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SCOpE AND OUTLINE 
OF THIS THESIS



Congenital heart disease (CHD) is one of the most common congenital anomalies in children

worldwide and accounts for one in thirteen of all deaths between 0 and 14 years of age in the

Netherlands. The pregnancy is terminated in 46% of all those  complicated by severe CHD in

the foetus (detected by prenatal ultrasound), but still 12% of children with CHD die within the

first years of life.1 In survivors with CHD, the disease often has a great impact on their daily

life and may shorten their life  expectancy.2 If we can better understand the origin of CHD we

may find ways to prevent CHD in the future. 

This thesis is about understanding the aetiology of CHD with a special focus on the role of

maternal cholesterol. Cholesterol is crucial for embryonic development. Evidence from in vivo

and in vitro models in the literature points towards  maternal cholesterol possibly influencing

heart development. Therefore, diseases affecting maternal cholesterol levels, such as Diabetes

Mellitus and the metabolic  syndrome within the obesity spectrum, might have an adverse

effect on the development of the foetal heart, thereby causing CHD. If adverse maternal

cholesterol levels or disturbed maternal-foetal cholesterol transport causes CHD in offspring, it

might be prevented primarily by normalizing cholesterol levels in the mother before pregnancy

or even by up-regulating cholesterol transport towards the fetus during pregnancy. This was

shown to be effective in vivo.3 The aim of my thesis was therefore to answer the question

whether maternal cholesterol plays a role in the aetiology of CHD. 

Chapter 1

Chapter 1 starts with the epidemiology of CHD. prenatal detection of CHD may lead to a form

of secondary prevention through termination of pregnancies. Routine ultrasound screening in

the 20th week of gestation (structureel echoscopisch onderzoek (SEO)) was introduced in the

Netherlands in 2007. These recent changes in prenatal screening policy in the Netherlands

and their effects on the live born prevalence of CHD are discussed (Appendix 1). 

The section is followed by a description of the basic concepts of embryonic development,

including heart development. The current knowledge on exogenous and endogenous risk

factors for CHD is briefly described and our study revealing the association of combined

maternal smoking and high body mass index with an increased risk for CHD in offspring is

reflected upon (Appendix 2). The combined adverse effect of high body mass index and

smoking is discussed in the light of their potential role in disturbing maternal cholesterol

levels by a shared underlying pathological mechanism. 

Chapter 2

Chapter 2 provides an overview of the concept of maternal-foetal cholesterol transport. First,

the results of our study about the origin of foetal sterols in second trimester amniotic fluid in

humans are discussed (Appendix 4). The results are set in the light of current knowledge

reported in the literature and we show how our study has added to this. Appendix 3, consists

of a review of maternal-foetal cholesterol transport, summarizing and adding new results on
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the transport function of lipoprotein receptor-related protein 2 (LRp2) in delivering maternal

cholesterol to the foetus (Appendix 6). We evaluated the function of LRp2 in maternal-foetal

cholesterol transport by measuring the transport of labelled sterols from the mother to the

foetus, while also analysing the fraction of endogenous cholesterol synthesis of the foetus at

that specific time.

Chapter 3

Chapter 3 discusses the function of LRp2, a cholesterol transporter which is expressed on

yolk sac and placenta, in the development of the foetal heart. We studied the consequences

of absence of LRp2 on heart development in mice. We performed histo-pathological analysis

on the hearts of Lrp2 -/- offspring at different developmental stages, and thoroughly described

the cardiac phenotype (Appendix 5). The discussion focuses on the role of LRp2 in the

development of the second heart field and formation of the compact ventricular myocardium,

two processes that appear to be severely affected in these mice. I speculate about the

underlying signalling pathways in which LRp2 may play a role. The first section proposes an

answer to the question of whether disturbed maternal cholesterol transport to the foetus can

cause CHD in offspring in these mice. In the second section, the role of Sonic Hedgehog (SHH)

signalling in cardiac development is discussed. 

A case of non-identical twins with syndromic atrioventricular septal defect (AvSD) was the

start of most of the studies described in this thesis. Based on their clinical presentation, the

twins were suspected of having an endogenous cholesterol defect or problems in the maternal-

foetal cholesterol transport. We finally sequenced the exomes of the twins and found a new

causative gene mutation for syndromic AvSD (Appendix 7). We showed that the twins had

a homozygous mutation in Smoothened, a member of the SHH signalling pathway, which is a

pathway that depends heavily on adequate cholesterol levels. Functional studies in fibroblasts

of the patients revealed that this mutation is pathogenic. These two studies (Appendices 5

and 7) led to the identification of two new key players in cardiac development, namely LRP2

and Smoothened. Both genes are closely related to cholesterol-related signalling during

cardiac development. I conclude this chapter with a discussion on the current insights into

cholesterol-related signalling during cardiac development.

Chapter 4

In Chapter 4 I present the conclusions from this thesis and remarks for future research on

both maternal cholesterol and cardiac development, together with the role of cholesterol-

related signalling in the aetiology of CHD. Finally I describe the implications for preconception

care as derived from the results of this thesis.
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CHApTER 1

INTRODUCTION 

TO THE 

AETIOLOGy 

OF CONGENITAL

HEART DISEASE



1.1 prevalence

Congenital heart disease, a disorder in which the heart does not develop properly during

foetal life, is the most common congenital anomaly, with an estimated prevalence of 8 per

1000 births in Europe.4 Almost all the pregnancies complicated by congenital anomalies in

the three northern provinces of the Netherlands are registered with the Eurocat birth defects

registry. In this thesis I will refer to this region as the Northern Netherlands. The total

prevalence of congenital heart disease (CHD) in the Northern Netherlands is 7.4 per 1000

births and thus, resembles the European prevalence.1

Figure 1

The annual prevalence of CHD in the Northern Netherlands from 1981–2010

Figure 1: Total prevalence (including live births, stillbirths, and terminations of pregnancies)

and live born prevalence of congenital heart disease in the Northern Netherlands per 10.000

births from 1981–2010 including the 3-year trend. (Figure from Hart- en vaatziekten in

Nederland 2011, Hoofdstuk 4: Hart- en vaatziekten bij kinderen van 0–14 jaar. Baardman ME

et al. Den Haag: Nederlandse Hartstichting 2011.)1

Since the foetal blood circulation is markedly different from the neonatal blood circulation,

most affected foetuses survive in utero, even those with very severe CHD. Only 0.4% of

stillbirths die because of a recognized CHD.5 Despite improved surgical techniques and earlier

detection of CHD (Appendix 1), the disease still accounts for one in thirteen of all paediatric

deaths between 0 and 14 years of age.1, 2, 6

Congenital heart disease is often accompanied by other major congenital anomalies. At least

29% of all children with CHD in the Northern Netherlands have one or more extra-cardiac

anomalies (including those with an underlying genetic defect). Since the heart is built from a
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number of different cell populations, from different embryological germ layers, driven by

overlapping signalling pathways, the spectrum of CHD is broad and often combined heart

anomalies occur in one child. 20% of children with isolated CHD (which means that only the

heart is affected) have such a combined CHD.1 Often these heart anomalies have a common

origin and are therefore called associated. The spectrum of CHD ranges from mild cases such

as a small defect in the muscular part of the ventricular septum, to very complex heart

malformations such as a double inlet of the left ventricle, and a common arterial trunk (this

means there is only a single outlet instead of a separate aorta and pulmonary trunk). The most

common CHD in childhood is ventricular septal defect, with a worldwide prevalence of 36 per

10,000 births.4, 7 Table 1 displays the current prevalence per 10,000 births of different types

of congenital heart disease in the Northern Netherlands over the period 1981–2011.

Table 1

Current prevalence per 10,000 births of different types of CHD in the Northern

Netherlands

Table 1: Total prevalence (including live births, stillbirths, and terminations of pregnancies)

of different types of congenital heart disease in the Northern Netherlands per 10,000 births

from  1981–2011. prevalence data from:

www.rug.nl/umcg/faculteit/disciplinegroepen/MedischeGenetica/Eurocat/tabellen. 

NB: Each separate heart anomaly is counted even if they are present in one child.
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Total births Live births

n prevalence n prevalence

All CHD 3599 69.9 3358 65.7

Persistent truncus arteriosus 45 0.9 39 0.8

Transposition of the great arteries 226 4.4 216 4.2

Double outflow right ventricle 72 1.4 62 1.2

Tetralogy of Fallot 178 3.5 167 3.3

Atrial septal defect 484 9.4 450 8.8

Atrioventricular septal defect 241 4.7 207 4.1

Ventricular septal defect 1665 32.3 1591 31.1

Pulmonary valve atresia/stenosis 472 9.2 456 8.9

Tricuspid valve atresia/stenosis 46 0.9 39 0.8

Bicuspid aortic valve (BAV) 117 2.3 107 2.1

Aortic valve stenosis without BAV 39 0.8 3 0.7

Hypoplastic left heart syndrome 144 2.8 107 2.1

Coarctatio of the aorta 268 5.2 252 4.9

www.rug.nl/umcg/faculteit/disciplinegroepen/MedischeGenetica/Eurocat/tabellen


1.2 prenatal diagnosis

CHD is often diagnosed in infancy, or in more recent years, before birth. Improved prenatal

ultrasound techniques, and the structural implementation of the 20-week scan (structureel

echoscopisch onderzoek (SEO)) in the Netherlands in 2007, have resulted in earlier detection

of severe CHD.8–10 Severe CHD has a high perinatal mortality and includes anomalies such as

hypoplastic left heart syndrome, tricuspid valve atresia, and a single ventricle. As a

consequence the number of terminations of pregnancies for severe CHD may also be

increasing. This effect has previously been suggested for hypoplastic left heart syndrome,11–13

but also for CHD in general.14, 15

If the number of terminations of pregnancies increases, this may eventually affect the number

of live born children with severe CHD and may even result in a decrease in its prevalence in

live borns in the future. Thus, changes in CHD prevalence can result from an increase or

decrease in certain risk factors for CHD in a population, but may also be a result of improved

detection, earlier terminations of pregnancy, or even improved registration of CHD. Before

drawing conclusions from prevalence data, all these factors must be taken into account.

Limitations of most of previous studies were that they were either hospital-based, or lacked

uniformity of data.

We therefore performed a study to evaluate the impact of the introduction of the routine 20-

week scan in the Netherlands on the time of diagnosis, the number of live born children with

severe CHD, the number of terminations of pregnancies, and trends in live born prevalence

(Appendix 1). We included children and foetuses with a severe CHD but without extra-cardiac

anomalies. These are anomalies that normally show an abnormal ‘four chamber view’ on

ultrasound. 

By combining data sources, including the Eurocat registry, we could include over 90% of

cases with a severe CHD born in the Northern Netherlands, between 2001 and 2011. We

showed that the proportion of severe CHD detected prenatally increased significantly after

the introduction of the 20-week scan as well as the number of terminations of pregnancies.

Simultaneously, the proportion of live born children with severe CHD decreased. However,

there is still a lot to be gained in the prenatal detection of severe CHD. In addition to the

‘classic’ four chamber view, other views, such as a view of the great vessels are also

recommended and are being officially implemented in the routine 20-week scan. Another

aspect is that the training of ultrasonographers still needs to be optimized. Unfortunately, the

relatively small size of our cohort prevented a determination of statistical significance for the

prevalence data. This could be further clarified by using nationwide data.
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1.3 A brief introduction to embryology

Since heart development starts before the moment when many women realize they are

pregnant, knowledge of maternal conditions and exogenous factors that influence heart

development is important in order to provide good preconception care to women of child-

bearing age. It may even be possibly to prevent the occurrence of CHD. But to understand

the origin of CHD and the factors that adversely influence heart development, it is first

important to understand the normal embryological developmental processes that drive its

formation. Knowing about the development of the maternal-foetal transport mechanisms

through the yolk sac and placenta is also important, in order to better understand how

exogenous risk factors can adversely affect the development of the embryo during a

specific time window. I will therefore first discuss embryonic development in the first weeks

of life, including the development of the yolk sac and the primitive placenta, after which I

will summarize the most important steps in cardiac development in time.

1.3.1  The maternal-foetal interface

Embryonic development starts with conception. Rapidly thereafter, the two-cell embryo

undergoes subsequent cell divisions resulting in the morula, a 32-cell embryo that enters the

uterine cavity around day 3 or 4. The inner layer of the morula develops into the embryo and

the outer layer into the trophoblast (later, the placenta). Around day 6, the cells of the

trophoblast (now called a blastula) start to grow into the lining of the uterine wall to finally

connect with the maternal blood circulation through the spiral arteries. Around day 7 or 8, the

embryo is implanted in the uterine wall and is around 1.5–2.0 mm in size. The trophoblast

divides into the cytotrophoblast and the outer syncytiotrophoblast. The syncytiotrophoblast

invades the uterine epithelium. Within the syncytiotrophoblast lacunae (cavities) appear.

Soon maternal blood capillaries invade the lacunae establishing a primitive uteroplacental

circulation. These should not be confused with the spiral arteries which invade the lacunae

later in the first trimester of pregnancy. 

The embryo first consists of two different cell layers, the epiblast and the hypoblast. Together

they form a disc that encloses the amniotic cavity and the exocoelomic cavity (the primitive

yolk sac). At the end of the second week, cells from the hypoblast migrate along the inner

membrane of the exocoelomic cavity to form another cavity that surrounds the embryo instead

of the exocoelomic cavity, the secondary yolk sac. The secondary yolk sac is very important

for the transport of nutrients during the first weeks of development since the placenta is still

immature and the maternal-foetal blood circulation has not yet been established. The essential

details of maternal-foetal nutrient exchange by the secondary yolk sac are described in more

detail in Appendix 3.

1.3.2  The embryo

The third week of gestation is marked by a process that is called gastrulation: the third germ

layer develops between the epiblast (ectoderm) and the hypoblast (endoderm), the so called

mesoderm. This mesoderm grows towards the cranial end of the embryonic disc to make

contact with a group of cells called the extra embryonic mesoderm. A population of cells from
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the ectoderm migrates towards the mesoderm, the neural crest cells. These cells have been

found to be very important for cardiac development. One can imagine that the embryo is

most sensitive to teratogenic influences from the third week of gestation, when gastrulation

occurs and the organs start to develop. Each of the three germ layers will differentiate into

specific structures of the embryo. The ectoderm is responsible for the development of the

central and peripheral nervous system, the epithelia of the ears, eyes, and nose, and the

epidermis. Cells from the endoderm give rise to the epithelium of the gastrointestinal tract,

respiratory tract, the bladder, and urethra, and are responsible for the development of most

of the endocrine organs, such as the liver and pancreas. The mesoderm is divided into four

different layers: axial, paraxial, intermediate, and lateral plate mesoderm. The lateral plate

mesoderm consists of two layers, the dorsal somatic (parietal) and the ventral splanchnic

(visceral) mesoderm. Out of the latter, the foetal heart develops.16

1.3.3  The heart

The heart starts to develop from day 19 post-conception and is thought to be almost complete

around week 8 or 9. Cells from two parallel cardiogenic zones within the splanchnic mesoderm

start to fuse in the embryonic midline to form a linear heart tube.17 At that time the venous

pole is located caudally and the arterial pole (the outflow tract) is located cranially.18

The heart starts to beat at day 22 or 23 post-conception, as soon as it is covered with

cardiomyocytes. After the formation of a linear heart tube, cardiac looping toward the right

brings the different cardiac structures (venous pole, arterial pole, primitive chambers, and

primitive atria) into the correct position. Subsequent septation of the outflow tract into a

pulmonary artery and an aorta occurs, followed by septation of the atria and ventricles

completed by formation of the (atrioventricular) valves and the development of the coronary

vasculature.19 Further growth of specific locations in the heart, and the addition of different

cells from outside the heart finally result in a respective left and right ventricular inflow, an

aorta above the left ventricle, and a pulmonary artery above the right ventricle.

1.4 Exogenous risk factors

Besides genetic factors, exogenous factors have been proposed to be involved in the

development of CHD. The origin of most CHD is thought to be multifactorial, in which both

genetic and environmental factors play a role. The list of exogenous risk factors that have

been associated with CHD in offspring is growing and includes maternal conditions and

diseases, medication use, and exposure to other teratogens (reviewed in Jenkins et al.20).

Maternal diet may also influence cardiac development: for example, lack of folic acid (one of

the B-vitamins) has been shown to increase the risk of atrial septal defects in offspring.21

Even mothers who drink alcohol occasionally have an increased risk of having a child with a

number of different types of CHD.22, 23 Mothers with Diabetes Mellitus have a 3 to 30 times

higher risk of having a child with CHD compared to the general population (reviewed in

Jenkins et al.20). Outflow tract anomalies and septal defects are most commonly seen in

babies from diabetic mothers. 

16

CHApTER 1 INTRODUCTION TO THE AETIOLOGy OF CONGENITAL HEART DISEASE



periconceptional smoking 24–27 and maternal overweight 28–30 have also been suggested as

risk factors for CHD. Interestingly, in all these studies, the risk factors of maternal smoking

and maternal overweight were studied separately or were only statistically corrected for each

other. Biological interaction was not calculated in these studies 31 despite smoking and obesity

being known to interact in their risk for early onset of cardiovascular disease in adults.32 It is

thought that this interaction lies in the common pathological mechanism of disturbed lipid

levels that causes stroke and myocardial infarction.33

In Appendix 2, we describe a study we performed to analyse whether the same mechanism

could play a role in obese women who smoke by calculating the interaction and risk for CHD

in offspring. We showed how maternal smoking and high body mass index (BMI) indeed

interact and increase the risk for CHD in offspring. The combination of maternal smoking and

high BMI increase the risk more than one would expect if these individual risks were simply

multiplied. If the risk factors were combined the risk for CHD in offspring was 3 times higher

than each individual effect. This suggests there is indeed biological interaction and a common

pathological mechanism, which may include lipid levels, since both risk factors affect the lipid

metabolism. This study highlighted that the presence of interaction should always be tested

in case-control studies.

Because cholesterol is crucial for heart development (expanded further in Chapter 2), adverse

maternal lipid levels could be involved in the aetiology of CHD in their offspring, either by

disturbed maternal-foetal cholesterol transport (hypothetically resulting in reduced high

density lipoprotein (HDL) cholesterol transport to the foetus) or by a foetal cholesterol

depletion. Another underlying mechanism inducing CHD in children of women with both risk

factors could be oxidative stress. Smoking as well as obesity increases the number of free

radicals in maternal blood and placenta.34–36 Oxidative stress has been associated with neural

tube defects and other birth defects,37, 38 and an association between oxidative stress and

CHD has been suggested.39

Ideally, we should repeat our study in a larger population, perform a maternal lipid profile

before pregnancy, and measure serum Hba1c levels (to measure insulin resistance), and

oxidative stress biomarkers in the first and second trimesters.

Besides exogenous risk factors, as illustrated by our smoking and BMI study, genetic factors

also play a role in the development of CHD. These include mutations in specific (cardiac)

developmental genes, or genes influencing placental transport of exogenous nutrients,

hormones and/or cholesterol. The next section contains a short summary of genetic causes

of CHD.
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1.5 Genetic causes of CHD

Most of the known causes of CHD are chromosomal anomalies, genetic syndromes and

monogenetic diseases.

1.5.1  Chromosomal anomalies

Chromosomal anomalies often involve CHD; approximately 12% of all CHD are associated

with a chromosomal anomaly.40 Cardiovascular anomalies are found in 40–50% of Down

syndrome (trisomy 21) patients 41, with an overrepresentation of atrioventricular septal

defects.42 Trisomy 18 (Edwards syndrome), the second most common structural chromosomal

abnormality, and trisomy 13, also known as pateau syndrome,43 are marked by the occurrence

of CHD in almost all cases. Turner syndrome (X0) and 22q11 microdeletion syndrome are

often associated with CHD.44

In general, CHD that are most frequently associated with chromosomal anomalies are

interrupted aortic arch (IAA) (69% of all IAA cases), atrioventricular septal defect (67%),

double outlet right ventricle (33.3%) partial anomalous pulmonary venous return (33.3%),

and common arterial trunk (32.3%).40

1.5.2 Malformation syndromes and non-syndromic CHD caused by single

gene mutations

Besides chromosomal defects, often involving a number of genes, single gene mutations can

also cause CHD. These can either be new (de novo) or familial mutations and can be

syndromic (accompanied by other extra-cardiac anomalies in multiple organ systems) or

non-syndromic. The number of syndromes is still increasing, since new combinations of

associated disorders and causative mutations are still added. Well known examples of

syndromes often involving CHD are Noonan syndrome 45, Ellis-van-Creveld syndrome,46, 47

Williams syndrome,48, 49 and Holt-Oram syndrome.50

Non-syndromic CHD may also be caused by single gene mutations, either de novo or inherited.

De novo mutations occur spontaneously in an individual and are therefore called sporadic

mutations. In the past, CHD resulted in a lower survival rate, and patients often died before

reproductive age, which made it likely that most CHD were due to de novomutations. The

increased survival rate among patients with CHD in the last decennia has led to the

identification of more inherited mutations (i.e. passing into the next generation). The

genetic models that have been described for familiar CHD mutations are autosomal

recessive, autosomal dominant with incomplete penetrance and variable expression, or 

X-linked mutations (reviewed in 51). Although most familiar CHD mutations are expected to

be autosomal dominant with a high recurrence rate in families, the percentage of patients

with CHD who have a first-degree relative with a CHD is only 2.2.52 This supports the

hypothesis that there are more factors that determine whether an individual with a single

gene mutation develops a CHD.
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Not only mutations in genes expressed in the embryonic heart or structures contributing to

the heart can cause CHD. Mutations in genes that indirectly influence cardiac signalling

pathways may result in CHD. An example of the latter is a mutation in the DHCR7 gene,

causing Smith-Lemli-Opitz syndrome, a malformation syndrome with postaxial polydactyly,

microcephaly, mental retardation and CHD. The mutation in DHCR7 causes a defect in the

last step of the endogenous cholesterol synthesis resulting in low cholesterol levels. Since

cholesterol is essential, and the first step in activating the SHH signalling pathway, these

mutations cause severe birth defects, including CHD. However, not all patients with a DHCR7

mutation have cardiac defects and the clinical presentation is highly variable, suggesting the

influence of other, non-genetic, factors.53, 54

1.5.3  Interaction between genes

Though single gene mutations may cause CHD, the paucity of true Mendelian pedigrees

suggests that CHD most often is a complex rather than a monogenic disease. A breakthrough

in understanding the origin of CHD was the hypothesis that different transcription factors

cooperate in the development of different cardiac structures by synergistically activating

downstream target genes.55 The mapping of this network of genes has just started.56 This

concept supports the observation that mutations in different genes can cause identical

malformations. The knowledge of this network of interactions is expanding rapidly and

underscores the complex origin of the foetal heart development and how it requires the

interaction of multiple signalling pathways. These pathways often cooperate in either

activating or repressing downstream target genes, depending on their time of activation.56

A recent multicentre exome sequencing study from the USA report a high prevalence of de

novo mutations in histone-modifying genes in patients with different cardiac phenotypes.

