture system and analyses of network formation are described in full in corresponding 

chapter sections (Chapter 4). 
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3 Chapter Three: Vascular Corrosion 
Casting Reveals Altered Placental 
Vascular Structure in Pregnancies 

Complicated by Maternal Diabetes 
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3.1 Background 

Placental development is a vital process in pregnancy required for sustaining healthy 

pregnancy journeys and normal fetal development. Vasculogenesis and angiogenesis in the 

placenta during pregnancy maintain sufficient supply, transfer and exchange of nutrients 

between mother and fetus. Any disruption of these key mechanisms (vasculogenesis and 

angiogenesis) or alterations in the in utero environment can increase the risk of a number 

of complications that can affect both fetal growth and maternal health. Diabetes in the 

non-pregnant population is associated with vascular pathology including altered vascular 

development and function[36]. Therefore, it is probable that diabetes could affect the 

development and function of blood vessels in the placenta during pregnancy. However, this 

relationship remains poorly understood with knowledge gaps in the underlying 

mechanisms that directly influence placental development in a diabetic environment in 

utero such that the fetus is at increased risk of placental dysfunction in late pregnancy and 

hence increasing the risk of poor pregnancy outcomes which include fetal growth 

restrictions (FGR), macrosomia and stillbirth. 

There have not been enough studies conducted on the fetal regulation of placenta 

vasculature, which will give a greater insight in to the relationship between glycaemic 

control and placental development in diabetic pregnancies. The lack of clinical evidence on 

altered vasculature at different stages of diabetic pregnancies makes it even more difficult 

to single out key intervention studies. 

Histological studies have demonstrated that diabetes in pregnancy is associated with an 

increased incidence of placental pathology and consequently abnormalities in fetal growth 

as highlighted extensively in section (1.2.2 and 1.2.3). In addition to the lack of consistency 

in reports of pathologic placental lesions. Furthermore, variations in vascularity of samples 

from different regions of the placenta sampled in histology pose difficulties in 

interpretations extended to the entire placental vascular morphology. 

In addition, reports in the literature on alterations in fetoplacental microvasculature in 

diabetes have not always related findings to maternal glycaemic control or pregnancy 

outcome. The inconsistencies and gaps in published data highlight the potential need of 

advantages of using a comprehensive quantitative approach to assess fetoplacental 

vasculature in diabetes relating to maternal glucose status, other circulating factors and 

fetal outcome. Levels of PlGF concentrations in maternal serum rise during pregnancy, 
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peaking at the end of mid trimester of pregnancy. Low levels of PlGF concentrations during 

pregnancy have been associated with pregnancy complications including recognized later-

life cardiovascular risk [121]. A growing body of evidence in the literature also point to 

(PlGF), measurable in the maternal circulation, as a maternal serum biomarker for placenta 

disease [122-125]. 

 

Previous work in our laboratory has compared the placenta vasculature between normal 

and growth restricted pregnancies using casting and Micro- CT [83]. This approach was able 

to demonstrate hitherto unknown differences in arterial and venous vascular structure of 

placentas [58]. Micro-CT scanning technique provides details of the three-dimensional 

anatomic arrangement of the vascular replica to enable quantification of fetoplacental 

microvasculature on a holistic level and 3-D Microscopy will show records of topology, 

hierarchy and quantitative data such as diameters, length and volume of placental 

peripheral villous trees providing a better representation of the placenta’s entire 

vascularity.  

 

3.2 Aims  

The aims of the study in this chapter were split into two parts: 

1. To determine whether there are differences in placental macrovascular networks 

at term in women with pregestational diabetes compared with normal pregnancy. 

2. To determine whether metrics of the placental macrovascular network at term are 

related to fetal growth velocity, maternal glycaemic control and maternal plasma 

PIGF concentrations in women with pregestational diabetes. 

The aim of the first part of the study was addressed using a combination of corrosion 

casting and micro computed tomography (micro-CT) imaging to achieve a full account of 

placental vascular morphology. To our knowledge the technique has yet to be used in the 

study of the human placental vascular tree in pregnancies complicated by pregestational 

diabetes. Having performed micro-CT on vessel casts derived from human placentas, the 

arterial and venous vessel networks in placentas from uncomplicated pregnancies and 

pregnancies complicated by pregestational diabetes were compared. 
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The aim of the second part of the study was addressed by relating measurements of vessel 

network to maternal glycaemic control during pregnancy and to PIGF levels during 

pregnancy. 

 

3.3 Materials and methods  

Data Collection: This project focused on 2 groups of women: (1) women from the VELOCITY 

study with pre-gestational diabetes and women from the term tissue bank having normal 

pregnancy (2). Women with pre-existing diabetes were recruited at <20 weeks. Detailed 

information was collected from women participating in the velocity study throughout their 

pregnancy. Demographic data including maternal age, ethnicity, parity, maternal height 

and weight was collected. HbA1c measurements, uteroplacental assessments, fetal 

biometry, placental volume, and 3D fractional thigh measurements were also collected. 

Continuous glucose monitoring was conducted at 3 times points (10-16, 22-26, 30-34 

weeks) and a diary of daily activity recorded together with vascular assessments, maternal 

blood and urine collections, pregnancy outcome data, collection of cord blood and skinfold 

thickness of infants at 28weeks and the placenta was collected within 40 – 60 minutes of 

delivery as outlined in detailed in chapter 2 (Appendix 1). 

 

Haemoglobin A1c (HbA1c) Measurements: starting in the first trimester, HbA1c was 

measured during Velocity study participant’s prenatal visits, as a part of their standard 

clinical care during pregnancy for all women with pre-existing type 1 or 2 diabetes. For the 

present analysis, we evaluated information on the first prenatal HbA1c (first) and the 

HbA1c closest(last) to delivery to determine glycaemic control during pregnancy. This 

measure was evaluated continuously, as well as dichotomized into groups with overall good 

control (most measurements <48 mmol/mol) versus overall poor control (most 

measurements ≥48 mmol/mol). For women with measurements either side of 48 over 

pregnancy, the mid pregnancy HbA1C was considered to decide group allocation. Diabetes 

group allocation was done before any analysis of the placental casts 
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PIGF Measurements: For assay performance, maternal samples were frozen at –80°C and 

thawed once. We analysed ethylenediaminetetraacetic acid(EDTA) plasma for free PlGF 

using Alere Triage PIGF fluorescence Immunoassay systems with the Alere Triage Meter® 

(Alere San Diego, California). These assays involved addition of several drops of plasma 

sample anticoagulated using EDTA to the sample port on the test device.  Once added, the 

specimen reacts with fluorescent antibody conjugates and flows through the test device by 

capillary action. The test device was then inserted in to Alere Triage Meter ® and analysis 

is based on the amount of fluorescence the meter detects within the measurement zone. 

The results are displayed on the screen and recorded. The PlGF upper limit was 5000 pg/mL 

with measurable range of 12-3000pg/mL. Values below 12pg/mL were recorded as < 

12pg/mL and values above the measurable range were reported as > 3000pg/Ml. The PlGF 

assays were performed in one batch with triplicates for accuracy and standardisation. 

Measurements were taken for 3 different time points during pregnancy (16,28,33 weeks) 

 

Casting and Micro CT Imaging: To compare fetoplacental vascular structure at term in 

women having normal pregnancy and pre-gestational diabetes, Batson’s Anatomical 

corrosion kit radiopaque methyl methacrylate-based casting material was used to produce 

venous and arterial casts of placentas from normal pregnancies (n=17) and pregnancies 

complicated by pre-gestational diabetes (n=33) at term as detailed in chapter 2. Casts were 

scanned in a Nikon metris XTH225, reconstructed into a three-dimensional virtual object 

and segmentation and skeletonisation software (Avizo 9.40) used to generate the number 

of vessel segments, length of vessel segments (via measurement of chord length) diameter 

of vessels (via radius measurement) as well as total length and total volume of vessel 

segments. 

 

3.4 Statistical Analyses 

Statistical analyses were conducted using Stata version 16.1 (Copyright 1985-2019, 

StataCorp LLC, USA). Mixed effects multilevel regression analyses were performed and 

used to model cast metrics between groups. Mixed effects was used to account for 

clustering of multiple measurements per placenta (random effects). Cubic, quadratic or 

linear interaction (polynomial) terms were used in the models to find best fit for each data 

set and a p value of <0.05 was considered to be statistically significant. Data from this 
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analyses were presented as log of geometric means +/- standard deviation. In addition, 

other statistical analyses were conducted using GraphPad Prism® 7 (version 7.01 GraphPad 

Software, Inc., USA). Data from these analyses were represented as median and 

interquartile range (IQR) and compared by Mann Whitney test and a p value of <0.05 was 

considered to be statistically significant. In all results presented, forty-nine samples were 

analysed [16 normal (9 arterial, 7 venous) and 33 from pregestational diabetes pregnancies 

(16 arterial, 17 venous)]. Differences in the human placental macrovasculature and 

microvasculature are reportedly detectable at similar sample size from previous 

investigations in the literature [58, 83].  

 

 

3.5 Placental casts data processing 

3.5.1 Vascular Casts vessel biometry outputs 

Reconstruction of scan slices derived from micro-CT of vessel casts as shown in Figure 3.1 

demonstrated 3D visualisation of the whole placental vascular tree and produced a digital 

replica for analysis. Maximum vessel resolution quality was achieved at 58µm (diameter) 

and differed from each whole placental cast. After segmentation and skeletonisation of 

reconstructed images using Avizo software, as described and illustrated in Appendix 2, the 

number of vessel segments, length, diameter and volume of each were generated as 

defined in Table 3.2. Avizo identifies bifurcations defined as nodes placed along the path 

of each vessel using the spatial graph view, these nodes represent a site of branching 

and/or any deviation of the vessel from a straight path and also separates the vessels into 

various segments. Segmented image volumes were visualised in 3D and interconnected 

features were skeletonised and shown in 3D for easier analysis as shown in Figure 3.1E. 

Visualising of skeleton thickness: segmented skeletonised vessels were volume rendered 

using spatial graph labels to leave them in different colours based on their diameter Figure 

3.1F.  
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Figure 3.1 Imaged and Analysed placental vascular corrosion cast 
Example Images show placenta from pregnancy complicated by pregestational diabetes (A) 
fetal surface shows chorionic plate with branches of the umbilical arteries and vein vessels 
to be cannulated for casting. (B) maternal surface of the placenta with visible lobules. (C) 
Image pro reconstruction of wet placenta surface in (A). A venous cast (D) following 
corrosion casting of placenta. (E) reconstructed skeletonised image of cast in Avizo 
software following micro-CT scanning and a 3D reconstructed image of the venous cast 
coloured based on thickness of diameter(F). Scale 0.025m (25mm) 
 
 

3.5.2 Examination of extent of resin penetration into vessel walls 

The casting material filled the vessels up to the level of capillaries measuring ~10-12μm 

(Figure 3.2). Upon further visual microscopic examinations of cast vessels, artefacts were 

observed on vessel walls. During injection of the polymer mixture, leaking vessels or excess 

pressure from the syringe may impair ability of resin fill up vessels accurately. This results 

in resin escaping on to the side of vessel walls and surrounding membrane tissue as shown 

in Figure 3.2, Figure 3.3  and Figure 3.4. This causes artefacts on dried casts that are 

visualised under microscope and may contribute to their segmented volume computed 

measurements. Placental casts (4 casts) with this phenomenon of artefact build up were 

discarded from analysis. It was not established whether the cause of leaky vessels was due 

to a phenomenon from the diabetic milieu or surgical handling during delivery. 
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Figure 3.2 Example of cast with and without artefacts on vessel walls 
Diagram illustrating extent of methacrylate penetration in vessel and artefact build up from 
resin on vessel segments in casts. A (Left) - Resin build up showing coarse periphery 
(edge)cast sample (Aii) from venous placenta (Ai). B (Right) periphery (edge) cast sample 
(Bii) showing clear methacrylate permeation in vessels from (Bi)venous placenta cast. Blue 
arrows show smallest vessels filled in with methacrylate resin in (C). A and B images taken 
with a digital camera; C taken with a Zeiss Axiocam ERc camera attached to a Zeiss 
Discovery V20 stereomicroscope. Magnification is 7.6x in C. Scale bars represent 1000μm. 
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Figure 3.3 The level of methacrylate resin outside vessels in arterial casts with artefacts 
and without artefacts. 
Dark field images of smaller vessels on the casts in (A) with artefacts and (B) without 
artefacts. Bright field images of smaller vessels on the casts in (C)(E) with artefacts and (D) 
(F) without artefacts. Red arrows show excess methacrylate resin attached in clumps to 
vessels. Blue arrows show smallest vessels filled in with methacrylate resin. Images taken 
with a Zeiss Axiocam ERc camera attached to a Zeiss Discovery V20 stereomicroscope 
Magnification for (A)(B) is 9.4x, (C)(D) is 7.6x and (E)(F) is 8.8x. Scale bars (1000µm). 
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Figure 3.4 The level of methacrylate resin outside smaller vessels in venous cast. 
Bright field and dark field images of smaller vessels on the casts in (A) and (C) compared to 
(B) (D) images showing vessels covered in artefacts of excess resin. Images taken with a 
Zeiss Axiocam ERc camera attached to a Zeiss Discovery V20 stereomicroscope. 
Magnification is (A)(B) IS 7.6x and (C)(D) is 21x respectively. Scale bars (1000µm). 
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3.5.3 Synthesis of Data Output 

To ensure accurate measurement of relevant vessel vascularity area of chorionic plate 

vessels as described in Figure 3.5, further synthesis of the data was performed to refine 

data by exempting measured vessels variables associated to umbilical cord solidified 

polymer(umbilical artery or umbilical vein)  (Figure 3.6) and excess resin on smaller vessels 

as shown in Figure 3.4. To ensure uniformity, only vessels ≥ 300μm in diameter were 

included in the analyses as described in Table 3.1. 

An algorithm code in R (RStudio Version 1.4.1564.) was used to automatically tune data 

leaving the desired area/physiological relevant threshold of vessels for analysis see 

Appendix 2(II) for code protocol. 

 
 
 
 
 

 

Figure 3.5: Illustration of anatomy of fetoplacental vasculature 
Image showing information of diameter of vessels on vascular beds. UA (umbilical artery) 
and UV (umbilical vein). CP (chorionic plate). Image Adapted from Gordon et al. (2007) and 
Benirschke et al.(2012) [37, 51] 
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Figure 3.6 Snapshot of data synthesis protocol 
Measurements corresponding to umbilical cord resin (red arrows) were uniformly 
identified and excluded using R code. Measurements corresponding to first level of 
branching (yellow arrow) were included in analyses and any vessel with diameter <300μm 
(150μm in radius) was excluded from output data using R code. 
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Table 3.1 Vascular corrosion cast measured vessel radius and diameter output with 
corresponding physiological level dimensions 

 
CP = Chorionic plate, min=minimum, max=maximum. Radius bins = vessel segments 
grouped into bins according to measured radii. Information deduced from Gordon et al. 
2007 [51]. 

Radius bin Min radius 
bin (µm) 

Max radius 
bin 

(µm) 

Min 
diameter 

bin 
(µm) 

Max 
diameter 

bin 
(µm) 

Artery/Vein 

1 0 50 50 100 Peripheral stem villus 
2 50 100 100 200  
3 100 150 150 300 Intraplacental vessels 
4 150 200 200 400  
5 250 300 300 600 7

th
 order CP artery 

6 300 350 350 700 6
th

 order CP artery 
7 350 400 400 800 5

th
 order CP artery 

8 400 450 450 900  
9 450 500 500 1000 4

th
 order CP artery 

10 500 600 600 1200  
11 600 700 700 1400  
12 700 800 800 1600 3

rd
 order CP artery 

13 800 900 900 1800  
14 900 1000 1000 2000 2

nd
 order CP artery 

15 1000 1200 1200 2400 Umbilical artery (min) 
16 1200 1400 1400 2800  
17 1400 1600 1600 3200 1

st
 order CP artery 

18 1600 1800 1800 3600 Umbilical vein (min) 
19 1800 2000 2000 4000  
20 2000 2500 2500 5000  
21 2500 3000 3000 6000 Umbilical artery (max) 
22 3000 3500 3500 7000  
23 3500 4000 4000 8000  
24 4000 4500 4500 9000 Umbilical vein (max) 
25 4500 5000 5000 10000  
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Table 3.2 Avizo software measured variables and presented metrics 

 
 
-Avizo Software (FEI 9.40) measured metrics and definition 
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3.5.4 Mode of Data Presentation 

The data derived from Avizo software refined in RStudio were then formatted into 2 

different ways; one format showed data presented as groups of increasing radius size bins 

order in fixed increments of 50µm (Figure 3.7(I and II)). The other format was derived using 

RStudio to categorise the data in fixed group of 20 bins calculated as placental vascular 

vessel segment radius equally divided into 20 bins i.e. (maximum radius – minimum radius 

/20) per each cast, as shown in Figure 3.7 (III and IV) to attempt to ensure physiologically 

relevant areas of the placenta in bins were being compared across all placentas. 

  

 
 
Figure 3.7 Diagrams illustrating modes of data presentation 
Examples of distribution in measured vessel outputs of arterial and venous cast tree maps 
grouped in different ways of presentation. The yellow dot at the top of tree map represents 
the root of all the vessels (umbilical cord insertion point) (F= fetal side) and (M=maternal 
side). True branch points and terminal branch points are marked in blue and red dots 
respectively. Each point is labelled with alphabets designating the branch generation/level 
and numbers designating the number of branches at each level. Data presented as a 
distribution of fixed increasing radius size bins order (I)(II) per placenta compared to 
equally binned radius size numbers distributed as 1/20th of each placenta (III)(IV). Data 
presented as increasing radius size bin order (I)venous cast (II) arterial cast are grouped in 
fixed increments of 50µm. Data presented in binned size numbers; (III)venous cast (IV) 
arterial cast respectively are grouped in equally distributed 20 bins calculated as (maximum 
radius – minimum radius /20) per each placenta cast. 
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For the purpose of this study, data graphs in radius size bins format are presented in the 

main chapter and data graphs in binned size are attached in Appendix 3. 

 

 

Table 3.3 Exemplary outline of measure radius bins in different output modes of 
presentation 

 
 
A= Radius bin size order 1- 35 (150 -2100 µm) in increments of (50µm), B= binned size 
number 1-20 (max radius – minimum radius /20) i.e. min=150 µm, max =2000 µm. 
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3.5.5 Maternal demographics and placental features of samples studied 

Following data synthesis and developing analysis tools to examine 3D reconstructed casts 

of placental vasculatures, vessel morphology in the selected placentas from normal and 

pregestational diabetes pregnancies were compared. The demographic and clinical details 

of the women and babies whose placentas were used are shown in Table 3.4. At delivery, 

the median gestational age, placental weight, fetal: placental weight ratio and mode of 

delivery were significantly different between the normal and pregestational diabetes- 

complicated clinical groups. Median placental weight was 496.0g (IQR 375.0 – 698.0g) and 

604.0g (IQR 400.0 – 874.0g); p = 0.02 for the normal and pregestational diabetes groups 

respectively. Median gestational age was 273(261-295) days and 263 (217-280) days p< 

0.00001 for the normal and pregestational diabetes pregnancy groups respectively. Median 

fetal: placental weight ratio was 6.36(4.96-8.78) and 5.34 (3.45-7.76); p=0.0002 for the 

normal and pregestational diabetes groups respectively. In mode of delivery (p=0.0474), 2 

out of 16 women within the control group having normal pregnancy had vaginal births 

(12.5%) and 14 out of 16 delivered via caesarean-section (87.5%). On the other hand, 14 

out of 33 women with pregnancies complicated by pregestational diabetes had vaginal 

births (42.4%) and 19 out of 33 delivered via caesarean-section (57.6%). 
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Table 3.4 Demographic, clinical and placental examination details of study  

 
Demographic data shown represent median and interquartile range (IQR) in parenthesis or 
number with percentage in parenthesis. p-value obtained from Mann Whitney U test, p 
<0.05 = significant. BMI, IBR represent body mass index and individualised birth weight 
ratio respectively. Arterial and venous refer to the vascular compartments casted for the 
respective placentas. Good control and poor control refer to maternal glycaemic status 
while Type 1 and Type 2 refer to clinical classifications of diabetes. 
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3.6 Results: Measurements of vascular morphology  

3.6.1 Vessel segments in normal and pregestational diabetes casts 
presented in both outputs 

Vessel segment in the Avizo software computation is defined as a path between two nodes. 

In both normal and pregestational diabetes casts, the number of vessel segments declined 

progressively from the smallest to the largest radii/diameter ranges. Figure 3.8 shows the 

spread of vessel segments across increasing vessel diameter(A & B arteries ; C & D veins) 

measured in 50µm radii bins in placenta casts from normal and pregestational diabetes 

pregnancies. Data is grouped by vessel radius size. 

Regression analysis examined the association between the measured variables (i.e. length 

or volume) and increasing radius size. Polynomial fit (cubic, quadratic or linear interaction 

terms) indicated whether the relationship between measured variables (i.e. length or 

volume) and radius size was linear or not. The group comparisons indicated whether there 

were overall differences in measured variables (i.e. length or volume) between clinical 

groups and significance in the interaction terms was indicative of differences in the 

relationship between measured variables (i.e. length or volume) and radius size present 

between the clinical groups. 

In Figure 3.9, both modes of data presentation (radius size bins and binned size data) show 

that the mean number of vessel segments are  significantly different within the 

microcirculation between control and pregestational groups, and not in the larger vessels 

of the chorionic plate. In arterial casts (Figure 3.9(A)(C)), the mean number of vessel 

segments was significantly higher in pregestational diabetes casts across radius bins 

(p<0.0001). There was also significantly fewer mean number of vessel segments in venous 

pregestational diabetes casts (Figure 3.9(B)(D))  across radius bins (p <0.0001).  
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Figure 3.8 Number of Vessel segments in radius bins in normal and pregestational 
diabetes casts.  
The number of vessel segments in arterial and venous placental casts from normal and 
pregestational diabetes pregnancies. A. (arterial, control no diabetes) and B. (arterial, 
pregestational diabetes) represent data presented in increasing radius size bins order 
format. C. (venous, control no diabetes) and D. (venous, pregestational diabetes) 
represent data in increasing radius size bins order. Data presented as scatter plot of number 
of vessel segments within a given radius size range, Control (no diabetes) = 16 (9 arterial,     
7 venous) and pregestational diabetes = 33 (16 arterial,      17 venous). 
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Figure 3.9 Mean number of vessel segments in arterial and venous casts from clinical 
groups demonstrated in different modes of data presentation (radius size bins and binned 
size numbers)  
The mean number of vessel segments in arterial and venous placental casts from normal 
and pregestational diabetes casts. A (arterial) and B (venous) represent data presented in 
increasing radius size bins order format, (p<0.0001 control vs diabetes) while C (arterial) 
and D (venous) represent data in binned size number format, (p<0.0001 control vs 
diabetes). Data presented as line graphs of mean number of vessel segments within a given 
radius size range, Control (no diabetes) = 16(9 arterial, 7 venous) and Pregestational 
diabetes = 33 (16 arterial,17 venous).lb/ub=lower bound of confidence interval/upper 
bound of confidence interval 95%. Mixed effects – ML Regression analysis, p < 0.05 was 
taken as significant. 
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To correct for the effect of placental size on its vessel anatomy, vascular parameters 

measured for each placenta were adjusted for the individual pregnancy gestation at 

delivery (days) and divided by placental weight (PW). In addition, the relationship between 

maximum measured vascular volume of the placenta casts and birthweight and with 

gestation (Figure 3.10) was examined. There was not much change between the observed 

ratio which is an approximation of vascular density with gestation or with birthweight. 

However, as birth weight tends to vary across populations, it has been widely 

acknowledged that the appraisal of birth weight should rely on its position relative to the 

birth weight distribution of the background population[288]. This is commonly done by 

standardising birth weight through its deviation from the population mean in the given 

gestational age stratum. In this study, birthweight z-score was calculated using the WHO 

fetal growth centiles (i.e. zscore who mean) [289]. Data were also presented as z-score in  

Figure 3.11. 
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Figure 3.10 Relationship between vascular placenta volume, gestation and birthweight 
The distribution of maximum measured vascular volume normalised to placenta weight in 
arterial and venous placental casts from normal and pregestational diabetes pregnancies. 
A and B represent relationship between logged maximum vascular volume normalised to 
placenta weight in arteries (A) and veins(B) and gestation at delivery. C and D represent 
relationship between logged maximum vascular volume placenta weight ratio in arteries 
(C) and veins(D) and birthweight. Data represented as scatter plots for each placenta. 
Control (no diabetes) = 16(9 arterial, 7 venous) and Pregestational diabetes = 33 (16 arterial 
,17 venous). 
 

 

The graphs presented in Figure 3.11(A,B) show a positive correlation between placental 

weight and z-score but not with vascular volume or vascular density (C, D). The maximum 

measured vascular volume was the adjusted for placenta weight in (E, F) and there was no 

relationship between maximum vascular volume and birthweight z-score either in 

pregestational diabetes or normal pregnancies. Maximum vascular volume estimates 

appeared to become more unpredictable (z-score) as the placental weight increases in 

arteries and veins for both normal and pregestational diabetes groups.  
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Figure 3.11 Relationship between maximum measured vascular volume and birthweight 
z-score  
The distribution of maximum measured vascular volume normalised to placenta weight of 
arterial and venous placental casts from normal and pregestational diabetes pregnancies. 
A and B represent relationship between logged maximum vascular volume in arteries (A) 
and veins(B) and birthweight z-score (z-score who mean). C and D represent relationship 
between trimmed placental weight in arteries (C) and veins(D) and birthweight zscore 
(zscore who mean). E and F represent relationship between logged maximum vascular 
volume placenta weight ratio in arteries (E) and veins(F) and z-score who mean. Data 
represented as scatter plots for each placenta n = 16 normal (9 arterial,7 venous) and 33 
Pregestational diabetes (16 arterial, 17 venous) 
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3.6.2 Vessel length alterations observed in pregestational diabetes 

There was a non-linear relationship between measured chord length and radius size (Figure 

3.12C) in arterial casts. In comparing vessel length in arterial placenta casts, there was an 

overall significant difference between clinical groups. The log mean chord length 

normalised to PW was longer in the control no diabetes group compared to the 

pregestational diabetes group, p≤0.0001 (Figure 3.12A). These findings were also observed 

in binned data format with p ≤0.0001 (Figure A3.0.1A, Appendix 3). 

Similarly, there was an overall significant difference between clinical groups in venous 

placenta casts. The log mean chord length normalised to PW was longer in the control no 

diabetes group compared to the pregestational diabetes group, p = 0.036 (Figure 3.12B) as 

well as in binned size number data format with p=0.026 (Figure A3.0.1B, Appendix 3). There 

was a linear relationship between measured chord length and radius size in venous 

placenta casts.  

There was no significant difference in the relationship between measured chord length and 

increasing radius size between the clinical groups in both types of casts and in both modes 

of data presentation. 
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Figure 3.12 The length of arteries and veins in normal and pregestational diabetes casts 
The mean chord length of vessels in arterial and venous casts of normal and pregestational 
diabetes. All data are normalised to placenta weight. A (arterial, p ≤0.0001 control vs 
diabetes) and B (venous, p=0.036 control vs diabetes) represent line graphs of mean chord 
length placenta weight ratio in increasing radius size bins format (150 μm-2000 μm) while 
C(arterial) and D(venous) represent linear prediction smooth graphs of (A) and (B) 
respectively. Data presented as (log) geometric mean ± SD. Control (no diabetes) = 16(9 
arterial,7 venous) and Pregestational diabetes = 33 (16 arterial, 17 venous). Mixed effects 
– ML Regression analysis, p < 0.05 was taken as significant. 
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Figure 3.13 The total length of arteries and veins in normal and pregestational diabetes 
casts.  
The total length of vessels in arterial and venous placenta casts from normal and 
pregestational diabetes pregnancies. All data are normalised to placental weight. A 
(arterial, p≤0.0001 control vs diabetes) and B (venous p = 0.001 control vs diabetes) 
represent line graphs of the total length placenta weight ratio in increasing radius size bins 
format (150 μm-2000 μm) while C (arterial) and D (venous) represent linear prediction 
smooth graphs of (A) and (B) respectively. E (total length of all vessels of all sizes, i.e. all 
binned cast data in control no diabetes and pregestational diabetes). Data presented as 
(log) geometric mean ± SD. Control (no diabetes) = 16(9 arterial, 7 venous) and 
Pregestational diabetes = 33 (16 arterial,17 venous). Mixed effects – ML Regression 
analysis, p < 0.05 was taken as significant. 
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In arterial placenta casts, there was a linear relationship between total length of vessels 

and radius size (Figure 3.13C). There was also an overall significant difference in total length 

of vessels between clinical groups. The log total length normalised to PW was longer in the 

control no diabetes group compared to the pregestational diabetes group p ≤0.0001 

(Figure 3.13A). These findings were also observed in binned size number data format with 

p≤0.0001 (Figure A3.0.2A in Appendix 3). There was also a significant difference in the 

relationship between total length of vessels and radius size between the clinical groups 

p=0.02 (Figure 3.13A).  