Some of these genes, involved in DNA methylation-related chromatin modifying/remodelling,

are known to regulate the expression of key developmental genes, including those involved

in cardiac development.57 These results suggest that the origin of CHD may lie in mutations

in both coding and non-coding genes. The recent discovery of the involvement of noncoding

microRNAs in cardiac development further adds to this (reviewed in 58). The dosage

sensitivity of these genes supports the evidence of gene-environment interaction in critical

developmental windows during cardiogenesis.57
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1.6 Genes and the environment: cholesterol as
an example

Two important observations support interaction between signalling pathways and the

environment. A structural defect, for example atrial septal defect, is often associated with

mutations in more than one gene; this is called polygenic inheritance. Furthermore, gene

mutations that run in families often do not give a CHD in all family members with the mutation

(called incomplete penetrance). The latter can be a result of interaction with other genes or

environmental factors in which the threshold for disease is only reached if, in addition to the

mutation there is another factor influencing heart development. In other words, CHD is a

complex disease and it seems that for most forms, additional genetic and/or environmental

factors are required to develop the phenotype. We hypothesized that low foetal cholesterol

levels can act as such a modifier, thereby causing CHD. 

Low foetal cholesterol levels during cardiogenesis can be due to a number of causes, both

genetic and environmental, and they often influence each other. Factors that determine

cholesterol levels in the foetus are numerous: endogenous synthesis (maturity of the foetal

liver, availability of enzymes crucial in the synthesis pathway), maternal cholesterol levels

(influenced by diseases, diet, teratogen exposure), maternal-foetal transport mechanisms

(cholesterol receptors), placental development, lipoprotein levels, etc. One example of

interaction between environment and genetic factors is how the outcome of Smith-Lemli-Opitz

syndrome (SLOS) is influenced by maternal cholesterol. It has been shown that changes in

maternal cholesterol levels, caused by specific APOE and ABCA1 genotypes, directly influence

the outcome of SLOS for the child.59, 60 In the next chapter, I will discuss evidence from the

literature and from our own research that supports the idea of maternal cholesterol being

crucial during embryogenesis. I shall also elaborate on the key players involved in maternal-

foetal cholesterol transport.
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2.1 Maternal cholesterol as foetal cholesterol
source

2.1.1  Cholesterol and foetal development

Cholesterol is important for embryonic development. Besides its function as a structural part

of cell membranes and precursor molecule for the synthesis of steroid hormones,61 it is

necessary to make an active SHH protein. This, bound to the receptor patched, activates the

GLI transcription pathway.62 Numerous studies have reported that the SHH-GLI pathway is

essential for the development of different organ structures, such as the limbs (reviewed in 63),

the urinogenital system,64, 65 the neural tube (reviewed in 66), the brain (reviewed in 67),

craniofacial structures such as the eyes and the palatum (reviewed by 68, 69), anorectal

malformations (reviewed in 70), and the heart.71–74

The importance of cholesterol in embryonic development became apparent when researchers

discovered that foetuses that synthesize cholesterol at lower levels displayed a number of

congenital anomalies. One example is Smith-Lemli-Opitz syndrome (SLOS), a syndrome

caused by mutations in the DHCR7 gene and characterized by mental retardation, heart

anomalies, postaxial polydactyly, syndactyly of the 2nd and 3rd toes, and hypospadias.75

Congenital heart diseases are frequent in children with SLOS (>50%) and include

atrioventricular septal defects, anomalous pulmonary venous return, and septal defects.53

In children with SLOS an enzyme deficiency in the last step of the cholesterol synthesis results

in a shortage or complete absence of cholesterol in the foetus.76 Many of the malformations

found in SLOS resemble those in which there is impaired SHH function,77 which is consistent

with the hypothesis that the main function of cholesterol in development is as a precursor for

an active SHH protein. Other disorders that are related to impaired cholesterol synthesis are

CHILD syndrome, lathosterolosis, desmosterolosis, SC4MOL deficiency, and X-linked dominant

chondrodysplasia punctata (CDpX2) (reviewed in 78). Most of these diseases include congenital

heart disease.

2.1.2  Maternal cholesterol as nutrient for the foetus

Cholesterol in humans can be derived from two sources, either by own synthesis from acetyl

CoA, or by uptake from the diet. Cholesterol in foetuses can be derived from endogenous

synthesis, or by transfer from the maternal compartment to the foetus through uptake of

cholesterol carried in lipoproteins. Studies have shown that in mid-gestational human foetuses,

cholesterol is mainly synthesized by the adrenal glands, the placenta, and the foetal liver.79–81

Although the current opinion is still that the endogenous cholesterol synthesis is sufficient for

foetal cholesterol needs, the number of studies that suggest otherwise is accumulating. For

example, trophoblast cells and placental cells that were cultured in vitro seemed to have a

preference to use cholesterol that was bound to lipoproteins instead of newly synthesized

cholesterol for their growth.82, 83 Besides, maturation of the liver, placenta and adrenal

glands occurs from 6–8 weeks of gestation at a time that the development of most organs

(such as the neural tube and the heart) has already been completed. Furthermore, animal
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studies such as by Woollett and colleagues showed that, even at birth, a significant amount of

the sterols are maternally derived (reviewed in 84). In human newborns, vuorio and colleagues

found a significant amount of plant sterols in cord blood (which are not synthesized by humans

but derived from diet, and therefore must be maternal in origin), indicative for maternal-foetal

cholesterol transport.85 Another fact that supports the hypothesis that maternal cholesterol is

substantial during embryogenesis is that foetuses with SLOS that are incapable of endogenous

cholesterol synthesis, still show measurable amounts of cholesterol.86, 87

A number of studies have subsequently shown that there is transfer of maternal cholesterol

to the foetus.3, 88–92 Unfortunately, most of these studies were performed in animals, and the

studies that measured endogenous cholesterol synthesis in human foetuses were performed

in the late second or third trimester of pregnancy,93–96 which do not correspond with the time

of organogenesis. The only available study evaluating the origin of the foetal cholesterol source

at a gestational time point close to embryogenesis was performed in mice.89 Interestingly

this showed that up to 12 days post-conception, the mother is the most important foetal

cholesterol source, and that the endogenous cholesterol synthesis becomes important not

before mid- and late gestation. Studies in human tissue on the origin of foetal sterols earlier

in pregnancy are lacking. We therefore performed a study to measure the origin of foetal

sterol in early second trimester amniotic fluid (Appendix 4).

2.1.3  The origin of the foetal cholesterol source in the first half of pregnancy

We measured different cholesterol precursors (as a measure of endogenous synthesis) and

plant sterols (as a measure of maternally derived sterols), together with total cholesterol in

the amniotic fluid (AF) of 126 healthy foetuses from gestational week 15 till 22. Human foetal

tissues from pregnancies before the 15th week of gestation are very scarce and often it is

unknown whether the fetus was healthy. Therefore, we considered the AF of healthy foetuses

derived from amniocentesis because of increased maternal age to be a good alternative to

measure the origin of foetal sterols. Since AF consists of foetal bioproducts,97 the AF is a

suitable medium to study the origin of foetal sterols. The AF has already been used as a

prenatal diagnostic tool for SLOS by measuring the concentrations of total cholesterol and

7-dehydrocholesterol.98

The molecule structure of plant sterols highly resembles cholesterol. It is assumed that the

transport mechanism of these sterols to the foetus is almost identical to maternally derived

cholesterol bound to lipoproteins. We concluded that during the first half of the second

trimester of pregnancy, maternal cholesterol is transported to the foetus in variable amounts.

Total cholesterol levels remained relatively constant. From week 19 onwards, three important

cholesterol precursors (lanosterol, lathosterol and dihydrolanosterol) increased significantly,

with a positive correlation for all three (p<0.001). A limitation of using AF as a medium to

measure the concentration of sterols is that the volume of the AF (and therefore the dilution)

can vary greatly between individual women, and between gestational weeks.99 We therefore

corrected for total cholesterol levels. Our study demonstrated that the endogenous cholesterol

synthesis was relatively low in the gestational weeks that are close to the embryological

period, which is up to 12 weeks of gestation. 
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Unfortunately, since we did not have data earlier than the 15th week of gestation, we cannot

rule out that the cholesterol precursors were not increased during embryogenesis (i.e. earlier

than week 15). This is, however, not what we would expect with regard to the maturation of

the foetal tissues that synthesize cholesterol, and the results of the study performed by Tint

and colleagues that showed that not up to the late second and third trimester of pregnancy,

the endogenous cholesterol synthesis becomes important as foetal cholesterol source.89

Therefore, our results only suggest that, during embryogenesis, maternal cholesterol is

important for foetal needs, at a time when the endogenous cholesterol synthesis by the fetus

is expected to be low.

The question remains whether the contribution of maternal cholesterol to the fetus is crucial

for development. The threshold of the minimum of cholesterol that is needed for SHH-GLI

pathway activation still needs to be investigated. In Chapter 3 I speculate further on this. 

One can hypothesize that in foetuses that already have low endogenous cholesterol synthesis

(due to mutations in genes in the cholesterol biosynthesis pathway), the maternal cholesterol

contribution becomes increasingly important. Hypothetically, there are two ways in which a

maternal cholesterol depletion in utero can occur: one is due to disorders in the maternal-

foetal cholesterol transport mechanism leading to disrupted transport of maternal cholesterol,

and the other is due to low or adverse maternal cholesterol levels. Below I go on to summarize

the current knowledge on maternal-foetal cholesterol transport with new information from a

recent study we performed (Appendix 6) on the cholesterol transport function of lipoprotein- 

receptor related protein 2 (LRp2) in utero. The last section will focus on adverse maternal

cholesterol levels and the consequences for foetal development.
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2.2 Maternal-foetal cholesterol transport

2.2.1 Cholesterol transporters on the maternal-foetal membranes

Appendix 3 presents a minireview which describes the main concepts of maternal-foetal

cholesterol transport. Here I will summarize the review, but also offer some extra information

on the anatomy of the maternal-foetal interface, especially involving the secondary yolk sac,

during the first trimester of pregnancy.

The maternal-foetal membranes that are important for the transport of nutrients (including

cholesterol) in humans are the secondary yolk sac (during the first half of the first trimester),

and the placenta (from the second half of the first trimester up until birth). Only in the past

two decades has the crucial function of the secondary yolk sac in human organogenesis

become apparent.100, 101 But still, the function of the secondary yolk sac is often

underestimated and many studies discussing embryonic development focus solely on the

placenta. Studies on early human foetal tissue have repeatedly shown that the secondary

yolk sac is the first haemopoetic organ of the embryo, that, during the first 8–12 weeks of

development, outweighs the function of the placenta in maternal-foetal nutrient

exchange.102–104

During the first weeks of development, the amniotic cavity containing the embryo is separated

from the mother by the exocoelomic cavity in which the (secondary) yolk sac floats. Up to

the 5th week of gestation, the secondary yolk sac is directly connected to the ventral part of

the embryo, later partly incorporated to form the primitive gut.103 Within the secondary yolk

sac, an extensive vascular network develops connecting the maternal circulation with the

foetal circulation through the vitelline artery within the vitelline duct. After the 5th week, the

secondary yolk sac becomes located more outside the embryo and within the exocoelomic

cavity, but is still connected to the embryo by the vitelline duct. Soon, the vitelline duct

becomes included in the umbilical cord and its lumen is closed,105 and from week 9 of

gestation the yolk sac regresses and disappears as the amnion fuses with the chorion.106

True intervillous blood flow does not occur before week 12,107 which makes the secondary

yolk sac more important than the placenta for maternal-foetal exchange during the embryonic

period.108 It is thought that it is mainly the visceral endoderm of the secondary yolk sac that

is involved in maternal-foetal exchange.109
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The visceral endoderm of the secondary yolk sac expresses several cholesterol receptors,

including the scavenger receptor class B type I, intrinsic factor-cobalamin receptor (cubilin),

low density lipoprotein receptor-related protein 2 (LRp2), and the low density lipoprotein-

receptor (Figure 2A). Furthermore, the human secondary yolk sac excretes the

apolipoproteins ApOA1, ApOE and ApOB in the form of lipoprotein particles.110

Lanford and colleagues state that these lipoproteins are involved in delivering maternal

cholesterol to the foetus. Once the yolk sac regresses, the placenta (trophoblast) takes over

its nutritional role. The trophoblast, later the syncytiotrophoblast, also expresses cholesterol

transporters: the LDL receptor, vLDL receptor, class A scavenger receptor, LRp2, cubilin,

LRp8, LRp1, and SR-B1 (reviewed in 84). Figure 2b shows these different cholesterol

transporters on the syncytiotrophoblast. 82, 83, 111, 112  Excretion to the foetal circulation is

suggested to be facilitated through ABCA1 and ABCG1 transporters.113

Figure 2 

From maternal to foetal circulation: the proposed route of maternally-derived choleste-

rol particles through the yolk sac (a) and placenta (b)

Figure 2A
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Figure 2B

Figure 2: Once cholesterol is taken up on the apical (maternal) side of the trophoblast or

visceral endoderm of the yolk sac by receptor-dependent and independent processes, it is

transported to the lysosome where the cholesterol that is bound to lipoproteins is converted

into free-cholesterol. After that the cholesterol is bound to sterol-carrier proteins and

transferred to the basolateral membrane where it is excreted into the foetal circulation

(Appendix 3).
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One cholesterol transporter, LRp2, expressed on both the yolk sac and placenta, is of particular

interest since mice lacking this receptor display severe congenital anomalies, resembling

those seen in disorders of the endogenous cholesterol synthesis.114 It is not clear whether it

is the disruption in the cholesterol transport function that causes the anomalies, or the

disruption in the transport of other important nutrients, since LRp2 can also transport retinol

binding protein, vitamin D, and vitamin B12.115

Studies about the cholesterol transport function of LRp2 in utero are lacking. Moreover, a

yolk sac-specific-knockout for Lrp2 has not been studied yet. We therefore performed a study

(Appendix 6) to measure labelled cholesterol transport from mother to foetus in the Lrp2

knockout mouse model in order to elucidate the function of LRp2 in maternal-foetal cholesterol

transport. We also wanted to see whether a lowering of maternal cholesterol levels in the

dams had adverse effects on the offspring.

2.2.2  The function of LRP2 in maternal-foetal cholesterol transport

The study is described in Appendix 6. We used Lrp2 knockout mice, and administered a

probucol-enriched diet before and during pregnancy to half of the dams, to lower maternal

total cholesterol levels by 50%. It was mainly HDL cholesterol that was lowered in the dams.

LRp2 is expressed on the yolk sac and placenta and binds low density lipoprotein (LDL)

cholesterol. It is also involved in HDL cholesterol transport in co-transport with cubilin.116

Others have suggested that it is important in embryonic development.116 We used stable

isotope labelling to quantify maternal-foetal cholesterol transport. The offspring were removed

and sterol fractions and cholesterol synthesis were measured by the MIDA technique (Method

section, Appendix 6) for the wild type, knockout, and heterozygous mice. The Lrp2

knockout offspring showed overall growth retardation, which is consistent with previous

reports.114

In the probucol group, there was no cardiac phenotype in the wild type or heterozygous

offspring, nor did the severe cardiac phenotype that we observed in the Lrp2 knockout mice

(Appendix 5) worsen or improve. Foetal organ weights and litter size were normal. The

relative distribution of maternal cholesterol in the specific tissues was equal for each group of

offspring. This is especially interesting since the maternal-foetal cholesterol transport rates

(relative to maternal cholesterol levels) were reduced by 50% in the offspring with a

probucol-enriched diet although the maternal cholesterol fractions in the placenta were

normal.

From this we can draw several conclusions. First, a total cholesterol reduction of 50% in

heterozygous dams does not cause cardiac anomalies, growth restriction, or an increased

risk for intra-uterine foetal death. Second, the reduced cholesterol transport rate with the

normal maternal cholesterol levels in the placenta suggest that there is a redundancy

mechanism that either causes an upregulation of cholesterol efflux to the foetus (previously

suggested by 3, 117), or an up regulation of the fractional cholesterol synthesis rate (FSR) of

the foetus in the offspring of mothers with adverse cholesterol levels. The latter is most likely

since we found a 5–10% increase of the FSR in all foetal tissues except the foetal brain

(because of the blood-brain barrier) and a significantly lower total cholesterol in the placenta
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in the offspring of dams with a probucol enriched diet. The foetus is well protected during

development by barriers such as the placenta. It is also possible that only a small amount of

maternal cholesterol is needed for normal development. probucol lowers total cholesterol

levels by only 50%. Unfortunately, to our knowledge, there are no other medications than

probucol that can be given to achieve a greater reduction of total cholesterol without lethal

effects for the dams or their offspring.

In the Lrp2 knockout offspring without probucol, total cholesterol levels, maternal sterol

fractions, and endogenous synthesis rates were comparable to the wild types. An important

function of LRp2 in maternal-foetal cholesterol transport therefore seems unlikely. However,

we only measured maternal-foetal cholesterol transport in the third trimester of pregnancy.

First trimester measurements were impossible since the foetuses were too small to analyse

the sterol fractions in foetal blood and other tissues such as the amniotic fluid. Interestingly,

the synthesis rates in the brains of Lrp2 knockout mice were significantly increased. This

could be caused by a dysfunctional blood-brain barrier, but also by increased apoptotic rates

in the brain causing an accumulation of oxysterols.

Although our study shows that LRp2 does not function as an important maternal cholesterol

transporter during the third trimester of pregnancy, we cannot rule out that other cholesterol

transporters on the yolk sac, and even LRp2, during the first trimester of pregnancy, do play

an important role. The rate of maternal-foetal cholesterol transport can vary in time, which

accounts for many processes during embryonic development. Our studies described in

Appendix 4 and Appendix 6 add to other work that suggests maternal cholesterol could

play a role in development, especially in those foetuses in which the endogenous cholesterol

synthesis is decreased. In the next section, I will discuss the effects of maternal cholesterol

depletion in utero caused by adverse maternal cholesterol levels.
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2.3 Maternal cholesterol depletion in utero

To meet foetal cholesterol demands during development, it is crucial to have a suitable

maternal-foetal cholesterol transport mechanism. In pregnancy, maternal cholesterol levels

increase by 30–50% due to increased cholesterol synthesis of the liver. Some authors have

even stated that pregnancy is an hypercholesterolemic event.118 This state is the most

pronounced during the third trimester of pregnancy, but even in the first trimester, maternal

lipid levels change.119, 120 It is noteworthy that during the first trimester (the embryonic

period) it is mainly maternal HDL cholesterol that increases.119 This is consistent with animal

models that show that during the first trimester of pregnancy, HDL cholesterol is the most

important cholesterol that is taken up by the yolk sac.84, 91, 112 On the yolk sac, three out of

four receptors are involved in HDL cholesterol transport (cubilin, LRp2 in concert with cubilin,

and SR-B1), whereas the placenta expresses far more LDL and very low density lipoprotein

(vLDL) receptors (Figure 5). The question arises whether adverse maternal cholesterol

levels, such as in hyperhomo cystenemia, Diabetes Mellitus, familial hypercholesterolemia,

and even in obesity within the metabolic syndrome, can cause diminished maternal

cholesterol levels in the foetus. Interestingly, these diseases that affect maternal cholesterol

levels in a negative way (by increasing LDL cholesterol and decreasing HDL cholesterol) are

known to be associated with CHD in offspring,121–126 (Appendix 2).

Besides maternal diseases, the use of cholesterol-lowering medication during pregnancy is

also associated with congenital anomalies, including CHD, most of them resemble the

anomalies found in SLOS.127 In these association studies it is, however, difficult to distinguish

whether the underlying maternal disease (familial hypercholesterolemia) or the medication

causes the anomalies. If there is a teratogenic risk in taking these medications, it is possibly

not a major risk since a prospective study of 64 women exposed to statins in the first

trimester of pregnancy and 64 non-exposed women did not show any increased risk.128

However, this study did show a lack of statistical power. A third argument that maternal

cholesterol influences foetal development comes from Witsch-Baumgartner and colleagues,

who showed that a specific maternal ApOE genotype, causing adverse cholesterol levels in

the mother, increased the severity of the anomalies found in pregnancies complicated by

SLOS.59 However, discussion of the association between disturbed maternal cholesterol levels

and congenital heart disease in offspring has not finished. A large retrospective study among

women with familial hypercholesterolemia and controls did not find an association.129

Unfortunately, lipid levels during pregnancy were not measured, and influencing factors ,

such as hyperhomocystenaemia, maternal body weight, and smoking were not corrected.

There could be a redundancy mechanism in these women during pregnancy that we have not

yet recognized. Efflux of cholesterol can vary and can be upregulated in utero 117 and our

study (Appendix 6) suggested that the endogenous synthesis rate of the foetus can also be

upregulated once maternal cholesterol levels are decreased.
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A recent study preformed in Rotterdam did show an association between adverse maternal

lipid levels and congenital heart disease in offspring, with a two-fold increase in risk.125 The

question if whether adverse maternal cholesterol levels can cause CHD in offspring therefore

needs to be answered, and in Chapter 4 I will speculate on possible studies to elucidate this.

Still, the evidence described here points towards maternal cholesterol contributing to foetal

development to some extent. It is plausible that in children with weak mutations in cardiac

genes, or in genes involved in cholesterol transport or cholesterol biosynthesis, the

contribution of maternal cholesterol becomes increasingly important during organogenesis.

In the next chapter, I give two examples of new genes involved in CHD and both are

associated with cholesterol-related signalling.
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3.1 The function of LRp2 in cardiac development

Our study suggested LRp2, also known as Megalin, might be one of the genes involved in

cardiac development. We performed an analysis of the cardiac morphology in Lrp2 knockout

and wild type mice at different developmental stages between embryonic day 10.5 and 15.5

(Appendix 5). We did this to determine the role of LRp2 in maternal-foetal cholesterol

transport and cardiac development. The anomalies described in Lrp2 knockout mice are

frequently associated with cardiac defects in humans. Besides its function as an apolipoprotein

receptor, LRp2 also act as a multi-ligand receptor and is known to bind morphogens such as

Sonic Hedgehog (SHH), and proteins involved in the retinoic acid pathway (retinol binding

protein) and the bone morphogenetic protein (BMp) pathway.130–133 The SHH-GLI signalling

pathway, BMp pathway, andretinoic acid (RA) pathway are all very important during cardiac

development, especially for the development of the outflow tract, cardiac septation, formation

of the ventricular inflow, and compaction of the ventricular myocardium.72, 73, 134–136

We found severe cardiac defects in the Lrp2 knockout mouse, including a common arterial

trunk (CAT), inflow tract anomalies, and disturbed compaction of the ventricular myocardium

resulting in a thin ventricular myocardium. Furthermore, in wild type, LRP2 was highly

expressed in the outflow tract cushions during OFT septation. The question arises whether a

disturbed maternal-foetal cholesterol transport could be the cause of the anomalies seen in

the Lrp2 knockout mice, or whether defects in fundamental local signalling cascades, such as

the SHH-GLI signalling or RA signalling, or even impaired local uptake of cholesterol by the

heart itself, could be underlying causes.