There was a non-linear relationship between total length of vessels and radius size in 

venous casts (Figure 3.13D). In common with arteries, in venous placenta casts there was 

an overall significant difference in total length of vessels between clinical groups. The log 

total length normalised to PW was longer in the control no diabetes group compared to 

the pregestational diabetes group p = 0.001 (Figure 3.13B). These findings were also 

observed in binned size number data format with p≤0.0001 (Figure A3.0.2B in Appendix 3).  

 

3.6.3 Decreased vascular volume in casts from pregestational diabetes 
pregnancies  

There was a non-linear relationship between measured mean vascular volume and radius 

size in arterial casts. The log mean volume normalised to PW in arterial placenta casts was 

greater in the control no diabetes group compared to the pregestational diabetes group 

but difference was not significant between the clinical groups (Figure 3.14A). Similar 

findings were observed in binned size number data format; however the overall difference 

in measured mean volume of vessels was significant between clinical groups p=0.004 

(Figure A3.0.3A in Appendix 3).  

Conversely in venous placenta casts, the log mean volume normalised to PW was greater 

in the pregestational diabetes group compared to the control no diabetes group but this 

difference was not significant; this was also observed in binned size number data format 

(Figure A3.0.3B in Appendix 3).). There was also a non-linear relationship between 

measured mean volume of vessels and radius size in venous casts. The relationship 

between mean volume of vessels and radius size between clinical groups was not significant 

in venous casts in bin order format (Figure 3.14B) but there was a significant difference 

observed in binned data format p=0.001 (Figure A3.0.3D in Appendix 3). 
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Figure 3.14 The mean volume of arteries and veins in normal and pregestational diabetes 
casts. 
The mean volume of vessels in arterial and venous placental casts from normal and 
pregestational diabetes pregnancies. All data are normalised to placental weight. A 
(arterial) and B (venous) represent line graphs of the mean volume placenta weight ratio 
in increasing radius size bins format (150 μm-2000 μm) while C (arterial) and D (venous) 
represent linear prediction smooth graphs of (A) and (B) respectively. Data presented as 
(log) geometric mean ± SD. Control (no diabetes) = 16(9 arterial, 7 venous) and 
Pregestational diabetes = 33 (16 arterial, 17 venous). Mixed effects – ML Regression 
analysis, p < 0.05 was taken as significant. 
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The log total vascular volume normalised to PW in arterial placenta casts was significantly 

greater in the control no diabetes group compared to the pregestational diabetes group 

(Figure 3.15A), p=0.05. The relationship between measured total vascular volume and 

radius size was non –linear Figure 3.15C. There was also a significant difference in the 

relationship between total vascular volume and radius size between the clinical groups, 

p≤0.0001 (Figure 3.15A). Between radius size bin 15-28(1050µm-1700µm) the relationship 

switches to a significantly greater vascular volume in the pregestational diabetes group 

compared to the control group in that bin range, p≤0.0001. In binned size number data 

format, the difference in total vascular volume was not significant between clinical groups 

but the difference in the relationship between total vascular volume and radius size 

between clinical groups was significant with p=0.002 (Figure A3.0.4C in Appendix 3).  

 

In venous placenta casts, the log total volume normalised to PW in arterial placenta casts 

was significantly greater in the control no diabetes group compared to the pregestational 

diabetes group (Figure 3.15B), p≤0.0001. There was also a linear relationship between total 

vascular volume and radius difference in venous casts. There was a significant difference in 

the relationship between total vascular volume and radius size between clinical groups, 

p=0.024 (Figure 3.15D). Likewise, in binned size number data format, significant differences 

were observed with greater total vascular volume in the control group compared to the 

pregestational diabetes, p≤0.0001 (Figure A3.0.4B in Appendix 3). There was also a 

significant difference in the relationship between total vascular volume and radius size 

between clinical groups, p≤0.0001 (Figure A3.0.4D in Appendix 3). 
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Figure 3.15 The total volume of arteries and veins in normal and pregestational diabetes 
casts in radius size bins.  
The total vascular volume of vessels segments in arterial and venous placental casts from 
normal and pregestational diabetes pregnancies. All data are normalised to placental 
weight. A (arterial, p=0.05 control vs diabetes) and B (venous, p≤0.0001 control vs 
diabetes) represent line graphs of the total volume placenta weight ratio in increasing 
radius size bins format (150 μm-2000 μm) while C(arterial) and D(venous) represent linear 
prediction smooth graphs of (A) and (B) respectively. Data presented as (log) geometric 
mean ± SD. Control (no diabetes) = 16(9 arterial, 7 venous) and Pregestational diabetes = 
33 (16 arterial,17 venous). Mixed effects – ML Regression analysis, p < 0.05 was taken as 
significant. 
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3.6.4 Summary 

In summary, the first part of the study demonstrated that the mean number of vessel 

segments are significantly different within the microcirculation between control and 

pregestational groups, and not in the larger vessels of the chorionic plate. The data also 

demonstrated shorter mean arterial and venous vessel length in pregestational diabetes as 

well as decreased total arterial vessel length in casts from pregestational diabetes across 

increasing radius bin size adjusted for placental weight and gestation at delivery. Overall 

shorter total venous vessel length was also demonstrated in placenta casts from 

pregestational diabetes pregnancies. 

We also showed decreased mean arterial volume and increased mean venous volume of 

vessels in casts from pregestational diabetes pregnancies. Overall, decreased total arterial 

and venous vascular volume was demonstrated across increasing radius size bins of vessel 

segments. 
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3.7 Placental vascular development associations to maternal glycaemic 
control in pregnancies complicated by pre-gestational diabetes. 

Studies of placental pathology have not always reported findings in microvasculature at 

term in diabetes in relation to maternal glycaemic control, earlier events in pregnancy or 

pregnancy outcome. Inconsistencies in published data highlight the potential advantages 

of using an unbiased quantitative approach to assess placental arterial and venous 

structure in diabetes in relation to maternal glucose status and fetal outcome. 

Within pathological groups of pregnancies characterised by diabetes, comparisons were 

made between women with diabetes with differing levels of glycaemic control. The pattern 

of glycaemic control was classified using measurements of HbA1c in first trimester and last 

trimester of pregnancy.  These were grouped under good diabetes control (maternal 

glycaemic control from poor to good through pregnancy; most measurements at HbA1c 

(<48 mmol/mol) and poor diabetes control (poor to worse glycaemic control throughout 

pregnancy; most measurements ≥48 mmol/mol). These observations were stratified to 

fetoplacental vascular measurement at term to assess the relationship between 

pregnancies complicated by maternal diabetes and the disparate adverse outcomes. 

 

3.7.1 Demographic and clinical details of study participants 

The demographic and clinical details of the women and  babies whose placentas were used 

are shown in Table 3.5. At delivery, the median gestational age, birthweight, placental 

weight, IBR centile, fetal: placental weight ratio and parity were significantly different 

between the good control pregestational diabetes group and poor control pregestational 

diabetes groups. Median placental weight was 578.0g (IQR 400.0 – 766.0g) and 649.0g (IQR 

437.0 – 874.0g); p<0.0001 for the good control pregestational diabetes group and poor 

control pregestational diabetes groups respectively.  

 Similarly, median gestational age was 264(240-280) days and 255 (217-280) days p< 

0.00001 for the good control pregestational diabetes group and poor control 

pregestational diabetes groups respectively. Birthweight was 3216g (2240-3986)  and 

3454g (2107-4640), p= 0.0005 for the good control pregestational diabetes group and poor 

control pregestational diabetes groups. In addition, Individualised birthweight ratio was 

49(1.5-99) and 97 (55.3-100) p< 0.0001 for the good control pregestational diabetes group 

and poor control pregestational diabetes groups. There was also a significant difference in 
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the amount of deliveries under 37 weeks between both groups (good control vs poor 

control), p=0.00087. There was also a significant difference in fetal: placental weight ratio 

for both groups (good control; 5.61(3.45-7.76) vs poor control; 5.02 (4.21-6.36)), 

p=0.01786.  

There was no significant difference in maternal age, maternal BMI, mode of delivery or fetal 

sex between good control pregestational diabetes group and poor control pregestational 

diabetes group. 
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Table 3.5 Demographic and clinical details of study participants 

 

Demographic data shown represent median and interquartile range (IQR) in parenthesis or 
in a number with percentage in parenthesis. p-value between pregestational diabetes good 
control and poor control obtained from Mann Whitney U test, p <0.05 = significant. BMI, 
IBR represent body mass index and individualised birth weight ratio respectively. Arterial 
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and venous refer to the vascular compartments casted for the respective placentas. Good 
control and poor control refer to maternal glycaemic status while Type 1 and Type 2 refer 
to clinical classifications of diabetes. 
 

3.7.2 Shorter vessel length observed in poor diabetes control clinical group 
 
In arterial placenta casts, the log mean chord length normalised to PW was longer in the 

no diabetes group compared to both pregestational diabetes groups. ( Figure 3.16A).  The 

difference in measured mean chord length was significant between the no diabetes group 

and the pregestational diabetes poor control group, p≤0.0001 but not between the no 

diabetes group and the pregestational diabetes good control group. There was a non-linear 

relationship between mean chord length and radius size in arterial casts and the interaction 

term indicated that the differences in the relationship between mean chord length and 

radius size between the clinical groups (no diabetes group and pregestational diabetes poor 

control) was not significant; however, the differences in the relationship between mean 

chord length and radius size between the controls and pregestational diabetes good control 

was significant, p=0.047 ( Figure 3.16C). Likewise, in binned size number data format, 

longer log mean chord length normalised to PW was shown in the no diabetes group 

compared to both the pregestational diabetes groups, p≤0.0001 for both groups 

respectively (Figure A3.0.5A in Appendix 3). However, the relationship between mean 

chord length and radius size between the no diabetes group and the pregestational 

diabetes poor control was significantly different, p= 0.034.  

In venous placenta, the log mean chord length normalised to PW was longer in the no 

diabetes group compared to both pregestational diabetes groups ( Figure 3.16B).  The 

difference was significant between the  no diabetes group and the pregestational diabetes 

poor control group, p= 0.035 but not between the no diabetes group and the pregestational 

diabetes good control ( Figure 3.16). In binned size number data format, the log mean 

chord length normalised to PW was longer in the no diabetes group compared to both 

pregestational diabetes groups. (Figure A3.0.5B). The difference was significant between 

the no diabetes group and the pregestational diabetes good control group, p=0.05 and 

between the control and pregestational diabetes poor control(p=0.040) (Figure A3.0.5D in 

Appendix 3). The was a linear relationship between mean chord length of vessels and radius 

size in venous casts groups in both modes of data presentation. 
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Figure 3.16 The chord length of arteries and veins in normal and maternal glycaemic 
status groups in pregestational diabetes casts. 
The mean chord length of vessels in arterial and venous placental casts from normal and 
pregestational diabetes categories of glycaemic control over the course of pregnancy. All 
data are normalised to placental weight. A (arterial: control no diab vs Diabetes poor 
control, p≤0.0001) and B (venous: Control no diab vs Diabetes poor control, p=0.035) 
represent line graphs of mean chord length placenta weight ratio in increasing radius size 
bins format (150 μm-2000 μm) while C (arterial) and D (venous) represent linear prediction 
smooth graphs of (A) and (B) respectively. Data presented as (log) geometric mean ± SD. 
Control (no diabetes) = 16(9 arterials,7 venous and Pregestational diabetes = 33 (16 arterial 
cast =10 good control ,6 poor control) (17 venous casts= 12 good control, 5 poor control). 
Data presented. Mixed effects – ML Regression analysis, p < 0.05 was taken as significant. 
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Figure 3.17 The total length of arteries and veins in normal and maternal glycaemic status 
groups in pregestational diabetes casts 
The total length of vessels segments in arterial and venous placental casts from normal and 
pregestational diabetes categories of glycaemic control over the course of pregnancy. All 
data are normalised to placenta weight. A (arterial: control no diab vs Diabetes poor 
control and vs good control, p≤0.0001) and B (venous: control no diab vs Diabetes good 
control (p=0.003) and vs good control, p=0.004) represent line graphs of total length 
placenta weight ratio in increasing radius size bins format (150 μm-2000 μm) while C 
(arterial) and D (venous) represent linear prediction smooth graphs of (A) and (B) 
respectively. Data presented as (log) geometric mean ± SD. Control (no diabetes) = 16(9 
arterial,7 venous and Pregestational diabetes = 33 (16 arterial cast =10 good control ,6 poor 
control) (17 venous casts= 12 good control, 5 poor control). Data presented. Mixed effects 
– ML Regression analysis, p < 0.05 was taken as significant.  
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In arterial placenta casts, the log total length normalised to PW was longer in the no 

diabetes group compared to both pregestational diabetes groups (Figure 3.17A). The 

difference in total length of vessels was significant between the no diabetes group to 

pregestational diabetes good control group, p≤ 0.0001 and pregestational diabetes poor 

control group, p≤0. 0001.There was a linear relationship between measured total length of 

vessels and radius size in arterial casts. There was also a significant difference in the relation 

between total length of vessels and radius size between clinical groups; no diabetes group 

vs pregestational diabetes good control, p=0.029 and between the no diabetes group vs 

pregestational diabetes poor control, p≤ 0.0001(Figure 3.17C). These findings were also 

observed in binned size number data format; the log total length per PW was longer in the 

no diabetes group compared to both pregestational diabetes groups. (Figure A3.0.6A in 

Appendix 3). The difference was significant between the no diabetes group and the 

pregestational diabetes good control group, p = 0.035 and between the no diabetes group 

and the pregestational diabetes poor control group, p≤0.00001. There was also significant 

difference in the relationship between measured total length of vessels and radius size 

between the no diabetes group and the pregestational diabetes poor control group, 

p=0.041 (Figure A3.0.6C in Appendix 3).  

 

Similarly, in venous placenta casts, the log total length normalised to PW was longer in the 

no diabetes group compared to both pregestational diabetes groups. (Figure 3.17B).  The 

difference was significant between the  no diabetes group and the pregestational diabetes 

good control group, p=0.003 and the control no diabetes group compared to pregestational 

diabetes poor control group, p=0.004 (Figure 3.17B). There was a non-linear relationship 

between measured total length of vessels and radius size in venous casts (Figure 3.17D).   

In binned size number data format, the log total length normalised to PW was longer in the 

no diabetes group compared to both pregestational diabetes groups (Figure A3.0.6B in 

Appendix 3). The difference was significant between the no diabetes group and the 

pregestational diabetes good control group, p≤0.0001 and between the control no diabetes 

group and the pregestational diabetes poor control group, p=0.001. There was also a 

significant difference in the relationship between total length of vessels and radius size 

between clinical groups; the no diabetes group and the pregestational diabetes good 

control group, p=0.046 (Figure A3.0.6D in Appendix 3). 
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3.7.3 Vascular volume alterations in both pathological clinical groups of 
maternal glycaemic control 

The log mean volume normalised to PW in arterial placenta casts was greater in the no 

diabetes group compared to both pregestational diabetes groups (Figure 3.18A).  The 

difference in mean volume of vessels was significant between the no diabetes group and 

the pregestational diabetes poor control group, p = 0.006 but not between the no diabetes 

group and the pregestational diabetes good control group. There was a non-linear 

relationship between measured mean volume of vessels and radius size in arterial casts. 

Findings in binned size number data format showed greater log mean volume normalised 

to PW in the no diabetes group compared to both pregestational diabetes groups. (Figure 

A3.0.7A in Appendix 3). The difference in mean volume of vessels was significant between 

the no diabetes group and the pregestational diabetes good control group, p = 0.049 and 

the pregestational diabetes poor control group, p≤0.0001(Figure A3.0.7A in Appendix 3).  

Conversely in venous placenta casts, the log mean volume normalised to PW was less in 

the no diabetes group compared to the pregestational diabetes good control group and 

poor control group. This difference was not significant between the clinical groups (no 

diabetes vs good/poor diabetes control). There was a non-linear relationship between 

measured mean volume of vessels and radius size in venous casts however there was a 

significant difference in the relationship between mean vessel volume and radius size 

between the clinical groups ; the no diabetes group and the pregestational diabetes good 

control, p=0.003 (Figure 3.18D) and between the poor control and good control 

pregestational diabetes, p≤0.0001 (Figure 3.18D). Similar findings were shown in binned 

size number data format; the log mean volume normalised to PW in venous placenta cast 

was less in the no diabetes group compared to the pregestational diabetes good control 

group and poor control group. There was also a non-linear relationship (quadratic fit) 

between measured mean volume of vessels and radius size in venous casts as well as a 

significant difference in the relationship between measured mean volume of vessels and 

radius size between clinical groups; no diabetes group and pregestational diabetes good 

control group, p≤0.0001(Figure A3.0.7D in Appendix 3). 
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Figure 3.18 The mean volume of arteries and veins in normal and maternal glycaemic 
status groups in pregestational diabetes casts.  
The mean volume of vessels in arterial and venous placental casts from normal and 
pregestational diabetes categories of glycaemic control over the course of pregnancy. All 
data are normalised to placental weight. A (arterial: control no diab vs Diabetes poor 
control p=0.006) and B(venous) represent line graphs of mean volume placenta weight 
ratio in increasing radius size bins format (150 μm-2000 μm) while C (arterial) and D 
(venous) represent linear prediction smooth graphs of (A) and (B) respectively. Data 
presented as (log) geometric mean ± SD. Control (no diabetes) = 16(9 arterial, 7 venous and 
Pregestational diabetes = 33 (16 arterial cast =10 good control ,6 poor control) (17 venous 
casts= 12 good control, 5 poor control). Data presented. Mixed effects – ML Regression 
analysis, p < 0.05 was taken as significant. 
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Figure 3.19 The total volume of arteries and veins in normal and maternal glycaemic 
status groups in pregestational diabetes casts.  
The total vascular volume of vessel segments in arterial and venous placental casts from 
normal and pregestational diabetes categories of glycaemic control over the course of 
pregnancy. All data are normalised to placental weight. A (arterial: control no diab vs 
Diabetes poor control p=0.043) and B (venous: control no diab vs Diabetes good control 
(p≤0.0001) and vs good control, p=0.001) represent line graphs of total volume placenta 
weight ratio in increasing radius size bins format (150 μm-2000 μm) while C (arterial) and 
D (venous) represent linear prediction smooth graphs of (A) and (B) respectively. Data 
presented as (log) geometric mean ± SD. Control (no diabetes) = 16(9 arterial, 7 venous and 
Pregestational diabetes = 33 (16 arterial cast =10 good control ,6 poor control) (17 venous 
casts= 12 good control, 5 poor control). Data presented. Mixed effects – ML Regression 
analysis, p < 0.05 was taken as significant. 
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The log total volume normalised to PW in arterial placenta casts was less in the no diabetes 

group compared to the pregestational diabetes good control group but greater than the 

poor control group. (Figure 3.19A). The difference in total vascular volume was significant 

between the no diabetes group and the pregestational diabetes poor control group 

p=0.043 but not between the no diabetes group and the pregestational diabetes good 

control group. There was a non-linear relationship between measured total vascular 

volume and radius size in arterial casts and there was also a significant difference in the 

relationship between measured total vascular volume and radius size between clinical 

groups; no diabetes group and pregestational diabetes poor control group, p≤0.0001 

(Figure 3.19C). There were also changes in vascular volumes between the no diabetes and 

poor control pregestational diabetes across bin ranges in 19 -28 (1250µm-1700µm) and this 

was significantly different p≤0.0001. Similar findings were observed in binned size number 

data format; the log total volume normalised to PW in arterial placenta casts was less in 

the no diabetes group compared to the pregestational diabetes good control group but 

greater than the poor control group (Figure A3.0.8A in Appendix 3).  The overall difference 

in total vascular volume between clinical groups was not significant in binned size number 

data format. However, there was a significant difference in the relationship between 

measured total vascular volume and radius size between clinical groups; no diabetes group 

and pregestational diabetes poor control group, p≤0.0001 (Figure A3.0.8C in Appendix 3).  

In venous placenta casts , the log total volume normalised to PW was greater in the no 

diabetes group compared  to pregestational diabetes good control group (p=0.0001) and  

poor control group (p=0.001)(Figure 3.19B). There was  a linear relationship between 

measured total vascular volume and radius size in venous casts as well as a significant 

difference in the relationship between measured total vascular volume and radius size  

between clinical groups; no diabetes group and pregestational diabetes poor control group, 

p=0.020 (Figure 3.19D) Likewise in binned size number data format, the log total volume 

normalised to PW in venous placenta casts was greater in the no diabetes group compared  

to the pregestational diabetes good control group, (p≤0.0001) and  poor control group, 

(p=0.05)(Figure A3.0.8B in Appendix 3). There was also a linear relationship between 

measured total vascular volume and radius size in venous casts as well as a significant 

difference in the relationship between measured total vascular volume and radius size 
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between clinical groups; no diabetes group and pregestational diabetes good control 

group, p≤0.0001 (Figure A3.0.8D in Appendix 3). 

 

3.7.4 Summary 

In summary, this investigation demonstrated shorter mean arterial and venous vessel 

length in poor control pregestational diabetes compared to the no diabetes group. Overall 

shorter total arterial vessel length was also demonstrated in placenta casts from good 

control and poor control pregestational diabetes pregnancies across increasing radius bin 

size compared to the no diabetes group. Furthermore, shorter venous total vessel length 

was demonstrated in good and poor control clinical groups when compared to the no 

diabetes group. 

We also showed decreased mean arterial volume of vessels and in casts from poor control 

pregestational diabetes pregnancies, but increased mean venous volume of vessels in good 

control pregestational diabetes group when compared to the no diabetes group. Overall, 

decreased total arterial vascular volume in poor control diabetes group and decreased 

venous vascular volume was demonstrated across increasing radius size bin of vessel 

segments in both pregestational diabetes glycaemic control groups in comparison to the 

no diabetes group. 
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3.8 Placental vascular development associations to maternal (PIGF) levels 
in pregnancies complicated by pregestational diabetes. 

Placental expressions of many growth factors outlined in section 1.4.1.2 contribute to 

increased efficiency in coordinating development of the vascular system [27, 93]. PlGF is an 

angiogenic factor of the VEGF family, expressed in trophoblast, and functions to control 

trophoblast growth and differentiation. The secretion of PlGF by trophoblast giant cells 

usually in rodents, has been reported to be the signal that initiates and coordinates 

vascularisation in the decidual and placenta during early embryogenesis[104, 118]. PlGF 

concentrations in maternal serum rise during pregnancy, peaking at the end of the mid 

trimester of pregnancy. Low PlGF concentrations during pregnancy are associated with 

pregnancy complications including recognized later-life maternal cardiovascular risk [121]. 

Observations and measurements of the fetoplacental vasculature made at term are likely 

to reflect earlier events in vessel development.  In this investigation, measured vascular 

biometry output of placental casts were related to clinically categorised PIGF profile groups 

of women during pregnancy. Maternal plasma PIGF measurements was taken (section 3.3) 

across three trimesters (Figure 3.20) and classified into women with a normal PIGF 

(≥100pg/l) in the third trimester and women with a third trimester PlGF < 100 pg/L [290] 

 ( Figure 3.20). Normal and low PlGF profiles of women were related to data obtained from 

their vascular placental casts.   
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Figure 3.20 The PIGF profiles women with pregestational diabetes over the course of 
pregnancy in categories of trimester 
PIGF profiles of women from the Velocity study; blue points (16) represent those women 
with a normal PIGF profile during pregnancy; red points (12) represent those with a lower 
PIGF profile during pregnancy. (1,2,3 represent early, mid and late trimester respectively). 
Data presented as scatter plots of normal and low PlGF profiles of women related to data 
on A- arteries and B - veins from 28 placental vascular casts.7 arterial casts were related to 
normal maternal plasma PlGF concentration and 7 arterial casts were related to lower 
maternal plasma PlGF concentration. 9 venous casts were related to normal maternal 
plasma PlGF concentration and 5 venous casts were related to lower maternal plasma PlGF 
concentration.  
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3.8.1 Demographic and clinical details of study participants 

The demographic and clinical details of the women classified with either normal or lower 

PIGF in the third trimester group whose placentas were used are shown in Table 3.6. There 

were no significant differences demographic and clinical data between the normal and 

lower PIGF groups in pregestational diabetes with arterial and venous casts data pooled 

together.  

 

Table 3.6  Demographic and clinical details of study participants 

 
 
Data shown are median and interquartile range (IQR) or number with percentage in 

parenthesis as appropriate. Comparisons by Mann Whitney U test; p ≤0.05 is significant. 

BMI, IBR, represent body mass index, individualised birth weight ratio respectively. Arterial 

and venous refer to the vascular compartments casted for the respective placentas. Good 

control and poor control refer to maternal glycaemic status while Type 1 and Type 2 refer 

to clinical classifications of diabetes. 
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3.8.2 Vessel length discrepancies in lower PIGF profile group in 

pregestational diabetes 

Comparing arterial placental casts of categorized groups of women with normal PIGF levels 

and lower PIGF levels in the third trimester within pregestational diabetes group, the log 

mean chord length normalised to PW was longer in the lower PIGF group compared to the 

normal PIGF group in pregestational diabetes, p= 0.015 (Figure 3.21A). There was a linear 

relationship between the mean chord length and radius size in arterial casts as well as 

significant differences in the relationship between mean chord length and radius size 

between the clinical groups (normal PlGF group and lower PlGF group), p=0.003(Figure 

3.21C). These findings were also observed in binned size number data format where the 

log mean chord length normalised to PW was longer in the lower PIGF group compared to 

the normal PIGF group in pregestational diabetes, p = 0.026 (Figure A3.0.9A in Appendix 

3).  

 

On the other hand, in venous placenta casts, the log mean chord length normalised to PW 

was shorter in  the lower PIGF group compared to the normal PIGF group in pregestational 

diabetes, p = 0.025 (Figure 3.21B). There was also a linear relationship between the mean 

chord length and radius size in venous casts as well as significant differences in the 

relationship between mean chord length and radius size between the clinical 

groups(normal PlGF group and lower PlGF group), p=0.006 (Figure 3.21D). Likewise, in 

binned size number data format, the log mean chord length normalised to PW was shorter 

in the lower PIGF group compared to the normal PIGF group in pregestational diabetes but 

the difference was not significant (Figure A3.0.9B in Appendix 3). 
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Figure 3.21 The length of arteries and veins in maternal PIGF profile groups in 
pregestational diabetes casts.  
The mean chord length of vessels in arterial and venous casts of normal and lower PIGF 
groups in pregestational diabetes. All data are normalised to placental weight. A (arterial: 
Normal PlGF vs Lower PlGF p=0.015) and B (venous: Normal PlGF vs Lower PlGF p=0.025) 
represent line graphs of mean chord length placenta weight ratio in increasing radius size 
bins format (150 μm-2000 μm) while C (arterial) and D (venous) represent linear prediction 
smooth graphs of (A) and (B) respectively. Data represented as (log) geometric mean ± SD, 
Normal PIGF group = (7 arterial, 9 venous) casts and Lower PIGF group (7 arterial,5 venous) 
casts. Mixed effects – ML Regression analysis, p < 0.05 was taken as significant. 
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Figure 3.22 The total length of arteries and veins in maternal PIGF profile groups in 
pregestational diabetes casts.  
The total length of vessels in arterial and venous casts of normal and lower PIGF groups in 
pregestational diabetes. All data are normalised to placental weight and adjusted for 
HbA1C. A (arterial: Normal PlGF vs Lower PlGF p=0.002) and B(venous) represent line 
graphs of total length placenta weight ratio in increasing radius size bins format (150 μm-
2000 μm) while C(arterial) and D(venous) represent linear prediction smooth graphs of (A) 
and (B) respectively. Data represented as (log) geometric mean ± SD, Normal PIGF group = 
(7 arterials, 9 venous) casts and Lower PIGF group (7 arterial,5 venous) casts. Mixed effects 
– ML Regression analysis, p < 0.05 was taken as significant. 
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In arterial placenta casts, the log total length normalised to PW was longer in the lower 

PIGF group compared to the normal PIGF group in pregestational diabetes, p= 0.002 (Figure 

3.22A). There was a linear relationship between total length of vessels and radius size in 

arterial casts. There was also a significant difference in the relationship between total 

length of vessels and radius size between the normal PIGF group and the lower PIGF group 

in pregestational diabetes, p=0.032(Figure 3.22C). These findings were also observed in 

binned size number data format where the log total length normalised to PW was longer 

in the lower PIGF group compared to the normal PIGF group in pregestational diabetes, 

p=0.004(Figure A3.0.10A in Appendix 3).  

There was also a significant difference in the relationship between total length of vessels 

and radius size between the normal PIGF group and the lower PIGF group in pregestational 

diabetes when adjusted for maternal glycaemic status (HbA1C measurement) in the 

interaction term for first trimester measurements, (p=0.003) and last trimester 

measurements (p=0.003).  

There was a linear relationship between total length of vessels and radius size in venous 

casts. Similarly, in venous placenta casts, the log total length normalised to PW was longer 

in lower PIGF group compared to normal PIGF group in pregestational diabetes but this 

difference was not significant between groups. However, the difference in the relationship 

between total length of vessels and radius size between the normal PIGF group and the 

lower PIGF group in pregestational diabetes was significant, p≤0.0001(Figure 3.22D). In 

binned size number data format, there was no significant differences in total length of 

vessels between the normal PlGF group and the lower PlGF group in pregestational 

diabetes.   