3.1.1  Possible hypotheses on the function of LRP2 in cardiac development

In the previous two chapters I hypothesized on the role of disturbed maternal-foetal

cholesterol transport in the aetiology of CHD based on literature and the results of our own

studies (Appendices 2, 4 and 6). Although we found severe cardiac defects in Lrp2

knockout mice, it is unlikely that diminished maternal-foetal cholesterol transport, due to the

absence of LRp2 on yolk sac and placenta, is the underlying mechanism causing the cardiac

anomalies. Two important arguments can be made against the hypothesis that it is the

maternal-foetal cholesterol transport function of LRp2 on the yolk sac and the placenta that

indirectly influences cardiac development by controlling maternal cholesterol supply. First,

Spoelgren and colleagues showed that the neural floor plate-specific knockout (with normal

LRp2 function on yolk sac and placenta) has the same phenotype for forebrain and neural

tube defects as the complete Lrp2 knockout.133

This suggests that the possible maternal-foetal cholesterol transport function of LRp2 is not

causing the neural tube and forebrain defects but that the crucial role of LRp2 lies more in its

involvement in developmental signalling cascades such as Wnt/BMp and SHH.133, 137 Second,

in our study, on the cholesterol transport function of LRp2, maternal cholesterol transport in

Lrp2 knockout mice did not differ from that in wild type mice during the third trimester of

pregnancy (Appendix 6). Furthermore, there was no significant upregulation of the

endogenous cholesterol synthesis measured in the foetal blood, whole foetus, or in the foetal
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heart of the Lrp2 knockout mice. The normal cholesterol concentrations and maternal sterol

fractions we found in the hearts of Lrp2 knockout mice further makes the hypothesis on

disturbed local uptake of cholesterol by the heart itself less plausible. Based on the study

described in Appendix 5, we can make an important argument that LRp2 functions in

important signalling cascades during cardiac development. Before I sum up the arguments

for this hypothesis, I will first briefly describe the normal outflow tract development and

compaction of the ventricular myocardium.

One of the steps in outflow tract development is the outflow tract septation, which divides

the common trunk into an aorta and a pulmonary trunk. Failure of this process can cause a

common arterial trunk, an anomaly that was seen in over 90% of the Lrp2 knockout mice.

Two populations of cells are important for this process. One is the cardiac neural crest,138–140

the other is the second heart field (SHF).141–144 Neural crest cells migrate in the outflow tract

cushions and are involved in the formation of the aortico- pulmonary septum separating the

aorta from the pulmonary trunk. Cells from the SHF are distributed into the myocardial wall

of the aortic sac to orchestrate the neural crest by downstream signalling cascades such as

SHH and BMp signalling.72, 144, 145 Furthermore, the SHF causes lengthening and rotation of

the OFT to establish proper alignment of the aorta above the left ventricle, and the

pulmonary artery above the right ventricle.145, 146

Compaction of the ventricular myocardium is induced by the epicardium and epicardial-derived

cells (EpDCs)(reviewed in 147). EpDCs migrate from the epicardium (covering the entire

myocardium) into the ventricular myocardium thereby transforming into mesenchymal cells,

a process that is called epithelial-to-mesenchymal transition (EMT). They are crucial in the

development of a thick layer of compact myocardium. The exact mechanism by which the

EpDCs establish this layer, is unknown, although we do know that the retinoic acid pathway

is important in it.136, 147

By using specific cardiac markers, we could study the distribution of the neural crest cells, cells

from the SHF, and the EpDCs in order to elucidate where LRp2 acts in cardiac development.

Our study showed that the development and distribution of the SHF is disturbed in Lrp2

knockout mice. In Lrp2 knockout mice, the epicardium normally covers the ventricles and at

embryonic day 13.5 the EpDCs seem to migrate into the myocardium. However, at embryonic

day 15.5 it is clear that although EpDCs show EMT, their migration into the ventricular

myocardium seems to be arrested at a certain point. This suggests that the influence of LRp2

lies rather in the downstream signalling that establishes compaction of the ventricular

myocardium, than in the process of EMT of the EpDCs. Although we could not identify the

signalling pathway in which LRp2 functions during cardiac development, we can speculate on

it. I want to discuss three important proteins LRp2 can bind to: these are retinol binding

protein (RBp), SHH and BMp4.
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3.1.2  LRP2 and the retinoic acid pathway

The retinoic acid (RA) mutant mice models highly resemble the Lrp2 knockout mice in

cardiac phenotype, including CAT, septal defects, inflow tract anomalies, and a thin or even

absent compact ventricular myocardium.136, 148 LRp2 can bind RBp, and is suggested to be an

RBp receptor on the surface of cells 130, 132 RBp needs to enter the cells to transport retinol

towards the cytoplasm, after which the enzyme RALDH2 converts retinol into active RA. 

Although LRp2 can bind to RBp, recent studies have identified STRA6 as the dominant RBp

receptor in humans and mice.149–151 A STRA6 mutation in humans causes severe (cardiac)

anomalies that resemble those seen in patients exposed to a high dose of vitamin A in utero,

RA mutant mice, and the Lrp2 knockout mice. The anomalies include lung hypoplasia,

anophthalmia and CHD, specifically outflow tract anomalies.152–154

Unfortunately, there is no expression data on STRA6 during cardiac development. The only

available data is on adult hearts, which show little expression of Stra6 RNA.155 So far, the

role of STRA6 in RBp transport in the foetal heart has not been proven. Co-receptorship of

STRA6 and LRp2 has been suggested,150, 156 but, there is still little evidence for this

hypothesis. STRA6 is a transmembrane receptor with three extracellular domains that have a

high affinity to bind RBp.157 LRp2 is also a transmembrane receptor and both have the

function of endocytosis of molecules. Mutations in STRA6 result in normal expression levels

of the protein but an inability to bind RBp and an abolished vitamin A uptake activity.158

We found normal expression levels of RALDH2 at embryonic days 13.5, 14.5 and 15.5 in the

Lrp2 knockout mice, the enzyme responsible for converting retinol into active RA (Appendix

6). This suggests that the conversion of retinol into active RA is not disturbed in Lrp2 knockout

mice. The normal expression levels of RALDH2 do not, however, exclude involvement of LRp2

in RA signalling by the uptake of RBp. To measure the expression of RA downstream genes in

Lrp2 knockout and wild type mice would be interesting since that would tell us whether

downstream RA signalling is disturbed. This can either be due to reduced intracellular RBp

levels, or by RA signalling disturbed by another factor, since, for example, SHH also influences

downstream RA signalling.159 In a future experiment we will measure the expression of several

downstream RA genes, together with downstream genes in the SHH and BMp pathway by

 qt-pCR at E13.5 in the free wall ventricular myocardium of Lrp2 knockout and wild type mice.

This will further elucidate the role of LRp2 in cardiac development. Below I will speculate on

the role of LRp2 in SHH and/or BMp signalling.

3.1.3  LRP2 and the SHH pathway

LRp2 can also bind SHH, a morphogen that is highly expressed during cardiac development,

especially in the SHF and surrounding endoderm.130, 131, 134 There are several hypotheses on

how LRp2 functions in SHH signalling.131 The current hypothesis is that it is involved in the

trafficking of SHH/ptch1 complexes.160 Loss of SHH in mice results in a CAT, aortic arch

anomalies, septal defects, including AvSD, and ventricular hypoplasia, and they are therefore

very similar to the Lrp2 knockout mouse.71–73, 161, 162 All cardiac anomalies seen in Lrp2

knockout mice can hypothetically be explained by disturbed SHH signalling. In SHF

development, SHH regulates the expression of fibroblast growth factor 8 (FGF8) through

TBX1.163–165 FGF8 is one of the key molecules in OFT development.166
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Furthermore, TBX1 influences RA signalling through Raldh2.167 Thus, one can hypothesize

that due to disturbed SHH signalling caused by an LRP2 mutation, TBX1 is downregulated,

causing disturbed RA signalling. Maynard and colleagues have recently shown that SHH and

RA closely interact in cardiac development.168 Other routes in which SHH influences RA levels

would be possible, escaping Raldh2. Besides the RA pathway, it is thought that SHH acts in

parallel with other pathways, including the FGF, BMp, and Nodal pathway 168 in the regulation

of shared target genes.168 This is thought to be an inter-compensatory mechanism for them.

The target genes still need to be determined but RA target genes are good candidates.169

3.1.4  LRP2 and the BMP pathway

Another morphogen that LRp2 binds, BMp4, is also of interest in cardiac development. LRp2

functions as a clearance receptor for BMp4 in brain development.133 Spoelgen and colleagues

showed that, due to an absent LRP2, BMp4 levels increased, which resulted in increased

apoptosis in the neural floor plate, which in its turn caused severe forebrain anomalies. The

BMp signalling pathway is important for outflow tract development and cardiac septation

including formation of the atrioventricular valves.135, 159, 170 The Bmp4 knockout specifically

for the SHF displays gross similarities with the Lrp2 knockout mouse including CAT and septal

defects.171 However, a thin or even absent compact myocardium that we see in the Lrp2

knockout has not been described in Bmp4 knockout mice. The Bmp4 knockout mouse dies

early in gestation, before gastrulation, which makes a thorough description of the cardiac

morphology impossible. In and outside the heart, BMp4 is known for its role in apoptosis

together with its role in signalling.172, 173

Increased BMp4 should hypothetically increase apoptosis for example in the neural crest cells

where BMp4 is highly expressed. We did not find any differences in apoptosis during cardiac

development in the Lrp2 knockout compared to the wild type, while neural crest cells arrived

normally at the heart (Appendix 5), which makes defective signalling in post-migratory

cardiac neural crest cells more likely than increased apoptosis. BMp4 also represses FGF8.

This could influence SHF development. Since FGF8 also directly stimulates SHH signalling,174

and thus influences TBX1 and Raldh2 levels,175 hypothetically the compaction of the

myocardium could also be disturbed. But again, we found normal Raldh2 levels, which makes

the latter hypothesis unlikely. Figure 3 summarizes the different hypotheses on the role of

LRp2 in different signalling cascades during cardiac development, as described above.171
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Figure 3

Hypotheses on the role of LRp2 in cardiac development 

Figure 3:

1. LRp2 as RBp receptor resulting in active RA signalling, which is important for ventricular

compaction and OFT septation through GATA4 and TGFbeta. 

2. LRp2 as BMp4 clearance receptor, regulating the apoptosis necessary for OFT septation

and endocardial cushion development. 

3. LRp2 as SHH receptor, which is important for SHF development by TBX1 and FGF8

regulation, and ventricular compaction through TBX1 and Raldh2. RA retinoic acid; OFT

outflow tract; SHF second heart field; SHH Sonic Hedgehog.
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In conclusion, there are many arguments for involvement of LRp2 in several signalling

pathways during cardiac development, including in the RA pathway, SHH pathway, and BMp

pathway. All three pathways hypothetically act downstream on RA target genes. One of the

first steps is therefore to prove that loss of LRp2 causes altered RA target gene transcription.

This can be measured by quantative pCR of RA target genes at different developmental

stages in Lrp2 knockout mice in specific cardiac tissues such as the SHF, OFT, and free wall

myocardium. It is possible to isolate free wall myocardium at E13.5, but, at earlier

developmental stages, isolation of specific cardiac tissue is difficult and requires expertise in

micro-laser dissection. We could also measure the expression of TBX1 in the developing OFT

and epicardium in order to differentiate between hypothesis 1 compared to hypotheses 2 and 3

(Figure 3) and see whether TBX1 is involved.

3.2 The function of Smoothened in SHH 
signalling for atrioventricular septation

3.2.1  SHH-GLI signalling and cardiac development

As stated before, SHH-GLI signalling is one of the fundamental signalling pathways for

(cardiac) development. This pathway highly depends on the existence of a primary cilium, a

cell organelle, present on the outer membrane of nearly all mammalian cells, with a sensory

and signal transduction function.176 Addition of cholesterol is crucial to form an active

extracellular SHH molecule.177 Then, SHH will bind to the receptor patched 1 (pTCH1) on the

cell membrane, which will release its inhibitory effect on Smoothened (SMO).178

Subsequently the EvC/EvC2 complex of proteins will transport SMO from the cellular membrane

into the cilium.179 The signalling transduction begins when SMO activates the GLI complex in

the cilium and later on GLI moves into the nucleus and induces transcription of several target

genes (Figure 4). SHH is important in SHF development (as described in the previous

paragraph) for septation of the outflow tract but moreover, it plays an important role in the

formation and septation of the atrioventricular (Av) canal. In the heart, cells with a primary

cilium are present in the pericardium, epicardium, parts of the sinus venosus myocardium,

the OFT and the endocardial cushions.180–183 SHH is involved in the survival of the neural

crest cells (NCC) that contribute to the endocardial cushions.72 Furthermore, SHH-GLI

signalling is involved in a process called endocardial-to-mesenchymal transition (endo-MT)

and dorsal myocardial protrusion (DMp).72, 74 Endo-MT stimulates growth and maturation of

the Av cushions which later will develop into the Av-valves and DMp is involved in closure of

the Av septum.184
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Figure 4

Smoothened signalling at the primary cilium

A: In the absence of Sonic Hedgehog (SHH), Smoothened (SMO) is inhibited of trafficking

towards the primary cilium. Inactivation of SMO causes phosphorylation of the GLI-family

of transcription factors, resulting in the release of GLI-repressor forms that inhibit target

gene activation.

B: After binding of SHH to the SHH receptor patched (ptc), SMO becomes activated. After

accumulation of SMO it traffics to the primary cilium where it activates the GLI-family of

transcription factors which activates transcription of GLI target genes. 

Figures designed by Tom de vries Lentsch, graphic designer, Clinical Genetics, Erasmus

MC, Rotterdam.
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patients with SLOS, a disorder in the cholesterol biosynthesis leading to disturbed SHH

signalling 77 often have cardiac defects (>50%), half of these being atrioventricular septal

defects (AvSD).53 Overlapping features are described in many hedgehog syndromes. In

mouse, loss of SHH signalling causes severe cardiac defects, including OFT abnormalities,

aortic arch anomalies, septal defects and AvSD.72, 73, 161, 162 Members of the SHH signalling

pathway are associated with CHD. Studies in mice and zebrafish have shown that loss of

SMO resulted in severe cardiac anomalies.186, 187 Deletion of SMO from the dorsal myocardial

protrusion (DMp) in the heart resulted in AvSD in mice.74 Mice with targeted deletion or

mutation of the Pkd1, or Kif3a gene, both involved in SHH signalling display AvSD or

hypoplasia of the endocardial cushions.188, 189 In Appendix 7 we describe a study in which

we sequenced the exomes of two patients born with an AvSD, genital abnormalities, postaxial

polydactyly and a large fontanel, and their consanguineous parents and a healthy sibling.

The patients were a pair of non-identical twins. We found they carried a missense mutation

for SMO. Functional studies showed that SMO was normally expressed in fibroblasts, but

trafficking of SMO to the cilium was impaired and downstream GLI1 expression was severely

reduced.

3.2.2  Smoothened, a potential syndromic AVSD gene

Little is known on SMO expression during cardiac development. One study reports that it is

highly expressed in the embryo during development 186 the other reports that it is expressed

in the entire midline and the somatic mesoderm.190 In Appendix 7 we show that at E11.5

and E13.5 SMO is highly expressed in the embryonic mouse heart. At E11.5 it is expressed in

the endocardium of the OFT and in the Av cushions, at E13.5 it is highly expressed in the

OFT region, in the subendocardium of the Av cushions, the endothelium of the aorta and

pulmonary trunk, and in regions of the epicardium. One of the future studies would be to

measure the expression of SMO in the hearts of human foetuses by ISH to gain more insight

where SMO is expressed during human embryogenesis and what the target tissues are of

SMO mediated SHH signalling. Since atrioventricular valve formation highly depends on

canonical SHH-GLI signalling, we expect to find high SMO expression in the endocardial

cushions. However, human foetal heart tissue before 12 weeks of gestation is scarce and

difficult to collect.

Although we showed that the translocation of SMO to the primary cilium in fibroblasts of the

two studied patients was impaired resulting in decreased GLI1 gene expression, the exact

mechanism by which SHH signalling was impaired during Av valve formation in these patients

remains unknown. One of the first steps to further study the effects of an SMO mutation in

humans on heart development would be to repeat the experiments we performed on cilia, SMO

expression and trafficking, and downstream SHH target gene expression, in cardiac cells of

patients, preferably endocardial cells. Of course, first we have to identify more patients with

SMO mutations and syndromic AvSD. This can be realised as soon as next generation

sequencing techniques start being used in the regular diagnostics of CHD, i.e. analysing

multiple genes involved in cardiac development, including the SHH-GLI signalling genes.

Once new patients have been identified, their endocardial cells can be sampled during

surgical repair for AvSD, or in cardiac tissue isolated from foetal deaths diagnosed with a

SMO mutation.
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3.3 Ciliopathies and CHD

In the last two sections, two examples were given of genes possibly involved in SHH-GLI

signalling which were not known to play a role in cardiac development (Appendices 5 and 7).

One is LRp2, a multi-ligand receptor capable of binding SHH and cholesterol bound to

lipoproteins; the other is SMO, a member of the SHH-GLI signalling pathway. Many other

genes involved in SHH-GLI signalling have been described in relation to CHD. Mutations in

some of these genes cause well known syndromes. Disturbed SHH-GLI signalling underlies

these syndromes, including the cholesterol biosynthesis disorders such as SLOS,

desmosterolosis, lathosterolosis and CHILD syndrome,77 since cholesterol is important to

make an active SHH protein. But syndromes resulting in an absent or dysfunctional primary

cilium, the so-called ciliopathies, also frequently result in defective SHH-GLI signalling. 

The list of genes and syndromes that are related to defective SHH-GLI signalling is expanding.

It is not surprising that associations of ciliopathies and CHD are still being discovered, since

the function of the primary cilium is essential for cardiac development. Table 2 summarizes

these syndromes with their cardiovascular phenotype, grouped by their relation to the SHH-

GLI signalling pathway. The purpose of this overview is to show that CHDs are a common

feature of ciliopathies and related disorders. Since new genes associated with ciliopathies are

still being discovered, this list is possibly not complete. Some of the genes listed below, have

been associated with CHDs in animal models (such as Rttn), however, I will only describe the

CHD phenotypes that have been described in humans. Furthermore, I have only included the

members of the SHH-GLI pathway that are associated with congenital anomalies in humans.

Table 2: Defective SHH-GLI signalling

Single gene mutations and known syndromes that are related to defective SHH-GLI

signalling or other cilium-related signalling, and their cardiovascular phenotype.78, 191–193

Table 2a  Defective SHH-GLI signalling - Activation of the HH protein
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Syndrome Gene Cardiac phenotype

• Smith-Lemli-Opitz syndrome DHCR7 AVSD,  ASD,  VSD,  APVR,  PDA,  HLHS

• Conradi-Hünermann syndrome EBP None reported

• Antley-Bixler syndrome CYPS1A1 None reported

• Greenberg dysplasia LBR,  DHCR14 None reported

• Desmosterolosis DHCR24 APVR,  PDA

• Lathosterolosis SCSD None reported

• CHILD syndrome/CK syndrome NSDHL,  HSD17B7, Situs inversus, ventricular

SC4MOL and atrial hypoplasia



Table 2b  Defective SHH-GLI signalling - Function of the primary cilium

42

CHApTER 3  CHOLESTEROL-RELATED SIGNALLING AND CARDIAC DEvELOpMENT

Syndrome Gene Cardiac phenotype

• Bardet-Biedl syndrome/ BBS1,  BBS10,  BBS12,  BBS2, AVSD,  ASD,  VSD,  PDA,

McKusick Kaufman syndrome BBS4,  BBS5,  BBS7,  PTHB1, persistent LSVC,  BAV,  AS, 

ARL6,  CEP290,  MKKS, coA,  PS,  cardiomyopathy

CEP290,  MKKS, (MKS1)

(TRIM32),  TTC8

• Meckel-Gruber syndrome B9D1,  B9D2,  CC2D2A, ASD,  VSD,  PDA, 

CEP290,  MKS1,  RPGRIP1L, HLHS,  BAV

TMEM216, TMEM67

• Joubert spectrum and related AHI1,  ARL13B,  CC2D2A, ASD,  persistent LSVC,

disorders including CEP290,  INPP5E,  NPHP1, BAV,  AS,  VSD

CORS/COACH syndrome, OFD1,  RPGRIP1L,  TMEM216,

acrocallosal syndrome TMEM67,  KIF7

• Primary ciliary diskinesia/ DNAH5,  DNAH11, Heterotaxia syndrome

Kartagener syndrome DNAI2,  TXNDC3,  KTU,

RSPH9,  RSPH4A,  LRRC50

• Orofaciodigital syndrome 1 OFD1 Common atrium

• Leber congenital amourosis* CEP290,  LCA5 Left ventricular failure due 

to unknown cause

• Autosomal dominant polycystic PKD1,  PKD2 Mitral valve prolaps, 

kidney disease aortic root dissection

• Alström syndrome ALMS1 Dilated cardiomyopathy

• Cranioectodermal dysplasia / FT43,  WDR35, Cor triatriatum,  BAV 

Sensenbrenner syndrome IFT122,  WDR19

• Jeune syndrome DYNC2H1,  IFT80, None reported

WDR19,  TTC21B

• Short rib polydactyly syndromes NEK1,  DYNC2H1, CAT,  DORV,  TGA, 

WDR35 VSD,  PDA,  HLHS

• Nephronophthisis-related TMEM67,  BBS7, VSD,  PS,  AS

ciliopathies RPGRIP1L,  TTC21B

• Senior-Løken CEP290,  IQCB1,  NPHP1, None reported 

NPHP4,  SDCCAG8

• Fetal hydrolethalus syndrome KIF7 None reported

• Autosomal recessive polycystic PKHD1 None reported

kidney disease

• Rotatin (RTTN) mutation RTTN None reported

* Only those genes are included that play a biological role in the primary cilium.



Table 2c  Defective SHH-GLI signalling - Member of the SHH-GLI pathway

AvSD          atrioventricular septal defect

ASD            atrial septal defect 

vSD            ventricular septal defect 

ApvR          anomalous pulmonary venous return 

pDA            persistent ductus arteriosus 

HLHS          hypoplastic left heart syndrome

LSvC          left superior vena cava 

BAv            bicuspid aortic valve

AS              aortic stenosis 

coA             coartatio of the aorta 

pS              pulmonary stenosis 

CAT            common arterial trunk 

DORv         double outlet right ventricle 

TGA            transposition of the great arteries 

TvS/TvA     tricuspid valve stenosis/tricuspid valve atresia 

MvS/MvA    mitral valve stenosis/mitral valve atresia
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Syndrome Gene Cardiac phenotype

• Sonic Hedgehog mutation/ SHH None reported

Holoprosencephaly type 3

• Gorlin syndrome PTCH1 None reported

• Smoothened mutation (Appendix 7) SMO AVSD

• Ellis-von-Creveld syndrome EVC,  EVC2 AVSD,  ASD,  VSD,  APVR, PDA,  TVS/TVA, 

MVS/MVA,  HLHS,  coA,  persistent LSVC

• Acrodental dysostosis of Weyers EVC None reported

• GLI2 mutation (unpublished data) GLI2 AVSD

• Greig cephalopolysyndactyly GLI3 AVSD,  VSD,  PDA, coA,  AS,  MVS

syndrome/Pallister Hall syndrome

• Frontonasal dysplasia type 1 Kif3a AS



Table 2 shows that the CHD most often associated with disturbed SHH-GLI signalling and/or

disturbed cilium-related signalling, are septal defects, including AvSD, anomalous pulmonary

venous return, persistent ductus arteriosus and hypoplastic left heart syndrome. SHH is

expressed in the pharyngeal endoderm,134 pulmonary endoderm 74 and the dorsal

mesocardium,73 which explains the type of heart anomalies commonly seen in disorders of

the cholesterol biosynthesis (necessary for the activation of the HH protein) and ciliopathies.

Besides SHH-GLI signalling, the primary cilium is also important for downstream signalling in

the platelet-derived-growth factor (pDGF) pathways and non-canonical Wnt pathways. These

pathways are also involved in cardiogenesis, which, could explain the broad variance of CHD

in the many ciliopathies.

In conclusion, ciliopathies are an emerging class of malformation disorders frequently causing

disturbed SHH-GLI signalling and often involving CHD. Ciliopathies are mostly inherited as

autosomal recessive or X-linked recessive traits, but dominant inheritance patterns have also

been described.193 This is further supported by the phenotypic variability (variable expression)

in patients carrying the same gene mutation (table 2). 

In the case of shared clinical features in multiple organ systems, such as limb malformations,

brain/forebrain anomalies, urogenital anomalies, or mental retardation combined with a

heart anomaly (frequently seen in ciliopathies, including AvSD), a ciliopathy should always

be considered in the diagnostic process. Adequate and thorough phenotyping of patients with

CHD is therefore extremely relevant. Exome sequencing of patients with syndromic and non

syndromic CHD will help us to find causative gene mutations (such as Smoothened), to

unravel the aetiology of CHD, and to better understand the complex gene networks that drive

cardiac development.
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4.1 Conclusions from this thesis

It has been known that cholesterol is important for cardiac development because of its

crucial role in the SHH-GLI pathway. The question is, however, whether the endogenous

cholesterol synthesis of the foetus is sufficient to fulfil cholesterol demands during the

embryonic period, when cholesterol synthesizing organs such as the liver and the placenta

are still immature. It has been suggested that maternal cholesterol could be the most

important foetal cholesterol source during this period. The aim of the work described in this

thesis was to investigate the aetiology of congenital heart disease. The main research

question was, whether a cholesterol depletion in utero, caused by a diminished maternal-

foetal cholesterol transport, could cause CHD in offspring. From different type of studies,

including a retrospective case-control study, a retrospective cohort study, a genetically

modified mouse study, and a family-based exome sequencing study, we have gained more

insight into disturbed maternal-foetal cholesterol transport as a risk factor for CHD.

The first major accomplishment of the research presented here is that we have shown that

exogenous risk factors for CHD (maternal smoking and high body mass index) can interact,

implying they share a biological mechanism in the development of CHD. Our results

emphasize that studies unravelling the aetiology of CHD should focus on shared biological

mechanisms/pathways rather than looking at specific risk factors separately. Our results

(presented in Appendices 2, 5 en 7) support that CHD is multifactorial in origin and that

both exogenous and endogenous factors, including genetic ones, contribute to the

development of CHD in the embryo.

Secondly, the study presented in Appendix 4 showed that, in the second trimester of

pregnancy, maternal cholesterol crosses maternal-foetal membranes and is taken up by the

embryo. We demonstrated that the endogenous cholesterol synthesis of the embryo is low

until the 19th week of pregnancy, after which it rapidly increases. This adds support to the

hypothesis that during the first half of pregnancy, maternal cholesterol is important for the

growth and development of the embryo, probably including heart development.

Thirdly, we have identified two genes that were not known to cause CHD (described in

Appendices 5 and 7). We showed that lipoprotein receptor-related protein 2 (LRp2) is

involved in the second heart field development and septation of the outflow tract, development

of the atrioventricular valves, and in compaction of the ventricular myocardium. The study

presented in Appendix 6 supports the hypothesis that the pathological mechanism of LRp2

most likely lies in signalling through one of the major development pathways, rather than in

maternal-foetal cholesterol transport. The Sonic hedgehog pathway is a likely candidate.

The second gene we identified is a member of this SHH-GLI signalling pathway, namely

Smoothened. We showed that a homozygous mutation in Smoothened results in a defective

trafficking of the protein towards the primary cilium and severely reduced downstream GLI

signalling, thereby most likely causing the cardiac phenotype in the patients.
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4.2 Recommendations for future studies

We have studied only a few aspects of the role of maternal cholesterol in cardiac

development. There are many other aspects that need to be studied if we want a conclusive

answer to the question whether disturbed transfer of maternal cholesterol to the foetus gives

rise to congenital heart disease. For example, a large cohort study is needed to analyse

maternal lipid levels at certain time points in pregnancy and to record in parallel foetal

development, maternal life style factors (including nutritional status, BMI, smoking, maternal

drug use, alcohol consumption, etc.) and pregnancy outcome.

Our research towards the origin of foetal sterols in second trimester amniotic fluid

(Appendix 4) generated the question as to how far the endogenous cholesterol synthesis

during the embryonic period is sufficient for foetal cholesterol demands at that specific time

window in gestation. One way to study this is by analysing cholesterol precursors and plant

sterols (which are always maternally derived) in the amniotic fluid and placental tissue of

early pregnancy terminations, preferably before the 12th week of pregnancy. However, at the

moment this would be difficult to accomplish because amniotic fluid is not collected routinely

from such terminations, and it is often unclear whether the foetus was otherwise healthy or

had congenital anomalies.

By identifying LRP2 as an important gene for cardiac development, the question arises as to

what the aetiological mechanism could be in which it plays a role. In chapter 3 we described

a few possibilities but future studies could reveal which signalling pathway is involved.

Now we have identified a new, potentially syndromic AvSD gene in humans, Smoothened,

it is important to screen more patients with an appropriate phenotype for mutations in this

gene. This can be done by exome sequencing. In chapter 3 the expanding field of

ciliopathies is described. Exome sequencing of patients with CHD should be considered, since

it will greatly improve the diagnosis of syndromic and non-syndromic CHD. The results of the

study described in Appendix 7 clearly indicate that we should also consider a ciliopathy in

cases which have a CHD and relatively mild extracardiac features.
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4.3 Implications of this thesis for future research
and preconception care

Our first hypothesis that a maternal cholesterol depletion in utero can cause CHD in offspring

has not been proven. However, we can certainly not reject it and we have added a little to

the understanding of the aetiology of CHD, although much is still unknown. Our research has

raised new questions about the role of maternal cholesterol during the embryonic period.

Furthermore, we have shown that the cholesterol-related signalling pathways play a major

role in the development of the foetal heart. Our studies have added to the hypothesis that

CHD is caused by an interaction between environmental and genetic factors, although, we

still do not know what their exact contributions are.

Future research should focus on identifying the key players in cardiac development, and the

modifiers, since that will help us to understand the origin of CHD and, to better diagnose

patients. It will also help identify future pregnancies at risk, because primary prevention is

always preferable above secondary prevention.

preconception advice about balanced nutrition, folic acid supplements, a healthy maternal

weight, and the importance to stop smoking and alcohol consumption can diminish intra-

uterine exposure to exogenous risk factors for the unborn. This should preferably take place

in a setting that will actually reach ‘the women at risk’. General practitioners can play a

major role in this for two important reasons. First, in the Netherlands, most women will see

their general practitioner for their prescription of oral contraception, which offers a good

opportunity to provide pre-conceptional advice at an appropriate time. Secondly, the general

practitioner knows the social environment of the patients in their practice (their families,

socio-economic conditions) and has insight into familial risk factors and potential risk

behaviour. It is our responsibility as doctors to inform these women about the potential risk

factors, and to support them towards achieving a healthy life style. We should, however,

think about the most effective way of influencing life style before and during pregnancy.

Our studies have raised many new questions about the aetiology of CHD and the role of

maternal cholesterol in (cardiac) foetal development. Although this thesis focuses on CHD

and its aetiology, these questions belong in a far broader context, namely, how can we

diminish adverse birth outcomes. We need to know what causes adverse birth outcomes and

to what extent, and to give each woman an individual risk profile based on exogenous and

genetic risk factors. Until that is possible, we should try to prevent the damage that can be

achieved by eliminating known teratogenic factors as well as potentially teratogenic factors.

Based on the research presented in this thesis, together with the associations that have

already been described between adverse maternal cholesterol levels and adverse birth

outcomes other than CHD, we should therefore consider including the measurement of

maternal lipid levels in our preconception care.
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ABSTRACT

n Objective

To evaluate in a population-based cohort the effect of the introduction of the 20-week

ultrasound scan (20wkUS) in 2007 on the time of diagnosis, pregnancy outcome, and

total and live-born prevalence of cases with selected CHDs in the Netherlands.

n Methods

We included children and foetuses diagnosed with selected severe CHDs, born in the 11-

year period between 2001 and 2011. Two groups of CHDs were defined: CHDs associated

with an abnormal 4-chamber view at US (group 1), and CHDs associated with a normal

4-chamber view at US (group 2). The time of diagnosis, pregnancy outcome, and total

and live-born prevalence were compared for both groups over two 5-year periods, before

and after the introduction of the 20wkUS. Trends in total and live-born prevalence were

examined over 2001–2011.

n Results

Information was collected on 269 children and foetuses. After introduction of the

20wkUS, the prenatal detection rate of CHDs increased in both groups (group 1: 34.6%

in 2001–2005, 84.8% in 2007–2011 (p<0.001); group 2: 14.3% vs. 29.6% (p=0.037).

The rates for termination of pregnancy (TOp) increased significantly only for group 1

(15.4% vs 51.5% (p<0.001)). The total prevalence of CHDs in group 1, increased over

time from 2.9 to 6.4 per 10,000 births in 2011 (p=0.016). The live-born prevalence did

not show a trend over time. For group 2, no trends in total or live-born prevalence could

be detected over time.

n Conclusions

Since the implementation of the routine 20wkUS in the Netherlands prenatal detection

rate of selected severe CHDs increased significantly. Improved prenatal detection was

accompanied by a more than three-fold increase in TOps, although only in those CHDs

with an abnormal 4-chamber view at prenatal US.



Introduction

Congenital heart defects (CHDs) represent one of the more common congenital anomalies

with an estimated prevalence of 7.2 per 1000 births.1 CHDs account for 1 in 13 of all infant

deaths worldwide, and often have a significant impact on morbidity among survivors.2, 3 In

the last few decades, progress has been made, in the prenatal detection of CHDs by foetal

echocardiography.4

The current recommendations of international societies for ultrasound examination include

that a routine ultrasound scan (US), including a 4-chamber and an outflow tract view, should

be performed in all pregnancies during the second trimester of pregnancy, and that a detailed

cardiac scan should be performed only in those pregnancies with increased risk for CHDs.5, 6

Many national health care systems have a policy of offering one or more scans during

pregnancy, including a scan around 20 weeks of gestation (20wkUS).

Up until 2006 in the Netherlands, a mid-gestational advanced US was offered only to women

with an increased risk for foetal anomalies, based on family history, monochorionic twin

pregnancy or maternal characteristics such as specific medication use or chronic diseases,

but since 2007 the 20wkUS has become part of routine prenatal care. Although the main

reason for introducing the 20wkUS in the Netherlands was to screen for neural tube defects,

the foetal anatomy is fully examined, including cardiac structures by 4-chamber and an

outflow tract view. Background information on the prenatal screening programme is given in

figure 1.

From 2006 onwards, there was a clear increase in the number of referrals for specialized

ultrasound examination, including echocardiography, as a direct result of the scan’s

introduction.7 So far, there has been no thorough, population-based evaluation of the effect of

this change in Dutch prenatal screening policy on the live-born prevalence and epidemiology

of severe CHD cases. We hypothesized that the live-born prevalence of children with severe

CHD could be decreasing because of earlier detection. The aim of this study was to evaluate

the effects of the introduction of the routine 20wkUS in the Netherlands on the time of

diagnosis, pregnancy outcome, and total and live-born prevalence in selected severe CHDs,

both with and without an abnormal 4-chamber view at prenatal ultrasound.

Methods

Study population

We performed a population-based, retrospective cohort study in which we included children

and foetuses diagnosed with selected severe CHDs, born over an 11-year period between

January 1st 2001 and December 31st 2011, and for which the mother lived in one of the three

northern provinces of the Netherlands. 

Two groups of CHDs were defined based on the 4-chamber view at prenatal ultrasound:

group 1 consisted of cardiac anomalies associated with an abnormal 4-chamber view and
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that have a high impact on both morbidity and mortality, such as hypoplastic left heart

syndrome (HLHS), pulmonary valve atresia with intact ventricular septum (pA:IvS), tricuspid

valve atresia (TvA) and other single ventricle anomalies (Sv), including unbalanced

atrioventricular septal defects. Group 2 included selected severe CHDs that are usually not

visible on a 4-chamber view at prenatal ultrasound scan, but require additional outflow tract

views.  This group consisted of persistent Truncus Arteriosus (pTA), Tetralogy of Fallot (TOF)

and Transposition of the Great Arteries (TGA). Cases with other, associated cardiac anomalies

that give an abnormal 4-chamber view at ultrasound were excluded from the second group. 

Data sources

Children and foetuses with one of the selected CHD types were identified from three

databases. Eurocat (European Registration of Congenital Anomalies and Twins) Northern

Netherlands (Eurocat NNL) is a population-based birth defects registry. Since 1981, Eurocat

NNL has registered live births, stillbirths and TOps for congenital anomalies in three northern

provinces in the Netherlands (Groningen, Friesland and Drenthe). The annual number of births

covered is approximately 19,000. Cases were included if the mother lived in the registration

area at the time of birth or termination of pregnancy, and if the child was 10 years or younger

at the time of notification. Notification of children and foetuses with birth defects is voluntary

and registry staff is actively involved in case ascertainment using multiple sources. Written

informed consent is obtained from the parents. The coverage of the Eurocat NNL registry is

above 80%. 

Data were obtained from the University Medical Centre Groningen’s (UMCG) centre for

congenital heart diseases, which serves as the referral centre for a region that includes the

three northern provinces.  The centre’s database includes all children with a CHD diagnosed

by a paediatric cardiologist (either prenatally or postnatally) and all live-born children with a

CHD who underwent surgical intervention. We also obtained data from the foetal medicine unit

database, which records information on US, diagnosis and outcomes, including information

whether the pregnancy was terminated, for all women referred from one of the ultrasound

clinics in the northern provinces with a suspicion of a foetal anomaly. From these three

databases, data were completed, and cross-checked of all the patients from the three

provinces on the type of CHD, associated anomalies, time of diagnosis (prenatally or

postnatally), date of birth, or termination of pregnancy (TOp), and were relevant, the date of

death of the child. This approach secured maximal completeness and capture of all cases of

interest for our population-based study.

Inclusion criteria

Both syndromic and non-syndromic CHD were included. The children and foetuses with non-

syndromic CHD had no other anomalies besides the CHD (isolated CHD). The children with

syndromic CHD had either multiple congenital anomalies (MCA) or a CHD associated with a

known genetic cause, which could be chromosomal or monogenetic. All types of births were

included (live-born, including those followed by neonatal or infant death (LB), TOp, and foetal

deaths (FD)). Foetal death includes all spontaneous abortions before 16 weeks’ gestation, and

intra-uterine deaths and stillbirths (SB) thereafter. Children of mothers not resident in one the

three northern provinces were excluded so that regional prevalence rates could be calculated.
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Statistical analysis

Timing of the cardiac diagnosis (prenatally vs postnatally) and the pregnancy outcomes (LB,

FD or TOp) per birth year were evaluated and compared between two 5-year periods before

and after the implementation of the 20wkUS, using the Chi Square test. The two periods

were 2001–2005 and 2007–2011. Birth year 2006 was excluded from this analysis, since this

was a transition year in which the 20wkUS was covered by the basic health insurance, but

was not yet offered to all pregnant women. Children in which the CHD was diagnosed by

prenatal US other than the 20wkUS, were also recorded as prenatally detected.

Total prevalence was calculated according to EUROCAT’s method (http://www.eurocat-

network.eu/newprevdata/Calculations%20of%20prevalence%20and%20CIs.pdf) as the

number of cases (LB+TOp+SB) divided by the total number of births in the population

(LB+SB) in a given period (derived from Statistics Netherlands, www.cbs.nl). The live-born

prevalence was calculated as the number of live-born cases divided by the total number of

live births in the population in a given period. 95% confidence intervals for total and live-

born prevalence were not calculated, since we included all cases with the selected CHDs in

the northern Netherlands. 

Trends in total and live-born prevalence were examined over 2001–2011 using the Chi2 test

for trend. IBM SpSS for Windows version 20.0 was used for the statistical analysis. A p-value

of <0.05 was considered to be statistically significant. 

Results

Between 2001 and 2011 the total number of live births and stillbirths in the northern

Netherlands was 205,252. From the available databases, information was collected on 269

affected children and foetuses born in this period. A total of 138 children and foetuses were

included in group 1, and 131 children and foetuses in group 2. Subtypes and characteristics

of both groups are presented in table 1. In both groups the majority of the cases were

isolated.

Time of diagnosis (pre- and postnatal) of selected severe CHD

In group 1, 85/138 cases (61.6%) of the children were detected prenatally. Figure 2a shows

that for this group the proportion of prenatally detected CHD increased from 2006 onwards,

after the introduction of the routine 20wkUS (34.6% in 2001–2005 vs. 84.8% in 2007–2011;

p<0.001). Of the cases in group 1, 57 had had a 20wkUS in the period 2007–2011: this

revealed a suspicion of a CHD in 52 cases, whereas in 5 cases, the CHD was not detected at

the 20wkUS. In group 2, 29/131 (22.1%) of the CHD were diagnosed prenatally. Of the cases

in group 2, 26 had had a 20wkUS in the period 2007–2011 that revealed a suspicion of a CHD

in 15 cases, whereas in 11 cases, the CHD was only detected postnatally. The percentage of

prenatally detected CHD for group 2 was 14.3% in 2001-2005, and it increased to 29.6% in

2007–2011 (p=0.037) (Figure 2b).  
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Pregnancy outcome of selected severe CHD 

Table 1 and Figure 3 show the pregnancy outcome for children and foetuses for both groups.

In group 1, the TOp rate increased from 15.4% (8/52) in the period 2001–2005 to 51.5%

(34/66) in the period 2007–2011 (p<0.001). In this group, in the period 2007–2011, the

majority (67.6%) of the TOps were for isolated CHD, not associated with a genetic disorder

or other anomalies. A post-mortem examination was performed in a total of 54.2% (26/48)

of the TOps and in 18.9% (10/53) of the still births or cases that died after birth. In group 2,

only 5 TOps were performed in the total study period: four associated with chromosomal

abnormalities and one with multiple congenital anomalies. 

Trends in total and live-born prevalence of selected severe CHD between 2001

and 2011

In Figure 4 the total and live-born prevalence are shown for both groups. In group 1, the

total prevalence increased over time (p=0.016) from 2.9 per 10,000 births in 2001 to 6.4 in

2011. The overall total prevalence for 2001–2011 for group 1 was 6.7 per 10,000 births. The

overall live-born prevalence for these CHDs for 2001–2011 was 4.0 per 10,000 births and did

not show a trend over time (p=0.958). The overall total and live-born prevalence for group 2

did not show a trend over time (p=0.835 and p=0.491). Total and live-born prevalence for

group 2 were almost equal, indicating that foetal death and TOp were rare events in this

group and that most children with these subtypes of CHD are born alive.

Discussion

This is the first study to evaluate the impact of the introduction of routine and standardized

prenatal ultrasound screening on the time of diagnosis, pregnancy outcome, and live-born

prevalence of selected severe CHD in the Netherlands. We show that since the introduction of

a routine 20-week scan for all pregnant women, there has been a significant increase in the

number of prenatally diagnosed cases of selected CHD, including cases with a prenatal

diagnosis by US other than the 20wkUS. Over 85% of CHD associated with an abnormal  

4-chamber view at prenatal ultrasound are currently diagnosed prenatally. In a selected

group of CHDs with a normal 4-chamber view that are traditionally more difficult to diagnose,

the detection rate significantly increased after introduction of the 20wkUS. However, with a

detection rate of 30%, there is still room for improved prenatal diagnosis of these CHDs. 

Further improvement can be made by improving prenatal detection of outflow tract anomalies

that are not usually detected in a 4-chamber view, but require additional outflow tract views.

Underdiagnosis of outflow tract anomalies could be related with sub-optimal views, either

due to equipment, suboptimal technique, or maternal factors such as high maternal body

mass index, but apparently also more effort needs to be put into extra training of the

ultrasonographers, since recognizing these anomalies requires more skill and experience. 