There was also a significant difference in the relationship between total length of vessels 

and radius size between the normal PIGF group and the lower PIGF group in pregestational 

diabetes when adjusted for maternal glycaemic status (HbA1C measurement) in the 

interaction term for first trimester measurements, (p=0.027) but not with last trimester 

measurement.  
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3.8.3 Vascular volume alterations in PIGF profile groups in pregestational 
diabetes 

There was a non-linear relationship between measured mean vascular volume and radius 

size in arterial casts. The log mean vascular volume normalised to PW in arterial placenta 

casts was greater in the lower PIGF group compared to the normal PIGF group in 

pregestational diabetes; this difference was not significant (Figure 3.23A). However, the 

relationship between mean vascular volume and radius size between the normal PIGF 

group and lower PIGF group in pregestational diabetes was significantly different, 

p=0.008(Figure 3.23C). Similar findings were observed in binned size number data format 

but differences were not significant between groups (Figure A3.0.11(A)(C) in Appendix 3).  

 

Similarly, in venous placenta casts, there was a non-linear relationship between measured 

mean vascular volume and radius size. The log mean volume normalised to PW in venous 

placenta casts, was lower in the lower PIGF group compared to normal PIGF group in 

pregestational diabetes between bin (1-25) but higher in larger radius bins >25. This 

difference was not significant but there was a significant difference in the relationship 

between measured mean vascular volume and radius size between the different 

pregestational diabetes groups; normal PlGF and lower PlGF group, p≤0.0001(Figure 

3.23D). However, in binned size number data format, the log mean volume normalised to 

PW was significantly greater in lower PIGF group compared to normal PIGF group in 

pregestational diabetes, p=0.024 (Figure A3.0.11B in Appendix 3). 
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Figure 3.23 The mean volume of arteries and veins in maternal PIGF profile groups in 
pregestational diabetes casts.  
The mean volume of vessels in arterial and venous casts of normal and lower PIGF groups 
in pregestational diabetes. All data are normalised to placental weight. A(arterial) and 
B(venous) represent line graphs of mean volume placenta weight ratio in increasing radius 
size bins format (150 μm-2000 μm) while C(arterial) and D(venous) represent linear 
prediction smooth graphs of (A) and (B) respectively. Data represented as (log) geometric 
mean ± SD, Normal PIGF group = (7 arterial, 9 venous) casts and Lower PIGF group (7 
arterial,5 venous) casts. Mixed effects – ML Regression analysis, p < 0.05 was taken as 
significant. 
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Figure 3.24 The total volume of arteries and veins in maternal PIGF profile groups in 
pregestational diabetes casts.  
The total volume of vessel segments in arterial and venous casts of normal and lower PlGF 
groups in pregestational diabetes. All data are normalised to placental weight. A(arterial) 
and B(venous) represent line graphs of total volume placenta weight ratio in increasing 
radius size bins format (150 μm-2000 μm) while C(arterial) and D(venous) represent linear 
prediction smooth graphs of (A) and (B) respectively. Data represented as (log) geometric 
mean ± SD, Normal PIGF group = (7 arterial, 9 venous) casts and Lower PIGF group (7 
arterial,5 venous) casts. Mixed effects – ML Regression analysis, p < 0.05 was taken as 
significant. 
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There was a non-linear relationship between measured total vascular volume and radius 

size in arterial casts. The log total vascular volume normalised to PW in arterial placenta 

casts was greater in the lower PIGF group compared to the normal PIGF group in 

pregestational diabetes; this difference was not significant (Figure 3.24A). However, there 

was a significant difference in the relationship between total vascular volume and radius 

size between the normal PIGF group and the lower PIGF in pregestational diabetes, p=0.027 

(Figure 3.24). Similar findings were observed in binned size number data format but the 

difference was not significant. (Figure A3.0.12(A)(C) in Appendix 3). 

 There was also a significant difference in the relationship between total vascular volume 

and radius size between the normal PIGF group and the lower PIGF group in pregestational 

diabetes when adjusted for maternal glycaemic status (HbA1C measurement) in the 

interaction term for first trimester measurements, (p=0.028) and last trimester 

measurements (p=0.011).  

There was a linear relationship between measured total vascular volume and radius size in 

venous placenta casts. The log total volume normalised to PW was greater in the lower 

PIGF group compared to the normal PIGF group in pregestational diabetes. This difference 

was not significant (Figure 3.24B). However, there was a significant difference in the 

relationship between total vascular volume and radius size between the normal PIGF group 

and the lower PIGF group in pregestational diabetes, p=0.005(Figure 3.24D). There was also 

a significant difference in the relationship between total vascular volume and radius size 

between the normal PIGF group and the lower PIGF in pregestational diabetes when 

adjusted for maternal glycaemic status (HbA1C measurement) in the interaction term for 

first trimester measurements, (p=0.036) and last trimester measurements (p=0.036).  

In binned size number data format, there was a greater log total volume normalised to PW 

in the lower PIGF group compared to the normal PIGF group in pregestational diabetes. 

This difference was not significant (Figure A3.0.12B). However, there was a significant 

difference in the relationship between total vascular volume and radius size between the 

normal PIGF group and the lower PIGF group in pregestational diabetes=0.012(Figure 

A3.0.12D in Appendix 3). There was also a significant difference in the relationship between 

total vascular volume and radius size between the normal PIGF group and the lower PIGF 

in pregestational diabetes across increasing radius size bins (bin 15 p=0.004 and bin 16 

p=0.003) (Figure A3.0.12(B)(D) in Appendix 3). 
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3.8.4 Summary 

In summary, this examination demonstrated longer mean arterial vessel length and shorter 

venous vessel length across increasing radius size bins in lower PIGF group in pregestational 

diabetes. This finding was also reflected in the overall total length of vessel segments with 

longer total arterial vessel length and shorter venous vessel total length across increasing 

radius size bins in the lower PIGF group, with maternal glycaemic status adjusted for in both 

groups using the using their first and last HbA1c measurements during pregnancy.    

 

A trend was seen towards greater mean arterial vascular volumes and mean venous 

vascular volume in lower PIGF group but these differences were not significant. Similarly, 

greater total arterial vascular volumes and total venous vascular volume observed in the 

lower PIGF group did not reach significance. However, interaction terms demonstrated 

significant differences in the relationship between total vascular volume and radius size 

between the normal PIGF group and the lower PIGF group in pregestational diabetes. 

Significant differences in the relationship between total vascular volume and radius size 

between the normal PIGF group and the lower PIGF group in pregestational diabetes were 

also demonstrated with factored in adjustments for maternal glycaemic status of women 

using their first and last HbA1c measurements during pregnancy. 
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3.9 Discussion 

Studies assessing fetoplacental vascular development in pregnancies complicated by 

diabetes have differed and also shown inconsistencies in findings which could potentially 

reflect differences in the type of diabetes, the glycaemic control of study participants, or 

the study methodology/approaches to assess fetoplacental vascular development. Even 

fewer studies have quantified the human fetoplacental vasculature at a whole organ level 

in pregnancies complicated by pregestational diabetes. This has probably been due to 

unavailability of suitable techniques that offer a better and more accurate assessment of 

the fetoplacental vasculature at term. 

High resolution micro-CT imaging of corrosion cast vessel models have proven to 

successfully reproduce defined vessel anatomy that can be used to address the issue of 

examining the human fetoplacental vasculature as previously reported[58, 83, 291]. This 

study has successfully utilised 3D digital replicas of the vascular tree for the first time to 

illustrate significant differences in vessel length, diameter, and vascular volume of 

placentas from pregnancies complicated by maternal diabetes to those from normal 

pregnancies. 

Previously reported techniques used in the literature to assess vascular structure have 

largely been based on popular and easily accessible methodologies that involve direct 

visualisation and examination of the placenta with observations of gross feature of the 

placenta such as weight, thickness, shape, cord insertion, chorionic plate vessels, as well as 

2D examinations of placenta vascular bed structures via histology, stereology and 

computer simulated 3D reconstruction of vascular beds[46, 76, 77, 91, 292]. 

However as discussed earlier, these approaches do not provide parameters independent 

of 3D structural(topological) properties i.e., differences found in volumes of tissue using 

stereology or histology does not provide information on 3D structural changes and is reliant 

on sampling of representative areas from usually heterogeneous vascular beds. In addition, 

these approaches i.e., histology can prove to be burdensome and unreliable due to 

observer dependent classification of placental lesions as well as laborious examinations of 

photographic images of placentas that can obscure many vessels, especially deep-seated 

ones. 

Over the last few decades, vascular corrosion casting has been used to produce replicas of 

normal and abnormal vasculature and microvasculature of various tissues and organs that 
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could be viewed at the ultrastructural level. This has been utilised in combination with the 

likes of scanning electron microscopy (SEM) and Micro-CT in describing the morphology 

and anatomical distribution of blood vessels in these tissues [291, 293, 294]. Earlier 

protocols of vascular corrosion casting involved infusing highly viscous polymer i.e. diluted 

resin into the vasculature which presented limitations to how much could fill vessel walls 

and surrounding tissues were removed with KOH, hot water, and formic acid, and the 

resulting dried casts were observed with routine SEM. Furthermore, commercially available 

perfusate did not have the duality of corrosion casting and a contrast agent. For instance, 

radio-opaque media such as microfil, barium sulphate and iodine solutions are low viscosity 

agents with excellent contrast properties but they do not polymerize, making them 

unsuitable for corrosion experiments. 

In recent years, the technique has been modified and improved to accommodate 

limitations with the use of polymethylmethacrylate (PMMA) mixtures available for 

anatomical corrosion casting, such as Batson’s no.17. Batson’s no.17 kit is a low viscosity 

perfusate with proven success in creating durable casts [83, 291]. Corrosion casting 

requires material to be biocompatible i.e. easily perfuse into vascular vessels and 

polymerise to generate replica of the vascular tree. This technique is now routinely used in 

3D examinations of anatomical vascular structures including blood vessels of various 

organs[294] [295] [291] particularly in diabetes; in the liver  [296], the retinal  and choroidal 

vasculature of the eyes[297, 298] and the cutaneous microvascular architecture of human 

diabetic toe [299]. 

In the human placenta, vascular corrosion casting enables visualisation of fetoplacental 

vessels up to the small terminal branches at term.  A previous investigation in the literature 

using vascular corrosion casting in the placenta has shown that resin can fill the smallest 

vessels of 6-10μm diameter [58]. The use of computer-aided analysis software with micro-

CT imaging provides an effective tool for quantification of the fetoplacental vasculature.  

Previous investigations in vascular corrosion casting of the placenta have been performed 

in pregnancies complicated with pre-eclampsia [300] demonstrating a decreased volume 

of the vascular bed, smaller diameters of grade 1‑3 veins(as characterised by level of 

branching) and grade 2‑3 arteries, and an increased peripheral artery‑to‑vein ratio, which 

may be a cause of the placental dysfunction during severe pre‑eclampsia(n=40 normal 

placenta and 40 pre-eclamptic placentas). Similarly, investigations have been carried out in 

placentas from pregnancies complicated by fetal growth restriction that have reported 
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significant discrepancies in vessel length density in FGR placentas (median vessel length 

density was significantly shorter in arterial but longer in venous FGR networks compared 

to normal) [58]. 

 To our knowledge, this is the first-time investigations of vascular corrosion placenta casts 

have been performed and reported in pregnancies complicated by pregestational diabetes.   

 

3.9.1 Unreported differences were observed in the vasculature of placentas 
from normal and pregestational diabetes complicated pregnancies. 

Our study demonstrated for the first time using Micro-CT of vascular corrosion casts shorter 

arterial and venous paths in pregestational diabetes placentas with significant differences 

in shorter paths observed as vessel diameter increased. The mean number of vessel 

segments were also significantly different within the microcirculation between normal and 

pregestational group placentas, and not in the larger vessels of the chorionic plate (fewer 

venule segments and higher arterial segments in placentas from pregestational diabetes 

compared to placentas from normal pregnancies). We also demonstrated decreased 

arterial volume in pregestational diabetes placentas as observed across increasing order of 

vessel diameter. The mean venous volume in pregestational diabetes was increased 

compared to normal placentas; however, we observed an overall decreased total venous 

volume in pregestational diabetes group across increasing order of vessel diameter. No 

differences were observed in tortuosity/loopiness of vessels in the networks. This finding, 

together with our finding of similar total number of vessel branches in the normal and 

pregestational diabetes vessel casts, suggests that the discrepancies observed in vessel 

length was not due to variations in number of branches or tortuosity of the vessels in the 

placentas.   

 

3.9.2 Alterations were observed in the vasculature of placentas from normal 
and maternal glycaemic control groups in pregestational diabetes 
complicated pregnancies. 

In relating vascular morphological measurements to classified groups of maternal 

glycaemic control, we demonstrated shorter arterial vessel length in placentas from both 

good control and poor control diabetes group across increasing vessel diameter. Shorter 

venous vessel length was also demonstrated in pregnancies associated with good glycaemic 
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control and poor control. We also showed decreased arterial vascular volume in placentas 

from the poor control group as well as decreased venous volume in good and poor 

glycaemic control groups across increasing vessel diameter. It still remains unclear whether 

arterial branching influences venous tree development or vice versa. 

These findings are similar to observations made in vascular corrosion cast examination of 

pre-eclamptic placentas that reported significantly lower vascular volume in severe pre-

eclampsia (PE) compared to normal placentas [300, 301]. A water displacement method 

has been used to determine the volume of the placental vascular bed[300]while manual 

calculations of artery-to-vein ratio per cm2 was used to examine the peripheral vascular 

network; 10 spots were selected along the edge of the placentas, and a further 10 spots 

were selected in between the umbilical cord and the edge of the placenta. The levels of 

branching and the diameters of placental veins and arteries were also recorded. The results 

from this study indicated that the venous system of normal placentas was divided into 5-7 

grades of branches and the volume of the vascular bed was 155.5±45.3ml while in severe 

pre-eclamptic placentas, the volume was 106.4±36.1ml, which was significantly lower 

compared with normal placentas (P<0.01). The venous system of pre-eclamptic placentas 

was divided into 4-5 grades of branches, which was much sparser compared with normal 

placentas. In additions, the diameters of grade 1-3 veins and grade 2-3 arteries were 

significantly smaller in severe pre-eclampsia (P<0.05) [300]. Whereas a study by Peker et 

al.,2002 focused on examining cross-sections taken from umbilical artery branches at 

different levels within the placenta using both light and scanning electron microscopy 

(SEM)[301]. It was suggested that the decreased vascular volume and vessel diameters 

were a result of hypertension and the deposition of immunocomplexes in the vessel walls 

of uteroplacental vasculature leading to narrowing of blood vessels and poor blood flow 

[302].  

Pregestational diabetes is a risk factor for preeclampsia and women with pregestational 

and gestational diabetes mellitus (GDM) have been reported to have both increased risk of 

preeclampsia (10–50 and 10–30%, respectively) and insulin resistance when compared 

with women with normal glucose tolerance whose rate of preeclampsia is 5–7% (1–6). 

Several studies have reported an association between preeclampsia and insulin resistance 

as characterized by higher glucose and/or insulin levels when compared with normotensive 

women [303-308]. Furthermore, hallmarks of the maternal diabetic milieu such as 
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hyperglycaemia, oxidative stress, inflammation and vascular dysfunction have all been 

implicated in the aetiology of preeclampsia [309]. However as discussed earlier, glycaemic 

status of women in these studies are rarely related to placenta vascular morphological 

findings but findings from the Yin et al. (2017) study were related to types of PE (mild      or 

severe).They reported that placental vascular volume in severe pre-eclampsia was 

significantly lower compared with normal placentas; however, the vascular volumes in 

normal placentas compared with mild pre-eclampsia placentas did not differ significantly. 

In addition, the results indicated that the branching patterns of the umbilical vein and 

arteries differed between normal and pre-eclamptic placentas [300]. 

The consequences of these previously unreported altered vessel lengths as defined in Table 

3.2 from our study on blood flow to the fetus are unknown, but research studies have 

proposed theoretical models to analyse fetal blood flow based on simulated vascular 

structures [310]. Given that placental veins convey oxygenated blood and nutrients to the 

fetus, it may be that a shorter venous return path in pregestational pregnancies increases 

efficiency of materno-fetal nutrient and gas transfer, such that fetus is at risk of 

macrosomia or LGA (increased fetal growth velocity). The placenta may also respond to 

enhanced fetal oxygen demand by enlarging the surface area of exchange as seen in 

increased placenta weight and surface area in pregestational diabetes especially in poor 

control pregestational diabetes (Table 3.5). Birthweight and placenta weight were 

increased in poorly control pregestational diabetes group vs good control but F: P ratio was 

reduced, suggesting that bigger placentas are less efficient in poorly controlled diabetes. 

The proposed capacity-load model of placenta adaptation suggests that during pregnancy, 

the placenta has a homeostatic capacity to help maintain fetoplacental homeostasis and 

protects the fetus from adverse consequences of a disturbed intrauterine environment 

[311].   

At a certain level of maternal metabolic load, the placenta can respond to signals such as 

insulin and coordinate adaptive homeostatic responses that preserve an optimal metabolic 

milieu for fetal development. A recent study hypothesises that this capacity is negligible 

during the early weeks in pregnancy and fully developed at the end. However, above the 

limiting threshold, placenta capacity is exhausted or overwhelmed by an excessive 

maternal metabolic load associated with diabetes, obesity or both, leading to adverse fetal 

outcomes [311].  
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3.9.3 Discrepancies in vasculature of placentas associated with lower PIGF 
levels in pregnancies complicated by pregestational diabetes. 

For the first time, our study demonstrated increased arterial length and venous length in 

the lower PlGF group within pregestational diabetes cohort observed across increasing 

vessel diameter. Greater arterial and venous volume were also associated with lower PIGF 

group compared to normal PIGF in pregestational diabetes however these differences were 

not statistically significant. There were significant differences demonstrated in the 

relationship between measured vascular volume and increasing radius size bin of vessel 

segments between groups of PIGF levels in pregestational diabetes with glycaemic status 

of women adjusted for in the regression analysis.   

 

Little is known about the effects of PIGF in the fetoplacental vasculature in pregestational 

diabetes and even less on the larger calibre vessels of the vasculature as measured in our 

study. Previous studies documented a link between PlGF and the occurrence of pregnancy 

disorders such as PE, early-onset IUGR and FGR and recently in GDM [123, 125, 312]. 

Studies showed that, decreased maternal PlGF was associated with late-onset SGA fetuses 

with histological lesions of placenta under perfusion, suggesting an association between 

PlGF and placental dysfunction in these pregnancies as indicated by the presence of 

significant placental pathology(fetal villous stromal maldevelopment, villitis, perivillous 

fibrin deposition, fetal thrombotic vasculopathy, abruption, intraplacental hematoma and 

chorioamnionitis) [125]. 

In addition, Benton et al. (2016) demonstrated that PlGF outperformed other readily-

available clinical parameters (GA, AC percentile, umbilical artery RI percentile) in predicting 

placental FGR. A recent study in GDM, compared placental and maternal blood anti-

angiogenic soluble fms-like tyrosine kinase-1 (sFlt1) and pro-angiogenic Placental Growth 

Factor (PlGF) expressions in GDM and GDM-PE pregnancies compared to controls (CTRL) 

and PE cases. It was reported that placental PlGF gene expression was significantly 

decreased in GDM, PE and GDM-PE relative to control group. However, PlGF protein levels 

were significantly increased in GDM and GDM-PE relative to control group and PE placentae 

[312]. 
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The implication of our findings in light of presented literature is that there is an association 

between maternal PIGF levels and placental dysfunction in pregestational diabetes and 

perhaps measured maternal plasma PlGF levels may not reflect local placental 

concentrations. However, the impact vessel structure(length/volume) still remains unclear 

and will require further investigation. 

 

3.9.4 Strengths and limitations of study 

The major strengths of this study are the ability to demonstrate vascular differences in 

chorionic plate vessels >300µm diameter in placentas from pregnancies complicated with 

pregestational diabetes. The study also demonstrated differences within populations of 

good and poor control pregestational diabetes and vascular structure associations with 

maternal levels of PIGF in diabetes.  The use of a vascular corrosion casting technique in 

combination with Micro-CT imaging allowed for a holistic visualisation of a three-

dimensional digital replica of each vascular tree. In addition, investigations in this study 

enabled analyses of each vascular level in continuity with subsequent vascular levels in the 

tree i.e., increasing radius vessel diameter across vessel segments. Automated 

computation of measured vessel biometry output also allowed for objectivity in the 

morphometric analyses of the vessels. 

 Limitations encountered in this investigation were that in using this casting technique, 

arterial and venous networks could not be examined simultaneously in the same placenta. 

Commercially available coloured pigments added to casting material addresses the issue of 

creating casts with both arterial and venous network in the same placenta. However, in 

addition to pigments being reproductive system carcinogens (refer to product sheet), the 

coloured pigments render incompatibility with micro-CT imaging and make it impossible to 

differentiate the vessel network after as the colours do not show on radiographs. Hence 

separate casts of the arteries and veins were made to address this limitation and to enable 

easier imaging analysis on casts. 

In creating casts, technical problems were encountered when injecting polymer into 

vessels, with back flow pressure and leaky/damaged vessel structure, possibly from surgical 

delivery handling or other clinical variables. When digesting the tissue surrounding casts, 

problems occurred such as small fragments of vasculature breaking off in the dissolved 

tissue mix. These were usually smallest vessel fragments (~10-12μm diameter) in the 
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placental vasculature. Micro-CT imaging resolution was limited to vessels measuring about 

58µm in diameter. This was dependent on size of cast that fit into the scanning and detector 

frame, taking into consideration the specimen rotation. Hence the resolution attainable 

was dependent on size of cast scanned. Therefore, the smaller the cast the greater 

resolution of its structure obtained.  

To achieve greater resolution of all vessel structures in a cast, small regions of casts could 

be scanned at higher resolutions separately and then combined together but this opens 

room for overlapping errors and can also prove to be challenging. Other ways suggested by 

previous investigations from our laboratory [58] involve breaking casts into pieces, 

however this defeats the purpose of scanning the vascular tree in its entirety and limits 

continuity of analysis we hoped to achieve. Nanoscale scanning such as near-field scanning 

optical microscope (NSNOM) [313] although expensive could be beneficial in addressing 

this limitation in combination with advanced super-resolution imaging tools. 

Finding placental–appropriate 3D analysis software still remains a major challenge. 

Previous studies have been able to utilise general vascular tree analysis software such as      

AnalyzeDirect (predominantly used for biomedical imaging), Neurolucida (designed for 

medical imaging of neuronal dendritic trees) and Avizo (used in material sciences, structural 

engineering and medical equipment) [58, 314]. Avizo software was adapted to 

accommodate morphometric analysis of placental vascular trees but did not completely 

suit placenta data sets. Intermediate and terminal branching nodes generated in Avizo as 

well as branch trees highlighted in Analyze could not be linked to spatial localisation of the 

corresponding vessel segments. Interpretation of some measured vascular biometry 

outputs from the software proved difficult as their physiological relevance to placenta 

vasculature could not be ascertained. 

In comparisons of study populations of women whose placentas were used, longitudinal 

changes in maternal glycaemia via CGM could offer a more accurate reflection of maternal 

glycaemic control instead of first and last HbA1c measurements. In addition, PIGF 

measurements in control groups would enable comparisons with groups with normal PIGF 

in pregestational diabetes, and groups with low PIGF in pregestational diabetes. Although 

the population studied was relatively tightly defined and differences were observed, the 

numbers were too small when categorised into diabetes glycaemic control groups and 

when further attempts were made to group categories by diabetes type. 

Overall, this study sufficiently addressed its aims of comparing placenta vascular structure 
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at term between clinical groups as well as allowing observations of the effects of events 

during pregnancy such as maternal glycaemic control and PIGF levels on fetoplacental 

vascular structure after delivery. 

 

3.9.5 Chapter 3 Overall Summary 

This present study demonstrates vascular structural differences in fetoplacental vessels of 

placenta from pregnancies complicated by maternal diabetes. These differences were 

observed in shorter arterial and venous length of vessels in placentas from pregestational 

diabetes pregnancies compared to normal pregnancies. Decreased arterial vascular volume 

in placentas from pregestational diabetes. Overall decreased total venous vascular volume 

in placentas from pregestational diabetes. Shorter arterial and venous vessel length in 

placentas from poor glycaemic control pregestational diabetes. Decreased arterial vascular 

volume in placentas from poor glycaemic control pregestational diabetes. Decreased 

venous vascular volume in placentas from poor as well as good glycaemic control groups in 

pregestational diabetes compared to normal pregnancies. Reduced vascular volumes in 

placentas from pregestational diabetes pregnancies were not related to low maternal 

serum PlGF concentration in the third trimester. Further investigations can help provide 

understanding of the implication of these alterations on placenta function and 

subsequently pregnancy outcomes. 
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4 Chapter Four: In vitro Examination of the 
Effects of Hyperglycaemia, Insulin and 
Metformin on Placental Angiogenesis 
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4.1 Background 

4.1.1 Diabetes and Angiogenesis  

Pregnancies complicated by maternal diabetes face increased risks of adverse fetal 

outcomes as a result of hyperglycaemia, maternal insulin resistance and other components 

of the diabetic environment in utero. Fetoplacental vascular complications in diabetes 

mellitus have been associated with excesses or defects in angiogenic processes [36]. 

Angiogenesis, the generation of new blood vessels from pre-existing ones is essential in 

providing sufficient blood flow and oxygen for growing tissues. Endothelial cells are the 

main cells involved in the angiogenesis process with physiological angiogenesis 

contributing to events such as embryonic development in pregnancy, wound healing and 

menstruation [35, 36, 315]. During early pregnancy extensive angiogenesis occurs in fetal 

placenta tissues with further expansion in the placental vasculature in late gestation [94, 

95].  

Angiogenesis is a complex process driven by multiple molecular mechanisms directly 

involved in physiological and pathological conditions such as regulatory growth factors and 

cytokines of placental angiogenesis ; vascular endothelial growth factor (VEGF), fibroblast 

growth factor (FGF-2), angiopoietins, placental growth factor (PlGF), tumour necrosis factor 

(TNF-α), interleukin 8 (IL-8) and insulin- like growth factors 1 and 2 (IGF1, IGF2 [30, 32, 172].  

However, disorders in physiologic angiogenesis can arise when regulatory factors are 

altered as a result of metabolic insults [149, 316]. Abnormalities in angiogenesis are 

prevalent and well documented in non-pregnant diabetic vascular complications, with both 

excessive and defective angiogenesis observed in various organs and tissues such as lungs, 

kidneys, skin, eyes, brain, heart, skin and adipose tissue as a result of reported altered 

expression/levels of angiogenic factors [36] .Complications are characterised under (organ 

dependent) altered angiogenesis (microvasculature) and formation of anastomoses or 

collaterals (macrovasculature) in retina, heart, kidneys or nerves . Reconciling how and why 

both excessive and defective abnormalities in angiogenesis have been reported in diabetes 

has been a major challenge with limited understanding of the effects of factors that 

underlie dysregulation of angiogenesis in the placenta. Studies in the literature have 

attempted to elucidate the underlying causes of abnormalities in fetal growth caused by 

maternal diabetes and their direct/indirect effects on altering angiogenic factors in 

placental vasculature development. The following subsections will outline effects of factors 
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such as hyperglycaemia, insulin and metformin on angiogenesis in vivo and in vitro. 

 

4.1.1.1 Glucose and Angiogenesis 

Hyperglycaemia, or fluctuating glucose levels have been reported to dysregulate 

angiogenesis. Angiogenesis modulates vascular development, any disruption in 

angiogenesis during vascular development may possibly affect placental vascular 

permeability and function. Hyperglycaemia is defined as an excessive amount of glucose 

circulating in the blood plasma (has been defined by the World Health Organisation as 

blood glucose levels greater than 7.0 mmol/L (126 mg/dl) when fasting and blood glucose 

levels greater than 11.0 mmol/L (200 mg/dl) 2 hours after meals) [5]. Hyperglycaemia has 

direct effects by acting as pro-constrictor, proangiogenic, pro-permeability and pro- 

inflammatory agent [205]. Hyperglycaemia affects regulation of angiogenesis by inducing 

expression of inhibitory genes to promote neovascularisation via increased production of 

reactive oxygen species (ROS) leading to increase in VEGF mRNA expression [243, 317]. 

Many studies of factors modulating angiogenesis are conducted using ECs, either from cell 

lines (e.g. HUVECs, HMECs,) or primary ECs from the organ of interest. Using in vitro models 

and cell lines , the effects of  high glucose on dysregulation of angiogenesis with endothelial 

cell tube formation [318]  as well investigations on fluctuating glucose levels have been 

established [319-321]. The proposed mechanisms through which hyperglycaemia alters 

angiogenesis are via increased production of ROS in response to other factors such as 

formation of advanced glycation end products (AGE’s) and its role in altered expression of 

growth factors (VEGF) which may influence placenta development (angiogenesis) and 

function in diabetic mothers. In addition, recent evidence in the literature suggests that 

glucose variability, characterized by fluctuating glucose levels during gestation , give rise to 

a risk of diabetes-related complications [322] [323]. Evidence shows that fluctuating blood 

glucose levels prompt an increase in free radicals and endothelial dysfunction, which link 

hyperglycaemia with the activation of pathological pathways that lead to tissue damage 

with reported greater glucose variability in pregnant women with type 1 diabetes than in 

cases of GDM or healthy controls [322]. 
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4.1.2 Insulin and Angiogenesis 

Hyperinsulinaemia is also another factor that has been suggested as a contributing factor 

in altering placental angiogenic factors and thus altered placental vascular development 

and dysfunction in diabetes. Hyperinsulinaemia is defined as elevated circulating insulin in 

relationship to its usual level relative to blood glucose. Various growth factors have been 

implicated in the regulation and stimulation of angiogenesis in the human placenta with 

distinct actions throughout gestation (Figure 1.11). Notably the insulin/insulin-like growth 

factor (IGF) system, i.e. insulin, IGF1, IGF2 and the IGF-binding proteins IGFBP1 and IGFBP3, 

are involved in the regulation of fetal and placental growth and development [149].  

Alterations of the insulin/IGF system in the placenta in maternal diabetes have been well 

documented [149, 324-327] . Various factors are reportedly altered in maternal and fetal 

circulation and in the placenta in maternal diabetes, particularly GDM and T1D reportedly 

increased levels of components of insulin/IGF system [149, 328].  

In term placentas, the majority of placental IRs are located on the placental endothelium  

i.e. at sites of proliferation  which suggests insulin involvement in vascular growth and is 

consistent with studies that report enhanced branching angiogenesis in maternal diabetes 

characterised by elevated fetal insulin levels as a result of maternal, and hence fetal, 

hyperglycaemia [91, 329]. Therefore, elevated fetal insulin levels may stimulate endothelial 

cell proliferation and vascular branching by binding to IR present on the sites of villus 

ramification. 

Further studies have investigated the effects of insulin-induced angiogenesis in human 

umbilical venous endothelial cells (HUVEC) [330]and regulatory pathways involved.  

The in utero environment of pregnancies complicated by diabetes have been demonstrated 

to alter insulin, IGF and IGFBP and thus likely to influence placental cells in a manner 

different from normal pregnancies [149]. Studies have suggested that fetal insulin is 

involved in the control of placental angiogenesis and permeability of the vasculature as 

evidence points to the enhancement of VEGF protein expression and secretion by insulin 

[149, 229].  Any dysregulation or altered levels of insulin and IGFs may have profound 

effects on angiogenic processes in placenta vasculature development. The combinations of 

these scenarios of hyperglycaemia and hyperinsulinaemia could underlie the disparate 

findings of altered fetoplacental vascular development in diabetic women. This is further 

complicated by treatment regiments such as metformin in diabetic mothers. 
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4.1.3 Metformin and Angiogenesis 

As an anti-hyperglycaemic oral agent, metformin is increasingly used before and during 

pregnancy due to its relatively lower cost and ease of administration as compared to 

insulin. It has the distinct advantages of ease of administration, lack of hypoglycaemic risk 

and lower cost as compared to insulin, which can only be administered through injection 

[331]. Thus, the use of metformin before and during pregnancy is increasingly prevalent in 

cases whereby maternal hyperglycaemia and/or insulin resistance cannot be easily 

controlled by lifestyle changes. The typical clinical settings in which metformin has been 

prescribed during pregnancy include in pre-gestational type 2 diabetes (T2D), GDM and in 

women with Polycystic ovary syndrome (PCOS) [332, 333]. 

Metformin is a common first-line of treatment for T2D individuals and the continued use 

of metformin before and during early pregnancy is inevitable in many cases. However, the 

decision on whether to continue with metformin treatment or not once pregnancy is 

confirmed is still a matter of debate. Clinicians have raised concerns on the introduction of 

an alternative treatment regimen of insulin for diabetes early in the pregnancy without 

worsening glycaemic control [277].  

Studies have shown that metformin modulates angiogenesis [273, 334-338]. Metformin 

may create both promoting and inhibiting effects on angiogenesis, and its role depends 

mainly on its action pathway, the type of cells being investigated, and the nature and 

conditions of the disease [339]. The specific mechanistic action of metformin still remains 

unclear however the overall consensus is that metformin exerts its effects via activation of 

the AMPK signalling pathway. The AMPK signalling pathway is a regulator of cellular energy 

homeostasis. It is known to be activated by falling cellular energy status i.e. increasing ratio 

of ADP/ATP and AMP/ATP – and thus has been hypothesised to be a possible glucose 

sensing mechanism .It has been reported that metformin activates the AMPK signalling 

pathway by increasing phosphorylation of the Thr172 site in AMPK alpha subunit in primary 

hepatocytes [340].  

However, as suggested by a review, metformin can have varied working mechanisms 

depending on its bioavailable concentration and there is relatively little known about the 

extent and full implications of metformin exposure in utero; specifically how it can affect 

embryonic and fetal development [341]. Following on from this, there is a need to explore 
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the concentration dependency of dysfunctional angiogenesis on glucose, effects of 

fluctuation in glucose concentrations, interactions between glucose and insulin and how 

these could be influenced by metformin. 

 
 
4.2 Hypothesis 

This study tested the hypotheses that high glucose concentrations, + physiological/patho-

physiologically relevant concentrations of insulin, alter the ability of HUVECs to form 

cellular networks in vitro and that metformin, at therapeutically relevant concentrations, 

can mitigate their effects.  

 

a. Determine the relationship between glucose concentration, and fluctuating glucose 

concentrations, on the development of cellular networks by HUVECs 

b. Determine whether glucose modulation of HUVEC cellular network development is 

modulated by insulin in the presence and absence of metformin 

 

 

4.3 Materials and Methods 

4.3.1 Maternal Plasma glucose concentrations in diabetes 

Intrauterine exposure to maternal diabetes environment or impaired glucose tolerance 

measured in mid-pregnancy and late pregnancy is associated with increased risks of 

adverse maternal and fetal perinatal outcomes [205, 342]. 

In the current study 5mM glucose control was chosen to simulate normoglycaemic 

conditions in diabetic mothers and this concentration has been widely used in in vitro 

studies of effects of glucose concentrations on HUVECs [343]. Increasing levels of glucose 

concentrations (7-25mM) were also assessed to establish the effects of varying 

concentrations on cells. 18mM was considered as a raised/elevated level of glucose as 

compared to a concentration >20mM which is also widely considered as high glucose 

concentration in in vitro studies [319, 344, 345]. Classification of 18mM as a raised level of 

glucose is also derived from CGM data studies on glucose variability in pregnancies 

complicated by  maternal diabetes [322, 323, 346, 347]. Insulin levels 100pmol/L, 10nmol/L 

and 1nmol/L were chosen to represent a range of physiological and pathophysiological 
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concentrations of fetal insulin in response to maternal hyperglycaemia [348]. Osmotic 

control experiments using mannose were also conducted in pilot experiments.  

 
4.3.2 Effects of glucose, insulin and metformin on cellular network 

formation by HUVECs in vitro 

The effects of glucose, insulin and metformin, alone and in combination, were assessed on 

the ability of HUVECs to form a cellular network, when maintained on Matrigel, as a model 

of fetoplacental angiogenesis. Cells were maintained as described in Methods, section 

(2.4.1). Initial pilot studies were performed to determine optimum cell plating density, time 

of culture and cellular network formation and effect of VEGF in experiments. Informed by 

these data (Appendix 4(II)), HUVECs were plated at 15000 cells per well for 18h and 4 

studies were conducted. 

 

4.3.3 Effect of glucose concentration on HUVEC cellular networks 

HUVECs (n=6 passages) were maintained in media containing 5, 7, 12, 15 or 25mM glucose. 

5mM (control) was used to reproduce maternal fasting plasma glucose concentration in 

normal pregnancy [342], and 25mM was used to represent a high glucose concentration. 

The culture medium contained 5mM glucose and extra glucose was prepared by adding D-

glucose to the medium to achieve subsequent glucose concentrations (7, 12, 15mM) and a 

final concentration of 25mM. Cells were observed at 18h and 4 images per well were taken 

under a light microscope as illustrated in Figure 2.5. The cellular networks were then 

analysed using Image J software with an angiogenesis analyser extension for the network 

variables described in Table 4.1. 

In some experiments (n=3) live bio imaging using a Incucyte ZOOM Plate Imager (described 

in section (4.3.6) (n=3, passage 5) was used to assess whether glucose concentration 

(5,7,12 or 15mM) altered the time course of cellular networks formed by HUVECs over 3, 6 

and 9 h after plating (0h). Qualitative assessments were made on the influence of glucose 

concentration based on observations of the images. 
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4.3.4 Effect of fluctuating glucose concentration on HUVEC cellular 
networks 

Maintaining a stable plasma glucose concentration over the course of gestation in diabetic 

women is challenging and plasma glucose concentration can often fluctuate during 

pregnancy [322, 347]. To assess whether fluctuation in glucose concentration alters the 

ability of HUVECs to form cellular networks, HUVECs (n=6 passages) were cultured in media 

containing 2 different glucose concentrations changed alternately at 4h intervals for a total 

of 16h. Cells were plated in 5mM glucose (control) at time zero and after 4hr the medium 

was changed to 18mM for 4h, then returned to 5mM for 4h, changed to 18mM for 4h and 

finally returned to 5mM. The control cells had medium changed every 4h but each time the 

medium contained 5mM glucose and in another control well, cells had medium changed 

very 4h but each time with 18mM glucose. In addition, the cells were also initially 

maintained in medium with 5mM glucose and the medium was changed to 25mM (high 

glucose concentration), then 5mM and 25mM at 4h intervals; the control cells had medium 

changed very 4h but each time with 25mM glucose. Live bio imaging section (4.3.6) was 

conducted on the cells to capture any effects of glucose concentration changes on the 

cellular networks. Images taken at the end of the experiment (16h) were assessed for 

cellular network formation using Image J software to determine variables described in  

Table 4.1. 

 

4.3.5 Effect of glucose +/- insulin and metformin on HUVEC cellular 
networks 

To determine whether metformin modulates the ability of HUVECs to form cellular 

networks in response to glucose +/- insulin, cells (n=6 passages), were maintained in culture 

medium with 5, 18 or 25 mM glucose, or in medium with each glucose concentration + 

insulin at 100 pmol/L, 1 nmol/L 10 nmol/L +/- metformin (100nmol/L); these insulin 

concentrations represented a range of physiological to pathophysiological levels of insulin. 

As serum contained insulin, medium was prepared by adding insulin to reach each final 

concentration. A therapeutically relevant concentration of metformin (100nmol/L) was 

added to the medium. 4 images were taken per well at 18h for analysis of cellular networks 

using Image J software. 
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4.3.6 Live Bio-imaging system 

Cells were plated in respective concentrations outlined in section (4.3.4) to capture any 

effects of glucose concentration on changes in the cellular networks. Incucyte® Live-Cell 

Zoom Plate Imager automatically acquired images around the clock in wells at stipulated 

time increments (in this study images were set to be captured every 30 minutes), providing 

information on changes to network structures in the different wells. Incucyte Imager 

enabled visualisation and quantification of cell behaviour over time within a standard 

laboratory incubator environment (5% CO2 at 37 °C and 95% humidity). The images at 

different time points 4h, 8h, 12h, 16h were selected for analysis of cellular networks using 

Image J software. 

 

4.4 Analysis of HUVEC cellular networks 

Quantification of the cellular network formation was analysed from images taken from 

microscopes (light microscope (Olympus BX41) at 4× objective or Incucyte Zoom Plate 

Imager). The images were then analysed using Image J software with an angiogenesis 

analyser extension described in the protocol in Appendix 4(I). The use of an angiogenic 

analyser plugin on Image J software enabled quantitative analysis of cellular networks to 

determine measurements such as total length of mesh networks, number of branches, 

number of segments, total number of nodes, extremities, junctions and meshes formed. 

The detail outline of all measurements from the Angiogenesis Analyzer are shown in Table 

4.1. This enabled extracting characteristic information of the network as shown in Figure 

4.2. The variables analysed (Analysed area = area of the image or the user selection 

concerned by the analysis) in the study were defined in the table below (Table 4.1). 
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Table 4.1  Angiogenesis Analyzer measured data variables and their definitions 

 
Data analysis variable and their definitions; Analysed area is the area of the image or the 
user selection concerned by the analysis and unit of area and length is pixel. Theses 
variables are also illustrated in Figure 4.1. 
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The variables number of nodes, segments, master junctions, master segments, all 

segments+ branches and meshes were chosen to be presented in subsequent experiments 

as they provided information that represented the gradual formation of the cellular 

network from nodes to complete meshes. 

 

 

 

 

 
 

 

Figure 4.1 Diagram to show variables measured to assess cellular networks formed by 
human umbilical endothelial cells in vitro 

Definitions of variables displayed on diagram as defined in Table 4.1 
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4.4.1 Cellular network formation Analysis 

Quantification of the cellular mesh network formation was then analysed using the ImageJ 

software with an angiogenesis analyser extension. The use of an angiogenic analyser plugin 

on ImageJ Software enabled quantitative analysis of cellular network formation to 

determine measurements such as total length of mesh networks, number of branches, 

number of segments, total number of nodes, extremities, junctions and meshes formed as 

shown in Figure 4.1 and Figure 4.2. 

 

 
 
 
Figure 4.2 Example Image J Plugin Analysis  
(A) Image of Human umbilical vein endothelial cell (HUVEC) cellular mesh network 
formation on a basement membrane substrate after 18hrs in no VEGF at 15,000 cells/well. 
(B) Image with calculated mesh layover showing branch pattern.  (C) Image of analysis tree 
in colour (D) Image showing mesh network with branch pattern(E) Images showing mesh 
network in colour with extremities(F) Image showing total number of segments and nodes. 
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4.4.2 Statistical Analysis 

Statistical analyses were conducted using GraphPad Prism® 7 (version 7.04 GraphPad 

Software, Inc., USA). ANOVA or MANOVA was conducted unless otherwise stated to 

compare all concentrations to control concentration data depending on amount of 

independent variables analysed. A Dunnett’s test was used for post hoc analysis of the 

significant ANOVA. A difference in mean values between groups was considered to be 

significant when p ≤ 0.05. In addition, as there were different glucose concentrations, tests 

were made to compare differences of each concentration to the rest e.g. 5mM vs all 

concentrations (7mM, 12mM, 15mM, 25mM), 7mM vs all concentrations, 12mM vs all 

concentrations, 15mM vs all concentrations and 25mM vs all concentrations. Data were 

represented as mean ± standard error of mean (SEM).  

 

 

4.5 Results 

4.5.1 The effect of glucose concentration on HUVEC cellular networks 

Pilot data indicated that HUVECs formed extensive cellular networks by 18h of culture in 

5mM glucose (Appendix 4(II)). Accordingly, the effect of increasing medium glucose 

concentration (5, 7, 12, 15 and 25mM) on the ability of HUVECs to form networks was 

assessed at 18h of culture and representative images are shown in Figure 4.3. In 

comparison to 5mM glucose, networks appear sparser when cells were exposed to 15 and 

25mM glucose. Cellular networks were analysed using Image J software and these data are 

shown in Figure 4.4 and  Figure 4.5. 
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Figure 4.3 Representative images to show the effect of medium glucose concentration 
on HUVEC cellular networks after 18h of culture. 

Representative images of human umbilical vein endothelial cell (HUVEC) cellular network 
formation on a basement membrane substrate after 18h (from n=6 passages). Cells were 
seeded at 15,000 cells/well in medium containing 5, 7,12,15 or 25mM glucose and images 
taken under a light microscope (Olympus BX41) at 4× objective. Each column shows 
representative images from different passages. Red arrows show sparse networks in wells. 
Each scale bar represents 1000μm.  
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Figure 4.4 Effect of medium glucose concentration on variables of cellular networks 
formed by HUVECs 
The effects of glucose concentration on human umbilical vein endothelial cell (HUVEC) 
cellular network variables after 18h of culture (n=6 passages; mean + SEM). -*: Here 
indicate variable groups rather than degree of significance 
ANOVA and Dunnett’s multiple comparison test: 
Nodes - *p ≤ 0.001; 7mM vs all concentrations, 
Master segments - **p ≤ 0.05; 5mM vs 7mM and 7mM vs 25mM, **p<0.05 for 7mM vs 
15mM 
All branches and segments - ***p<0.001; 7mM vs all concentrations 
Segments - ****p<0.01; 7mM vs 15mM 
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ANOVA was conducted to check for significance in interaction, row factor and column 

factor (all significant, p<0.0001) and then post hoc Dunnett’s multiple comparison test 

conducted to compare all concentrations to control concentration data. In addition, as they 

were different multiple glucose concentrations, tests were made to also compare 

differences of each concentration to the other concentrations. Significant effects of glucose 

were observed on the no of segments, master segments, all segments and branches, and 

the number of nodes (Figure 4.4). For these variables, the numbers were highest in 7mM 

glucose, and lowest in 25mM (significant for nodes, master segments and all branches and 

segments). The mean number of segments formed in 7mM glucose was 65 ±11 compared 

to 20 ±5 in 15mM, (p=0.001). 7mM glucose significantly elevated the mean number of 

segments and branches compared to all the other glucose concentrations (p=0.001). The 

mean number of master segments in 5mM glucose (control) was 20±10 compared to 35±10 

in 7mM (p=0.001),7mM vs 18±7 in 15mM (p=0.028) and 7mM vs 15±2 in 25mM 

glucose(p=0.0049). The mean number of nodes in 7mM glucose was 175±30 compared to 

120±20 in 5mM, 115±45 in 12mM, 63±42 in 15mM and 105±10 in 25mM (all p=0.001). 
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Figure 4.5 Effect of medium glucose concentration on the sum of variables of cellular 
networks formed by HUVECs  
The effects of glucose concentration on the sum of human umbilical vein endothelial cell 
(HUVEC) cellular network variables (Tot = total). (n=6 passages; mean + SEM). 
ANOVA and Dunnett’s multiple comparison test: *p ≤ 0.01; 7mM vs all concentrations). 
 
 

There was no effect of glucose on the sum of HUVEC network variables (Figure 4.5) with 

the exception of the total mesh area which was significantly greater in medium containing 

7mM glucose compared to all other glucose concentrations. 
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To assess whether glucose concentration altered the time course of cellular network 

formation by HUVECS, cells were cultured in medium containing 5,7,12 and 15mM 

glucose and observed by live bio imaging (n=3) (Figure 4.6). HUVECs were observed to 

attach to the underlying matrigel within 3h. Cells formed cellular network structures that 

were visible (complete meshes) by 3h in 15mM glucose and by 6h in 5mM, 7mM and 

12mM glucose (Figure 4.6). 

 

 

 

 
 
Figure 4.6 Representative live images to illustrate the effect of medium glucose 
concentration on the time course of development of HUVEC cellular networks. 
Representative live bio images (Incucyte ZOOM Plate Imager) of the time course (0h-9h) of 
human umbilical vein endothelial cell (HUVEC) cellular network formation by cells 
maintained in medium containing 5,7,12 or 15mM glucose. Black arrow shows cells lining 
into networks at 6h in 5mM. Blue arrow shows cells lining into networks as early as 3h in 
15mM. Scale bar represents 200μm. 
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4.5.2 Effect of fluctuating glucose concentrations on HUVEC cellular 
networks 

The effect of fluctuating glucose concentrations on HUVEC cellular network formation was 

investigated by changing glucose in the culture medium at 4 hourly intervals for 16hr (4 

media changes) as described in section 4.3.4. Representative live bio images of cellular 

networks in cells maintained in medium containing 5mM glucose at time zero, and 

thereafter at 4 hourly intervals following alternate changes in glucose concentration to 

18mM, 5mM, 18mM and back to 5mM, are shown in Figure 4.9; the cellular networks 

formed in the corresponding control (cells maintained in medium containing 5mM glucose 

throughout and 18mM throughout) are shown in Figure 4.7 and Figure 4.8 respectively. 
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Figure 4.7 Representative live bio images of HUVEC cellular networks formed in 
response to changing medium glucose concentration every 4h: control experiment with 
5mM glucose 
Representative bio images, from n=6 passages, (Incucyte ZOOM Plate Imager) of human 
umbilical vein endothelial cell (HUVEC) cellular network formation at 4 hourly intervals 
following changes in culture medium. Control experiment: medium replaced with 5mM 
glucose. Scale bar represents 200μm. 
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Figure 4.8 Representative live bio images of HUVEC cellular networks formed in response 
to changing glucose concentration every 4 h: control experiment with 18mM glucose 
Representative bio images, from n=6 passages, (Incucyte ZOOM Plate Imager) of human 
umbilical vein endothelial cell (HUVEC) cellular network formation at 4 hourly intervals 
following changes in culture medium. Control experiment: medium replaced with 18mM 
glucose. Scale bar represents 200μm. 
 

HUVEC cellular networks were evident at each 4h time interval in 5mM glucose controls 

(Figure 4.7) and  at 18mM  glucose control but started diminishing after 12h in the 18mM 

control (Figure 4.8). In fluctuating experiments, networks were diminished in 18mM 

glucose and did not recover following return to medium with 5mM glucose (Figure 4.9). 
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Figure 4.9 Representative live bio images of HUVEC cellular networks formed in response 
to changing glucose concentration every 4 h: experiment with 5mM glucose to 18mM 
fluctuating glucose concentrations 
Representative bio images, from n=6 passages (Incucyte ZOOM Plate Imager) of human 
umbilical vein endothelial cell (HUVEC) cellular network formation at 4 hourly intervals 
following changes in culture medium. Experiment with 5mM glucose – 18mM fluctuating 
glucose concentrations on HUVEC cellular networks. Red arrows show regression of 
segment branches. Scale bar represents 200μm. 
 
 
Images obtained at 4 hourly intervals were analysed for network variables using Image J 

and the data are presented in Figure 4.10. Angiogenesis Analyzer measured network 

variables: Meshes ,Master Segments, Master junctions and All Segments + Branches were 

chosen to be presented as they demonstrated differences between glucose concentrations 

amongst all network variables measured in preliminary experiments see (Figure 4.4 and 

Figure 4.5). These network variables also served as indicators for well-formed cellular 

network structures. 
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Figure 4.10 The effects of fluctuating glucose concentration(5mM-18mM) on HUVEC 
cellular network 
The effects of alternating glucose concentration (5mM -18mM) in 4h intervals on HUVEC 
cellular network variables analysed by Image J. (n=6 passages; mean and SEM) ANOVA and 
Dunnett’s multiple comparison test between concentrations at each time point. 
(A) Meshes: [(At t=8h *p < 0.01 for 5mM vs 18mM and 5mM vs 5mM -18mM), (At t=12h 
** p < 0.05 for 5mM vs 18mM and **p<0.01 for 5mM vs 5mM-18mM)], [(At t=16h ***p < 
0.01 for 5mM vs 18mM and 5mM vs 5mM -18mM)] 
(B) Master segments: [ At (t=8h*, t=12h**and t=16h***p < 0.01 for 5mM vs 18mM and 
5mM vs 5mM -18mM)] 
(C) Master Junctions: [(At t=12h * and t=16h** p ≤0.05 for 5mM vs 5mM -18mM)]. 
(D) All segments+ branches: [(At t=12h * and t=16h**p ≤0.05 for 5mM vs 18mM and 5mM 
vs 5mM –18mM)] 
 
 
At all-time points, measured variables increased in 5mM glucose concentrations. After 16h 

5mM had the highest number of meshes of cellular network formed. There was no effect 

on master segments in 18mM over the time course and slight changes to other variables 

meshes, master junctions and all segments and branches in 18mM. In 5 to 18mM switch 

experiments there were effects demonstrated in the increase in master junctions but no 

effects on the other variables.  
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Figure 4.11 Representative live bio images of HUVEC cellular networks formed in 
response to changing medium glucose concentration every 4 h: control experiment with 
25mM glucose 
Representative bio images, from n=6 passages, (Incucyte ZOOM Plate Imager) of human 
umbilical vein endothelial cell (HUVEC) cellular network formation at 4 hourly intervals 
following changes in culture medium. Control experiment: medium replaced with 25mM 
glucose. Scale bar represents 200μm. 
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Figure 4.12 Representative live bio images of HUVEC cellular networks formed in 
response to changing glucose concentration every 4 h: experiment with 5mM glucose to 
25mM fluctuating glucose concentrations  
Representative bio images, from n=6 passages, (Incucyte ZOOM Plate Imager) of human 
umbilical vein endothelial cell (HUVEC) cellular network formation at 4 hourly intervals 
following changes in culture medium. Experiment with 5mM glucose – 25mM fluctuating 
glucose concentrations on HUVEC cellular networks. Red arrows show regression of 
segment branches. Scale bar represents 200μm. 
 
The ability of endothelial cells to continue forming HUVEC cellular networks was evident at 

each 4h time interval in 25mM glucose control and sparsely formed networks started 

diminishing after 8h in the 25mM control as seen in Figure 4.11. In fluctuating experiments, 

cellular network formation was visibly inhibited in wells that switched from 5mM to 25mM 

and stayed in similar structure even after being switched back to 5mM with segment 

branches regressing as seen in Figure 4.12  and in the summarised live bio images of HUVEC 

cellular networks from all experiments. The measurement of cellular network formation 

via mean number of master segments, meshes, segment +branches and master junctions 

are represented in Figure 4.13. 
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Figure 4.13 The effects of fluctuating glucose concentration(5mM-25mM) on HUVEC 
cellular network 
The effects of alternating glucose concentration (5mM -25mM) in 4h intervals on HUVEC 
cellular network variables analysed by Image J. (n=6 passages; mean and SEM) ANOVA and 
Dunnett’s multiple comparison test between concentrations groups at each time point. 
(A)Meshes: [(At t=4h *p < 0.01 for 5mM vs 25mM and 25mM vs 5mM-25mM), (At t=8h **, 
t=12h*** and t=16h***p < 0.01 for 5mM vs 25mM and 5mM vs 5mM-25mM)].  
(B)Master segments: [(At t=4h *p < 0.05 for 5mM vs 25mM and 5mM-25mM vs 25mM), 
(At t=8h**p < 0.01 for 5mM vs 25mM, p<0.05 for 5mM vs 5mM-25mM and p<0.05 for 
5mM-25mM vs 25mM)), (At t=12h***p < 0.01 for 5mM vs 25mM, p<0.05 for 5mM vs 5mM-
25mM)), (At t=16h****p < 0.01 for 5mM vs 25mM, p<0.05 for 5mM vs 5mM-25mM)]. 
(C)Master Junctions: No significant difference in number of master junctions between 
concentrations at each time point.  
(D)All segments+ branches: [(At t=8h *p < 0.05 for 5mM vs 25mM and 5mM-25mM vs 
25mM), (At t=12h**p < 0.05 for 5mM vs 25mM, p<0.05 for 5mM vs 5mM-25mM and 
p<0.05 for 5mM-25mM vs 25mM)), (At t=16h***p < 0.05 for 5mM vs 25mM and 5mM vs 
5mM-25mM)]. 
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 In fluctuating experiments, at 25mM concentration only, there was no noticeable increase 

in the mean number of meshes over time but there was a noticeable increase in other 

measured variables; master segments, master junctions and all segments +branches. 5 to 

25 mM switch experiments showed no effect on master junctions in contrast to the 5 to 

18mM switch experiments. The graphs also demonstrate that there was a partial recovery 

in the number of master segments in 5 to 25 mM switch experiments which is not evident 

in the 5 to 18mM switch experiments. Representative mages from all experiments are 

summarised in Figure 4.14. 

 

 

Figure 4.14 Summarised representative live bio images of HUVEC cellular networks 
formed in response to medium, high and changing glucose concentrations  
Representative bio images, from n=6 passages, (Incucyte ZOOM Plate Imager) of human 
umbilical vein endothelial cell (HUVEC) cellular network formation at 4 hourly intervals 
following changes in culture medium. In 5mM, 18mM, 25mM, 5-18mM and 5 to 25 mM 
Red arrows show regression of segment branches. Scale bar represents 200μm. 
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4.5.3 Effect of glucose +/- insulin and metformin on HUVEC cellular 
networks 

Representative images, at 18h of culture, of HUVEC cellular networks formed by cells grown 

in medium containing 5mM, 18mM or 25mM glucose +/- insulin (100 pmol/L, 1 nmol/L and 

10 nmol/L) and +/- metformin (100nmol) are shown in Figure 4.15,Figure 4.16 and Figure 

4.17 respectively. Qualitative assessment of the images indicates that the ability of HUVECs 

to form networks was inhibited in 25mM glucose (Figure 4.17) compared to control (5mM; 

Figure 4.15), in accord with previous data (Figure 4.3,Figure 4.4). Insulin at 100pmol/L 

appeared to improve network formation in 25mM (high) glucose (Figure 4.17). Metformin 

appeared to enhance networks formed by HUVECs maintained in medium containing 

25mM glucose with insulin at all three concentrations (Figure 4.17).  

Quantification of HUVEC network variables, analysed using Image J software, is presented 

in Figure 4.17, Figure 4.18 and Figure 4.19. There was a significant inhibitory effect of raised 

glucose concentration (18 and 25mM) vs 5mM glucose (control) on each network variable. 