The increased prenatal detection was accompanied with a more than three-fold increase in

the TOp rate for those CHDs associated with an abnormal 4-chamber view, whereas almost

no TOps were performed in group 2 (the selected CHDs associated with a normal 4-chamber
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view). The selected CHDs associated with an abnormal 4-chamber view tend to be the more

severe CHDs, with a high morbidity and mortality rate. Therefore parents may be more likely

to opt for pregnancy termination. However, in spite of this increased TOp rate, the live-born

prevalence of selected severe CHDs has not changed significantly since 2007 and it has

apparently even increased in recent years, possibly owing to an increase in the total prevalence

of severe CHD. The latter might be due to an increased detection rate of CHD in general (both

prenatal and postnatal). Careful and accurate monitoring of trends in the prevalence of these

severe CHDs is important and imperative for the appropriate organization and structure of

care for patients with CHD, since, for example, a decreasing number of live-born children

with complex CHD will eventually result in  fewer complex heart operations, with a potential

adverse effect on surgical skills and outcomes, and the need for further centralization of such

procedures in expert centres. 

prenatal screening will give the parents the opportunity to opt for continuing the pregnancy

and prepare for the medical procedures that the child may need after birth, or to terminate

the pregnancy. As a consequence, prenatal screening may lead to improved survival of

children with specific heart defects owing to a planned delivery within a congenital cardiac

centre and optimal immediate postnatal care.8, 9 In addition, with increasing numbers of cases

being diagnosed prenatally and more couples considering the option of terminating the

pregnancy in severe cases, the live-born prevalence of CHDs may drop.10 A decreasing trend

in live-born prevalence of HLHS has, in fact, been suggested in England.11–13 However, these

latter studies were not population-based, as only CHDs seen in referral hospitals were included

and the studies did not allow conclusions on true population prevalence. Conversely, a recent

study from Khoshnood, based on different European birth defect registries, showed that the

total prevalence of severe CHD has remained stable from 1990–2007, with only a slight

decrease from 1994 until 2004, after which it has stabilized.14 Unfortunately, these authors

did not compare prenatal screening policies between the different European countries nor did

they address their effects on live-born prevalence.

The stable and even significant increase in the total prevalence of certain selected types of

CHD in the northern Netherlands, in spite of the more than three-fold increase in TOp, is an

important finding. One explanation for this increase in total prevalence could be the

improved pre- and postnatal detection of CHD. A recent systematic review from van der

Linde and colleagues revealed that the worldwide reported CHD birth prevalence was

increasing over time.15

Conversely, other recent studies from Canada and Europe suggested that the total prevalence

of CHD is, in general, decreasing over time.14, 16 Folic acid fortification and awareness of its

benefits, as well as a possible reduction in maternal risk factors (e.g. maternal smoking and

better care for women with diabetes) are suggested as possible causes for this decrease. The

most likely reason for the observed increase in total prevalence of severe CHD in our study is

the result of improved ascertainment owing to a higher prenatal detection rate. Moreover,

the impact of lifestyle changes may not be so high in the Netherlands, where the number of

women who smoke in the periconceptional period is still approximately 25% nationwide 20

and approximately 15–20% in the northern Netherlands.17, 18

69

App 1  pREvALENCE AND BIRTH OUTCOME IN SELECTED CHDS IN THE NORTHERN NETHERLANDS



In this part of the country, the percentage of women using folic acid supplementation during

the recommended period and at the right dosage is approximately 50% and has not increased

since 2005.19 Furthermore, the increasing prevalence of women of fertile age with

preconceptional diabetes and obesity in the Netherlands may counterbalance the potential

positive effects of increased periconceptional use of folic acid. Our study forms an excellent

basis to further monitor the effects of prenatal screening on the live-born prevalence of CHD

in our region and on a national basis.

The strength of this study is that it is truly population-based. By combining multiple data

sources with information from a population-based registry for congenital anomalies, it has

been ascertained that the great majority of children with the defined CHDs in the region

were included. Theoretically, only foetuses with undiagnosed CHD that died prenatally or

immediately after birth, without post-mortem examination, may have been missed.

Moreover, all CHD cases included in this study were confirmed by a paediatric cardiologist,

either prenatally, postnatally or both.

Combining data from the Eurocat NNL registry with the databases from the regional prenatal

screening program and the regional referral centre for congenital heart diseases permitted

optimal capture of foetuses and infants with CHD. Our method can therefore be used for

monitoring further developments in the true prevalence of CHD.
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Tables and figures

Table 1

Characteristics of study population in terms of associated congenital anomalies, time of

diagnosis, and pregnancy outcome for the total study period, and for birth years

2001–2011, 2001–2005, and 2007–2011 for selected severe CHDs, with and without

an abnormal  4-chamber view at ultrasound

Severe CHDs with abnormal 4-chamber view (Group 1)

Abbreviations tabel 1:

CHD: Congenital Heart Defect, HLHS: hypoplastic left heart syndrome, 

PA: IVS: pulmonary valve atresia with intact ventricular septum, TVA: tricuspid valve atresia,

SV: single ventricle anomalies including unbalanced atrioventricular septal defects, 

MCA: multiple congenital anomalies, PTA: persistent Truncus Arteriosus, 

ToF: Tetralogy of Fallot, TGA: Transposition of the Great Arteries 

CHD + genetic disorder* includes CHD with a monogenetic disorder or chromosomal

abnormality. 
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2001–2011 2001–2005 2007–2011

n=138 % n=52 % n=66 %

Subtypes

HLHS 70 50.7 24 46.2 35 53.0

PA:IVS 23 16.7 9 17.3 10 15.2

TVA 15 10.9 7 13.5 6 9.1

SV 30 21.7 12 23.1 15 22.7

Associated anomalies

Isolated CHD 94 68.1 37 71.2 43 65.2

MCA 28 20.3 10 19.2 14 21.2

CHD+ genetic disorder* 16 11.6 5 9.6 9 13.6

Time of diagnosis

Prenatal 85 61.6 18 34.6 56 84.8

Postnatal 53 38.4 34 65.4 10 15.2

Pregnancy outcome

Live birth 82 59.4 41 78.8 30 45.5

Foetal death 8 5.8 3 5.8 2 3.0

Termination of pregnancy 48 34.8 8 15.4 34 51.5 



Severe CHDs with normal 4-chamber view (Group 2)

Figure 1

Background information on the prenatal Screening programme in the Netherlands
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2001–2011 2001–2005 2007–2011

n=131 % n=70 % n=54 %

Subtypes

TGA 55 42.0 28 40.0 25 46.3 

TOF 65 49.6 36 51.4 24 44.4 

PTA 11 8.4 6 8.6 5 9.3 

Associated anomalies

Isolated CHD 92 70.2 49 70.0 39 72.2 

MCA 24 18.3 14 20.0 8 14.8 

CHD + genetic disorder* 15 11.5 7 10.0 7 13.0 

Time of diagnosis

Prenatal 29 22.1 10 14.3 16 29.6 

Postnatal 102 77.9 60 85.7 38 70.4 

Pregnancy outcome

Live birth 123 93.9 67 95.7 49 90.7 

Foetal death 3 2.3 2 2.9 1 1.9 

Termination of pregnancy 5 3.8 1 0.8 4 7.4

The implementation of the 20wkUS in the Netherlands was preceded by an

intensive educational programme, so that within a short time there were

sufficient numbers of trained staff available. National guidelines and criteria to

check the competence of ultrasonographers were formulated. These criteria

state that each ultrasonographer must have a recognized diploma of

competence and perform at least 150 20wkUS per year. 

The current participation rate is approximately 90%, depending on the

geographical area.20 In the case of abnormal findings at the 20wkUS, women

are referred to a tertiary centre for an advanced ultrasound scan, including

foetal echocardiography, by a foetal medicine expert team.



Figure 2a 

Time of diagnosis of selected severe CHDs group 1 (n=138)

Figure 2b 

Time of diagnosis of selected severe CHDs group 2 (n=131)

Figure 2: Time of diagnosis (pre- or postnatal) for selected severe CHDs 

a. group 1: with an abnormal 4-chamber view at 20-week ultrasound; 

b. group 2: with a normal 4-chamber view at ultrasound from 2001–2011.
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Figure 3a

pregnancy outcome for selected severe CHDs group 1 (n=138)

Figure 3b

pregnancy outcome for selected severe CHDs group 2 (n=131)

Figure 3: pregnancy outcome for selected severe CHDs. 

a. group 1: with an abnormal 4-chamber view at 20-week ultrasound; 

b. group 2: with a normal 4-chamber view at ultrasound from 2001–2011. LB live births, 

FD foetal deaths, TOp termination of pregnancy.
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Figure 4a 

prevalence selected severe CHDs group 1 (n=138)

Figure 4b 

prevalence selected severe CHDs group 2 (n=131)

Figure 4: Total prevalence (TB) and live-born prevalence (LB) in 10,000 births with selected

severe CHDs. 

a. group 1: with an abnormal 4-chamber view at 20-week ultrasound;

b. group 2: with a normal 4-chamber view at ultrasound from 2001–2011.
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Abstract

n Objective

To study the influence of a possible interaction between maternal smoking and high body

mass index (BMI) on the occurrence of specific congenital heart anomalies (CHA) in

offspring.

n Design

Case-control study.

n Setting

We used data from a population-based birth defects registry in the Netherlands.

n patients

Cases were children and fetuses born between 1997 and 2008 with isolated non-

syndromic CHA (n=797). They were classified into five cardiac subgroups: septal defects

(n=349), right ventricular outflow tract obstructive anomalies (n=126), left ventricular

outflow tract obstructive anomalies (n=139), conotruncal defects (n=115) and other CHA

(n=68). Controls were children and fetuses with chromosomal anomalies without cardiac

anomalies (n=322).

n Main outcome measures

We investigated whether an interaction between maternal smoking and high BMI

influences the occurrence of CHA in offspring by calculating the synergy factors and 95%

confidence intervals (CI).



n Results

As opposed to smoking or high BMI alone, the risk for CHA in the offspring of women

with high BMI (BMI>25) who also smoked was significantly increased. The adjusted odds

ratio (ORadj [95% CI]) for all CHA was 2.65 [1.20–5.87], for septal defects 2.60 [1.05–

6.47] and for outflow tract anomalies 3.58 [1.46–8.79]. The interaction between

maternal high BMI and smoking contributed significantly to the occurrence of all

offspring-CHA combined, and to the occurrence of all cardiac subgroup anomalies except

right ventricular outflow tract obstructive anomalies.

n Conclusions

Maternal overweight and smoking may have a synergistic adverse effect on the

development of the fetal heart. Overweight women who wish to become pregnant should

be strongly encouraged to stop smoking and to lose weight.
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Introduction

Congenital heart anomalies (CHA) are among the most common congenital anomalies, with a

prevalence of approximately 8 per 1000 births.1 Little is known about the aetiology of CHA

and a plausible cause is found in only 15% of cases,2 both genetic and exogenous factors may

play a role. Exogenous factors that have been associated with an increased risk of CHA include

maternal conditions such as phenylketonuria, diabetes, rubella infection, and epilepsy.

Medication use in pregnancy, e.g. thalidomide, vitamin A derivates, antiepileptic drugs, certain

selective serotonin re-uptake inhibitors and indomethacin, is also associated with CHA.3

Lifestyle factors that have been associated with CHA are smoking and alcohol consumption,

whereas the use of folic acid showed a protective effect.3, 4 A high maternal pre-pregnancy

weight has also been suggested as a risk factor for CHA in offspring.5–8

Smoking rates among Dutch women of fertile age remain high, with a prevalence of around

25%. More than half of these women continue smoking during pregnancy.9 The increasing

prevalence of overweight and obesity, has developed primarily over the last decade. Over 30%

of Dutch women aged 25–35 are now overweight.10 Most causes of disease depend on the

presence of other factors to assert their effects. This is also known as interaction. Smoking and

overweight/obesity are known to interact in the origin of cardiovascular disease, in particular

in arteriosclerosis: the combined effect of smoking and obesity augments the risk for stroke,

myocardial infarction and sudden death.11, 12 In parallel, we hypothesized that this interaction

between maternal high BMI and smoking could have a substantial influence on the development

of the fetal heart as well.

The interaction between smoking and high maternal body mass index (BMI) on the occurrence

of specific CHA in offspring has not been studied so far. CHAs are complex diseases and both

genetic factors and exogenous factors play an important role.13 Important effects may be

missed if risk factors are independently examined. If the interaction between risk factors, like

maternal smoking and high pre-pregnancy weight, is elucidated, this will result in better

opportunities for prevention. We therefore investigated whether there is an interaction effect

of maternal smoking and high BMI in the risk for CHA using a case-control study design.

Methods

We used data from Eurocat Northern Netherlands, a population based birth defects registry.

The annual number of birth covered is approximately 19,000. Live births, stillbirths and

terminations of pregnancies for congenital anomalies are included in the database if the

mother lived in the registration area at the time of birth and if the child had not reached the

age of 16 years at the time of notification. Notification of children and fetuses with birth

defects is voluntary. Registry staff is actively involved in case-ascertainment using multiple

sources. Written informed consent is obtained from the parents before registration. The

participation rate is approximately 80%. Information on characteristics like age, height, pre-

pregnancy weight, chronic illnesses, education and information on lifestyle factors (like

82

App 2  INTERACTION BETWEEN MATERNAL LIFE STyLE FACTORS AND RISK FOR CHD IN OFFSpRING



smoking and alcohol consumption) were provided by the parents through a questionnaire.

The response rate on the questionnaire is 80%.

Cases were defined as children and fetuses with an isolated non-syndromic CHA, which

means that only the heart was affected and that the CHA was not accompanied by any other

(non-cardiac) congenital anomalies. Cases were born between 1997 and 2008 and included

live births, stillbirths, miscarriages and terminations of pregnancy because of congenital

anomalies. All children with a CHA in the registration area were seen by a paediatrician or a

paediatric cardiologist. Coding and classification of the CHA was based on the diagnostic

information in the medical files. Each case was classified into one of the following subgroups

according to a system based on current developmental and epidemiological insights:14 septal

defects, conotruncal defects, outflow tract anomalies and other heart defects.

Because Eurocat NNL does not collect information on non-malformed children, controls were

defined as children and fetuses with a chromosomal anomaly not accompanied by a CHA.

The use of malformed controls from the same geographical area and from the same birth

years in case-control studies on risk factors for birth defects is widely accepted.15 The

rationale for choosing chromosomal disorders is that the origin of these disorders is not

related to the risk factors being studied. To minimize selection bias, we excluded all children

and fetuses with a chromosomal defect and CHA, confirmed by a prenatal or postnatal

echocardiogram, surgery or autopsy report. We also excluded those without information from

an echocardiogram or from an autopsy report, to ensure no controls with an undetected

structural heart defect were included.

BMI was calculated as pre-pregnancy weight (kg) divided by squared height (m) and

classified into the following WHO categories:16

• underweight (BMI<18.50 kg/m2)

• normal weight (BMI 18.50–24.99 kg/m2)

• overweight (BMI 25.00–29.99 kg/m2)

• obese (BMI ≥30.00 kg/m2)

The categories overweight and obesity were lumped together in a group of ‘high BMI’ 

(BMI ≥25.00 kg/m2). We excluded underweight women because numbers were too small to

perform meaningful analysis with. Because low BMI is reported as a risk factor for birth

defects, we did not include them in the reference group of normal BMI. Smoking was defined

as ‘smoking before and during the first trimester of pregnancy (periconceptional)’, whereas no

smoking was defined as ‘no smoking during the entire pregnancy period’. Women with missing

information on BMI or smoking, women who smoked occasionally, or less than 1 cigarette per

day, or only during the second and third trimester were excluded from the analyses.

potential confounders included maternal age, education level, chronic illness (requiring regular

medication use), folic acid use, alcohol consumption, and gestational diabetes. Three education

levels were distinguished: low (primary school, lower general secondary education and lower

vocational education), middle (higher general secondary education and intermediate vocational

education), and high (university, further tertiary college and higher vocational education).
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Folic acid use was classified into two groups: correct use (400 or 500 micrograms per day

started 4 weeks before conception and taken till the 8th week of pregnancy) and incorrect

use (no use, use in wrong period or wrong dose: <400 microgram). Alcohol consumption was

defined as any alcohol taken in the first trimester of pregnancy; no alcohol was defined as no

consumption in the first trimester. Women who drank alcohol occasionally, or only during the

second and third trimesters were excluded from the analysis. We excluded mothers with pre-

gestational diabetes, because maternal diabetes is related to BMI and smoking and is

associated with CHA.

Maternal characteristics were explored using the Chi2 test for categorical variables and the

Mann-Whitney U test for maternal age, because the distribution of maternal age was skewed

in the control group. The risk for CHA was calculated based on four exposure categories:

normal weight and non-smoking (reference category); high BMI and non-smoking; normal

weight and smoking; and high BMI and smoking. We calculated crude and adjusted odds

ratios (OR) using logistic regression. We used SpSS for Windows (version 16.0, Chicago, IL,

USA) for the statistical analyses. A p-value of <0.05 and 95% confidence interval (CI)

excluding 1.0 was considered to be statistically significant.

Interaction was assessed using the synergy factors (SF) by the method of Cortina-Borja.17

This model is based on departure from multiplicativity. The SF is defined as the ratio of the

observed OR for two dichotomous determinants (x and y) combined, to the predicted OR

assuming independent effects of each other: SF=ORxy/(ORx * ORy).18 For more information

on synergy factor analysis we recommend the open access supplementary files in the paper

of Cortina-Borja 17 on the following website: http://www.biomedcentral.com/1756-0500/2/105.

We assumed that smoking and BMI were neither sufficient nor necessary for the development

of CHA, but interact on a more general physiological pathway that affects the development

of CHA.

In addition to these analyses, we explored the association between smoking and BMI separately

with the main cardiac subgroups and with specific congenital heart anomalies to check the

validity of our data. Specific heart anomalies with less than five affected cases (smoking or

BMI subgroups) were not analyzed separately but only included in the main cardiac subgroup.

Logistic regression was used to determine the adjusted odds ratios (ORadj) and 95% CI.

Results

On 1st October 2009, there were 6399 children and fetuses with a congenital anomaly

registered in the Eurocat database, including 1462 with a malformation of the circulation

system (22.8%). In 1014 cases (69.4%) there was an isolated non-syndromic CHA, of which

212 (20.9%) had a complex CHA and 802 (79.1%) had a single CHA. We identified 411

controls with a non-cardiac chromosomal disorder. The majority of the controls had a numeric

chromosomal anomaly (trisomy 21 in 44%, trisomy 18 in 8%, Turner syndrome in 6%,

triploidy in 4%, trisomy 13 in 2%). The remaining 36% of the controls had deletions of the

autosomes, unbalanced translocations or other chromosomal abnormalities and Mendelian-
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inherited disorders. After excluding mothers with pre-gestational diabetes (7 cases, 3

controls), underweight (28 cases, 9 controls), and those with no information on smoking and

BMI (182 cases, 77 controls), we identified 797 cases with a CHA and 322 controls with a

non-cardiac chromosomal disorder. Table 1 shows their characteristics.

As expected there was a difference in maternal age between the cases and controls, since the

prevalence of chromosomal anomalies increases with higher maternal age. More miscarriages,

stillbirths and terminations of pregnancies occurred among the controls. There were no

statistically significant differences between cases and control with respect to first pregnancy,

chronic illness, education level, folic acid use, alcohol consumption or gestational diabetes.

In total, 281 case mothers (35.3%) and 94 control mothers (29.2%) had a high BMI.

periconceptional smoking was recorded for 199 case mothers (25.0%) and 61 control mothers

(18.9%). Table 2 shows the distribution of BMI and periconceptional smoking among case

and control mothers. It should be noted that both smoking and obesity were recorded for 19

case-mothers in the periconceptional period, whereas none of the obese mothers in the control

group smoked in this period.

In table 3, the numbers, crude and adjusted ORs and 95% CI of the four exposure groups

are shown. We found no significantly increased ORs for all CHA and for the cardiac subgroups

in the exposure categories high BMI/no smoking and normal BMI/smoking. In the combined

exposure group (high BMI/smoking) a significantly increased OR was found for all CHA and

for the specific cardiac subgroups. The adjusted ORs were lower but still statistical significant

for all cardiac subgroups except for conotruncal defects. The highest adjusted OR was found

for right ventricular outflow tract obstructive anomalies (RvOTO).

In table 4, the SF and 95% CI are shown for combined smoking and high BMI. Except for

RvOTO defects, the SF is statistically significant for all the subgroups.

With respect to the main effects for smoking and high BMI (specified in overweight and obese)

on the subgroups and specific types of CHA, we found that RvOTO defects were significantly

associated with high BMI. When taking the BMI categories overweight and obesity into

account, we found a significant association between RvOTO and overweight. Obesity was

significantly associated with all CHA, septal defects, ventricular septal defects (vSD)

perimembraneous and vSD combined/not otherwise specified. Smoking was significantly

associated with atrial septal defects, secundum type (ASDII), and pulmonary valve stenosis/

atresia with ASDII and/or vSD.
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Discussion

Our study has shown that smoking and high BMI strongly interact in the risk for CHA in

offspring. We found that maternal smoking on top of high BMI increases the risk for CHA in

offspring more than expected compared to the product of the individual effects of these two

exposures.

Although the combined adjusted OR was the highest for RvOTO defects (table 3), the

interaction was not statistically significant for this cardiac subgroup (table 4). Lack of power

could be an explanation, since RvOTO is one of the smallest subgroups in our study. The use

of a multiplicative model to calculate interaction could be another explanation. Other studies

have argued that a multiplicative model is often ‘too strong’ to pick up signals of small joint

effects of two biological risk factors and therefore ‘biological interaction’ need to be calculated

on an additive scale.17, 19–21 Interaction effects with a more additive character might not show

interaction on a multiplicative scale when the combined OR is similar to the predicted OR

(SF=ORxy/(ORx*ORy) e.g. 15/(3*5)=1). However, there is still a lot of discussion on how

additive interaction should be calculated for case-control studies. Furthermore, it is unclear

how to interpret outcome measures of interaction calculated on an additive scale. Therefore

we used a multiplicative model to measure interaction.

The results of our study need to be interpreted in the light of the complexity of the disease.

Because the association between environmental factors and CHA is probably strongest in

children with an isolated non-syndromic CHA, we carefully defined the inclusion criteria for

the case group, in order to create a homogeneous group without other (complicating)

anomalies. In addition, we defined a range of cardiac subgroups to study specific associations.

Because Eurocat NNL registers children up to 16 years of age, CHA cases that were discovered

later in childhood were also included in the study, whereas other studies normally include

only children diagnosed up to one year of age. Our registry also contains information on

genetic defects associated with heart defects discovered later in childhood. We are therefore

able to identify isolated non-syndromic cardiac malformations and to exclude heart defects

with a known genetic cause. However, it is possible that in the future a genetic cause will be

found in some cases with an isolated non-syndromic CHA due to improved techniques.

In absence of non-malformed controls and because smoking and BMI have been associated

with different congenital malformations, we included only children and fetuses with non-cardiac

chromosomal anomalies in the control group. Although associations between maternal

smoking and early fetal loss are described,22 causality between the risk factors being studied

and chromosomal anomalies has not been proven. Because we cannot rule out that life style

factors and other determinants differ between mothers of children with a chromosomal

disorder and mother of non-malformed children, the translation of the results to the general

population of pregnant women should be regarded with caution. We encourage other

researchers to verify our results in their dataset using non-malformed controls.