The mean number of meshes was 12 ±0.5 in 5mM compared to 25mM (2 ±0.5) and to 

18mM (5 ±1), p ≤ 0.01. The mean number of all segments +branches was 80 ±5 in 5mM 

compared to 25mM (50 ±10) and to 18mM (58 ±9), p= 0.02. The mean number of master 

segments was 24 ±2 in 5mM compared to 25mM (16 ±0.5) and to 18mM (17 ±1), p ≤ 0.01 

The mean number of master junctions was 14 ±2 in 5mM compared to 25mM (6 ±1) and to 

18mM (8 ±2), p ≤ 0.01. 

The addition of insulin in raised glucose concentration (18 and 25mM) vs 5mM glucose 

(control) on each network variable had 5mM concentration with the highest numbers. 

However, insulin at 100pmol/L appeared to improve network formation in 25mM. After 

18h cells in high glucose concentration control the mean number of meshes formed in 

25mM was 2 ±0.5 compared to 25mM+ insulin 100pmol/L 6 ±2, 25mM+ insulin 1nmol/L (7 

±2) 25mM+ insulin 10nmol/L (7 ±1) p≤0.0001. Network variables at 18mM concentration 

were not significantly affected by the addition of insulin. 

The effects  of metformin  on the network variables at each insulin/glucose concentration 

+insulin was noticeable in the mean number of meshes and master junctions with 

25mM.The mean number of meshes formed in 25mM was 2 ±0.5 compared to 25mM+ 

insulin 10nmol/L +metformin 10 ±2, p=0.001 and significant against other concentrations 

of high glucose +insulin and metformin(vs 25mM+ insulin 100pmol/L +metformin 8±1, 
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p=0.01 and vs 25mM+ insulin 1nmol/L +metformin 9±1, p=0.01 .Similarly the mean number 

of meshes formed in 18mM was 5 ±1 compared to 18mM+ insulin 10nmol/L +metformin 

12 ±1, p=0.05. The mean number of master junctions in 25mM was 6±1 compared to 11±1 

in 25mM +insulin1 nmol/L+metformin (100nmol) and 12±1 in 25mM +insulin 10 nmol/L+ 

metformin(100nmol) p=0.043.  

 

 

 
 
Figure 4.15 Effects of insulin +/- metformin on cellular networks formed by HUVEC cells 
maintained in 5mM glucose 
Representative images of human umbilical vein endothelial cell (HUVEC) network 
formation at 18h (n=6 passages) by cells maintained in medium with 5mM glucose +/- 
insulin (100 pmol/L, 1 nmol/L or 10 nmol/L) and insulin + metformin (100nmol/L). Images 
taken under a light microscope (Olympus BX41) at 4× objective. Each scale bar represents 
1000μm. 
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Figure 4.16 Effects of insulin +/- metformin on cellular networks formed by HUVEC cells 
maintained in 18mM glucose 
Representative images of human umbilical vein endothelial cell (HUVEC) network 
formation at 18h (n=6 passages) by cells maintained in medium with 18mM glucose +/- 
insulin (100 pmol/L, 1 nmol/L or 10 nmol/L) and insulin + metformin (100nmol/L). Images 
taken under a light microscope (Olympus BX41) at 4× objective. Each scale bar represents 
1000μm. 
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Figure 4.17 Effects of insulin +/- metformin on cellular networks formed by HUVEC cells 
maintained in 25mM glucose 
Representative images of human umbilical vein endothelial cell (HUVEC) network 
formation at 18h (n=6 passages) by cells maintained in medium with 25mM glucose +/- 
insulin (100 pmol/L, 1 nmol/L or 10 nmol/L) and insulin + metformin (100nmol/L). Images 
taken under a light microscope (Olympus BX41) at 4× objective. Each scale bar represents 
1000μm. 
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Figure 4.18 Effects of insulin +/- metformin on cellular network meshes, segments and 
branches, formed by HUVECs maintained in 5mM, 18mM or 25mM glucose 
The effects of insulin (100 pmol/L, 1 nmol/L or 10 nmol/L), +/-metformin (+M; 100nmol/L) 
on network variables formed by human umbilical vein endothelial cells (HUVECs) 
maintained in medium with 5mM, 18mM or 25mM glucose (n-6 passages; mean and SEM). 
Data analysed by MANOVA and post hoc Dunnett’s multiple comparison test  

(A) Meshes: [(*p ≤ 0.01 for 5mM vs 18mM,25mM)], [(**p ≤ 0.05 for 5mM+ insulin 100 
pmol/L, vs 18mM,25mM +insulin100 pmol/L)], [(***p ≤ 0.05 for 5mM+ insulin 1 nmol/L, vs 
18mM,25mM +insulin 1nmol/L)],[(****p <0.01 for 5mM+ insulin 10nmol/L, vs 
18mM,25mM +insulin 10nmol/L)], [(*****p ≤0.05 for 5mM+ insulin 100pmol + 
metformin(100nmol) vs 18mM,25mM +insulin100 pmol/L + metformin(100nmol). {p≤0.01 
for 25mM concentration vs 25mM +insulin 100 pmol/L,1 nmol/L and 10 nmol/L + 
metformin(100nmol)]. [(p<0.05 for 18mM vs 18mM+ 10 nmol/L+ metformin(100nmol/L). 
No significant difference between 18mM concentration vs 18mM +insulin100 pmol/L and 
1 nmol/L as well as vs 18mM+insulin100 pmol/L and 1 nmol/L + metformin(100nmol)].   

(B) All segment branches: [(*p < 0.05 for 5mM vs 18mM,25mM)], [(**p ≤ 0.05 for 5mM+ 
insulin 100 pmol/L, vs 18mM,25mM +insulin100 pmol/L)], [(***p ≤ 0.05 for 5mM+ insulin 
1 nmol/L, vs 18mM,25mM +insulin 1nmol/L)]. No significant differences between glucose 
concentrations +insulin vs glucose concentrations +insulin +metformin   
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Figure 4.19 Effects of insulin +/- metformin on cellular network master segments, and 
master junctions, formed by HUVECs maintained in 5mM, 18mM or 25mM glucose 
The effects of insulin (100 pmol/L, 1 nmol/L or 10 nmol/L), +/-metformin (+M; 100nmol/L) 
on network variables formed by human umbilical vein endothelial cells (HUVECs) 
maintained in medium with 5mM, 18mM or 25mM glucose (n-6 passages; mean and SEM). 
Data analysed by MANOVA and post hoc Dunnett’s multiple comparison test. 

(A) Master segments: [(*p ≤ 0.01 for 5mM vs 18mM,25mM)], [ (**p ≤ 0.05 for 5mM+ insulin 
100 pmol/L, 1 nmol/L and 10 nmol/L) vs 18mM,25mM +insulin100 pmol/L, 1 nmol/L and 
10 nmol/L),(** p ≤ 0.05 for 5mM+ insulin 100 pmol/L, 1 nmol/L and 10 nmol/L+ 
metformin(100nmol/L) vs 18mM,25mM +insulin100 pmol/L, 1 nmol/L and 10 nmol/L+ 
metformin(100nmol/L)]. No significant difference between 18mM +insulin 100pmol/L, 
1nmol/L and 10 nmol/L vs 18mM +insulin 100pmol/L, 1nmol/L and 10nmol/L+ 
metformin(100nmol/L). No significant difference between 25mM +insulin 100pmol/L, 
1nmol/L and 10 nmol/L vs 25mM +insulin 100pmol/L, 1nmol/L and 10 nmol/L+ 
metformin(100nmol/L)].   

(B) Master Junctions: [(*p ≤ 0.01 for 5mM vs 18mM,25mM)(,*p ≤ 0.05 for 5mM+ insulin 
100 pmol/L, 1 nmol/L vs 18mM,25mM +insulin100 pmol/L, 1 nmol/L)] ,[(** p < 0.01 for 
5mM+ insulin 10 nmol/L vs 25mM insulin 10 nmol/L)] , [(*** p <0.05 for 5mM+ insulin 100 
pmol/L, 1 nmol/L and 10 nmol/L  + metformin(100nmol/L) vs 18mM,25mM +insulin100 
pmol/L, 1 nmol/L and 10 nmol/L + metformin),(***p<0.05 for 25mM concentration vs 
25mM +insulin1 nmol/L and 10 nmol/L+ metformin(100nmol/L)]. 
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4.6 Discussion 

The HUVEC tube-formation assay is a well-established in vitro angiogenesis assay based on 

the ability of endothelial cells to form a network of three-dimensional capillary-like cellular 

structures when cultured on a gel of growth factor-reduced basement membrane extract 

[349, 350]. 

Utilising HUVECs, the data presented in this study show: Analysis of cellular networks 

formed by HUVECs over 18hr showed that several variables were significantly affected by 

glucose concentration. In comparison to 5mM glucose (normoglycaemia), 7mM 

significantly increased the number of segments + branches, master segments and nodes, 

and increased the total mesh area, consistent with a promotion of cellular networks. 

In contrast, HUVEC network formation was diminished in higher glucose concentrations 

and the number of master segments, master junctions, segments + branches and meshes 

was significantly lower in 18mM and 25mM glucose compared to normoglycaemia (5mM) 

(Figure 4.3, Figure 4.4).  

Experiments to explore effects of fluctuating glucose concentrations, by alternating (2x) 

between 5mM/18mM or 5mM/25mM, to simulate unstable maternal plasma glucose in 

diabetes, showed that HUVEC cellular network variables (meshes, master segments, 

segments + branches) were signigficantly inhibited by the higher glucose concentrations 

and did not fully recover when normogylcemia was restored. 

The addition of insulin (100pmol/L, 1nmol/L and 10nmol/L) +/- metformin at a 

therapeutically relevant concentration (100nmol/L), did not alter cellular network variables 

formed by HUVECs maintained in 5mM glucose. The addition of insulin in raised glucose 

concentration (18 and 25mM) vs 5mM glucose (control) on each network variable had 5mM 

concentration with the highest numbers. However insulin at 100pmol/L appeared to 

improve network formation in raised glucose concentrations particularly at 25mM (Figure 

4.17). Network variables at 18mM glucose were not significantly affected by the addition 

of insulin only but  network formation (i.e meshes) improved with the addition of 

metformin. Metformin also appeared to enhance networks formed by HUVECs maintained 

in medium containing 25mM glucose with insulin at all three concentrations. 
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The signigificance of these effects of glucose concentration, insulin and metformin on the 

HUVEC model of angiogensis are discussed below in relation to the underlying causes of 

abberant fetoplacental microvasclular morphology that is evident in diabetic women. 

 

4.6.1 Angiogenesis cellular network formation Assays 

During angiogenesis, endothelial cells (ECs) undergo activation after binding of angiogenic 

factors to their receptors, release of proteases to dissolve the basement membrane, 

migration towards an angiogenic signal, proliferation, and an increase in cell number for 

new blood vessel formation [315, 351, 352]. Assays that quantify ‘angiogenesis’ have 

increasingly been used in development of agents to combat angiogenic diseases like 

vascular complications  and cancers.These assays are based on the principle that new 

vessels will grow in an area that was previously devoid of blood vessels [353]. HUVEC tube-

formation assay is one of the simple, but well-established in vitro angiogenesis assays based 

on the ability of ECs to form three- dimensional capillary-like tubular structures, when 

cultured on a gel of growth factor- reduced basement membrane extracts [354] [355]. 

During the assay, ECs differentiate, directionally migrate to align, branch, and form the 

tubular polygonal networks. The formation of cellular network is rapid and quantifiable. 

The formation of endothelial tubules on basement membrane has been used in 

investigations not only to study factors that regulate the process of angiogenesis, but also 

to define genes and signalling events in early angiogenesis [351]. 

In the current study, HUVECS were used to assess effects of glucose, insulin and metformin 

on cellular network formation in vitro with a view of assessing  effects on Human placental 

arterial endothelial cells (HPAECs) derived from placenta chorionic plate arteries in the 

future. Initial pilot studies determined an optimal seeding density of 15,000 cells/96 well, 

in agreement with previous studies (reviewed by [35] [351]). The pilot experiments also 

assessed effects of different doses of the angiogenic factor VEGF as a positive control 

(Appendix 4(II)). Cells treated with VEGF (6.67ng/ml) showed the appearance of colonies, 

maybe as a result of increased proliferation of the HUVECs. However, cellular network 

formation was evident in both VEGF- free controls and in low levels of VEGF. This could be 

sustained by the growth factors, albeit reduced, in the Matrigel such IGF-1,TGF-bFGF-2, 

EGF, PDGF,NGF and VEGF which are essential for network formation. Based on these data 
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in pilot experiments (Appendix 4 (II)),  additional VEGF was not added to the culture 

medium for the studies  exploring the effects of glucose, insulin and metformin on 

angiogenesis. 

 

 
4.6.6.1 Significance of HUVEC cellular network variables quantified by 

Image J 

The “Angiogenesis Analyzer” image analysis software program was  developed to extract 

characteristic points and elements of endothelial cells network formation and has 

successfully been used to characterize endothelial in vitro cell differentiation in phase 

contrast, fluorescence microscopy, and in vivo studies [356, 357]. Most in vitro 

angiogenesis models were designed based on the so-called “sprouting angiogenesis” 

differentiation process, whereby pseudo-capillary formation mimics several steps of the de 

novo angiogenesis. 3D microscopy was not performed to ascertain whether the HUVEC 

experiments in this study formed tubes in the networks observed (testing for lumen 

formation); however other studies in the literature have shown and confirmed lumen 

formation as well as visualisation of angiogenic sprouting using 3D microvasculature 

models [354, 355].The network formation in this study was characterised by variables that 

define tree structure analysis such as nodes, a pixel corresponded to a node when it had at 

least 3 neighbours, junctions were formed by the group of dots associated to a bifurcation, 

branch and segmement content;branches were lines, which are linked to one Junction and 

one extremity and segments were lines connected to the main tree by two junctions. 

HUVECs in matrigel grow according to a meshed network which quantified the level of 

cellular organisation corresponding to closed areas delimited by segments and associated 

junctions.This was represented by a vectorial object parameter measured as  - “Meshes” 

(Figure 4.2). The final representation summarizes all the detected structures from the initial 

image all defined in Table 4.1. The variables number of master segments, segments + 

branches, master junctions and meshes were chosen to be presented as they provided 

information that represented gradual formation of the cellular network from nodes to 

complete meshes and mirrored proposed mechanisms of sequential regulation of 

sprouting/ branching angiogenesis [27, 358]. The nodes on the angiogenesis Analyzer 

represent the points of the endothelial cells lysis of the basement membrane and 

extracellular matrix in the angiogenesis process whereas the meshes (Figure 4.2)  represent 
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a complete(joined) area of branching as a result of EC migration on the matrigel. Regression 

of celluar networks were also observed in high glucose concentrations as well as colonies 

of cells forming in the middle of wells. Endothelial cells have been reported to proliferate, 

differentiate and form tube-like structures when cultured on a matrix of basement 

membrane extract (BME) [359].This could explain the observed formation of colonies in 

certain wells; however, no proliferation assays were conducted to confirm this. The 

mechanism of vessel regression in angiogenesis is still largely unknown or undefined with 

deliberations on  whether regression is induced by active signalling pathways or merely 

results from the withdrawal of survival factors (or a combination of both) [360]. 

 

4.6.2 Exposure to high glucose concentrations impair cellular network 
formation in vitro model of angiogenesis. 

When cells were cultured in medium supplemented with various increasing concentrations 

of glucose, the exposure to the increasing levels of glucose accelerated the appearance and 

ability to form well-structured cellular networks(as indicated by networks forming to cover 

total mesh areas) of cells in wells .  

The quantitative analysis of  cellular network formation via measurement of number of 

master segments ,branches , master junctions and meshes demonstrated that in  high 

glucose concentrations cellular network formation was hindered. The networks seem to 

form faster at the higher glucose concentration up to 9h. But at 18h, several network 

variables (nodes, segments, master segments, all segments + branches and total mesh 

area) are higher at 7mM vs 5mM and 15mM implying that the network formation/stability 

is promoted later at these concentration . Whereas in raised glucose concentrations such 

as 18Mm, networks might have formed quicker and regressed. In 25mM glucose, they 

might not have formed at all as shown in live bio imaging. 

The ability of HUVECs to form cellular structures appeared to be inhibited under high 

glucose environment (25mM) as indicated by the significant decrease in total mesh area at 

25 mM compared to 5mM, in agreement with previous studies [318, 321]. The data with 

the higher glucose concentration could be interpreted as  an indication of apoptosis  

induced by 25mM. Decades ago, studies first demonstrated for the first time that high 

glucose levels of 20 and 40 mM hindered proliferation, disrupted the cell cycle and induced 

apoptosis of HUVECs cultured in vitro [361] and glucose concentrations of 30 mM induced 
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DNA damage in cultured HUVECs [362]. Studies have continued to explore the effects of 

raised glucose levels ranging from 11 -33mM on HUVECs. A study reported that exposure 

of HUVECs to high glucose(30 mmol/L) and AGEs resulted in a significant increase in Ang-2 

expression; this was accompanied by a dramatic decrease in VEGF expression as compared 

to low glucose conditions (LG; 5 mmol/L) [318]. Song et al. (2005) demonstrated that, 

HUVECs structures in normal and mannitol medium form capillary-like structures on 

matrigel whereas cells treated with high glucose showed extended cytoplasm on matrigel 

and contacted each other. Between these cells, a lumen-like structure was observed. In 

addition, high glucose and AGEs inhibited  the ability of HUVECs to  form vascular like 

structure as evidenced by significantly reduced cellular network length and total number 

of branch points compared to control and mannitol condition. This inhibition was 

associated to relatively higher than normal expression of Ang-2 and VEGF- Tie 2 receptor 

differential expression in endothelial cells treated with high glucose concentrations(30 

mmol/L) [318].  

Yang et al. (2008)  also reported that decrease in VEGF plays a critical role in apoptosis of 

endothelial cells induced by glucose levels of 25 mM[317]. 

 Similarly, Peng et al. (2018) reported that high level of glucose of 25 mM increased the 

expression of inflammatory cytokine interleukin IL-6, and decreased the production of IL-

8, vascular endothelial growth factor (VEGF) and angiogenesis of HUVECs in vitro [363]. 

Others have shown that apoptosis of HUVECs is mediated by ROS [364], by sequential 

activations of c-Jun NH(2)-terminal kinase and caspase-3 [365]. Furthermore, Ido et al. 

demonstrated that hyperglycaemia of 30 mM induces apoptosis in HUVECs by decreasing 

mitochondrial membrane potential and cellular ATP content and by inhibition of fatty acid 

oxidation [366]. High glucose levels of 30 and 33 mM were shown to induce apoptosis in 

human vascular endothelial cells through NF-kappaB and c-Jun NH2-terminal kinase [367] 

and also through a phosphoinositide 3-kinase-regulated cyclooxygenase-2 pathways [368]. 

Zhao et al. (2015) also reported that high-glucose concentration of 25mM in the culture 

medium upregulated myosin light chain phosphorylation and increased HUVECs 

permeability by activating the transforming protein RhoA – Rho-associated protein kinase 

signaling pathway [369]. Similarly, other studies report HUVECs exposed to high 

concentrations (16.5 and 33mM) of glucose demonstrated a significantly decreased cell 

viability, increased cell apoptosis and cleaved caspase-3 levels, compared with HUVECs 

exposed to a low glucose (5.5.mM). Zhang J et al. (2019) showed that high glucose levels of 
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16.5 and 33 mM induced apoptosis of HUVECs in a mitochondria-dependent manner by 

suppressing hexokinase 2 expression [370]. Furthermore, a study by Alvarado-Vásquez N 

et al. (2007) showed that HUVECs obtained from healthy newborns with a family history of 

type 2 diabetes, cultured in medium with glucose level of 30 mM showed 50% decrease in 

cell proliferation and 90% reduction in mitochondrial activity compared to the control 

group of HUVECs obtained from healthy newborns without a family history of type 2 

diabetes [343, 371]. These and many reports have published on the effects of 

hyperglycaemia-induced apoptosis of vascular endothelial cells and its a role in the 

pathogenesis of both macrovascular and microvascular complications of diabetes. 

However,the conditions for testing the effect of constant high glucose levels compared to 

normal glucose levels on HUVECs varied widely in studies that have been conducted to 

date[343, 371-376] . The effects of 7mM glucose concentration increasing network 

formation observed in this present study have not been reported in the literature to the 

best of our knowledge although there are studies on effects of glucose on HUVECs that 

have categorised 7mM glucose concentration as normal glucose and 30mM considered as 

high glucose [376, 377]. 

Thus, the results presented in these published studies could be affected not only by high 

and variable glucose levels, but also by varied conditions of experiments. As endothelial 

cell dysfunction is associated with vascular abnormalities in diabetes, hyperglycaemia-

induced apoptosis of vascular endothelial cells via various pathways and mechanisms 

observed in in vitro angiogenesis, with confirmed destructive effects of high glucose on 

endothelial function at the cellular level [369],  could relate to the aberrant fetoplacental 

microvascular phenotypes proposed to result from dysregulated angiogenesis in diabetic 

women with poor glycaemic control.  

 
4.6.3 Effects of fluctuation in glucose concentrations on angiogenesis; can 

glycaemic control rescue effects of impaired angiogenesis? 

To simulate unstable glucose concentrations in diabetic mothers, HUVECs were exposed to 

glucose concentration fluctuating between control and pathophysiological raised level of 

glucose (5-18mM) and between control and high glucose concentrations (5mM to 25mM). 

This investigation demonstrated that the endothelial cells were  not capable of regaining 

their cellular network like -forming  ability once  switched to high glucose concentration. 

At all time points, measured variables of cellular network formation were greatest in 5mM 
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glucose concentrations. After 16h 5mM had the highest number of meshes of cellular 

network formed. There was no effect on master segments in 18mM over the time course 

and slight changes to other variables (meshes, master junctions and all segments and 

branches ) in 18mM. In 5 to 18mM switch experiments, there was an increase in master 

junctions but no effects on the other variables at the endpoint of the experiments. HUVEC 

cellular networks were evident at each 4h time interval in 5mM glucose controls but 

networks were diminished in 18mM glucose and did not recover following return to 

medium with 5mM glucose. 18mM glucose inhibited all network variables by 12 hours and 

this inhibition was not reversed by switching to 5mM glucose. 

In fluctuating experiments, cellular network formation was visibly inhibited in wells that 

switched 5mM to 25mM and stayed in similar structure even after being switched back to 

5mM with spotted segment regressed branches. Hence after a switch from high glucose 

concentrations, the HUVECS were not responsive to subsequent changes of glucose 

concentrations. 

The reason for this is unclear; in contrast to the effects of high glucose levels in vitro on 

HUVECs that have been quite extensively studied, there are few research results 

documenting the effect of varying glucose concentrations in culture medium on HUVECs. 

The effects of blood glucose fluctuations reported in the literature on vascular 

complications in diabetes by Risso et al. (2001) demonstrated that after 7 and 14 days of 

HUVECs culturing in normal glucose level of 5mM, high glucose level of 20 mM and glucose 

levels varying every 24 h from 5mM to 20mM and vice versa, (H/N) the viability of HUVECs 

was significantly affected [344]. After 14 days, high glucose levels significantly affected cell 

viability compared to normal culture conditions, but the switch from high (20mM) to 

normal (5mM) glucose concentration resulted in the death of far more cells than in 

continuous normal and continuous high glucose concentrations. The authors concluded 

using various research methods (cell viability, cytometry analysis, DNA fragmentation and 

Bcl-2 and Bax expression) that both variable and high glucose levels stimulate HUVECs 

apoptosis, with varying glycaemic conditions being more unfavorable to cells than constant 

high glycaemic conditions [344].   

Quagliaro et al. (2003) also reported that the blood vessel endothelium was damaged to a 

greater extent by blood glucose fluctuation than by chronic persistent hyperglycaemia 

using HUVECs [319]. They continued the Risso et al. 2001 study to demonstrate that the 
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increase in apoptosis of cells cultured in high and high to normal glucose conditions is 

associated with the production of free radicals and oxidative stress via a possible 

contribution of protein kinase C (PKC) in the activation of nicotinamide adenine 

dinucleotide phosphate oxidase (NADPH oxidase) [319]. Increased PKC activity was 

observed after the 7th and 14th days of culture under high and high to normal glucose 

conditions, with the increase being higher on the 14th day and higher for cells cultured 

under high to normal glucose conditions compared to high glucose levels [319]. Other 

studies have also demonstrated that acute and chronic fluctuations in blood glucose levels 

can increase oxidative stress in type 2 diabetes mellitus patients [320] which results in cell 

dysfunction and tissue injury [378]. This has also been confirmed by studies that reported 

intraday glycemic variability is associated with the presence and severity of coronorary 

artery disease in patients with T2DM [379, 380].  

Piconi et al. (2006) also confirmed that a stable high glucose level (20mM) caused an 

increase in apoptosis and the generation of oxidative stress, and that intermittent glucose 

levels (5mM-20mM) had a greater proapoptotic effect than stable high glucose level and 

therefore increased the oxidative stress [345]. Therefore, the reponses observed  in the in 

vitro model in this study may be an indication of endothelial cell dysfunction under 

exposure to high glucose.The protocols for studies on fluctuating glucose concentrations 

on HUVECs varied especially with number of days (ranging from 7-14 days in studies 

compared to the  duration used in our study) , different culture times and cells were also 

cultured in different media. A study by Kuricová et al. (2016) proposed a new research 

methodology to  explore the effect of glucose concentration on HUVECs behavior by 

creating culture conditions more similar to the prevailing conditions in the body of  

individuals with diabetes or healthy individuals [346]. In earlier systems, the culture 

medium was replaced once or twice a day. 

 Kuricová et al. (2016) proposed 8 different daily glucose concentration variability(GV) 

profiles mimicking glycaemic profiles in the human body[(i) high GV(9.75,10.17,10.75 

mmol/L) (ii) low GV(7,7.33, 8 mmol/L), (iii) GV of healthy subjects without diabetes(5.50 

mmol/L), (iv) continuous normoglycaemia (5.5 mmol/L glucose) and (v) continuous 

hyperglycaemia (25 mmol/L glucose)]. Cell cultures were carried out only for 24 h and the 

medium was changed every 2 h. However, the proposed model resulted in an extremely 

labour-intensive experiment, but  this was concluded as the most realistic approach to 

study in vitro the effect of glucose concentration fluctuations on HUVECs viability. Our 
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present study incorporated a 4h interval  medium change to allow for feasibility and also 

used concentations that could mimic glucose variability during pregnancy (5mM 

normoglycaemia, 18mM raised glucose concentration and 25mM as high glucose 

concentration (hyperglycaemia). Nonetheless, Kuricova et al. (2016) failed to establish any 

differences in HUVECs viability in cultures using 8 different daily glucose concentration 

variability profiles probably due to too short culture time (24h and quick 2h changes). 

Perhaps quantification of cellular network structures in their study could offer insights to 

differences between glucose concentration method. Overall the literature supports the 

conclusion that a better understanding  of the effect of chronic hyperglycaemia and the 

blood glucose concentration variability on endothelial cells will help reveal mechanisms 

underlying the late vascular complications of diabetes. 

 

4.6.4 Effects of varying glucose concentrations, insulin and metformin on 
endothelial cells behaviour 

In this study, the next step of investigation involved using different glucose concentrations 

(5mM, 18mM, 25mM) +/- physiological/pathophysiological concentrations of insulin to 

investigate the effects of varying levels of glucose in combination with therapies 

(metformin) on angiogenesis.  

HUVECS were assessed in medium containing 5mM glucose concentration to represent 

normoglycaemic conditions, 18mM to simulated elevated glucose concentrations in 

pregnancy and 25mM to represent high glucose concentration(hyperglycaemia). These 

glucose concentrations were also examined  in conjunction with insulin to mimic maternal 

hyperglycaemia environment which increases fetal plasma glucose and induces fetal 

hyperinsulinaemia. Insulin is pro-angiogenic and mediated through insulin receptors on 

fetoplacental endothelial cells. 3 insulin concentrations were used to cover a range of  

physiological to pathophysiological levels of insulin in relation to fetal levels of insulin in 

maternal normoglycaemia and hyperglycaemia. In accord with the earlier data (Figure 4.3, 

Figure 4.4), qualitative and quantitative assessment of images indicated that all network 

variables were greatest in 5mM glucose and inhibited in 18 and 25mM glucose.  

Elevated glucose (18mM) and  high glucose (25mM) significantly reduced a number of 

network variables (meshes, all segments and branches, master segments and master 

junctions) consistent with reduced angiogenesis. The addition of insulin (serum contained 
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insulin and culture medium was prepared by adding sufficient insulin to account for final 

desired conconcentrations) in raised glucose concentration (18 and 25mM) vs 5mM glucose 

(control) on each network variable had 5mM concentration with the highest numbers in 

measured network variables. None of the concentrations of insulin altered network 

variables in 5mM glucose. However, all 3 concentrations of insulin improved mesh 

formation in raised glucose (i.e did not have potentially detrimental effects). Insulin at 

100pmol/L appeared to improve network formation in 25mM (high) glucose (Figure 4.18).  

Reports have also shown evidence of insulin causing human umbilical vein endothelium-

dependent dilation and increase of hCAT-1 expression caused by elevated SLC7A1 

(encoding hCAT-1) transcriptional activity and NO synthesis [381, 382] . Additionally, it has 

been reported in studies that insulin reverses the gestational diabetes mellitus (GDM) or 

high D-glucose-associated stimulation of the L-arginine/NO pathway in HUVECs and 

therefore suggest that glucose-increased oxidative stress and vascular dysfunction are 

attenuated by insulin [372]. In terms of tube formation or in vitro angiogenesis, studies 

showed that insulin enhanced in vitro angiogenesis and caused actin reorganisation by 

reversing the high -glucose-associated increase in ROS generation [231, 383]. Lassance et 

al. (2013) showed that insulin enhanced in vitro angiogenesis and caused actin 

reorganisation. This effect was associated with phosphorylation of IR and IRS-1, as well as 

Akt, glycogen-synthase kinase-β3 and endothelial NOS (eNOS). This in turn caused 

increased nitric oxide (NO) production and activation of Rac1.To test whether insulin 

stimulates angiogenesis in primary human fetoplacental ECs, the studies used a 2D in vitro 

network formation assay using VEGF as a positive control. They reported network 

formation 6 hours after seeding on Matrigel (BD Biosciences). To analyse in vitro network 

formation, cellular network length and branching points were quantified. It was reported 

that insulin increased the tube length of the network (+21%; P < .05) comparable with VEGF. 

Similar effects were found when the number of branching points (+29%; P < .05) or meshes 

were counted (+31% from 73.0 ± 7.6 in the controls to 95.7 ± 7.4 in the insulin treatment; 

P < .05). 

In the current study, the addition of insulin  in the different glucose concentrations 

appeared to reduce the formation of colonies of cells in wells and contributed to the 

development of a more stable network formation. Conversely other reports suggests that 

insulin at physiological concentrations is not preventive but may even contribute to the 

vascular impairment of endothelial phenotype previously damaged by high glucose, due to 
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an increased pro-atherogenic pathway observed by an up-regulation of ERK1/2,p38 and 

JNK phosphorylation [348]. Studies using diabetic retinopathy rat models  have  also 

suggested that fetal insulin is involved in the control of placental angiogenesis and 

permeability of the vasculature as evidence points to the enhancement of VEGF protein 

expression and secretion by insulin [41, 230]. The reported mechanistic action of insulin 

involves activation of endothelial nitric oxide synthase (eNOS) which further activates 

hypoxia inducible factor 1 (HIF-1). This HIF-1 factor is implicated in up-regulated expression 

of vascular endothelial growth factor A (VEGF-A). The expression of VEGF facilitates 

angiogenesis. It is important to also note that human endothelial cells represent a 

heterogeneous cell type with significant differences among vascular beds [384] and 

pathways shown in one endothelial cell type are not necessarily the same for others It is 

yet to be determined whether the above mechanism (eNOS/HIF/VEGF pathway) is 

operative in the human placenta; however it is most likely as VEGFR2, a notably important 

receptor for VEGF is abundantly expressed on the placental vasculature, particularly on the 

arterial endothelial cells [385]. 

 

Metformin has been shown to improve both endothelial function and insulin resistance in 

patients with metabolic syndromes [386]. Metformin is absorbed via the duodenum and 

jejunum and can freely cross the placenta from the mother to fetus unlike insulin. The 

absorbed metformin is not metabolised, and is excreted unchanged via the kidney and the 

bile, with a circulating half-life of approximately 6h [387]. In the second and third trimester 

, renal clearance of metformin increased due to the physiological increase in glomerular 

filtration, however this returned to pre-pregnancy levels after delivery [388]. As such 

metformin doses during pregnancy often require adjustment with changes in the 

glomerular filtration rate [387].  

A systemic review [333] found that the therapeutic concentration of plasma metformin is 

widely varied with over 120 publications listing about 65 different therapeutic ranges for 

plasma concentration.  

Kajbaf et al. (2016) reported that the average values range from 0.129 to 90 mg/L with 

lowest and highest boundaries found around 0 and 1800 mg/L respectively [333].  In other 

studies from a review on metformin use during pregnancy, administered doses varies from 

between studies, ranging from 500 mg/day to 2500 mg/day [278]. In vitro studies on the 

use of metformin in pregnancy have been reported to use at supratherapeutic 
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concentrations (~2-10 mM). In treatment of T2DM patients, it has been established that 

high concentrations of metformin (up to 1800 mg/L, or approximately 13 mM) can occur in 

their circulation [333]. 

Following addition of metformin  at a therapeutically relevant concentration (100nmol/L), 

the abillity of endothelial cells to form stable cellular network structures was assesed in 5, 

18 and 25mM glucose concentrations  to determine whether  this treatment could rescue 

cellular network formation in high glucose concentrations. Cellular network formation was 

visibly improved in wells containing insulin and metformin treated cells in high glucose 

concentrations (25mM) (Figure 4.18 and Figure 4.19). Metformin appeared to enhance 

networks formed by HUVECs maintained in medium containing 25mM glucose with insulin 

at all three concentrations .The effects  of metformin  on the network variables at each 

glucose concentration+insulin was noticeable in the mean number of meshes and master 

junctions with 25mM glucose. This is consistent with studies that have reported that 

metformin prevents high-glucose–induced endothelial cell death through a mitochondrial 

permeability transition-dependent process [389]. Additionally, it was demonstrated that 

metformin modulated high glucose-incubated HUVECs proliferation and apoptosis through 

AMPK/CREB/BDNF pathway [373]. 

 

 Furthermore, some studies in vitro and in vivo have also demonstrated that metformin 

directly attenuates endothelial dysfunction by decreasing TNF-α-induced gene expression 

of proinflammatory and cell adhesion molecules to inhibit endothelial cell inflammation in 

HUVECs [390]. Likewise, it also inhibits high glucose-dependent reactive oxygen species 

(ROS) overproduction by reducing NADPH oxidase activity in aortic endothelial cells [391]. 
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Figure 4.20 Putative mechanisms of action of metformin in pregnancy 
Schematic outlining different proposed mechanistic actions of metformin in pregnancy 
taking into consideration insulin resistance in obesity or gestational diabetes. Different 
pathways highlighted showing metformin treatment action in reducing systemic 
hyperglycaemia and hyperinsulinaemia as well as upstream activation of AMPK, resulting 
in inhibition of the Mtor pathway. Metformin is also shown to have anti-inflammatory 
actions suggested to improve pregnancy outcomes via exerting this role in placental 
development and function. Schematic Image taken from Sivalingam, Myers et al. (2014) 
[331] 
 

Thus, the studies above illustrate different putative mechanisms in which metformin 

affects angiogenesis in high glucose environments during pregnancy and in the presence 

insulin . This current study does not investigate mechanisms that underlie the effects of 

only metformin on cellular network formation and thus can not confirm operative 

mechanisms of metformin in pregnancies complicated by maternal diabetes. It could be 

any of the proposed mechanisms highlighted in Figure 4.20.  However, the observed effects 

of high glucose on angiogenesis in vitro contribute to understanding the mechanism/s that 

might underlie  hypo and hyper fetoplacental vascularisation (proposed to arise from 
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aberrant angiogenesis) that has been described in the placentas of diabetic women. The 

data on the  effects of metformin +insulin on restored cellular network formation in high 

glucose conditions  support metformin as a therapy for vasular complications in  

pregnancies complicated by maternal diabetes. 

 

4.6.5 Strength and Study Limitations 

To our knowledge, this study is the first to show the effects of varying glucose 

concentrations + physiological/pathophysiological concentrations of insulin in combination 

with metformin. Also this study shows novel information that human placental endothelial 

cells(HUVECs) in high glucose (25mM) can recover from inhibited cellular network fomation 

with the addition of insulin +metformin. 

 

The interpretations of these findings should take into consideration factors that might have 

limited the investigations. Factors such as culture handling and transport between 

experiments could affect their behaviour in vitro. 

In addition, human umbilical vein endothelial cells (HUVECs), which are most widely used 

for in vitro angiogenesis assays due to ease in isolation by perfusion of the umbilical vein 

with trypsin or collagenase are not as ideal. Angiogenesis commonly involves the 

microvasculature rather than the macrovasculature, thus these are not ideal as there are 

differences between the lineage of these, which may lead to inconclusive or inaccurate 

responses. HUVECs are derived from the umbilical vein, and so are representative of 

umbilical cord rather than placental vessels. It is very possible that these endothelial cells 

may behave differently from endothelial cells derived from placental vessels. In the same 

organ, the endothelium of small and large vessels, veins and arteries, exhibits significant 

heterogeneity and therefore differences of responsiveness among ECs are expected, since 

the endothelium has a high degree of molecular, biochemical, and functional heterogeneity 

according to the organ’s origin and the microenvironment [392-394]. 

 In the human body, adverse changes in endothelial cells due to high or variable blood 

glucose concentration occur over a much longer period of time, the time of experiments in 

this study could be increased to give an accurate reflection of this. In addition,it is notable 

that in studies assessing  effects of  variable glucose concentrations, cell viability assays are 

usually performed.  
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Future experiments from this study could incorporate cell viability assays/apoptosis assays 

to confirm high glucose toxicity to the cells, proliferation /differentiation assays to assess 

the formation of colonies in some of the wells and investigate 3D- microvascular 

visualisation model of tubes formed in matrigel to confirm lumen formation in networks 

from experiments as shown in other studies [354, 355]. Furthermore, in the literature with 

the exception of using similar stimulus in the form of high or variable glucose 

concentration, many other experimental conditions were not unified and in most cases 

differed between individual studies in terms of the cells used, composition of the culture 

medium, the size and material of the culture vessel surface and the culture time. Studies 

show that different culturing substrates modulate the effect of glucose concentration on 

HUVECs viability in in vitro cultures [343]. The literaturate also suggests more general 

conclusion that the effect of glucose concentration on endothelial cells viability in vitro 

should be interpreted in conjunction with effects of other factors defining the experimental 

environment including growth factors as they may amplify or attenuate observed 

differences.  

In addition, isolating these cells from placentas from normal pregnancies and pregnancies 

complicated by maternal diabetes could reflect altered phenotypes or angiogenic potential 

resulting from exposure to the different environments in utero. Thus any assays using 

endothelial cells alone, while likely to be reproducible, readily quantifiable and rapid, will 

not permit the study of the more complex physiological interactions that occur in vivo, 

including the assessment of any indirect effects of agents and therefore care should be 

taken with interpretation of findings.  

Although in vitro models do have limitations, they are still valuable  as in vitro assays are 

able to demonstrate direct effects on endothelial cell function and are also relatively 

inexpensive compared to in vivo assays and are generally more reproducible and quantified 

more easily. The cells used in this study formed appropriate cellular networks and were 

capable of eliciting the  relevant responses and differences we aimed to investigate in this 

project. 
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4.6.6 Summary 

In summary, this study to our knowledge has shown novel effects of high glucose 

concentration +insulin and metformin on endothelial cells (HUVECs). The study 

demonstrates that the ability of HUVECs to form cellular network structures was inhibited 

under a high glucose environment (25mM). Fluctuating levels of glucose concentrations 

affected endothelial cell behaviour by hindering their ability to form cellular network 

structures even after switching back to control glucose concentration (5mM) from high 

glucose concentrations. Furthermore, the addition of insulin promoted the number of 

cellular networks in raised and high glucose concentration and the addition of metformin 

further enhanced this promotion thus the combination of insulin at the highest 

concentration and metformin almost restored the number of meshes in high glucose 

(25mM) to control levels. The addition of physiological concentrations of insulin in the 

different glucose concentrations appeared to reduce the formation of colonies of cells in 

wells and contributed to more stable network formation in control concentrations whereas 

the addition of therapeutically relevant concentration of metformin to cells improved 

cellular network structures in cells exposed to high glucose concentrations. The findings 

from this study, confirm the hypothesis by establishing the relationship between glucose 

concentrations and fluctuating glucose concentrations on the development of cellular 

networks by HUVECs. Elevated glucose concentrations inhibited network formation which 

could not be rescued by transient return to normal glucose concentrations. The findings 

from this study also highlight the modulation of this relationship by 

physiological/pathophysiological concentrations of insulin and therapeutically relevant 

concentrations of metformin. Pathophysiological concentrations of insulin enhanced 

network formation in high glucose concentration and this was further enhanced by addition 

of a therapeutic concentration of metformin.  

Understanding the effect of glucose concentration on endothelial cells and how it manifests 

as aberrant angiogenesis in pregnancies complicated maternal diabetes is very important 

as it may become a starting point to develop new treatments slowing down progression of 

the late vascular complications of diabetes. Therapies may aim not to reduce glucose 

variability, but to protect or immunize endothelial cells from negative effects of 

hyperglycaemia, acting not on the cause but on the effects of glucose levels variability. This 

could be done by blocking signalling pathways that are adversely affected by fluctuating 
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glucose levels as highlighted in the proposed mechanistic actions of metformin in 

pregnancy and how it may regulate fetoplacental angiogenesis. 

In future, the use of Human placental arterial endothelial cells (HPAECs) and Human 

placental vein endothelial cells (HPVECs) to reproduce these experiments would be more 

reflective of events within the placenta. 
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5 Chapter Five: General Discussion 
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5.1 Overview 
 
The growing number of pregnancies that are complicated by maternal diabetes is likely to 

increase the demand on healthcare provision from the adverse complications associated 

with these pregnancies. Reasons for the increased risk of stillbirth, FGR and LGA in women 

with pregestational diabetes remain unknown and a better understanding of the 

pathophysiology underlying these disparate outcomes could lead to targeted therapy. Fetal 

growth disorders arise from placental dysfunction; abnormal vascular 

development/function underlies inadequate blood flow in “idiopathic” FGR but whether 

altered blood flow contributes to LGA remains unclear. Diabetes in non-pregnant 

individuals is associated with organ specific increased or decreased angiogenesis, leading 

to  hyper or hypo vascularisation respectively, with associated macro and microvascular 

dysfunction that  leads to the clinical complications of disease [36]. 

 

Evidence for altered fetoplacental angiogenesis in diabetic women is conflicting with 

reports of changes in angiogenesis occurring exclusively via longitudinal growth without a 

change in the cross-sectional calibre or shape of the capillaries using a design based 

stereological analysis [46, 79].  

Other reports have also shown increased branching angiogenesis, hypovascular and 

hypervascular villi in placentas from women with diabetes[77]. Additionally, changed 

structure of the villous stroma and enhanced capillary surface areas in terminal villi of 

placentas affected by maternal T1DM with good glycaemic control have been reported 

using immunohistochemistry, confocal microscopy, topological schemes and 3D 

reconstruction techniques [77, 91]. 

 

In contrast, little is understood of vascular development of the larger calibre 

macrovasculature in maternal diabetes. This study tested the hypotheses that placental 

artery and venous networks would be different in pregnancies complicated by 

pregestational diabetes compared to normal pregnancies and related to fetal outcome, 

maternal glycaemic control and maternal levels of angiogenic factors (PlGF). 
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In summary, the experiments presented within this thesis were designed to address 3 

major research questions in order to fill gaps in knowledge: 

 
1. To determine whether there are differences in placental macrovascular networks 

at term in women with pregestational diabetes compared with normal pregnancy 

2. To determine whether metrics of the placental macrovascular network at term are 

related to fetal growth, maternal glycaemic control and maternal plasma PIGF 

concentrations in women with pregestational diabetes 

3. To determine whether hyperglycaemia +/-insulin and metformin have potential to 

regulate fetoplacental angiogenesis using human umbilical vein endothelial cells in 

vitro 

 

The findings and main points from each study are brought together for a concluding 

discussion in this final chapter. 

 

 

5.2 Reduced measured vascular volume at term in women with 
pregestational diabetes compared with normal pregnancy 

 
The study has shown using vascular casting that both fetoplacental artery and venous 

networks assessed at delivery are significantly different in diabetic women. Differences 

demonstrated in vascular structure in fetoplacental vessels of placenta from pregnancies 

complicated by maternal diabetes were first observed by the mean number of vessel 

segments which was significantly higher in arterial casts across radius bins in pregestational 

diabetes. There was also significantly fewer mean number of vessel segments in venous 

pregestational diabetes casts across radius bins. The differences were observed within the 

microcirculation (vessels with radii 150-400µm) between groups, and not in the larger 

vessels of the chorionic plate. Overall arteries and veins were affected similarly in that both 

showed shorter mean length, total length and decreased total vascular volume although 

arteries had lower mean volume but veins had a higher mean volume. Arteries and veins 

had lower total volume normalised to PW with increasing vessel diameter in diabetes 

compared to normal pregnancies, and shorter vessel lengths. Gestational age at delivery 

was significantly lower in women with diabetes, and as such the vascular networks could 
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be immature vs normal pregnancies at term: however, data were adjusted for placenta 

weight and gestation at delivery. There was no relationship between gestation and total 

vascular volume when corrected for placental weight in arterial casts.  

 

It is unclear how these observations of altered vessel networks (i.e. lower length/ reduced 

vascular volume) of vessels relate to function. It is probable that the shorter length of larger 

calibre vessels might have implications on nutrient exchange. Given that placental veins 

convey oxygenated blood and nutrients to the fetus, it may be that shorter venous return 

path in pregestational diabetes increases efficiency of materno-fetal nutrient and gas 

transfer, such that fetus is at risk of macrosomia or LGA (increased fetal growth velocity). 

The placenta may also respond to enhanced fetal oxygen demand by enlarging the surface 

area of exchange as seen in increased placenta weight and surface area in pregestational 

diabetes especially in poorly controlled pregestational diabetes.  

In an attempt to elucidate the functional significance of the decreased vessel 

length/volume in diabetes, the umbilical artery RIs/PIs, measured with Doppler ultrasound 

to give an indication of blood flow velocity, were related to the maximum arterial and 

venous volume normalised to PW (Appendix 3(II)). The measured maximum vascular 

volume in arterial and venous casts was unrelated to the resistance indices. However, 

venous resistance might better be reflected in umbilical vein Doppler resistance indices 

which were not measured and there is evidence that altered resistance in arteries 

downstream of the cord is not always reflected in altered blood flow velocity measured in 

the umbilical artery by Doppler [395, 396]. It is therefore unclear whether altered vessel 

length/volume affects blood flow to and from the sites of placental nutrient exchange.  

Abnormalities in larger calibre blood vessel development have been reported in fetal 

growth restriction, showing longer venous and shorter arterial vasculature in FGR placentas 

[58]. Previous investigations have also demonstrated the presence of fewer chorionic plate 

arteries and sparse capillaries in FGR placentas [83]. Similarly, previous vascular corrosion 

studies have reported that placental vascular volume in severe pre-eclampsia is 

significantly lower compared with normal placentas; however, the vascular volumes in 

normal placentas compared with mild pre-eclampsia placentas did not differ significantly  

and these findings were not related to fetal outcome [300]. However, reduced vascular 

volumes are commonly associated with poor fetal growth [397, 398]. 

The significant reduction in the length and total volume of the larger calibre fetoplacental 
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arteries and veins in women with diabetes were insufficient alone to induce disordered 

fetal growth in the study cohort in this thesis. However, it is probable that altered 

macrovascular networks predispose to placental dysfunction and other factors coincident 

with reduced vascularity are required to trigger fetal growth restriction/overgrowth. 

  

In principle, vessel length discrepancies could be because of altered angiogenesis; 

however, the exact implications of these alterations on placenta function remains  

unknown or poorly understood.  

 

5.2.1 Are vascular structure differences between normal and pregestational 
diabetes pregnancies related to maternal glycaemic control and/or 
growth factors? 

The pregestational diabetic group was split into women with good and poor glycaemic 

control as dichotomized into groups with overall good control (most measurements <48 

mmol/mol) versus overall poor control (most measurements <HbA1c ≥48 mmol/mol) to 

test whether reduced total vascular volume normalised to PW in the diabetic women was 

related to glycaemic control.  

 

The poor control group had worse pregnancy outcomes compared to good control: a total 

of 55% had abnormal growth in poor control and a total of ~22.7% in good control. The 

incidence of LGA in the poor glucose control group was ~3x that of good control group; but 

SGA babies were only delivered to diabetic women with good glycaemic control. Two out 

3 women with SGA babies were type 2 and on metformin and the other was type 1 diabetic 

on Seratide. This implies that another facet of diabetes not directly related to maternal 

hyperglycaemia (or by connection, fetal hyperinsulinemia) predisposes to SGA.  

 

Overall BW, PW and IBC was significantly greater in the diabetic women with poor control 

vs good control and the number of earlier deliveries (before 37 weeks) was significantly 

higher in the poor control group. 

The study demonstrated a significant reduction in total arterial volume normalised to PW 

in poorly controlled diabetes compared to normal pregnancy (the control no diabetes 

group), but total arterial volume was similar in normal pregnancy and in diabetics with good 

glycaemic control. In contrast, a significant reduction in venous volume normalised to PW 
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was evident in diabetics with good control vs normal pregnancy; in poorly controlled 

diabetes, venous volume was lower than in normal pregnancy up to vessels in radius size 

bin 28 (1700-1750µm). 

These data imply that hyperglycaemia (+/- fetal hyperinsulinemia) is associated with 

reduced arterial volume but that reduced venous volume can occur in the absence of 

chronically elevated maternal blood glucose and must be secondary to other characteristic 

features of diabetes: there could be fluctuations in maternal glucose concentrations that 

affect venous (but not arterial) development in the good control group as defined and in 

this regard continuous glucose monitoring would be informative in further investigations. 

However, strategies to lower maternal plasma glucose might not be effective in preventing 

abnormalities of fetoplacental venous development in diabetes but rather therapies that 

aim to protect against the effects of variable/ fluctuating maternal blood glucose 

concentrations might be effective (i.e. blocking signalling pathways affected by glucose 

variability[343]). 

 

Overall, measured maximum vascular volume normalised to PW was related to pregnancy 

outcome as assessed by BW. There was a relationship between measured venous vascular 

volume and BW but not with arterial vascular volume. This study adds to the growing body 

of knowledge on the association of maternal hyperglycaemia and altered placenta 

structure. In relation to the hypothesis it confirms that although hyperglycaemia might be 

related to the reduction in arterial volume, other driving components in the diabetic 

environment contribute to altered placenta structure and dysfunction as evidenced by 

reduced venous vascular volumes observed in diabetic women with both good and poor 

glycaemic control. 

 

5.2.2 Placenta growth factor: marker for aberrant fetoplacental vascular 
development? 

PlGF concentrations in maternal serum rise during pregnancy, peaking at the end of the 

mid trimester of pregnancy. Low PlGF concentrations during pregnancy are associated with 

pregnancy complications including recognized later-life cardiovascular risk [121]. Low 

plasma levels of PlGF, a pro angiogenic factor, has been associated with placental disease 

and maternal plasma PlGF concentration is used clinically as a biomarker of placental 
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dysfunction. If reduced maternal plasma PlGF concentrations relate to abnormal 

vascularity as assessed at term in in pregestational diabetes compared to normal 

pregnancy, this could be mechanistically relevant as well as a biomarker of disease.  

 

The pregestational diabetes group was split into two sub-groups based on clinical details of 

the women classified with either normal or lower plasma PIGF concentration in the third 

trimester. A plasma PlGF of ≥100pg/L was classified as normal and <100 pg/L was 

considered low. 

Demographics comparing diabetic women with low and normal PlGF did not show any 

differences: the BW/IBC, PW were similar. However, a greater proportion of the normal 

PlGF group had good glycaemic control (75%) compared to the low PlGF group (58%) 

consistent with a relationship between hyperglycaemia and placental dysfunction.  

There were significant differences in the relationship between total vascular volume and 

radius size between the normal PIGF group and the lower PIGF group in pregestational 

diabetes with factored in adjustments for maternal glycaemic status of women using their 

first and last HbA1c measurements during pregnancy. There was a linear relationship 

between total venous vascular volume and radius size bins with vascular volume decreasing 

across increasing radius size in both normal and lower PlGF groups. There was a non-linear 

relationship between arterial total vascular volume and radius size bin with increasing 

arterial vascular volume across increasing radius size in lower PlGF group but decreasing 

arterial vascular volume across increasing radius size in normal PlGF group. In the group 

used to assess venous volume, BW was lower in the lower PlGF group compared to normal 

PlGF group suggesting that placental function was may not have been improved. This could 

imply that low maternal serum PlGF does not relate to the reduced arterial and venous 

volumes observed in diabetes or perhaps measured maternal plasma PlGF levels may not 

reflect local placental concentrations. 

In relation to the original hypotheses, the total volume of fetoplacental arteries and veins 

(300-4000µm diameter) was reduced in pre-gestational diabetes compared to normal 

pregnancies. There was no relationship between vascular volumes and umbilical artery 

Doppler resistance indices. There was also no relationship between measured vascular 

volumes and birthweight when considering BW as a continuous variable: there were 

insufficient numbers to assess whether volumes were different in AGA vs LGA and SGA. 

Poor glycaemic control could contribute to reduced arterial and venous volume in diabetes, 
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but venous volume was also reduced in women with good glycaemic control. Although 

numbers were small, reduced vascular volumes in pregestational diabetes were not related 

to low maternal serum PlGF concentration in the third trimester. 

  

 
5.3 The role of Insulin and Metformin on placental angiogenesis 

Factors underlying aberrant angiogenesis in maternal diabetes are unknown and we tested 

the hypotheses that (a) high glucose concentration, to mimic levels achieved in poorly 

controlled maternal diabetes (b) insulin, at concentrations approximating those in fetal 

cord blood in maternal diabetes (c) insulin plus metformin at a therapeutically appropriate 

concentration could regulate angiogenesis using human umbilical vein endothelial cells 

(HUVECS) in vitro.  

Our findings showed that compared to 5mM glucose, 7mM (approximating post-prandial 

levels) increased the ability of HUVECS to develop cellular networks consistent with 

stimulation of angiogenesis but higher glucose concentrations associated with poor 

glycaemic control (15-25mM) inhibited network formation. The mechanisms were not 

explored in this study but similar studies have shown high glucose levels caused an increase 

in apoptosis and the generation of oxidative stress and toxicity to HUVECs hindering their 

ability to form cellular networks [319, 344, 345, 348, 370, 371]. In elevated levels of glucose 

cellular networks seemed to form at earlier time points and regress as time went on. This 

in vitro observation, albeit on umbilical vein ECs, which are not representative of ECs in the 

fetoplacental vasculature, if reproduced in vivo is consistent with the reduction in vascular 

volume of the lager calibre vessels observed in women with pregestational diabetes in the 

current study; however, mechanisms that regulate the expansion of the vasculature and 

formation of the larger vessels are poorly/ incompletely understood. 

 

The current study also demonstrated that transient exposure to elevated glucose can 

reduce network formation by HUVECS and that this is not reversed by restoring glucose 

levels to normal. The clinical impact of glucose variability on the development of diabetes 

complications remains controversial; however, a review of studies has shown that 

fluctuating glucose levels may have a more deleterious effect on cells compared to constant 

high glucose concentrations [323, 345, 346] [343]. Reports on the effects of exposure to 

high glucose concentrations have also been well documented with consequences on 
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endothelial cell dysfunction and aberrant angiogenesis [318, 362, 364, 365]. Studies on 

intermittent fluctuating blood glucose levels have also reported an increase in free radicals 

and endothelial dysfunction, which link hyperglycaemia with the activation of pathological 

pathways that lead to tissue damage [320, 322, 323]. Numerous studies have shown that 

macrosomia and congenital malformations relate to glycaemic control and hence reports 

on fluctuating hyperglycaemic spikes in pregnancies complicated by maternal diabetes 

could relate to a higher incidence of fetal overweight, via a mechanism at least partly 

independent of chronic hyperglycaemia [399, 400]. 

In vivo examinations with placenta casts at term showed a reduction in venous volume 

even in pregestational diabetes women with good glycaemic control and this might have 

arisen due to fluctuating glucose levels and could possibly be explored by continuous 

glucose monitoring. 

 

Elevated maternal plasma glucose in diabetes can lead to fetal hyperinsulinaemia ([186, 

279] [185, 187] and this could modulate angiogenesis through insulin receptors expressed 

by the fetal endothelium[190, 401, 402]. Studies have also reported that a decrease in 

circulating IGFBP-1 and to a lesser extent an increase in circulating IGF-1 is associated with 

higher birth weight in maternal diabetes [187]. The current study showed that insulin at 

1nmol/L concentration did not alter the ability of HUVECs to form networks at 5mM 

glucose, but restored network formation in higher concentrations of glucose. This suggests 

that hyperinsulinemia might be protective against impoverished angiogenesis in maternal 

diabetes with poor glycaemic control. Studies have shown that insulin stimulates network 

formation but not proliferation in vitro  involving the IRS1/PI3K/Akt signalling pathway and 

downstream eNOS and Rac1 activation and insulin also induces actin rearrangements 

involving PI3K, eNOS, and Rac1 signalling[231, 372]. This may also explain excessive 

placental vascularisation in conditions of fetal hyperinsulinemia [383]. Additionally, it has 

been reported that insulin reverses the gestational diabetes mellitus (GDM) or high D-

glucose-associated stimulation of the L-arginine/NO pathway in HUVECs which implies that 

glucose-increased oxidative stress and vascular dysfunction are attenuated by insulin [372]. 