Data on maternal BMI and periconceptional smoking were obtained retrospectively for both

cases and controls through a questionnaire filled in by the mother. The use of malformed

controls minimizes the possibility of differential recall between the cases and controls. It is
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likely that we have underestimated the proportion of overweight and obese mothers, because

women tend to report a lower weight than in reality. However, any response bias in this

direction would most likely be non-differential and result in an underestimation of the effect.

In our analyses we adjusted for potential confounding factors such as educational level and

alcohol consumption, which are known to interfere with determinants and outcome variable

in other studies. We did not adjust for gestational diabetes (GDM) for different reasons. First,

GDM develops throughout the second trimester of pregnancy when most of the heart

structures have already developed. Secondly, blood glucose levels were analyzed in all the

women in the first trimester of pregnancy. In addition, the results in table 3 were comparable

when excluding mothers with gestational diabetes.

previous case-control studies on maternal smoking and high BMI in relation to CHA risk in

human offspring have found both positive and negative associations.3 However, these studies

did not explore if there was interaction between smoking and BMI but merely adjusted for

these factors. By confirming associations identified previously between smoking and BMI for

different specific cardiac subgroups we show the validity of our data. We could confirm

previously described associations with high BMI and increased risk for RvOTO defects.6 We

could also confirm previously described associations between periconceptional smoking and

atrial septal defects and pulmonary valve stenosis.23–24

The interaction we found between high BMI and smoking for specific cardiac subgroups

strengthens the hypothesis that heart defects are complex in origin and that a pathogenic

mechanism could be shared by both risk factors. In a recent study, Hobbs et al. suggest that

genetic polymorphisms in genes encoding enzymes in folate-dependent pathways could act

as such a shared mechanism.25 Studies on the role of different genetic polymorphisms that

hypothetically interact with maternal lifestyle factors are still inconclusive, but they do suggest

that these polymorphisms play only a minor role.26

proposed mechanisms on maternal overweight and the increased risk for congenital heart

anomalies in offspring are hyperglycemia-induced oxidative stress because of insulin

resistance,27, 28 and fetal hypoxia.29 The latter is also mentioned in literature as the underlying

mechanism that cause congenital heart anomalies associated with intra-uterine tobacco smoke

exposure.30 Although several suggestions have been made, the exact mechanisms underlying

the teratogenicity associated with maternal overweight and/or tobacco smoke remains unclear.

Interestingly, obesity and smoking affect plasma cholesterol (HDL) levels, often resulting in

dyslipidemia with increased low density lipoprotein (LDL) levels and decreased high density

lipoprotein levels (HDL).11, 12 Cholesterol is essential for fetal cardiac development regulated by

the Sonic Hedgehog transcription pathway.31 In the first trimester of pregnancy, maternally

derived cholesterol is an important source of cholesterol for the fetus.32 The heart defects in

our study that were associated with these lifestyle factors (e.g. RvOTO, septal defects) have

been previously described in relation to errors in the cholesterol metabolism and downstream

pathways.33–35 Therefore, we hypothesize maternal dyslipidemia as a possible shared

mechanism to explain the interaction between maternal smoking and overweight.
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In conclusion, our study is the first to suggest that there is strong interaction between

maternal smoking and high BMI in the risk for CHA in offspring. The results indicate that

maternal smoking and overweight may both be involved in the same pathway that causes

congenital heart defects. It is important to replicate our findings in larger datasets with non-

malformed controls, and enough statistical power to analyze interaction in smaller CHA

subgroups, and more BMI subgroups. We furthermore suggest that future case-control

studies should include interaction calculation when exploring risk factors for congenital

(heart) anomalies.

Our results add to the strong existing evidence that both smoking and overweight are related

to adverse pregnancy outcome like intrauterine fetal death, small for gestational age and

preterm birth. We recommend that in preconception care, smoking cessation should be

strongly emphasized, especially in overweight women. Further research into the effect of

maternal cholesterol disturbances and maternal-fetal cholesterol transport defects in the

aetiology of congenital heart defects is particularly important, since women of child-bearing

age are increasingly suffering from cholesterol-related diseases and conditions, like obesity

and diabetes.
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Tables

Table 1

Characteristics of the cases and non-cardiac chromosomal controls
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Cases (n=797) Controls (n=322) P-value
n (%) n (%)

Year of Birth 0.33

1997–1998 141 (17.7) 68 (21.1)

1999–2000 147 (18.4) 66 (20.5)

2001–2002 152 (19.1) 74 (23.0)

2003–2004 147 (18.4) 45 (14.0)

2005–2006 137 (17.2) 41 (12.7)

2007–2008 73 (9.2) 28 (8.7)

Type of birth/death 0.00

Live Birth 699 (87.7) 232 (72.0)

Died after birth 80 (10.0) 20 (6.2)

Miscarriage 2 (0.3) 15 (4.7)

Termination of pregnancy 9 (1.1) 35 (10.9)

Stillbirth 7 (0.9) 20 (6.2)

Sex 0.71

Male 421 (52.8) 174 (54.0)

Female 376 (47.2) 148 (46.0)

Education level 0.57

Low 154 (19.4) 62 (19.4)

Middle 393 (49.6) 149 (46.6)

High 245 (31.0) 109 (34.0)

Unknown 5 2

Maternal age at 30 (27–34) 33 (29–36) 0.00

delivery (years)

Median (25th and 75th percentile)

First pregnancy 0.11

No 515 (64.6) 224 (69.6)

Yes 282 (35.4) 98 (30.4)

Correct use of folic acid supplements 0.46

No use or wrong period 306 (49.7) 123 (46.9)

Yes 310 (50.3) 139 (53.1)

Unknown 181 60



Table 1 

Characteristics of the cases and non-cardiac chromosomal controls (continue)

Table 2

Distribution of combined maternal pre-pregnancy weight and periconceptional smoking

among informative cases and non-cardiac chromosomal controls in the Eurocat 

database (1997–2008)

Normal BMI: 18.50–24.99 kg/m2; 

High BMI: overweight 25.0–29.99 kg/m2; obese ≥30 kg/m2
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Cases (n=797) Controls (n=322)

Smoking Smoking

no yes no yes

Normal BMI 390 (49%) 126 (16%) 175 (54%) 53 (17%)

High BMI 208 (26%) 73 (9%) 86 (27%) 8 (2%)

•  Overweight 146 (18%) 54 (7%) 69 (21%) 8 (2%)

•  Obese 62 (8%) 19 (2%) 17 (5%) 0 (0%)

Cases (n=797) Controls (n=322) P-value

n (%) n (%)

Periconceptional alcohol consumption 0.17

No 599 (79.0) 239 (76.4)

Yes 159 (21.0) 74 (23.6)

Unknown or only after 39 9

the first trimester

Maternal chronic illness 0.33

No 658 (85.5) 278 (87.7)

Yes 112 (14.5) 39 (12.3)

Unknown 27 5 

Gestational diabetes 0.91

Yes 8 (1.0) 3 (0.9)

No 789 (99.0) 319 (99.1)



Table 3 

Crude and adjusted ORs (95% CI) for maternal smoking, high BMI and both factors

combined for different cardiac subgroups relative to non-cardiac chromosomal controls,

in the Eurocat database (1997–2008)

* OR adjusted for maternal age, education level, folic acid use, and periconceptional

alcohol consumption.
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Normal BMI High BMI Normal BMI High BMI 

No smoking (n) No smoking (n) Smoking (n) Smoking (n)

Chromosomal controls 175 86 53 8

(n=322)

All CHA (n=797)

N 390 208 126 73

OR (95% CI) ref 1.09 (0.80–1.48) 1.07 (0.64–1.54) 4.10 (1.9–8.68)

ORadj (95%CI)* ref 1.05 (0.72–1.54) 0.96 (0.61–1.05) 2.65 (1.20–5.87)

Septal defects (n=349)

N 177 86 59 27

OR (95% CI) ref 0.99 (0.69–1.42) 1.10 (0.72–1.69) 3.34 (1.48–7.55)

ORadj (95%CI)* ref 0.95 (0.60–1.50) 1.00 (0.58–1.70) 2.60 (1.05–6.47)

Conotruncal defects (n=115) 

N 60 31 15 9

OR (95% CI) ref 1.05 (0.63–1.74) 0.83 (0.43–1.57) 3.28 (1.21–8.89)

ORadj (95%CI)* ref 1.00 (0.55–1.83) 0.67 (0.30–1.49) 2.86 (0.93–8.84)

Outflow tract anomalies (n=265)

N 121 75 39 30

OR (95% CI) ref 1.26 (0.86–1.86) 1.06 (0.66–1.71) 5.42 (2.40–12.24)

ORadj (95%CI)* ref 1.35 (0.85–2.17) 0.90 (0.49–1.64) 3.58 (1.46–8.79)

Left Ventricular outflow tract obstruction defects (n=139)

N 66 38 20 15

OR (95% CI) ref 1.17 (0.73–1.89) 1.00 (0.56–1.80) 4.79 (2.01–12.27)

ORadj (95%CI)* ref 1.18 (0.67–2.10) 0.78 (0.37–1.67) 3.32 (1.12–9.80)

Right ventricular outflow tract obstruction defects (n=126) 

N 55 37 19 15

OR (95% CI) ref 1.37 (0.84–2.24) 1.14 (0.63–2.09) 5.97 (2.40–14.82)

ORadj (95%CI)* ref 1.57 (0.86–2.87) 1.02 (0.47–2.21) 4.63 (1.68–12.75)



Table 4 

Interaction (Adjusted synergy factors and 95% confidence intervals) for maternal 

smoking and high BMI combined for different cardiac subgroups relative to non-cardiac

chromosomal controls

* Adjusted for maternal age, education level, folic acid use, and periconceptional alcohol

consumption.
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Cardiac subgroups Interaction (SF) (95% CI)* p-value

All CHA (n=797) 2.62 (1.12–6.17) 0.027

Septal defects (n=349) 2.75 (1.07–7.08) 0.036

Conotruncal defects (n=115) 4.28 (1.26–14.51) 0.020

Outflow tract anomalies (n=265) 2.94 (1.12–7.71) 0.028

Left Ventricular outflow tract obstruction defects (n=139) 3.59 (1.19–10.87) 0.024

Right ventricular outflow tract obstruction defects (n=126) 2.87 (0.94–8.79) 0.065
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Abstract

The importance of maternal cholesterol as an exogenous cholesterol source for the

growing embryo was first reported in studies of Smith-Lemli-Optiz syndrome. Although

most of the fetus’s cholesterol is synthesized by the fetus itself, there is now growing

evidence that during the first weeks of life, when most organs develop, the fetus largely

depends on maternal cholesterol as its cholesterol source. The maternal-fetal cholesterol

transport mechanism – by transporters in both the yolk sac and placenta – is becoming

better understood. 

This mini-review summarizes current insights on maternal-fetal cholesterol transport

based on in vitro and in vivo studies. Since the prevalence of maternal diseases, such as

diabetes, obesity, and the metabolic syndrome that adversely affect maternal cholesterol

levels, is now rapidly reaching epidemic proportions, we urgently need to determine the

impact of these maternal conditions on the developing human fetus.
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Introduction

Cholesterol is present in every cell of the human body. It helps maintaining the integrity of

cell membranes and plays an important role in cell signalling. Cholesterol is a precursor for

all steroid hormones and bile acids and also plays a crucial role in early fetal development: it

moderates the Sonic Hedgehog proteins and important nuclear receptors such as fetoprotein

transcription factor and is therefore involved in the most fundamental signalling pathways

during embryonic development. Sonic Hedgehog proteins play a role in migration and survival

of neural crest cells, a population of cells that highly contribute to the development of the

brain, limbs, lungs, heart and urogenital system.1, 2 Fetoprotein transcription factor, also known

as NR5A2, can bind GATA elements, essential for the development of many organ systems,

and is also highly expressed in the neural crest cells.3, 4

It is assumed that most of the fetus’s cholesterol is synthesized by the fetus itself, mainly by

the fetal liver 5 although evidence is growing that during the first weeks of life, when most

organs are formed, the fetus depends largely on maternal cholesterol. Recent data show that

the by-products of endogenous fetal cholesterol synthesis in amniotic fluid, dihydrolanosterol,

lanosterol, and lathosterol are very low until the 19th week of pregnancy, after which their

levels increase strongly.6 Together with relatively constant levels of total cholesterol in the

amniotic fluid and the presence of maternally derived cholesterol (measured as β-sitosterol)

during the same period, these data suggest that maternal cholesterol plays a crucial role in

providing the cholesterol for fetal development.

If the fetus is indeed dependent on a maternal supply of cholesterol during early pregnancy,

then diseases affecting maternal cholesterol levels may have an adverse effect on the

development and growth of the fetus. The aim of this review is to summarize current insights

on maternal-fetal cholesterol transport based on in vitro and in vivo studies, and to emphasize

the importance of maternal cholesterol in early human pregnancy. Since the prevalence of

diseases that influence maternal cholesterol levels, like obesity and dyslipidemia (as part of

the metabolic syndrome) is reaching epidemic proportions, the impact of these maternal

conditions on the growing fetus needs to be determined.

Cholesterol and development

The role of cholesterol in early human development begins before implantation. Cholesterol

serves as the precursor for progesterone synthesis and it is essential for early fetal

development as it helps maintain the early pregnancy.7 High density lipoprotein (HDL)

cholesterol levels are directly correlated to reproductive outcome (reviewed in 8). During early

embryonic development, both HDL and low density lipoprotein (LDL) cholesterol particles seem

to play an important role. LDL cholesterol is the main precursor for progesterone synthesis by

the corpus luteum, but HDL particles also deliver cholesterol for progesterone synthesis.9

Once the embryo is implanted in the uterine wall, cholesterol is crucial for further

embryogenesis. It activates the Sonic Hedgehog proteins (SHH) and propagates their signals
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which, through the family of GLI transcription factors, activate and repress target genes

responsible for the development of different organ systems such as the neural tube, brain,

limbs and heart.10–12 Distal inhibition of the cholesterol biosynthesis pathway by using a

pharmacologic agent, which inhibits SHH transcription, causes severe birth defects in vivo.

These defects include holoprosencephaly, neural tube defects, and heart and limb anomalies.13

Furthermore, mutations in genes coding for enzymes required for human cholesterol bio-

synthesis are associated with the same kind of birth defects, which can be demonstrated by

the birth defects present in Smith-Lemli-Opitz Syndrome (SLOS).14

The underlying cause of SLOS is a mutation in both alleles of the DHCR7 gene, leading to an

impairment in the conversion of 7-dehydrocholesterol into cholesterol, resulting in an

accumulation of 7-dehydrocholesterol and a shortage or complete absence of cholesterol in

the fetus.15 Children with SLOS are born with severe congenital anomalies including

holoprosencephaly, heart anomalies and postaxial polydactyly, and are often mentally

retarded. A shortage of cholesterol early in life probably disrupts the SHH-GLI signal

transduction pathway.16

Interestingly, in children with a null-mutation of the DHCR7 gene, and thus lacking endogenous

cholesterol synthesis, some cholesterol is still detectable in cells and plasma after birth.17

These data suggest that there must be an exogenous source providing some of the cholesterol

needed for fetal development and growth in these fetuses.
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Transport of maternal cholesterol to the fetus

Since it was reported that maternal cholesterol crosses the placental membranes and enters

the fetal circulation,18 further studies have focused on the role of maternal cholesterol in fetal

development both in animals and in humans. We and others have shown that maternal

cholesterol contributes substantially to the fetal cholesterol pool in both animals and

humans.6, 19, 20 vuorio et al. reported that, just after birth, plant sterol concentrations in

cord blood of healthy newborns were 40–50% of the maternal levels, indicative for active

maternal-fetal sterol transport.21 From these studies we can conclude that a significant

amount of fetal cholesterol is derived from the mother. Before we will further describe

maternal cholesterol levels and maternal-fetal cholesterol transport in relation to pregnancy

outcomes in both animals and humans we will first discuss the current knowledge on the

maternal-fetal cholesterol transport mechanism.

Maternal-fetal cholesterol transport mechanisms

Secondary yolk sac

During the first eight weeks of human development, when most organs are formed and before

the utero-placental circulation is established, the secondary yolk sac plays an important role

in maternal-fetal cholesterol exchange. The secondary yolk sac floats within the exocoelomic

cavity between the placenta and the amniotic cavity and is directly connected to the embryonic

gut and to the fetal circulation through the vitelline duct.22 Molecules from the mother leak

into the exocoelomic cavity, are taken up by the membrane of the secondary yolk sac,

transported across their membranes, and excreted to the fetal circulation.23, 24

Figure 1 summarizes the proposed maternal-fetal cholesterol transport mechanism through

the secondary yolk sac in humans. Lipoprotein receptor-related protein 2 which are expressed

on the visceral endoderm of the human secondary yolk sac are: scavenger receptor class B

type 1 (SR-B1), intrinsic factor-cobalamin receptor (cubilin), and low density lipoprotein

receptor-related protein 2 (LRp2; Megalin), and the low density lipoprotein receptor (LDLR) in

high amounts. Table 1 summarizes the function and localization of these different receptor

proteins. Furthermore genotype-phenotype correlations are shown for both animal knockout

models and human mutations.

The human secondary yolk sac excretes the apolipoproteins ApOA1, ApOE and ApOB in the

form of lipoprotein particles (HDL, LDL and very low density lipoproteins (vLDL)).25 These

authors believe that these lipoprotein complexes deliver maternal cholesterol to the fetus

before vascularization of the chorionic villi is established. This has already been proven for

maternally derived antioxidants that are detectable in the fetal gut and fetal circulation

during early human pregnancy. These authors state that the secondary yolk sac plays a

major role in this maternal-fetal transfer mechanism. In mice, microsomal triglyceride

transfer protein (MTTp) is also detectable in the yolk sac. These MTTps seem to play an

important role in transferring cholesteryl esters between membranes and in the efflux of

cholesterol bound to ApOB particles into the fetal circulation.26
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Placenta

At around 8 weeks of human fetal development, the secondary yolk sac regresses and the

placenta (trophoblast) takes over its nutritional role. At that stage, two cell layers separate the

fetal circulation from the maternal circulation: the trophoblast (later the syncytiotrophoblast),

and the endothelium. The human trophoblast expresses many lipoprotein receptors,

summarized in Table 1: the low density lipoprotein receptor (LDLR), very-low-density-

lipoprotein receptor (vLDLR), class A scavenger receptors (SCARA), low density lipoprotein

receptor related protein 2 (LRp2), cubilin, apolipoprotein E receptor 2 (LRp8), LDL receptor-

related protein (LRp1), and scavenger receptor class B type 1 (SR-B1) (reviewed in 27).

Many studies in both animals and humans have reported cholesterol transfer through the

trophoblast layer, carried in HDL and LDL particles, and this mechanism seems to be relatively

well understood.28–30 Once cholesterol is taken up on the apical (maternal) side of the

trophoblast by receptor-dependent- and receptor-independent processes, it is transported to

the lysosome where these cholesterylesters bound to lipoproteins are hydrolyzed into free

cholesterol. After being hydrolyzed, the cholesterol is bound to sterol carrier proteins and

transferred to the basolateral membrane of the trophoblast/syncytiotrophoblast. Basolateral

excretion is still poorly defined, but may involve ABCG1 and possibly ABCA1. Finally, efflux to

fetal ApOA1-, ApOE- and ApOB-containing lipoproteins is mediated by the ABCA1 and ABCG1

transporters.31–34 This process, similar to the situation in the yolk sac, is facilitated by MTTp.

Recently, Scholler et al. reported a novel step in the maternal-fetal cholesterol transport

mechanism by phospholipid transfer protein (pLTp).35 pLpT is expressed in the placental

endothelium where it acts as a mediator in the formation of HDL particles. Furthermore, it

enhances cholesterol efflux by interaction with ABCA1.36 However, the mechanism of

cholesterol transfer from the basolateral membrane of the trophoblast cells to that of the

endothelium, where it is being excreted to the fetus, is still largely unknown.

The expression of several genes involved in cholesterol transport is regulated by the liver-X-

receptors (LXR). LXRa and LXRb are activated by the presence of oxysterols, oxidized

cholesterol derivatives, which are formed both by (regulated) enzymatic and by non-enzymatic

processes.37, 38 Hence, the LXRs are thought to be key players of cholesterol homeostasis. We

have previously proposed that during development LXR activation may have therapeutic

value under some circumstances by increasing maternal-fetal transport,39 which has now

been demonstrated in an animal model.40 Figure 2 displays the proposed route of

maternally derived cholesterol through the membranes of the trophoblast, from binding to

cholesterol acceptors on the apical membrane of the trophoblast to excretion via cholesterol

transporters on the basolateral membrane of the endothelium into the fetal circulation.
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Maternal cholesterol levels in pregnancy

Besides an adequate maternal-fetal cholesterol transport mechanism, maternal cholesterol

levels may also be important to meet fetal cholesterol demands during organogenesis. In

pregnancy, maternal total cholesterol levels increase by 30–50% as a result of enhanced

cholesterol synthesis in the liver. This increased cholesterol synthesis already starts during

the first trimester but is the highest in the third trimester of pregnancy.41–43 Interestingly,

during the first trimester of pregnancy only HDL cholesterol is significantly increased.41 From

these studies one can hypothesize that lowering of total cholesterol could have an adverse

effect on pregnancy outcome.

Low maternal cholesterol and adverse pregnancy outcomes

In literature there are several reports of adverse pregnancy outcomes in relation to low

maternal cholesterol levels. Edison et al. found associations between low maternal serum

cholesterol and adverse pregnancy outcomes, including microcephaly and growth

retardation.44 Sattar et al. and pecks et al. report the same finding of lower concentration

levels of LDL cholesterol and total cholesterol in maternal serum of pregnancies complicated

by intra uterine growth restriction.45, 46

An increasing number of hypercholesterolemic women between 20 and 40 years of age are

eligible to be treated with lipid lowering therapy such as statin drugs.47 The risk of intra-

uterine exposure to statin drugs was assessed in both retrospective studies as well as in

prospective cohort studies. Edison and Muenke showed congenital anomalies in one third of

pregnancies exposed to statin drugs. The majority of the defects could be related to a

disruption of SHH signalling.48 However, the post surveillance study of Manson and colleagues

did not show any associations between intra-uterine exposure to statin drugs and congenital

anomalies.49 A prospective cohort study of 64 exposed and 64 non-exposed women did not

show any increase in the risk for congenital anomalies in the offspring of mothers taking statin

drugs during the first trimester of pregnancy.50 These numbers are however small and

inconclusive. Whether intra-uterine exposure to statin drugs increases the risk for congenital

anomalies in offspring still needs to be elucidated.