Other studies using diabetic retinopathy rat models  have suggested that fetal insulin is 

involved in the control of placental angiogenesis and permeability of the vasculature as 

evidence points to the enhancement of VEGF protein expression and secretion by insulin 

[41, 230]. Clinical trials have shown that acute intensive insulin therapy exacerbates 
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diabetic blood retinal barrier(BRB) breakdown via activation of the hypoxia inducible 

factor-1alpha (HIF-1α)/VEGF pathway [230]. Retinal HIF-1α levels increase as a result of 

intensive insulin therapy and this promotes HIF-1α translocation into the nucleus, which in 

turn increases VEGF mRNA expression and protein synthesis via the PI3-kinase and mitogen 

activated protein kinase (MAPK) pathways. These two studies confirm a report from Poulaki 

et al. (2002) which reiterates that hyperglycaemia-induced upregulation of VEGF differs 

from the insulin-induced upregulation of VEGF [230]. 

 
Women with diabetes often take metformin to improve glycaemic control. Metformin can 

both promote and inhibit angiogenesis in diabetes and as it can cross the human placenta, 

metformin could potentially influence fetoplacental angiogenesis. Studies have shown the 

transfer of metformin across the human placental using the dual perfused placental 

cotyledon model and pharmacokinetic models [403-406]. 

 
Studies have also demonstrated the passage of metformin through placental tissues using 

isolated placental syncytiotrophoblast apical membranes [350], Wharton's jelly 

mesenchymal stem cells (MSCs) [351]and HUVECs [352]. 

In vitro, metformin at a therapeutic concentration, given in combination with insulin, 

restored the ability of HUVECS to form cellular networks in response to elevated glucose 

concentration. The specific mechanistic action of metformin still remains unclear; however 

the overall consensus is that metformin exerts its effects via activation of the AMPK 

signalling pathway [407]. The AMPK signalling pathway is a regulator of cellular energy 

homeostasis. It is known to be activated by falling cellular energy status i.e. increasing ratio 

of ADP/ATP and AMP/ATP and thus has been hypothesised to be a possible glucose sensing 

mechanism. It has been reported that metformin activates the AMPK signalling pathway by 

increasing phosphorylation of the Thr172 site in AMPK alpha subunit in primary 

hepatocytes [340]. In a recent review, it is suggested that metformin exerts its effects  via 

its influence on endothelial function and its ability to decrease reactive oxygen species and 

has been found to increase the number of endothelial progenitor cells hence reducing 

endothelial dysfunction [408].  
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A study on a human first trimester trophoblast cell line (Sw.71) treated with glucose  

concentrations at 5mM, 10mM, 25mM and 50mM, in the presence and absence of 

metformin demonstrated that metformin partially reduced the glucose-induced 

inflammatory response, but had no effect on the anti-angiogenic or anti-migratory 

response [409]. Similarly, a study on the effects of metformin on HUVECs isolated from 

pregnant women with GDM reported that metformin ameliorated GDM-induced 

endothelial dysfunction via downregulation of p65 and upregulation of Nrf2 to improve 

endothelial cell function. This protective effect of metformin on GDM/high glucose-induced 

impairment of angiogenesis capability was reportedly via Nrf2 [337]. In addition, animal 

studies have shown the positive effects of metformin treatment on placental dysfunction 

and insulin demand in pregnant rats with a high fructose-fed diet [410, 411]. 

 
In maternal diabetes , studies report that metformin (alone or with supplemental insulin) 

is not associated with increased perinatal complications as compared with insulin[265].  

The studies in this thesis demonstrated reduced placenta vascular volumes in diabetes 

compared to normal pregnancies despite women receiving metformin (The majority of 

women with type 2 diabetes from the Velocity study will have been on metformin (>90%)). 

SGA infants were also recorded in good control diabetes. A meta-analysis study on the 

effects of metformin in gestational diabetes reported reduced birth weight and incidence 

of macrosomia in infants born to mothers on metformin and other interventions such as 

dietary therapy, exercise, oral hypoglycaemic agents and insulin  compared to women who 

had received routine care suggesting the importance of these other therapies in reducing 

the complications [332]. 

 
The majority of evidence supports pro-angiogenic effects of metformin although in 

placental tissues both hyper and hypo vascularisation are reported in diabetes and it is not 

possible to predict which effects metformin will exert on fetoplacental angiogenesis. 

However, in the current study, metformin in combination with insulin was shown to exert 

pro-angiogenic effects in high glucose concentrations. 
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5.4 Conclusion 

The observations from the current study have identified evidence for structural changes 

within the patient groups studied, particularly those pregnancies that are complicated by 

maternal diabetes.  In particular, morphometric analysis of placentas from pregnancies 

complicated by maternal diabetes revealed reduced vessel length and vascular volumes of 

placenta with associations to maternal glycaemic control. 

 

This thesis has advanced our understanding of the development and structure of 

fetoplacental vasculature in pregnancies complicated by maternal diabetes. The most 

significant results from this project may be summarised as follows: 

 

1. Placenta network structure at term is different in pregestational diabetes 

pregnancies compared to normal pregnancies. 

(a) Shorter arterial and venous length of vessels in placentas from 

pregestational diabetes pregnancies compared to normal pregnancies. 

(b) Decreased arterial vascular volume in placentas from pregestational 

diabetes. 

(c) Overall decreased total venous vascular volume in placentas from 

pregestational diabetes. 

(d) Shorter arterial and venous vessel length in placentas from poor 

glycaemic control pregestational diabetes. 

(e) Decreased arterial vascular volume in placentas from poor glycaemic 

control pregestational diabetes. 

(f)  Decreased venous vascular volume in placentas from poor as well as 

good glycaemic control groups in pregestational diabetes compared to 

normal pregnancies. 

(g) Reduced vascular volumes in placentas from pregestational diabetes 

pregnancies were not related to low maternal serum PlGF concentration 

in the third trimester. 
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 2. The analysis of cellular networks formed by HUVECs data showed that over 18h, several 

variables (mean number of meshes, segments, master junctions, all segments and 

branches) were significantly affected by glucose concentration.  

(a) In comparison to 5mM glucose (normogylcaemia), 7mM significantly increased 

the number of segments + branches, master segments and nodes, and increased 

the total mesh area, consistent with a promotion of cellular networks. 

 

(b) HUVEC cellular network formation was diminished in higher glucose 

concentrations and the number of master segments, master junctions, 

segments + branches and meshes was significantly lower in 18mM and 25mM 

glucose compared to normogylcaemia (5mM)  

(c) Experiments exploring effects of fluctuating glucose concentrations to simulate 

unstable maternal plasma glucose in diabetes, showed that HUVEC cellular 

network variables (meshes, master segments, segments + branches) were 

significantly inhibited by higher glucose concentrations(25mM) and did not fully 

recover when normogylcaemia was restored. 

(d) The addition of insulin (100pmol/L, 1nmol/L and 10nmol/L) +/- metformin at a 

therapeutically relevant concentration (100nmol/L), did not alter cellular 

network variables formed by HUVECs maintained in 5mM glucose. However, 

insulin at 100pmol/L appeared to improve network formation in raised glucose 

concentrations particularly at 25mM  

(e) Metformin also appeared to enhance networks formed by HUVECs maintained 

in medium containing 25mM glucose with insulin at all three concentrations 

((100pmol/L, 1nmol/L and 10nmol/L). 

 

The structural abnormalities in the fetoplacental vasculature evident at delivery will 

possibly reflect earlier events in vessel development; this suggests that, investigations 

relating fetoplacental vascular structure at term with fetal growth, maternal glycaemic 

control and other biomarkers that could modulate placental vascular development in 

diabetes throughout pregnancy could contribute to more effective targeted and timely 
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interventions. The possibility of improving vascularity with maternal therapies (metformin) 

regulating angiogenesis in a diseased placenta signifies the potential of improving placental 

blood flow and, by extension, normalising nutrient and oxygen delivery to the fetus to 

support normal growth. It will be necessary to investigate the specific impact of structural 

abnormalities observed in the pregestational diabetes feto-placental vasculature on 

placental function. Investigations on early/second trimester placentas could also 

contribute in ascertaining ideal timing of therapeutic interventions and understanding the 

origins of disparate poor pregnancy outcomes in diabetes as it will no doubt place a 

significant burden on obstetric healthcare.  

 

 

5.5 Recommendations for future work 

There are a number of opportunities for future investigations that would complement and 

add to the findings of the current study, and would also fill identified scientific gaps in the 

literature to provide further evidence for the clinical and physiological implications of 

placenta vascular development in pregnancies complicated by maternal diabetes. 

 

 Fetoplacental vascular structure 
 
 Limitations encountered in this investigation were that in using this casting technique, 

arterial and venous networks could not be examined simultaneously in the same placenta. 

Commercially available coloured pigments added to casting material addresses the issue of 

creating casts with both arterial and venous network in the same placenta but render 

Micro-CT imaging futile. It would be interesting to develop a technique that accounts for 

this limitation and allows for scanning of placenta casts containing both arterial and venous 

networks and development of placenta specific software for analysis. 

In future it would be beneficial to use a scanner with higher resolution to fully examine the 

smaller diameter fetoplacental vessel networks in an intact cast state. The techniques and 

software analysis used in this study only permitted a near-full account without having to 

break casts into smaller sections for higher resolution of smaller vessels. This necessitated 

imposing a threshold diameter of ≥300μm for vessel analyses. The smaller capillaries could 

not be seen, ruining the ability to examine the vasculature in its entirety and in continuity. 

It may be possible to overcome this by applying multiple multiscale imaging approaches to 
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the same sample, allowing additional data to be collected overcoming the limitations of a 

single technique. The usage of other three-dimensional imaging approaches including 

confocal, super resolution, light-sheet, and serial block-face scanning electron microscopy 

can provide insight into placental structure and function [412]. These approaches when 

used together, will allow three-dimensional imaging of the placenta across the scales at 

which different processes occur such as spatial relationships between structures and 

visualisation of structures that are not clearly apparent in two-dimensions. 

 
Investigations using early and second trimester placentas from normal and pregestational 

diabetes pregnancies, when large calibre vessel network on the chorionic plate are being 

developed, could further our understanding on specific window for intervention therapies. 

 
In comparisons of study populations of women whose placenta were used, investigations 

using longitudinal changes in maternal glycaemia via CGM data could offer a more accurate 

reflection of maternal glycaemic control instead of first and last HbA1c measurements.  

In addition, PIGF measurements in normal pregnancy would enable complete comparisons 

between women with normal PIGF levels and no diabetes and women with normal PIGF in 

pregestational diabetes and women with lower PIGF in pregestational diabetes. The sFlt-

1/PlGF ratio has been reported to have the highest accuracy for the diagnosis of PE patients 

from normal pregnant women in comparison to its power for the diagnosis of severe or 

early-onset forms of the disease[413]. It will also be important to measure the fetal 

regulation of placental vascular development, by measuring fetal (cord venous/arterial 

blood) PlGF levels. Future investigations will also aim to incorporate fetal cord PlGF 

measurements as fetal PlGF is most likely to be influential in regulating development of the 

fetoplacental vasculature.  

Future studies conducted in pregnancies complicated by maternal diabetes must also 

consider the influence of obesity and other components of the diabetic environment in 

utero (i.e. oxidative stress, AGEs, inflammation, hypoxia). Future work will also aim to also 

relate vascular abnormalities to BW/IBR and try to relate structure to function i.e. venous 

Doppler. 

Further work could also investigate cord insertion in diabetes in relation to poor outcomes 

as cord insertion could have a major influence on the pattern of fetoplacental blood vessel 

branching on the chorionic plate [56]. 
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Histological Studies 

Further histological analysis of placenta from normal pregnancies and diabetic pregnancies 

could be carried out on samples already collected and stored. The assumption is that 

pathological manifestations in placenta vasculature in pregnancies complicated by 

gestational diabetes will be the same in pregestational diabetes. However, a holistic view 

of placental vascular casts from pregnancies complicated by gestational diabetes indicate 

differences in number of vessel segments per total area to that of placentas from 

pregnancies complicated by pregestational diabetes. Further histological studies will be 

conducted in placentas from the different types of diabetes with the hope of relating the 

2D histopathological findings to 3D volume structural findings from vascular casts.  

 
For further analysis of vascular structure, the morphometric measurements of the 

vasculature should consider a number of features such as studies on vessel wall thickness 

and structure to provide insights on the effects of vascular dysfunction on vessel reactivity 

in pregnancies complicated by diabetes. There are some challenges in determining if the 

placental structural alterations in pregnancies complicated by pregestational diabetes can 

be translated into documented aberrations to placental flow, as studies are sparse. The 

ratio of lumen area to vessel wall will give insights on vessel adaptations and inform on 

their ability to respond to demand for changes in blood flow in placentas from 

normotensive pregnancies compared to pregnancies complicated by pregestational 

diabetes. 

Immunohistochemistry vascular markers can be used in morphometric studies of placental 

vascularity. Vessel number and size are best quantified using a suitably specific marker such 

as CD31. CD31, also known as platelet endothelial cell adhesion molecule (PECAM-1), is a 

130 kDa protein largely expressed by the endothelium, and thus is used as an endothelial 

marker in histological and cytological applications when investigating vascular structures 

[414, 415].  

Vascular smooth muscle (VSM) differentiation can also be investigated in placenta samples 

from the two clinical patient groups (normotensive pregnancies and pregnancies 

complicated by pregestational diabetes). The VSM appear later in pregnancy compared to 

the endothelium, and emerge during angiogenesis and the development of stem villi [416] 

and is denoted by the expression of protein markers of their differentiation from about ten 

weeks of gestation [417]. The proteins expressed have contractile properties that give the 
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VSM their ability to vascular tone, blood flow and pressure [274, 418], and from an absence 

of placental neural networks, their contractile function is entirely modulated by both 

autocrine and paracrine functions, as well as oxygen levels. Some reports have described 

alterations to the VSM within pregnancies complicated by either GDM [419] or obesity 

[420], but have not been explored as of yet in pregestational diabetes. There have been no 

studies conducted to assess the expression of the VSM markers in placentas from 

pregnancies complicated by pregestational diabetes. The VSM cells play a role in 

maintaining the placental vascular structure, therefore it is hypothesized that any 

alterations to their expression in pregnancies complicated by the diabetes may match with 

alterations in vascular morphometry which could be assessed by measurements of changes 

in vascular profiles of structures as reported in the literature [421]. 

 
To also address the need for a robust classification of placental lesions in pathologies, an 

alternative approach to 2D classifications could be used by isolating villous trees and 

assessing them using 3D quantitative microscopy analysis. Evidence for pathologic findings 

on altered fetoplacental vasculature have differed among studies with variation in 

definitions of placental abnormalities.  

The different definitions of the placental abnormalities as stated earlier could potentially 

reflect differences in the type of diabetes, study methodology, or approaches to assess 

fetoplacental vascular development and glycaemic control of study participants. Future 

research will aim to address this by exploring the use of quantitative 3D microscopic 

analysis of isolated placental villous trees. Training for this technique has been undertaken 

at The University of Munich and villous trees have been successfully isolated. The aim for 

this will be to isolate villous trees of placenta from both groups and start analysis using the 

neurolucida software. This technique will provide records of topology, hierarchy and 

quantitative data of villous tree that could be correlated to 2D classifications of pathological 

sections e.g. distal villous hypoplasia. This will be done through the isolation of peripheral 

villous trees from whole mounts of placenta tissues from normal pregnancies and 

pregnancies complicated by maternal diabetes. The whole mounts from which the villous 

trees are isolated will also be subsequently fixed in formalin and embedded in paraffin for 

histological sectioning and staining. The aim will be to correlate quantitative analysis of the 

isolated villous structures such as surface area, diameters volumes and topology to 

observed 2D histological placental properties and variables within the same tissue section.  
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Further in vitro studies 

In this study HUVECs were used to examine the effects of high glucose concentrations on 

cellular network formation; however, chorionic and villous blood vessels differ in origin and 

function, there is a need to compare effects of glucose concentrations in chorionic vessel 

endothelial cells (HPAECs and HPVECs) and endothelial cells from villous vessels. Future in 

vitro studies could include isolating these cells from placentas from normal pregnancies 

and pregnancies complicated by maternal diabetes to distinguish the cell-intrinsic effects 

of diabetes from the effect of a skewed in utero environment. 

A repeat of experiments of fluctuating glucose levels with insulin and metformin may be 

useful in accurately mimicking relevant physiological/pathophysiological environment in 

maternal diabetes. 

Future experiments from this study could incorporate cell viability assays/apoptosis assays 

to confirm high glucose toxicity to the cells, proliferation /differentiation assays to assess 

the formation of colonies in some of the wells, gene expression studies e.g. single RNA-

sequencing and investigate 3D-microvascular visualisation model of tubes formed in 

matrigel to confirm lumen formation in networks from experiments as shown in other 

studies[354, 355]. 

 Recovery studies could also be implemented to explore the phenomenon of regressing 

networks and establishing markers to identify restored ability of cells to form networks 

after switching from high glucose concentration to normal concentrations in the presence 

of metformin from cell plates that have been fixed. 

In addition, in vitro studies can also be conducted to investigate the role of hyperglycaemia 

in the regulation of PlGF production in endothelial cells isolated from normal pregnancies 

and pregnancies complicated by maternal diabetes. A recent study has reported that, 

hyperglycaemia up-regulates placental growth factor (PlGF) expression and secretion in 

endothelial cells (HUVECs) via suppression of PI3 kinase-Akt signalling and activation of 

FOXO1[422]. Future studies can explore this investigations using isolated HPAECs from 

normal pregnancies and pregnancies complicated by pregestational diabetes in the 

presence of physiological/pathophysiological insulin and with metformin. 
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Appendix 1: Velocity Study Protocol 

 

 

  

Study Protocol 

Investigators: Dr Jenny Myers, Dr Ed Johnstone, Dr Alice Dempsey & Dr Eleanor Scott 

 

 

VELOCITY: Evaluating fetal growth in pregnancies Complicated by maternal 
diabetes 

 
Background 

The evaluation of fetal growth in pregnancies complicated by maternal diabetes is 

important in determining not only growth restriction but also fetal macrosomia. The 

importance of identifying and therefore allowing early intervention is paramount in the 

setting of antenatal care.  

Fetal growth restriction, defined as a pathological restriction of the genetic growth 

potential (RCOG 2014), causes an increased risk of perinatal morbidity and mortality in 

particular fetal compromise and stillbirth (RCOG 2014). Fetal macrosomia, defined as fetal 

growth greater than the 90th centile, has significant implications for both mother and baby. 

Maternal complications include prolonged labour, operative deliveries and perineal trauma 
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(Ju 2009). Fetal complications include shoulder dystocia resulting in birth trauma, brachial 

plexus injuries and admission to neonatal intensive care unit (Esakoff 2009).  

The current tools used for the evaluation of fetal growth are: 

1. Measuring symphysio-fundal height. This has a poor sensitivity and specificity with 

detection of abnormalities in growth as low as 30% (Rosenberg 1982). 

2. 2D Ultrasound measurements of fetal biometry. Those commonly used are head 

circumference, abdominal circumference and femur length. Estimated fetal weight is 

calculated using a formula (Hadlock 1985), which is then plotted on a customised fetal 

weight growth chart. 

Although these practices are widely used, their accuracy is widely debated (Chauhan 2005). 

In women with diabetes, fetal growth is more difficult to assess as there is often maternal 

obesity and conflicting mechanisms influencing fetal growth (maternal hyperglycaemia and 

placental insufficiency). It is therefore evident that more accurate assessments of fetal 

growth are needed. Based on previous success using 3D ultrasound techniques in small for 

gestational age infants, we will use fractional thigh volumes (measured by 3D ultrasound) 

to evaluate and predict fetal growth trajectory. We anticipate that earlier detection of 

deviations in fetal growth will allow earlier intervention (e.g. earlier delivery or closer 

monitoring of fetal wellbeing/maternal diabetes) and thereby ameliorate some of the 

maternal and neonatal morbidity associated with abnormal fetal growth.  

Clinic environment: 

Women will be seen in a dedicated research clinic run within the clinical suite of the 

Maternal & Fetal Health Research Centre (5th floor St Mary’s Hospital) and as part of the 

Diabetes Antenatal Clinic at St James' Teaching Hospital. Women will be recruited to this 

research study by a member of the research team and research samples will be collected 

and immediately processed.  

The study is sponsored by the University of Manchester. 

Referral criteria: 

Women <20 weeks gestation with pre-existing diabetes 

Exclusion criteria 

Multiple pregnancies 

Women unable to provide written informed consent 
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Women under 16 years of age 

Consent 

Women will be consented by trained research staff who are able to assess capacity and 

who are familiar with the principles underpinning informed consent. Appropriate 

information will be provided to women who are invited to participate in this research. 

Study protocol: 

1. Referral at booking from diabetic antenatal services, first visit 10-16 weeks 

2. Subsequent visits 4 weekly (or as clinically indicated) 

Appointments within the research study will replace a small number of routine antenatal 

care visits usually performed in the specialist diabetes clinic. Assessments will be 

performed by clinical staff and documented in the hand-held notes and main hospital notes 

for all women. Any abnormal findings will be shared with the booking consultant and 

appropriate follow up arrangements made. Any clinical investigations performed during a 

research visit (e.g. blood tests) will be followed up by the research team and communicated 

to the clinical staff as necessary. 

Planned research investigations: 

1. Collection of demographic data, including obstetric, medical and drug history. Routine 

blood test results (such as HbA1C) will also be recorded. 

2. Uteroplacental assessment: Measurement of uterine artery and umbilical artery 

Doppler. Fetal biometry will be performed 4 weekly from the first scan with placental 

volume assessments at 22-24 weeks. 3D fractional thigh measurements will also be 

obtained where possible during each scan; these measurements will be post 

processed. 

3. Women will be asked to wear a continuous glucose monitor (CGM) three times during 

their pregnancy (10-16, 22-26 and 30-34 weeks), which will be fitted by trained staff 

for up to a week at a time. Glucose readings will remain blinded to the participant but 

a summary of the readings will be provided at the end of each week of measurements. 

Women will also be asked to complete a short questionnaire detailing their daily 

activity levels. 

4. Vascular assessment (Manchester only): Assessment of blood pressure and vascular 

compliance using TensioClinic Arteriograph. This device uses an upper arm cuff to 

detect pulse waves generated from central and peripheral vessels. The arteriograph 

will provide the following data: Augmentation index, pulse wave velocity, aortic 
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systolic BP, systolic and diastolic BP. Noninvasive cardiac output monitoring (NICOM) 

measurements will also be obtained at the same time. Measurements will be taken 

three times during pregnancy (see table 1). 

5. Collection of blood and urine samples (Manchester only): Samples (one EDTA 8 ml, one 

serum 8 ml) will be collected for measurement of existing placental biomarkers (e.g. 

Placental growth factor) in addition to novel biomarkers currently under development. 

Samples will be collected at four time points during pregnancy (see table 1). 

6. Collection of pregnancy outcome data: Detailed pregnancy outcome data will be 

collected including details of delivery and neonatal outcomes. 

7. Collection of cord blood for measurement of biochemical parameters (e.g. 

erythropoietin and C peptide) and placentas for assessment of angiogenesis and 

morphological abnormalities. Samples will be collected by research staff using in line 

with existing protocols.  

8. Measurement of skin fold thickness will be carried out on the infants (born after 28 

weeks) after birth (within 72 hours). 

Data storage 

All clinical, ultrasound and vascular measurements will be collected and stored using a 

customized database (e.g., ViewPoint). This database can only be accessed by clinical 

members of the research team. For data analysis purposes non-identifiable data only will 

be transferred to encrypted University PCs accessible only by research staff. 

Sample storage 

All samples will be processed using standard operating procedures within MFHRC. 

Processed samples will be labelled with date, unique study ID and initials and stored at -80

￮C. 

Primary outcome 

The correlation of 3D measurements to final birth weight and predicted birthweight (iGAP) 

in comparison to the performance of 2D biometry 

Secondary outcomes 

1. Association between continuous glucose monitoring and fetal growth trajectory 

measured in each trimester throughout pregnancy 

2. Utility of longitudinal biochemical measurements and the identification of fetal growth 

abnormalities 

3. Association between 3D fractional thigh volume measurements and neonatal skin fold 
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thickness 

Sample size 

250 women with pregestational diabetes recruited over 5 years. 

Analysis 

At St Mary's Hospital we provide care for 50-70 women with pre-existing diabetes per year. 

Our experience with similar cohort studies is that recruitment is high (>95%), we would 

therefore anticipate the recruitment of at least 50 women per year (1 per week) to the 

study. Leeds Teaching Hospital NHS Trust provide care for a similar number of women with 

diabetes. Fetal macrosomia complicates 30-40% of pregnancies complicated by maternal 

diabetes with a further 15-20% being complicated by small for gestational age. 

In our previous studies, we have demonstrated an improvement of 0.09-0.13 in the R2 

(correlation between scan measurements and birthweight) using 3D volume 

measurements in comparison with 2D biometry. Using these estimates, the inclusion of 

250 women would give sufficient power to detect a 0.12 change in the regression 

correlations (α=0.05, β=0.8). Accuracy of the IGAP software using 3D volume 

measurements will be assessed using standard diagnostic metrics (sensitivity, specificity, 

positive predictive value etc.) in line with our previous studies, which have demonstrated 

a significant improvement in the detection of fetal growth restriction with the inclusion of 

fractional thigh measurements. 

The association of blood glucose monitoring and fetal growth trajectory will be investigated 

using linear regression analysis (outcome variable: fetal growth velocity using iGAP 

software) incorporating appropriate covariate data including biochemical and biophysical 

measurements). Detailed analysis of the CGM data (Law et al) will be performed in 

conjunction with Division of Epidemiology and Biostatistics, Leeds Institute of 

Cardiovascular and Metabolic Medicine, University of Leeds. 

Reporting of clinical information 

Observations obtained as part of the research study which would be considered to be part 

of routine clinical care (blood pressure, urinalysis, fetal biometry etc.) will be reported to 

the clinical care team and managed according to local clinical protocols. A summary of the 

blinded CGM measurements will be fed back to participants after each sensor episode, but 

will not be reported to the clinical team. 
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Risks, Burdens and Benefits 

As this is an observational cohort study, adverse events are not anticipated. 

Women referred to VELOCITY will be managed in line with specialist antenatal clinics’ care 

pathways and their care will not be altered by their enrolment in this research study. 

Women will be offered additional ultrasound scans as part of the study and for women 

recruited in Manchester additional blood samples and vascular profile measurements will 

be obtained during the study visits (5 minutes). As women with diabetes in pregnancy 

attend hospital appointments 2- 4 weekly during their pregnancy, it is not anticipated that 

additional visits will be necessary for women taking part in the study. Study visits will 

replace or be incorporated within routine clinical care appointments.  

Women will be asked to wear a glucose sensor for a week at a time at three time points 

during their pregnancy. This can occasionally be associated with minor local skin reactions 

and there is a small risk of localised infection. Women will be provided with information 

regarding the sensor and a contact telephone number in case of problems. 

 

We have discussed this study and its long-term goals with our Maternal & Fetal Health user 

group. 

 

Confidentiality 

Data will be collected in accordance with the "Caldicott Principles". All women recruited 

will be allocated a study number which will be linked to their identifiable information held 

in a separate file stored within the Maternal & Fetal Health Research Centre. All outcome 

data will be stored using a password protected database within the Research Centre 

accessible only to members of the research team. All electronic data will be anonymised 

and no identifiable data will be stored on this database. All samples will be labelled with 

the study number and date only. Samples will be monitored and stored in line with the 

Human Tissue Act guidelines. 
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10-16 
weeks 

 
16-22 
weeks 

 
22-26 
weeks 

 
26-30 
weeks 

 
30-34 
week
s 

 
34-38 
week
s 

 
Pregnan
cy 
outcom
e 

Post 
Deliv
ery 
(<72 
hours) 

 Baseline 
visit 

Study 
visit 2 

Study 
visit 2 

Study 
visit 3 

Study 
visit 4 

Study 
visit 5 

 Delivery 

 

Patient Information 
Leaflet 

✔        

Inc/Exc Criteria 

Consent Form ✔        

Collection 
demographic data 

✔        

Fit glucose sensor ✔  ✔  ✔    

Confirm 
consent/contin
uation 

 
✔ ✔ ✔ ✔ ✔ 

  

Ultrasound scan inc 
3D volume 

✔ ✔a ✔ ✔a ✔ ✔a 
  

Blood/urine samplesb ✔  ✔  ✔ ✔   

Vascular 
measurementsb 

✔  ✔  ✔    

Review and record 
pregnancy 
complications 

      
✔ 

 

Labour/Delivery 
Information 

      
✔ 

 

Collection cord 
blood and placenta 

      
✔ 

 

Measurement of 
neonatal skin fold 
thickness 

       ✔ 

 
a. Ultrasound scans may be performed at these gestations as part of routine clinical care 
b. Manchester only 

(Myers et al, “Velocity Study Protocol “, 2016) 
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Appendix 2: Avizo Micro-CT Data Analysis Protocol 

 
Steps involved in protocol for micro-CT data analysis in Avizo software. 