In 2004, Witsch-Baumgarter et al. reported that the maternal APOE genotype could modify the

outcome of pregnancy in SLOS, resulting in a milder phenotype in offspring possibly because

of the more rapid maternal-fetal cholesterol transport.51 Recently, Lanthaler and colleagues

discovered that also specific maternal ABCA1 genotypes are associated with the severity of

SLOS in offspring.52 From these studies we can conclude that disturbances in maternal

cholesterol levels are associated with adverse pregnancy outcomes. To date, there is however

no direct association between maternal dyslipidemia and fetal congenital anomalies.53

Animal knockout models for cholesterol transporter proteins and human

equivalents

Although a direct association between maternal dyslipidemia and fetal congenital anomalies

in humans has not been proven yet, in animals the evidence for such an association is

accumulating. Here we summarize the knockout models with adverse pregnancy outcomes of
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the cholesterol transporter proteins that function as receptors on maternal-fetal membranes,

and those that are involved with intracellular cholesterol transport or efflux. We also report

the human equivalents with known mutations in these genes.

One first example is the Sr-b1 (also known as Scarb1) KO mouse, previously mentioned as

HDL cholesterol transporter on yolk sac and placenta (Table 1), whose offspring are

malformed and display severe developmental arrest very early in pregnancy. Since Scarb1-/-

mice born to heterozygous mothers are normal, this model indicates that the maternal lipid

profile is crucial for fetal development in mice.54 Recently, the first functional mutation in the

SCARB1 gene in humans was identified. This missense mutation, known as p297s, leads to a

50% reduction in the uptake of HDL cholesterol in murine hepatocytes. In contrast to the

effect of SR-B1 loss of function in mice, the only clinical symptoms in humans are elevated

HDL cholesterol levels, altered platelet function and decreased adrenal steroidogenesis. To

date, there are no reports of an increased number of offspring with congenital anomalies.55, 56

Mice that lack the endocytic receptor cubilin, involved in HDL cholesterol transport, have

offspring with severe malformations (Table 1).57 Cubilin is dependent on LRp2 to mediate

HDL cholesterol uptake by the yolk sac and placenta.58 LRp2 is an endocytic receptor which

internalizes multiple ligands including ApOE 59 and ApOB 60 and is highly expressed in the

yolk sac and the placenta 61 LRp2 deficient mice are born with severe congenital anomalies

affecting the forebrain, heart, lungs and kidneys, and most pups die within 24 hours after

birth 62 It is still unknown whether these congenital anomalies are related to a depletion of

fetal cholesterol due to decreased maternal-fetal cholesterol transport, or by a disruption of

signalling pathways, since both cubilin and LRp2 also bind signalling molecules such as bone

morphogenetic proteins 63 and SHH proteins.64

Recently, a homozygous frameshift mutation in the cubilin gene was detected in patients with

proteinuria, but none of the patients had congenital anomalies.65 Carriers of LRP2 mutations,

including small deletions or insertions causing frame shifts, nonsense and missense mutations,

suffer from Donnai-Barrow syndrome, a rare, autosomal recessive disorder characterized by

corpus callosum agenesis, dysmorphic facial features, sensorineural deafness, congenital

hernia diaphragmatica, proteinuria and often congenital heart anomalies.66, 67 Interestingly,

LRp2 is the first cholesterol transporter that, if its function is arrested, causes the same

clinical features in both mice and humans. It is therefore likely that LRp2 plays a crucial role

in development not only in mice, but also in humans.

In the Abca1 KO mouse, severe malformations are frequently observed in Abca1 -/- and

Abca1+/- placenta. Moreover, both prenatal and early neonatal survival of Abca1 -/- offspring

is much lower than the expected Mendelian ratio.68  ABCA1 is involved in cholesterol efflux to

HDL cholesterol. Mutations in the ABCA1 gene in humans that lead to a defective ABCA1

transporter, can cause both Tangier disease, an inherited, autosomal recessive disorder, and

a subtype of familial HDL deficiency, an inherited, autosomal dominant disorder.69–71 Tangier

disease is characterized by neuropathy, enlarged tonsils, corneal clouding, hepatosplenomegaly

and premature cardiovascular disease. There are no reports of a high incidence of congenital

anomalies. Familial HDL deficiency is one of the causes of premature coronary artery disease.
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Both diseases are characterized by low HDL cholesterol levels resulting in an increased risk

for atherosclerosis. Neither Tangier disease nor HDL deficiency is known to be associated

with placental malformation or developmental arrest in offspring, as described in the animal

KO model. The number of cases identified worldwide is, however, small.

Homozygous apolipoprotein B (ApoB) KO mice display severe developmental arrest with a

high resorption rate in utero, and exencephalus. The few mice that survive after weaning

develop hydrocephalus.72–74 Neural tube defects occur together with hydrocephalus in

heterozygous ApoB KO mice.75 ApOB is bound to LDL cholesterol particles and crucial for the

clearance and transport of LDL cholesterol. Humans with nonsense or frameshift mutations in

APOB, leading to a truncated ApOB species, suffer from hypobetalipoproteinemia,causing

increased LDL levels and an increased risk for atherosclerosis. To date, there are no reports

of an increased risk for birth defects in humans.76

Most mice that lack the gene that codes for microsomal triglyceride transfer protein (MTTp)

die in mid-gestation. The few that die later in pregnancy, display severe exencephalus.26

MTTp is crucial for the lipoprotein-related transport of cholesterol.26 Mutations in the MTTP

gene that lead to a reduction of MTTp activity, have been described in humans and cause

abetalipoproteinemia, an inherited recessive disease that is marked by little to no circulating

levels of vLDL and LDL, resulting in malabsorption of fat-soluble vitamins and a failure to

thrive. Birth defects in humans have not been described.77

Besides LRp2, in which both the animal KO model and a mutation in humans gives rise to

severe congenital anomalies in offspring, absence of cholesterol transporter proteins involved

in maternal-fetal cholesterol transport are to date only associated with adverse pregnancy

outcomes in mice. One explanation for this might be that the pregnancy of mice differs from

that of humans in many ways. The most important difference is the function of the secondary

yolk sac which in mice regresses during mid-gestation but in humans already regresses

before the 12th week of pregnancy.78

Therefore, transporters that are mainly expressed on the yolk sac, such as SR-B1, can cause

congenital anomalies in the offspring of mice 54 but not in humans.56 However, the human

genotype of SCARB1 mutation has only recently been described and the total number of

patients is very small. It is possible that an association between a homozygous SCARB1

mutation and congenital anomalies will be found in the future.
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Conclusions and perspectives

In this minireview we have attempted to summarize the basic mechanisms of maternal-fetal

cholesterol transport with emphasis on clinical consequences of their failure. Most of these

data support the hypothesis that, during early fetal life, maternal cholesterol could be the

most important source of cholesterol for the growing embryo. Shortage of maternal cholesterol

may therefore result in congenital anomalies in the offspring. Obviously, the numbers of

human cases of the genetic defects described are low and are not conclusive. In the near

future next generation sequencing may help us to reveal more pathogenic mutations in

humans and their genotype-phenotype correlation.

The Western world faces a large and increasing number of individuals with aberrant lipid

profiles related to our unhealthy life style. In Western countries the prevalence of diseases

that influence cholesterol levels, such as Diabetes Mellitus (DM) and obesity are increasing

dramatically among pregnant women. In the UK, for example, the prevalence of maternal

obesity has doubled over the last 20 years.79 Both obesity and DM result in changes in the

mother’s lipid profile, with plasma LDL cholesterol rising and HDL cholesterol falling.80

Dyslipidemia in mothers with DM results in similar lipid profiles in the offspring.81 Children

of women who have either obesity or DM do indeed appear to have an increased risk of

congenital anomalies.82–84.

Oxidative stress is one mechanism proposed to play a role in the etiology of congenital

anomalies in the offspring of these women.85, 86 The increase in oxidative stress in both

obesity and DM 87 has many adverse side effects including increased levels of oxysterols in

blood which are known to be toxic for cells 88–90 In animals it has already been shown that

the increase of oxysterols in SLOS contributes to the disease.91 Furthermore, nuclear

receptors in the trophoblast recognize oxysterols as endogenous ligands.92, 93 It is therefore

possible that they also cross the placenta to assert their effect on the development of the

fetus, although this has not yet been demonstrated.

Besides oxidative stress, we think that also the changes in plasma lipid composition during

maternal obesity and diabetes also contribute to the increased risk for fetal malformations,

because cholesterol, especially HDL cholesterol, might be of crucial importance during early

fetal life. A reduction in maternal-fetal HDL cholesterol transport in humans in the first

trimester of pregnancy could therefore act as a negative modifier of fetal development,

especially in those children that already have a genetic susceptibility for congenital anomalies

due to mutations in cholesterol related genes.

Since early intervention, aimed at normalizing cholesterol levels, could possibly prevent

congenital anomalies in offspring in those that already have a genetic susceptibility, further

study of the role played by maternal cholesterol in early fetal development is urgently

required. As an example, in utero treatment with an LXR-agonist, as we previously

suggested,39 has been successfully applied in an animal model of Smith-Lemli-Opitz

syndrome and resulted in milder phenotypes.40
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On the long term, population studies on large numbers of women with dyslipidemia,

including information about their blood cholesterol levels, genetic lipid profiles, and thorough

examination of the offspring will be needed to elucidate whether maternal cholesterol is the

key factor relating DM and obesity to an increased prevalence of congenital malformations in

the offspring.
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Table 1 

Known cholesterol receptors on placenta and yolk sac in animals and humans
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Figure 1 

From maternal to fetal circulation: the proposed route of maternally-derived cholesterol

particles through the yolk sac

Figure 2 

From maternal to fetal circulation: the proposed route of maternally-derived cholesterol

particles through the placenta
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Abstract

n Objectives

Cholesterol is crucial for fetal development. To gain more insight into the origin of the

fetal cholesterol pool in early human pregnancy we determined cholesterol and its

precursors in the amniotic fluid of uncomplicated, singleton human pregnancies.

n Study Design

Total sterols were characterized by gas chromatography-mass spectrometry in the second

trimester amniotic fluid of 126 healthy fetuses from week 15 till week 22.

n Results

The markers of cholesterol biosynthesis lanosterol, dihydrolanosterol and lathosterol were

present in low levels until the 19th week of gestation, after which their levels increased

strongly. β-sitosterol, a marker for maternal-fetal cholesterol transport, was detectable in

the amniotic fluid. Total cholesterol levels increased slightly between weeks 15 and 22.

n Conclusions

Our results support the hypothesis that during early life the fetus depends on maternal

cholesterol supply because endogenous synthesis is relatively low. Therefore, maternal

cholesterol can play a crucial role in fetal development.
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Introduction

Cholesterol is the most important sterol in humans. Its role in membrane fluidity and as a

precursor of bile acids and steroid hormones has been discussed extensively. In addition to

these important functions in adult mammals, cholesterol is also crucial for embryonic

development. It activates the Sonic Hedgehog (SHH) proteins and propagates their signalling:

after being modified by addition of cholesterol, SHH sets off a cascade of events in target cells,

leading to the activation and repression of genes by transcription factors in the GLI family.

This SHH-GLI pathway is known to be one of the fundamental signal transduction pathways

in mammals, responsible for the development of different organ systems, including the

heart.1 Because of these indispensable structural and regulatory functions, the availability of

cholesterol must be guaranteed throughout embryonic and fetal development.2

While fetal tissues synthesize cholesterol, we and others have shown that maternal cholesterol

also contributes substantially to the fetal cholesterol pool in animal models.3–6 However, only

a few studies have addressed this in humans. vuorio and colleagues discovered that, just

after birth, plant sterol concentrations in cord blood of healthy newborns were 40-50% of the

maternal levels, indicative for active maternal-fetal sterol transport.7 Furthermore, a specific

maternal lipid profile, resulting in a more rapid maternal-fetal cholesterol transport, tends to

result in a milder phenotype of Smith-Lemli-Opitz syndrome (SLOS), a disorder of cholesterol

biosynthesis.8 This suggests that maternal cholesterol supply is of great importance during

early life and that disturbances in lipid transport can have adverse effects on the fetal

development.

Before uteroplacental circulations are established, maternal-fetal nutrient exchange of high

molecular weight molecules, e.g. proteins and lipids, takes place through the yolk sac, which

is connected to the ventral part of the embryo and the main blood circulation through the

vitelline veins. Molecules from the mother leak easily into the exocoelomic cavity because of

the loose mesenchymal layer of early placental tissue.9 The yolk sac absorbs these molecules

and excretes them into the fetal circulation.10 various sterol transporter proteins are expressed

on both the yolk sac and the early placenta suggesting active transport of these molecules to

fetal tissues.3, 11–12 The yolk sac in humans regresses around week 8 of gestation when the

placenta takes over its role in nutrient exchange.

Besides active transport by the vitelline veins, the amniotic fluid (AF) surrounding the embryo

may also play an important role in maternal-fetal nutrient exchange.13 Several lipoprotein

receptors and enzymes involved in lipoprotein uptake, such as the LDL receptor and lipoprotein

lipase, are found on the apical surface of the amniotic membrane at term, suggesting that

lipoproteins from the amniotic fluid or maternal circulation are taken up by the amnion and

could therefore serve as a transporter for fetal lipids.14 From animal studies we know that

changes in maternal diet directly influence the AF composition.15 However, as most of the AF

consists of fetal bio-products,16 the AF seems to be an interesting medium to study with

regard to the origin of fetal sterols.
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Despite the important roles of cholesterol in fetal development and of maternal-fetal

cholesterol transport, the origin of the fetal cholesterol pool in the first half of a human

pregnancy is still unclear. This is mainly because of the obviously limited accessibility of the

human fetus for transport studies.

As umbilical punctions are not routinely performed in prenatal diagnosis, the amniotic fluid

surrounding the fetus can be used as an alternative medium for measuring endogenous

synthesis and maternal-fetal cholesterol transport. Amniotic fluid samples are readily available

from amniocentesis samples. However, the few human studies that are performed to analyze

the concentration of different sterols in AF are small in sample size with less than 100 cases

and detailed information about the sterol concentrations related to gestational age is lacking.17

While we were analyzing our data, Amaral and colleagues published a paper in which they

reported measurements of different sterol precursors in AF.18 Our study significantly adds to

their data, which is further explained in the discussion section of the paper.

In this study we used sterol concentrations in amniotic fluid as markers for fetal sterol

turnover. The cholesterol precursors lanosterol, dihydrolanosterol, lathosterol and desmosterol

are all important biochemical markers of cholesterol biosynthesis. We analyzed these sterols

to determine the relative cholesterol synthesis rates in the second trimester of human

pregnancies. Furthermore we determined β-sitosterol levels in AF, one of the most important

plant sterols. As humans are not capable of synthesizing plant sterols and as plant sterols

are transported in a similar way to cholesterol, we assumed this would be a valid marker to

measure maternal-fetal cholesterol transport.

Since cholesterol is of crucial importance for heart development through its role in SHH

signalling, we analyzed concentrations of cholesterol and its precursors, together with plant

sterols in the AF of pregnancies complicated by isolated fetal congenital heart anomalies in

order to test our hypothesis that maternal-fetal cholesterol transport is important for providing

the cholesterol needed for proper fetal development.

We had two aims: first, to investigate the origin of the fetal cholesterol pool in second

trimester amniotic fluid of healthy pregnancies - is it derived from synthesis (represented by

increased precursor levels) or from maternal-fetal transport (represented by increased 

β-sitosterol levels)? Second, as cholesterol is especially important for fetal heart development,

we compared the levels of different sterols and their precursors in pregnancies with an

isolated fetal heart defect with the levels in pregnancies without heart anomalies, matched

for gestational age.
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Materials and Methods

Biological samples

• Sample group 1:

We retrospectively selected AF samples from 126 singleton pregnancies with a normal birth

outcome in 2003 till 2010 at the University Medical Center Groningen. Amniocentesis was

performed mainly if there was an increased risk for aneuploidy because of a positive

prenatal screening, or because of increased maternal age.

Directly after amniocentesis the AF samples were stored at -20°C. Women were asked if

surplus fluid, not needed for diagnosis, could be used for research. This conforms with the

hospital code of “good practice for surplus material” of the Dutch consortium of scientific

associations. Ethics approval was given by the UMCG ethics committee.

Information on birth outcome (with informed consent) was available for all pregnancies

and obtained from hospital records, from Eurocat Northern Netherlands (a population-

based birth defects registry that covers 80 % of the university’s hospital population), and

from population-based perinatal registration records. Samples were organized according

to gestational age from week 15 till week 22. Numbers for each week of gestational age

were week 15 n=14; week 16 n=20; week 17 n=41; week 18 n=18; week 19 n=7; week

20 n=11; to week 21 n=9; to week 22 n=6. Unfortunately, we could not make groups of

equal size for each week because we selected the samples retrospectively.

• Sample group 2:

We retrospectively selected AF of 40 singleton pregnancies that were complicated by a

congenital heart anomaly of the fetus which was diagnosed prenatally and confirmed after

birth. Cases with multiple congenital anomalies were excluded. Because amniocentesis

was performed after the diagnosis of congenital heart anomalies by prenatal ultrasound

scan (routinely performed in the Netherlands around week 20 of gestation), we could only

include samples from gestational week 19 till week 23. Groups were too small to divide

the heart anomalies into different cardiac subgroups.

• Sample group 3:

We selected additional control samples of children and fetuses prenatally diagnosed with

the monogenetic disorder osteogenesis imperfecta, a skeletal disorder which is not related

to cholesterol disturbances in mother or child. All cases were matched to one control from

the same gestational week. If there was more than one control, they were pooled.

• Sample group 4:

Three fresh AF samples were obtained from women at 16 weeks of gestation who

underwent amniocentesis for increased risk of aneuploidy because of increased maternal

age. These were used to evaluate cholesterol fractions in cells and free fluid after

centrifuging for 10 minutes at 2000 rpm without freezer storage.
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Reagents, standards and sample preparation

25 μL of cholestane (mg/ml) and 10 μL epicoprostanol were added as internal standards to

500 μL of AF sample. Alkaline hydrolysis was performed adding 1.5 mL 10% ethanolic NAOH

(1M) followed by heating at 60°C for 60 minutes. The samples were diluted with 0.5 mL of

deionised water and the lipids were extracted with 3 mL of cyclohexane. The lipids were

derivatized by adding 50 μL of n-decane and 10 μl of TMS at 70°C for 60 minutes, and

analyzed by gas chromatography-mass spectrometry (GC-MS) according to the methods

described by Thelen et al.19

Statistical analysis

Statistical analysis was performed using SpSS software (version 18.0 for Windows).

Spearman’s correlation test was used to compare sterol distributions as well as to evaluate

the correlation of the parameters “gestational age” and “sterol concentrations”. We used the

Mann-Whitney U test to compare sterol distributions between cases and controls for each

gestational age and in total.

Results

Sterol concentrations in normal pregnancies

Our data for sterol levels in the AF of 126 healthy fetuses followed a non-linear distribution.

Concentrations for each sterol at each gestational week (with 95% confidence intervals) are

shown in Table 1. The total cholesterol levels were slightly increased between week 15 and

22 (Figure 1), although there was a very high variation between 16.3 and 140.5 μmol/l.

Figure 1 shows the correlations between the different sterol precursors and gestational age.

A strong, statistically significant correlation between dihydrolanosterol and lathosterol

concentrations with gestational age was obtained with a correlation coefficient close to 1

(p<0.001). These sterol precursors were detectable in very low levels until the 19th week of

gestation, after which their levels increased strongly. For lanosterol we found a moderately

positive correlation, showing the same pattern as dihydrolanosterol and lathosterol (Figure 1).

β-sitosterol was detectable in significant amounts in AF and varied throughout the second

trimester of pregnancy (Figure 1). 

The same pattern was also observed for desmosterol (Figure 1), and for other relevant plant

sterols and stanols (campesterol, stigmasterol and cholestanol) (data not shown).

Desmosterol and β-sitosterol were both strongly correlated with total cholesterol levels (data

not shown). For the sterol precursors lanosterol, dihydrolanosterol and lathosterol we found

positive moderate correlations with total cholesterol concentrations. After correcting for total

cholesterol concentration, dihydrolanosterol and lathosterol levels remained strongly

correlated with gestational age, while lanosterol remained moderate positively correlated

with gestational age. Desmosterol and β-sitosterol showed a moderately negative correlation

after correcting for total cholesterol (p<0.001) (Table 2).
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Sterol concentrations in congenital heart disease

We compared sterol concentrations in AF of fetuses with confirmed non-syndromic congenital

heart disease and age-matched controls (Figure 2). Lanosterol levels were significantly

lower in the cases than in controls in weeks 21–22 (p=0.013; p=0.04). Concentrations for

β-sitosterol were significantly lower in cases than in controls between weeks 19–20

(p=0.038; p=0.016). We did not find any statistically significant differences between cases

and controls for dihydrolanosterol, lathosterol, desmosterol (levels equally distributed in both

cases and controls) or for total cholesterol concentrations.

Comments

We analyzed different sterols and their precursors in second trimester human amniotic fluid

(AF) in order to investigate the origin of fetal cholesterol. We found a significant increase of

the cholesterol precursors lanosterol, dihydrolanosterol and lathosterol from gestational week

19 onwards, indicating increasing fetal synthesis from that moment in time. Our results

suggest that during early life the fetus depends on maternal cholesterol as an exogenous

source. Amniotic fluid is a part of the fetal compartment and therefore lipids found in the AF

belong to the fetal pool. Since human fetal tissues of uncomplicated pregnancies are not

readily available, we propose here that amniotic fluid is a valuable alternative for studies on

early cholesterol synthesis and maternal-fetal cholesterol transport.

There are two pathways of cholesterol synthesis in humans. One is the Bloch pathway via

zymosterol and desmosterol, and the other is the Kandutsch-Russell pathway through

lathosterol and 7-dehydrocholesterol.20 previous studies have shown that the first is active in

tissue of human brains between week 10 and 20 of gestation. However, the two studies that

report this, are very small in numbers, and show contrary results.21, 22 As the few patients

(n=7) that are described with desmosterolosis – an autosomal recessive disorder caused by

mutations in genes that code for proteins involved in the final step of the Bloch pathway -

mainly show brain anomalies,23 the role of desmosterol in the development of other organ

systems is still a debate. Our data showed that levels of desmosterol remained constant

compared to the raised levels of the sterol precursors from the Kandutsch-Russell pathway. 