 

1. Obtain voxel size of data 

• Locate the .vgi file of the data e.g. CTB 257.vgi 

• Right click the file 

• Open with notepad 

• Scroll down to resolution, note the value (the 3 values represent the X, Y & 

• Z planes respectively) 

 

 
 

Scroll further down to verify the unit e.g., mm 

 

2. Open data in Avizo 

• Start Avizo standard 

• Click “open data” in project view 
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• Locate and open the data stored in .tiff format 

• Copy all the .tiff files (Ctrl A), then click open 

 

 
 

• Type in the voxel size obtained in section 1 above (in the 3 boxes) 

• Click ok 

 

3. Volume rendering of data 

• Right click the imported data in project view 
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• Click volume rendering 

 
 

• Adjust the colour map to get rid of background grey scale/noise (change numbers 

until you achieve a desirable view) 

 

 
 

• Click view on the top pane, choose “background”, choose “uniform” and change 

colour as desired, then click ok 

 

4. Cropping 

• Right click the data 

• Go to “compute” 
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• Go to “volume edit” 

• Change from “Draw” to “Tadbox” 

• Change from “Box” to “Cylinder” 

• Change axis to “Z axis” 

• Click the “outside” box on “cut” 

 

 
 

• Click apply 

• This creates another data in the project view with the suffix “modif*” 

• Deactivate the former data 

• Do volume rendering for the new data (as in section 3 above) 

• Rotate the new 3D image to view its base/background and crop any background 

noise as follows: 

- Right click the data, choose orthoslice 
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- Move the slice line to separate the data from the background noise (move 

slice number) 

 

 
 

- Click the “clip” tool to crop off the noise 

- Deactivate orthoslice 

• Rotate the data back to position 

 

5. Apply scale bars & grids 

• Right click data 
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• Click “annotate” 

• Choose “scale bars” or “local axis” (whichever is required) 

 

 
 

• Change colour from the background/default colour (default is white) 

• Change unit to what is desired e.g. mm 

• Change font and select its colour as desired 

• Adjust scale bars as desired 

• Apply grids if necessary 

 

6. Segmentation of data 

• Right click data, scroll to “image segmentation”, choose “edit new label field” 
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• View in 4 viewers mode (viewers 0, 1, 2 & 3) 

0 = 3D view 

1 = XY 

2 = XZ slice planes 

3 = YZ 

• Choose the XY slice, change to 2 viewer mode 

 

6. IMAGE SEGMENTATION

 
 

• Tick show in 3D 
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Tick all slices 

• Use zoom tools to zoom in to show a perfect circle of slice XY (whole data in view) 

• Set “data window” to 37 & 100 (or whichever values you’ve been working with from 

the beginning) 

• Use magic wand tool or threshold tool to select data to segment 

• Selected data turns red, adjust slider to create your selection 

 

 
 

Use eraser tool to clean off errors 

• Tick “all slices” 

• Click the sign to add the selection for analysis 

• You can change the title “inside” to whatever you want to use 

 

7. Measurements 1: volume and area 

• Click segmentation at the top pane 

• Click material statistics 
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• You will obtain the volume in mm3 and area in mm2 (use the inside data, 

ignore the exterior ones) 

 

8. Skeletonisation 

• Right click labels (green in project view) 

 
 

• Scroll down to image morphology 
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• Click autoskeleton 

• Click apply at the bottom of the page 

 
 

 

• Click spatial graph view on project view to modify parameters as follows: 

 

 
 



271  

- Turn nodes on or off 

- Change node colour 

- Change segment styles – choose tubes 

- Change colour of segments/tubes 

- Change tube scale from “constant” to “thickness” 

- Adjust tube scale factor 

- Change segment colouring from “constant” to “thickness” 

- Change segment colour map to physics.icol (click edit and choose physics.icol) 

 
- Double click the colour gradient shown, physics.icol data will appear in 

project view. Right click the physics.icol data, choose annotate, choose 

colour map legend 

- Tick custom text 

- Change font colour to black (default is white) 

- Type in values with desired unit in apostrophe e.g. 0/”0 mm” 0.5/”0.5 

mm” 1/”1 mm” to replace the low, medium and high in the default settings 
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9. Measurements 2: length, number of branch points 

• Right click spatial graph data in project view 

• Choose measure 

• Click spatial graph statistics 
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• Click apply 

• Right click on the resultant green data “Smt.statistics” in project view 

• Scroll to compute and click “spreadsheet filter” 

• Click “show spreadsheet” 

 
10. Measurements 3: diameter, length, manual measures 

• Convert spatial graph to line set 

- Right click the Smt.SptGraph data 
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- Scroll to “convert” and click “spatial graph to line set” 

- Click apply 

- Click on the resultant data in project view 

- Click the ruler icon in the top pane 

- Draw line to measure 

 

11. Taking snapshots 

• Take snapshots at any point by clicking on the camera icon in the top pane 

(put scale bars or colour map legend, as in sections 5 and 8 respectively, 

before taking snapshot, if necessary) 
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Appendix 2(I): R code Protocol for Cast Data Analysis 

1. Set up R Studio and install following libraries 

•  library(ggplot2) 

•  library(dplyr) 

•  library(mixOmics) 

2. Set working directory  

• setwd("R:/<Username>/Placental Vasculature/Data") #set working directory to 

where your data is 

3. Input following code 

• file_list<-list.files(pattern = ".*.csv") #list files ending .csv 

• files<-lapply(file_list, read.csv) #read files in list 

• files<-lapply(files,function(x){colnames(x)<-

c("Segment_ID","Curved_Length","Chord_Length","Tortuosity","Mean_Radius

","Volume","Classification") 

• return(x)}) #make column names uniform 

• data<-do.call(rbind,files) #bind data into one dataset 

• num_rows<-as.numeric(lapply(files,nrow)) #calculate number of rows per file 

• PIDs<-substr(file_list,1,nchar(file_list)-4) #generate unique IDs per participant 

from file names 

• Grp<-substr(file_list,1,3) #generate a group variable (VF0 vs TOM, 3 characters 

for ease) 

• Grp[15:24]<-substr(Grp[15:24],1,2) #drop character 3 from VF (VF0 -> VF) 

• data$PIDs<-rep(PIDs,num_rows) #add participant IDs to data 

• data$Group<-rep(Grp,num_rows) #add group IDs  to data 

• data$Vessel<-substr(data$PIDs,nchar(data$PIDs)-4,nchar(data$PIDs)-4) 

#generate new column which specifies vessel type from PIDs 

• data<-data[which(data$Classification!="A1"),] #drop all rows where 

classification = A1 (774 dropped (472 TOM; 302 VF)) 

• data<-data[which(data$Mean_Radius>300),] #drop all rows where radius < 

300 (408482 dropped (251461 TOM; 157021 VF)) 

• data$Tortuosity<-as.numeric(data$Tortuosity) #convert tortuosity to a 

numeric variable 
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• data<-data[which(!is.na(data$Tortuosity)),]#drop all rows where tortuosity = 

NA (540 NAs (31 '#N/A'; 509 'NaN')(269 TOM; 271 VF)) 

4. Apply to each dataset accordingly 

• TOM<-data[which(data$Group=="TOM"),] #create a new object 'TOM' which is 

just the TOM samples 

• VF<-data[which(data$Group=="VF"),] #create a new object 'VF' which is just the 

VF samples 

• TOM_binned <-TOM %>% 

• group_by(PIDs) %>% #New – first group by participant 

• mutate(Bins = cut(Mean_Radius, breaks = seq(from = min(Mean_Radius),to = 

max(Mean_Radius),length.out = 21),include.lowest = T)) %>% #New – generate 

new column “Bins” separating each placenta into 20 equal groups based on 

Mean_Radius (21 breaks = 20 groups) 

• group_by(PIDs,Bins) %>% #New - Added “PIDs” as a grouping variable as well as 

Bins which was already there 

• summarise(Mean_Chord_Length = mean(Chord_Length), 

            Mean_Curved_Length = mean(Curved_Length), 

            Mean_Mean_Radius = mean(Mean_Radius), 

            Mean_Volume = mean(Volume), 

            Mean_Tortuosity = mean(Tortuosity), 

            Number_of_segments = length(Bins)) # 

• VF_binned<-VF %>% 

• group_by(PIDs) %>% 

• mutate(Bins = cut(Mean_Radius, breaks = seq(from = min(Mean_Radius),to = 

max(Mean_Radius),length.out = 21,include.lowest = T))) %>% 

• group_by(PIDs,Bins) %>% 

• summarise(Mean_Chord_Length = mean(Chord_Length), 

• Mean_Curved_Length = mean(Curved_Length), 

• Mean_Mean_Radius = mean(Mean_Radius), 

• Mean_Volume = mean(Volume), 

• Mean_Tortuosity = mean(Tortuosity), 

• Number_of_segments = length(Bins)) 
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5. Save synthesized data  

• write.csv(TOM_binned,"TOM_binned.csv") #save new binned data in working 

directory 

• write.csv(VF_binned,"VF_binned.csv") 

6. Plot graphs showing showcasing data 

• #Plot boxplots for binned data 

• ggplot(TOM,aes(y=Tortuosity,group=Bins,col=Bins))+ 

• geom_boxplot()+ 

• scale_y_continuous(trans="log2") 

• ggplot(VF,aes(y=Volume,group=Bins,col=Bins))+ 

• geom_boxplot()+ 

• scale_y_continuous(trans="log2") 

• #PCA of binned data, summarizing Tortuosity,Chord Length, Curved Length & 

Volume 

• TOM_pca<-pca(TOM_binned[,c(2,3,5,6)],ncomp = 3) 

• plotIndiv(TOM_pca,group=TOM_binned$Bins,ind.names = 

TOM_binned$Bins,cex=4.5) 

• VF_pca<-pca(VF_binned[,c(2,3,5,6)],ncomp = 3) 

• plotIndiv(VF_pca,group=VF_binned$Bins,ind.names = VF_binned$Bins,cex=4.5) 

• #Linear model to test significance continuously 

• ggplot(data,aes(x=Curved_Length,y=Volume,group=Group,col=Group))+ 

• geom_point(alpha=0.02)+ 

• scale_x_continuous(trans="log2",breaks = c(1,10,100,1000,10000,100000))+ 

• scale_y_continuous(trans="log2",breaks = 

c(1e+7,1e+8,1e+9,1e+10,1e+11,1e+12))+ 

• geom_smooth(method="lm",size=1,se=TRUE) 

• summary(lm(log2(Volume)~log2(Curved_Length)*Group,data))56 

• #Linear model to test significance continuously 

• ggplot(data,aes(x=Volume,y= Mean_Radius, group=Group,col=Group))+ 

• geom_point(alpha=0.02)+ 

• scale_x_continuous(trans="log2",breaks = c(1,10,100,1000,10000,100000))+ 
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• scale_y_continuous(trans="log2",breaks = 

c(1e+7,1e+8,1e+9,1e+10,1e+11,1e+12))+ 

• geom_smooth(method="lm",size=1,se=TRUE) 

• summary(lm(log2(Volume)~log2(Mean_Radius)*Group,data)) 
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Appendix 3: Chapter 3 Results: Binned size numbers data presentation 

Appendix 3(I): Vascular Vessel length in normal and pregestational diabetes 

 
 

Figure A3.0.1 The length of arteries and veins in normal and pregestational diabetes casts. 
The mean chord length of vessels segments in arterial and venous placental casts from 
normal and pregestational diabetes pregnancies. All data are normalised to placental 
weight. A (arterial, p ≤0.0001 control vs diabetes) and B (venous, p=0.026 control vs 
diabetes) represent line graphs of mean chord length placenta weight ratio in binned radius 
size numbers (150 μm-2000 μm) while C (arterial) and D (venous) represent linear 
prediction smooth graphs of (A) and (B) respectively. Data presented as (log) geometric 
mean ± SD. Control (no diabetes) = 16(9 arterial, 7 venous) and Pregestational diabetes = 
33 (16 arterial,17 venous). Mixed effects – ML Regression analysis, p < 0.05 was taken as 
significant. 
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Figure A3.0.2 The total length of arteries and veins in normal and pregestational diabetes 
casts.  
The total length of vessels segments in arterial and venous placental casts from normal and 
pregestational diabetes pregnancies. All data are normalised to placental weight. A 
(arterial, p ≤0.0001 control vs diabetes) and B (venous, p=0.026 control vs diabetes) 
represent line graphs of the total length placenta weight ratio in binned radius size 
numbers format (150 μm-2000 μm) while C (arterial) and D (venous) represent linear 
prediction smooth graphs of (A) and (B) respectively. Data presented as (log) geometric 
mean ± SD. Control (no diabetes) = 16(9 arterial, 7 venous) and Pregestational diabetes = 
33 (16 arterial,17 venous). Mixed effects – ML Regression analysis, p < 0.05 was taken as 
significant. 
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Appendix 3(II): Vascular volume in normal and pregestational diabetes 

 
 
Figure A3.0.3 The mean  vascular volume of arteries and veins in normal and 
pregestational diabetes casts. 
The mean measured vascular volume of vessels segments in arterial and venous placental 
casts from normal and pregestational diabetes pregnancies. All data are normalised to 
placental weight. A (arterial, p=0.004 control vs diabetes) and B (venous) represent line 
graphs of the mean volume placenta weight ratio in binned radius size numbers format 
(150 μm-2000 μm) while C (arterial) and D (venous) represent linear prediction smooth 
graphs of (A) and (B) respectively. Data presented as (log) geometric mean ± SD. Control 
(no diabetes) = 16(9 arterial,7 venous) and Pregestational diabetes = 33 (16 arterial,17 
venous). Mixed effects – ML Regression analysis, p < 0.05 was taken as significant. 
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Figure A3.0.4 The total  vascular volume of arteries and veins in normal and 
pregestational diabetes casts. 
The total vascular volume of vessels segments in arterial and venous placental casts from 
normal and pregestational diabetes pregnancies. All data are normalised to placental 
weight. A (arterial) and B (venous p ≤0.0001 control vs diabetes)) represent line graphs of 
the total volume placenta weight ratio in binned radius size numbers format (150 μm-2000 
μm) while C (arterial) and D (venous) represent linear prediction smooth graphs of (A) and 
(B) respectively. Data presented as (log) geometric mean ± SD. Control (no diabetes) = 16(9 
arterial, 7 venous) and Pregestational diabetes = 33 (16 arterial,17 venous). Mixed effects 
– ML Regression analysis, p < 0.05 was taken as significant 
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Appendix 3(III): Vascular Vessel length in normal and maternal glycaemic 
control groups in pregestational diabetes 

 
 
Figure A3.0.5 The length of arteries and veins in normal and maternal glycaemic status 
groups in pregestational diabetes casts. 
The mean chord length of vessels segments in arterial and venous casts of normal and 
pregestational diabetes categories of glycaemic control over the course of pregnancy. All 
data are normalised to placental weight. A (arterial: control no diab vs Diabetes good 
control, p≤0.0001, control no diab vs Diabetes poor control, p≤0.0001) and B (venous: 
Control no diab vs Diabetes good control, p=0.05, Control no diab vs Diabetes poor control, 
p = 0.04) represent line graphs of mean chord length placenta weight ratio in binned radius 
size numbers format (150 μm-2000 μm) while C (arterial) and D (venous) represent linear 
prediction smooth graphs of (A) and (B) respectively. Data presented as (log) geometric 
mean ± SD. Control (no diabetes) = 16(9 arterial, 7 venous and Pregestational diabetes = 33 
(16 arterial cast =10 good control ,6 poor control,17 venous casts= 12 good control, 5 poor 
control). Data presented. Mixed effects – ML Regression analysis, p < 0.05 was taken as 
significant. 



284  

 
 
Figure A3.0.6 The total length of arteries and veins in normal and maternal glycaemic 
status groups in pregestational diabetes casts.  
The total length of vessels segments in arterial and venous casts of normal and 
pregestational diabetes categories of glycaemic control over the course of pregnancy.  All 
data are normalised to placental weight. A (arterial: control no diab vs Diabetes good 
control, p=0.035, control no diab vs Diabetes poor control, p≤0.0001) and B (venous: 
Control no diab vs Diabetes good control, p≤0.0001, Control no diab vs Diabetes poor 
control, p = 0.001) represent line graphs of total length placenta weight ratio in binned 
radius size numbers format (150 μm-2000 μm) while C (arterial) and D (venous) represent 
linear prediction smooth graphs of (A) and (B) respectively. Data presented as (log) 
geometric mean ± SD. Control (no diabetes) = 16(9 arterial, 7 venous and Pregestational 
diabetes = 33 (16 arterial cast =10 good control ,6 poor control) (17 venous casts= 12 good 
control, 5 poor control). Data presented. Mixed effects – ML Regression analysis, p < 0.05 
was taken as significant. 
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Appendix 3(IV): Vascular volume in normal and maternal glycaemic control 
groups in pregestational diabetes 

 
 
Figure A3.0.7 The mean vascular volume of arteries and veins in normal and maternal 
glycaemic status groups in pregestational diabetes casts.  
The mean measured vascular volume of vessels segments in arterial and venous casts of 
normal and pregestational diabetes categories of glycaemic control over the course of 
pregnancy. All data are normalised to placental weight. A (arterial: control no diab vs 
Diabetes good control, p=0.049, control no diab vs Diabetes poor control, p≤0.0001) and B 
(venous) represent line graphs of mean volume placenta weight ratio in binned radius size 
numbers format (150 μm-2000 μm) while C(arterial) and D(venous) represent linear 
prediction smooth graphs of (A) and (B) respectively. Data presented as (log) geometric 
mean ± SD. Control (no diabetes) = 16(9 arterial, 7 venous and Pregestational diabetes = 33 
(16 arterial cast =10 good control ,6 poor control) (17 venous casts= 12 good control, 5 poor 
control). Data presented. Mixed effects – ML Regression analysis, p < 0.05 was taken as 
significant. 
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Figure A3.0.8 The total  vascular volume of arteries and veins in normal and maternal 
glycaemic status groups in pregestational diabetes casts.  
The total vascular volume of vessel segments in arterial and venous casts of normal and 
pregestational diabetes categories of glycaemic control over the course of pregnancy. All 
data are normalised to placental weight. A (arterial) and B (venous: Control no diab vs 
Diabetes good control, p≤0.0001, Control no diab vs Diabetes poor control, p = 0.05) 
represent linear prediction smooth graphs of (A) and (B) respectively. Data presented as 
(log) geometric mean ± SD. Control (no diabetes) = 16(9 arterial, 7 venous and 
Pregestational diabetes = 33 (16 arterial cast =10 good control ,6 poor control) (17 venous 
casts= 12 good control, 5 poor control). Data presented. Mixed effects – ML Regression 
analysis, p < 0.05 was taken as significant 
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Appendix 3(V): Vascular vessel length in PIGF profile groups in pregestational 
diabetes 

 

Figure A3.0.9 The length of arteries and veins in maternal PIGF profile groups in 
pregestational diabetes casts.  
The mean chord length of vessel segments in arterial and venous casts of normal and lower 
PIGF groups in pregestational diabetes. All data are normalised to placental weight. A 
(arterial: Normal PlGF vs Lower PlGF p=0.026) and B (venous) represent line graphs of 
mean chord length placenta weight ratio in binned radius size numbers format (150 μm-
2000 μm) while C(arterial) and D(venous) represent linear prediction smooth graphs of (A) 
and (B) respectively. Data represented as (log) geometric mean ± SD, Normal PIGF group = 
(7 arterial, 9 venous) casts and Lower PIGF group (7 arterial,5 venous) casts. Mixed effects 
– ML Regression analysis, p < 0.05 was taken as significant  
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Figure A3.0.10 The total length of arteries and veins in maternal PIGF profile groups in 
pregestational diabetes casts.  
The total length of vessels segments in arterial and venous casts of normal and lower PIGF 
groups in pregestational diabetes. All data are normalised to placental weight. A (arterial: 
Normal PlGF vs Lower PlGF p=0.004) and B (venous) represent line graphs of total length 
placenta weight ratio in binned radius size numbers format (150 μm-2000 μm) while C 
(arterial) and D (venous) represent linear prediction smooth graphs of (A) and (B) 
respectively. Data represented as (log) geometric mean ± SD, Normal PIGF group = (7 
arterial, 9 venous) casts and Lower PIGF group (7 arterial,5 venous) casts. Mixed effects – 
ML Regression analysis, p < 0.05 was taken as significant. 
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Appendix 3(VI): Vascular volume in PIGF profile groups in pregestational 
diabetes 

 

Figure A3.0.11 The mean vascular volume of arteries and veins in maternal PIGF profile 
groups in pregestational diabetes casts.  
The mean vascular volume of vessel segments in arterial and venous casts of normal and 
lower PIGF groups in pregestational diabetes. All data are normalised to placental weight. 
A (arterial) and B (venous: Normal PlGF vs Lower PlGF p=0.024) represent line graphs of 
mean volume placenta weight ratio in binned radius size numbers format (150 μm-2000 
μm) while C(arterial) and D(venous) represent linear prediction smooth graphs of (A) and 
(B) respectively. Data represented as (log) geometric mean ± SD, Normal PIGF group = (7 
arterials, 9 venous) casts and Lower PIGF group (7 arterial,5 venous) casts. Mixed effects – 
ML Regression analysis, p < 0.05 was taken as significant. 
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Figure A3.0.12 The total vascular volume of arteries and veins in maternal PIGF profile 
groups in pregestational diabetes casts.  
The total vascular volume of vessel segments in arterial and venous casts of normal and 
lower PIGF groups in pregestational diabetes. All data are normalised to placental weight. 
A(arterial) and B (venous: Normal PlGF vs Lower PlGF p=0.001) represent line graphs of 
total volume placenta weight ratio in binned radius size numbers format (150 μm-2000 μm) 
while C(arterial) and D(venous) represent linear prediction smooth graphs of (A) and (B) 
respectively. Data represented as (log) geometric mean ± SD, Normal PIGF group = (7 
arterials, 9 venous) casts and Lower PIGF group (7 arterials,5 venous) casts. Mixed effects 
– ML Regression analysis, p < 0.05 was taken as significant.  
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Appendix 3(VII): Measured vascular volume and Uterine artery Doppler 
measurements in pregestational diabetes  

 

Figure A3.0.13 The distribution of measured maximum vascular volume per placenta 
weight ratio of venous and arterial placental casts with Uterine Doppler measurements 
from Pregestational diabetes pregnancies. 
(A) logged maximum vascular volume placenta weight ratio against left uterine artery 
pulsatility index. (B) logged maximum vascular volume placenta weight ratio against right 
uterine artery pulsatility index at term. (C) logged maximum vascular volume placenta 
weight ratio against left uterine artery resistance index. (D) logged maximum vascular 
volume placenta weight ratio against right uterine artery resistance index. Data 
represented as scatter plots n = 33 Pregestational diabetes (16 arterial,17 venous). 
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Figure A3.0.14 The distribution of measured  maximum vascular volume per placenta 
weight ratio of venous and arterial placental casts with Umbilical Doppler measurements 
from pregestational diabetes pregnancies. 
(A) logged maximum vascular volume placenta weight ratio against umbilical artery 
pulsatility index at 23 weeks. (B) logged maximum vascular volume placenta weight ratio 
against umbilical artery pulsatility index at term. (C) logged maximum vascular volume 
placenta weight ratio against umbilical artery resistance index at 23 weeks. (D) logged 
maximum vascular volume placenta weight ratio against umbilical artery resistance index 
at term. Data represented as scatter plots n = 33 Pregestational diabetes (16 arterial,17 
venous) 
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Appendix 4(I): Angiogenesis Analyzer Protocol (Carpentier ,2012 Image J 
Plugin) 

Angiogenesis Assay Analysis 

The Angiogenesis Analyzer plugin on image J allows analysis of cellular networks. This 

detects and analyses the pseudo vascular organisation of endothelial cells cultured in gel 

medium. In suitable culture conditions these cells form structures that can branch and 

mimic a pseudo capillary in vitro formation. At later stage this differentiation can lead to a 

meshed network from different mesh sizes.  Although widely used, the interpretation of 

this assay still remains a problem, especially to obtain a quantitative evaluation of the 

vessels-like net organisation. The Angiogenesis Analyzer is a simple tool to quantify the 

experiment images by extracting characteristic information of the network. 

 

 

Above: phase contrast image of HUVEC network, analysed by the Angiogenesis 
Analyzer for ImageJ. 
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Network Analysis Menu Tool: 

 

• "Analyze HUVEC Phase Contrast" and "Analyze HUVEC Fluo" functions, allow the network analysis 
organisation of individual HUVEC images taken in phase contrast or in fluorescence. The phase contrast 
images have to be encoded in RGB colour 24 bits and fluorescence images in 8 or 16 bits. 

This menu tool regroups several functions and settings to tune the analysis parameters. 

1. Find a Tree: return a binary skeleton (or tree) of a natural HUVEC image acquired 

in phase contrast or fluorescence. 

2. Find & Remove Loops: removes the artifactual loops in a binary tree image on the 

criteria of the size 

3. "Find Extremities: detects the extremities in a binary tree. It returns results as 

overlays and binary map. 

4. Find Nodes and Junctions: detects nodes (pixels with 3 neighbours) as a circular 

dot and junctions, which correspond to nodes or group of fusing nodes. 

5. Find Nodes and Branches: Performs the same of the two precedent functions 

(detects extremities, nodes and junctions) plus other elements of the ramification: 

6. segments; elements delimited by two junctions. 

7. branches; elements delimited by a junction and one extremity. 

8. twigs; a twig is a branch whose size is lower than a user defined threshold value. 

9. isolated elements are binary lines which are not branched. 

10. Record the Steps of Limbing record in a dedicated repertory, the results of every 

iteration required to get an analysis corresponding to a limbing, including master 

segments, master junctions and meshes detection. 

11. Master segments consist in pieces of tree delimited by two junctions none 

exclusively implicated with one branch, called master junctions. 

12. Master junctions are junctions linking at least three master segments. 

Occasionally, two close master junctions can be fused into unique master junction. 

13. Meshes: are areas enclosed by segments or master segments. 
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Appendix 4(II): Angiogenesis Pilot Experiments Results 
 
Establishing in vitro optimum seeding density and exposure time of endothelial cells 

In order to investigate the optimum seeding density and time for formation of endothelial 

cell network, images of the HUVEC cells seeded at two different densities 15,000 cells/well 

and 20,000 cells/well were taken at 3 different time points (12hrs, 18hrs, 24 hrs). Although 

cellular network  formation started as early as after 6h, the optimum time point for 

establishing a defined cellular network was at 18 hrs as shown (Figure A.4.0.15) in both 

seeding densities. The cells formed in a network around a colony of cells in the middle of 

the Matrigel. After 24hrs the cellular network formation was not as defined with an 

appearance of regression of the branches into colonies of cells. 
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Figure A.4.0.15 Seeding densities of HUVECs on basement membrane substrate  
Representative images of Human umbilical vein endothelial cell (HUVEC) cellular network 
formation on a basement membrane substrate after 12h, 18h and 24 h from 6 different 
experiments. (A)Cells were seeded at 20,000 cells/well with no VEGF. Black arrows show 
colony of cells. (B) Representative Human umbilical vein endothelial cell (HUVEC) cellular 
network formation on a basement membrane substrate after 12h, 18h and 24 h in 6 
different experiments. Cells were seeded at 15,000 cells/well with no VEGF. Images under 
a light microscope (Olympus BX41) at 4× objective 
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Establishing in vitro optimum seeding density and effects of angiogenic factor VEGF on 

endothelial cells behaviour 

To compare the effects of cell density and VEGF on cellular network formation of the 

HUVEC cells, the cells were seeded at two different densities 15,000 cells/well and 20,000 

cells/well with two concentrations of VEGF (Low VEGF = high VEGF 1 in 67 dilution and High 

VEGF = 6.67ng/ml) and a control. After 18 h cellular network formation could be observed 

in control cells with no VEGF however low VEGF resulted in sparse formation of cellular 

networks. On the other hand, high VEGF seemed to promote proliferation of cells as 

marked by increase in colonies in the cellular network on the matrigel. The differences 

between 15,000 and 20,000 cells/well densities were less marked on the formation of 

cellular networks, however in the 20,000cells/well experiments there were more 

appearances of colonies forming on the matrigel and sparse network formation in wells 

with low VEGF concentration added as observed in Figure A4.0.16 

In conclusion, the optimum time point for cellular network formation identified from the 

experiments was after 18h and the chosen optimum seeding density was 15, 000 cells/well 

which reflects densities used in published literature. 
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Figure A4.0.16 In vitro effects of VEGF concentrations on HUVECs  
Representative images of Human umbilical vein endothelial cell (HUVEC) cellular network 
formation on a basement membrane substrate after 18hrs in 6 different experiments. (A) 
Cells were seeded at 15,000 cells/well.0 VEGF = Normal control, Low VEGF = (high VEGF 1 
in 67 dilution), High VEGF = 6.67ng/ml.(B) Representative Human umbilical vein endothelial 
cell (HUVEC) cellular network formation on a basement membrane substrate after 18h in 3 
different experiments. Cells were seeded at 20,000 cells/well.0 VEGF = Normal control, Low 
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VEGF=(high VEGF 1 in 67 dilution), High VEGF = 6.67ng/ml. Red arrows show areas of sparse 
network with no cellular structure formation. Black arrows indicate colonies of cells within 
the formed cellular networks. Images under a light microscope (Olympus BX41) at 4× 
objective 
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