The almost constant total cholesterol concentrations, together with the increased sterol

precursor concentrations, suggest an increased fetal cholesterol synthesis rate from week 19

onwards. Thus, our data suggest that, in the first half of pregnancy, exogenous (maternal)

cholesterol supply is sufficient to fulfill the fetal demands whereas from week 19 onwards,

fetal cholesterol synthesis via the Kandutsch-Russell pathway becomes increasingly

important. One limitation of our study is that, due to the retrospective study design, we

could not measure maternal cholesterol concentrations in plasma, and therefore could not

calculate the maternal plasma to amniotic fluid ratio of total cholesterol.

plant sterols are transported via membranes in a comparable way to cholesterol and are here

used as markers for maternally-derived cholesterol, because their only source is the maternal

diet. We found that β-sitosterol and other plant sterols remained constant throughout the

126

App 4  THE ORIGIN OF FOETAL STEROLS IN SECOND TRIMESTER AMNIOTIC FLUID



second trimester of pregnancy, which indicates that the fetus mainly uses cholesterol from

the mother for its cholesterol needs and premature biosynthesis.

Recently, Amaral and colleagues published a paper in which they reported measurements of

different sterol precursors in AF.18 They reported that levels of total cholesterol and its

precursors lathosterol, desmosterol and 7-dehydrocholesterol increase as gestation progresses.

We could only confirm their data on lathosterol concentrations. 7-dehydrocholesterol was not

detectable in our samples. They concluded that fetal cholesterol synthesis increases from

week 19 onwards, however, this conclusion was based on absolute increased precursor levels

only. In contrast, we gained support for our hypothesis for an increased level of cholesterol

synthesis on augmented ratios of precursor to cholesterol levels (Table 2). Measurements of

absolute levels of sterols in AF are insufficient because of reported variations in the consistency

of the fluid, i.e. more diluted or more concentrated.24

Our study also adds new data on lanosterol and dihydrolanosterol levels in amniotic fluid

showing the same increase in concentration as gestation progresses, and supporting the data

on lathosterol. One important difference between our study and that of Amaral and colleagues

is that they analyzed cell-free AF, whereas we used complete AF samples. We found that the

cell fraction accounts for about 25% of total sterols (data not shown). Cells in the AF can be

categorized into three different cell types: epitheloid type cells (E-type), amniotic fluid specific

type cells (AF-type) and fibroblastic type cells (F-type). The E-type cells are derived from

fetal skin and urine, the AF-type from fetal membranes and placental trophoblasts, and the

F-type from connective and mesenchymal tissues and dermal fibroblasts.17, 25 These studies

underline the importance of analyzing the complete AF sample as cholesterol and sterol

precursors are detectable in all three cell types and therefore contribute significantly to the

fetal cholesterol pool.

In children with Smith-Lemli-Opitz Syndrome (SLOS), a disorder of cholesterol biosynthesis,

a lack of cholesterol in utero disturbs SHH signalling, resulting in various heart anomalies. We

hypothesized that the same mechanism might play a role in non-syndromic heart defects. To

test this, we investigated differences in sterol concentrations in the amniotic fluid of children

with and without a congenital heart anomaly. We did not find any consistent significant

differences between cases and controls, indicating that sterol metabolism is not involved in

the majority of cases of congenital heart anomalies. However, based on our data it cannot be

excluded that some cases of congenital heart anomalies are related to transport deficits

(measured by β-sitosterol), and others to insufficient synthesis (represented by lanosterol),

or even by a combination of those two. Our sample size was not large enough to focus on

relevant subgroups reported to be influenced by cholesterol and SHH, like atrioventricular

septal defects, Tetralogy of Fallot, atrial septal defects, outflow tract anomalies such as

persistent truncus arteriosus, and anomalies of the pulmonary veins.26–31 We encourage

other researchers to investigate total cholesterol and its precursors in the amniotic fluid of

children with cholesterol- and SHH-related heart defects without a diagnosis of SLOS, ideally

in a multicenter study.
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Our study provides new insights into the origin of fetal cholesterol in early pregnancy and new

information on the sterol precursors lanosterol and dihydrolanosterol. Our results suggest

that, during early life, the fetus depends on maternal cholesterol as an exogenous cholesterol

source, as the endogenous synthesis through the Kandutsch-Russell pathway is not yet

established. Maternal cholesterol could therefore play a crucial role in fetal development,

since cholesterol drives important developmental signalling pathways. This information is

particularly important because maternal conditions and diseases that disturb cholesterol

concentrations, i.e. obesity and diabetes, are increasing rapidly among pregnant women.

Although we could not find any differences in the AF of fetuses with and without a congenital

heart anomaly in the gestational period studied, the availability of maternal cholesterol very

early in embryogenesis might still be an important factor in fetal heart development. Future

research should now focus on maternal-fetal cholesterol transport in the first trimester of

pregnancy during embryogenesis.
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Tables and figures

Table 1

Concentrations (μM) for cholesterol, lathosterol, sitosterol, desmosterol,

 dihydrolanosterol, and lanosterol determined in 126 amniotic fluid samples of healthy

fetuses from gestational week 15-22
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Week 15 Week 16 Week 17 Week 18

(n=14) (n=20) (n=41) (n=18)

Cholesterol 54.30 ± 16.51 53.90 ± 16.92 51.30 ± 14.34 56.84 ± 13.24

Lanosterol 0.010 ± 0.003 0.009 ± 0.004 0.004 ± 0.002 0.008 ± 0.004

Dihydrolanosterol 0.002 ± 0.001 0.002 ± 0.002 0.003 ± 0.002 0.008 ± 0.004

Lathosterol 0.117 ± 0.049 0.095 ± 0.038 0.136 ± 0.065 0.222 ± 0.095

Desmosterol 0.450 ± 0.156 0.447 ± 0.204 0.476 ± 0.141 0.532 ± 0.118

β-sitosterol 0.165 ± 0.088 0.140 ± 0.077 0.084 ± 0.024 0.091 ± 0.025

Week 19 Week 20 Week 21 Week 22

(n=7) (n=11) (n=9) (n=6)

Cholesterol 74.15 ± 26.02 66.62 ± 25.19 79.60 ± 36.51 66.05 ± 36.22

Lanosterol 0.019 ± 0.015 0.105 ± 0.192 0.133 ± 0.104 0.103 ± 0.027

Dihydrolanosterol 0.016 ± 0.016 0.021 ± 0.009 0.055 ± 0.036 0.071 ± 0.033

Lathosterol 0.528 ± 0.446 0.890 ± 0.442 1.958 ± 1.482 1.689 ± 0.267

Desmosterol 0.569 ± 0.250 0.418 ± 0.139 0.461 ± 0.255 0.423 ± 0.179 

β-sitosterol 0.173 ± 0.075 0.110 ± 0.058 0.220 ± 0.115 0.097 ± 0.023



Table 2

Correlation between the cholesterol ratios of different sterol precursors and gestational

age in second trimester amniotic fluid of 126 healthy fetuses after correction for 

cholesterol concentration
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Spearman’s correlation p-value

coefficient

Lanosterol 0.33 < 0.001

Dihydrolanosterol 0.81 < 0.001

Lathosterol 0.78 < 0.001

Desmosterol - 0.297 0.001

β-sitosterol - 0.305 0.001



Figure 1

Concentrations of different sterols related to gestational age in second trimester amniotic

fluid of 126 healthy fetuses 

Spearman correlation coefficients are shown for each graph. Asterisks and circles show

outliers and extreme values which were excluded in our calculations.
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Figure 2

Differences in sterol concentrations in amniotic fluid samples of 40 fetuses with a 

congenital heart anomaly compared to 40 age-matched controls without such an 

anomaly from gestational week 19–23  

Statistically significant p-values of Mann-Whitney U test are shown in the graphs. Asterisks

and circles display outliers and extreme values which were excluded in our calculations.

* No differences in total distribution of sterols according to gestational age between cases

and controls (Mann-Whitney U test)
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Abstract

n Introduction 

Lipoprotein receptor-related protein 2 (LRp2), is important for the embryonic neural crest

and brain development in both mice and humans. Although a role in cardiovascular

development can be expected, the hearts of Lrp2 knockout (ko) mice have not been

investigated.

n Material and methods 

We studied the cardiovascular development of Lrp2 ko mice between embryonic day

E10.5 and E15.5, applying morphometry and immunohistochemistry, using antibodies

against Ap2alpha (neural crest), Nkx2.5 (second heart field; SHF), WT1 and RALDH2

(epicardial derived cells; EpDCs), tropomyosin (myocardium), and LRp2. 

n Results 

The Lrp2 ko mice display a range of severe cardiovascular abnormalities including

common arterial trunk, aortic arch anomalies, atrioventricular valve anomalies and

severe thinning of the ventricular myocardium. Morphometry showed a significant

reduction in compact ventricular myocardium in the Lrp2 ko at E15.5 (p=0.008). From

E10.5 onwards the outflow tract expresses LRp2 in both the migrating neural crest cells

and SHF-derived cells. In contrast to the neural crest, the SHF, that is essential for the

lengthening and growth of the outflow tract, appears affected at day E11.5. The growth

and differentiation of the epicardium is undisturbed in the Lrp2 ko mice: it undergoes

normal epithelial-to-mesenchymal-transition, however, EpDCs fail to migrate sufficiently

into the myocardium, which is more prominent for the left ventricle in the mutants. 

n Conclusion

LRp2 plays a crucial role in cardiovascular development in mice. This corroborates

findings of cardiac anomalies in humans with LRp2 mutations. Future studies should

reveal the underlying signaling mechanisms in which LRp2 is involved during

cardiogenesis.



Introduction

Lipoprotein receptor-related protein 2 (LRp2), also known as Megalin, is a transmembrane

glycoprotein receptor on the surface of epithelial cells belonging to the low density lipoprotein

receptor (LDLR) family. The gene is mapped to chromosome 2 in the mouse as well as in

human.1 LRp2 is highly expressed throughout development starting in the 8 cell stage and is

limited to the trophectoderm in the blastocyst stage.2

After implantation it is expressed on the maternal-fetal interface including the trophectoderm,

the visceral endoderm of the yolk sac and the placenta.3 During further development LRp2 is

detected in many epithelial tissues including the neuroepithelium, the kidney proximal tubule

epithelial cells, and the mesothelial cells of the pericardium.2 It is a multiligand receptor and

capable of binding important signaling molecules, such as Bone Morphogenetic protein 4

(BMp4),4 Sonic Hedgehog (SHH),5 Retinol Binding protein (RBp) 6 and vitamin B12.7

Furthermore, LRp2 is a low density lipoprotein (LDL) cholesterol receptor on yolk sac and

placenta, and is involved in cholesterol transport as co-transporter with cubilin.8

Willnow and colleagues showed that targeted disruption of the gene in mice resulted in

severely malformed offspring with holoprosencephaly, neural tube defects, limb anomalies

and a 100% lethality in utero or within 24 hours after birth.9 Disruption in human is known

as the autosomal recessive Donnai-Barrow syndrome. patients with Donnai-Barrow syndrome

display severe congenital malformations including agenesis of the corpus callosum,

sensorineural deafness, diaphragmatic hernia, omphalocele, nephritis, and heart anomalies 10

such as conotruncal anomalies and septal defects.11

Interestingly, the effect of depletion on cardiovascular development has never been described

in mice, although expression of LRp2 on the mesothelial cells of the pericardial cavity has been

reported together with expression of LRp2 in the neural crest.2, 12 previous studies have

consistently shown that the epicardium which arises from the pericardial mesothelium, and

neural crest play important roles in the development of different cardiac structures such as

the ventricular myocardium, the Av-valves, the coronary arteries, and the distal part of the

outflow tract.13–17 Furthermore, some patients with Donnai-Barrow syndrome have cardiac

anomalies including conotruncal and septal defects 11 which have not been explained. 

In this study, we examined the hearts in a developmental series of knockout mouse embryos

to investigate a role of LRp2 in cardiac development and to determine which cardiac and/or

extracardiac cell population is affected by the absence of the protein. We demonstrate that it

is not only expressed in the pericardial lining, but also in its derived epicardium. We postulate

that LRp2 plays a role in formation of the compact ventricular myocardium and formation of

the atrioventricular (Av) valves through EpDCs which can be traced during development. The

transcription factor Wilms Tumor 1 (WT1) is expressed in nuclei of the epicardium and in EpDCs

during their migration while myocardial cells are negative 18 and is therefore considered to be

a valid EpDC marker. previous studies have shown that one of the most important regulatory

mechanisms for EpDC migration and epicardium-myocardium interaction is retinoic acid (RA)

signaling.19, 20 Expression of retinaldehyde dehydrogenase type 2 (RALDH2), a key enzyme in
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RA synthesis, is regulated by WT1. Using these markers the epicardium, the process of

epithelial-to-mesenchymal transition (EMT) of the EpDCs and their migration pattern into the

myocardium can be analyzed.

We further examined the distribution patterns of cells from the second heart field (SHF) and

the cardiac neural crest cells (CNCCs) since both are known to be crucial for Outflow Tract

(OFT) septation and remodeling.13, 15, 21 As LRp2 is expressed in the neural crest and acts as

a receptor in the retinoic acid (RA) and SHH signaling pathways, that are both important in

SHF development, we postulate a role for LRp2 in distribution of the SHF-derived cells and/or

CNCCs during aortopulmonary septation. A valid and useful marker is Nkx2.5 which is highly

expressed by cells from the SHF during their migration and septation of the OFT.22, 23

Extracardiac positioned SHF cells that are Nkx2.5 positive, but negative for myocardial

markers like troponin C and myosin light chain kinase, migrate to the distal OFT to establish

OFT lengthening and septation.15, 24, 25 Failure of this process can result in Common Arterial

Trunk.26 A relation with development and contribution of the SHF mesoderm was investigated.

Finally, we evaluated the contribution of the CNCCs to the OFT in Lrp2 knockout and wild type

mice by using the CNCC marker Ap2alpha, a transcription factor that is highly expressed by

migrating and differentiating neural crest cells.27
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Materials and methods

Generation of Lrp2 knockout mice and harvesting of embryos

We studied the development of the heart in different developmental stages of 23 Lrp2 +/+ wild

type embryos (embryonic day (E) 10.5: n=4, E11.5: n=4, E12.5: n=1, E13.5: n=4, E14.5:

n=6, E15.5: n=5), and compared these to 25 Lrp2 -/- embryos (E10.5: n=4, E11.5: n=4,

E12.5: n=4, E13.5: n=4, E14.5: n=4, E15.5: n=5). 

Furthermore, we analyzed 5 Lrp2 +/- embryos (E15.5) to confirm or refute that heterozygous

Lrp2 mice present a phenotype.9 For E12.5 we additionally analyzed two Lrp2 +/- embryos.

Animal use was in accordance to the UMCG institutional guidelines, and all experiments were

reviewed and approved by the local Animal Experimental Committee. Heterozygous Lrp2 +/-

mice on a CB56BL/6 background were kindly provided by Thomas Willnow (Max Delbrück

Center, Berlin, Germany). Lrp2-animals were housed in the animal facility under standard

conditions. Food and water were provided ad libitum. Lrp2 +/- males were crossed with

heterozygous females. The day of appearance of the vaginal plug was considered as E0.5.

pregnant females were sacrificed and embryos were harvested and the whole embryo

(E10.5–E12.5) or solely the thorax (E13.5–E15.5) were isolated. The collected embryos were

immediately fixed in 4% paraformaldehyde in phosphate buffer for 24–48 hours and routinely

processed for paraffin immunohistochemical evaluation. Serial transverse sections with a

slice thickness of 5 µm were mounted onto Star frost glass slides (Menzel-Gläzer) in a 1-to-5

order, by which 5 different stainings on subsequent sections could be compared.

pCR genotyping was performed on embryonic yolk sac DNA or tail DNA using the Extract-N-

Amp™ Tissue pCR Kit (Sigma-Aldrich, Zwijndrecht, The Netherlands), following the standard

manufacturer protocol. The wildtype allele was amplified by the primer Lrp2-E+T-F (G21) +

Lrp2-E-R (G20), producing a 361 bp fragment. Detection of the mutant allele was performed

using the primers Lrp2-E+T-F (G21) + Lrp2-T-R (BpA), resulting in a 300 bp product. primers

are listed in Table 1.

Immunohistochemistry

After deparaffination and rehydration of the slides, immunohistochemical staining was

performed with antibodies against anti-atrial myosin light chain 2a (MLC-2a) as a myocardial

marker (1/4,000, kindly provided by S.W. Kubalak, Charleston, SC); anti-Nkx2.5 as a

premyocardial and a marker for SHF-derived cells (1/4,000, Santa Cruz Biotechnology, Inc.,

CA, SC-8697), anti-lipoprotein receptor-related protein 2 (1/800, kindly provided by professor

J. Herz, Dallas, Texas); anti-Wilms Tumor suppressor protein as a marker for the epicardium

and early migrating EpDCs (1/500, Calbiochem, ONCOCA1026); anti-Ap2aplha as a neural

crest cell marker (1/500, GeneTex Inc, GTX62588); anti-RALDH2 as a marker for RA synthesis

(1/1,000, Abcam, ab75674). The subsequent steps in the immunohistochemical procedure

are thoroughly described in a recent paper of our group.23

Double fluorescence immunostaining was performed with the primary antibodies 1/1000

NKX2.5 and 1/500 Ap2-alpha to differentiate between cells of the second heart field and
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neural crest. 1/200 Horse Anti-Goat-Biotin in 1/66 normal Horse serum was used in the

second antibody incubation step, followed by the third incubation using 1/200 Alexa Fluor®

488-streptavidin (Invitrogen, S-11223) and 1/200 Alexa Fluor® 555-Donkey Anti-Rabbit

(Invitrogen, A-31572). For LRp2 expression in the outflow tract of the heart 1/1000 anti-

lipoprotein receptor-related protein 2 was used with the second antibody Alexa Fluor® 555

Donkey Anti-Rabbit in combination with 1/1000 NKX2.5 followed by 1/200 Horse Anti-Goat-

Biotin in 1/66 normal Horse serum and 1/200 Alexa Fluor® 488-streptavidin (Invitrogen,

S-11223). Megalin in combination with 1/400 Tropomyosine (T9283, Sigma-Aldrich Chemie)

and 1/200 Alexa Fluor® 488 Donkey Anti-Mouse (Invitrogen, A-21202). All incubations were

in pBS-Tween followed by 3times rinsing in between each staining step. The sections were

counterstained with prolong gold/Dapi (Invitrogen, p36931) and examined with a Leica

DMIRE2 microscoop with a NUANCE2 multi spectral imaging system version 2.8.

Morphological examination and 3-D reconstruction

3-D reconstructions were generated of representative E11.5 and E15.5 wild type and

knockout embryos, displaying the morphological differences. The reconstructions were made

as described earlier,28 establishing the various stainings in each reconstruction, using the

AMIRA software package version 5.4 (Template Graphics Software, San Diego, CA). 

Myocardial morphometry

We performed morphometry on the ventricular myocardium (E12.5–E15.5) and the

endocardial cushions (E10.5–E14.5) by the method of Gunderson et al. based on Cavalieri’s

principle.29 In short, to measure ventricular myocardium we randomly positioned regularly

spaced points (49 mm2 grid for E12.5 and E13.5, and 100 mm2 for E14.5 and E15.5) on the

MLC-2a-stained ventricular myocardium of embryos from E12.5 to E15.5. We compared the

total ventricular myocardial volumes of wild type embryos and Lrp2 knockout embryos from

different litters. For E15.5 we also analyzed 5 available heterozygous embryos. After analyzing

the 5 heterozygous embryos of E15.5 and confirming that heterozygous Lrp2 embryos did

not have a phenotype, we counted two heterozygous embryos of E12.5 and included them in

the wild type group for this embryonic day. We established the percentage of compact and

trabecular myocardium in these wild type and knockout embryos. The distance between the

subsequent sections of the slides was either 0.075 mm or 0.01 mm depending on the number

of sections which differed between the embryos. 10 sections was considered to be sufficient

for morphometry. volume measurements were performed using an Olympus microscope with

a 40 times or 100 times magnification. The same method was used to measure the total

volume of the endocardial cushions and the volumes of the outflow and inflow tract cushions

for E10.5–E14.5. The distance between the subsequent sections of the slides was either

0.025 mm or 0.05 mm. 

Statistics

Statistical analysis on the volume measurement was performed with Mann-Whitney U test

and linear regression analysis. All data of the volume measurements have been presented as

average ± SD. Significance was assumed when p<0.05 using the SpSS 20.0 software program

(SpSS Inc., Chicago, USA).
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Results

General characteristics of Lrp2 knockout embryos

The average number of embryos per pregnancy was 8.2. Two litters were smaller due to

embryo loss indicated by the presence of resorbed embryonic and placental tissue. We

observed a normal Mendelian ratio of homozygous Lrp2 -/- embryos from embryonic day

10.5 to 15.5 (Table 2, p=0.744). 

Figure 1 shows the expression of LRp2 protein. At E10.5 LRp2 is highly expressed in the

non-septated cardiac outflow tract region (Figure 1a, 1b). This area does not contain

differentiated cardiomyocytes being tropomyosin negative but will contribute to the future

smooth muscle cells of the arterial pole includingascending aorta and pulmonary trunk, and

myocardial OFT of both left and right ventricle. It consists of Nkx2.5 positive and troponin

negative cells, CNCCs, and SHF cells. During septation the wall of the ascending aorta

(Figure 1c, 1d) and pulmonary trunk remain LRp2 positive. The differentiating myocardium

is LRp2 negative. At day E12.5 the LRp2 expression is restricted to mesenchymal cells in the

OFT cushions (Figure 1e, 1f). 

The two mesenchymal prongs of the outflow tract septum are slightly positive (figure 1e, 1f).

From this stage onwards the endocardial cells in the OFT become LRp2 positive (Figure 1g,

1h). Next to the heart also the mesothelial lining of the pericardial cavity expresses LRp2

(Figure 1c, 1e, 1g).

LRP2 is crucial for development of the cardiac outflow tract, atrioventricular

valves and formation of the compact ventricular myocardium 

Severe cardiac malformations were seen in all Lrp2 knockout embryos at E14.5 and E15.5

(Table 3). The most obvious cardiac anomaly was a common arterial trunk (CAT) in 8 out

of 9 embryos (Table 3, compare Figure 2a with 2b). Six embryos with a CAT also had a

ductus arteriosus. One embryo presented a double outlet right ventricle (DORv) in combination

with a hypoplastic aorta. All embryos from E15.5 showed ventricular inflow abnormalities

ranging from a mild overriding tricuspid orifice (n=3; compare Figure 2c with 2d) to severe

phenotypes with a double inlet left ventricle (n=2) (Table 3). One embryo had straddling of

the tricuspid valve in combination with mitral valve atresia. 

Aortic arch anomalies were seen in 4 out of 9 knockout embryos at day E15.5. Two embryos

showed a right aortic arch with a left arteria lusoria, while 3 embryos displayed a left and

right brachiocephalic artery. In 4 embryos (E15.5) the right pleural cavity was not separated

from the pericardial cavity resulting in an abnormal position of the right lung next to the

heart (Table 3).

The total ventricular myocardial wall thickness in the 5 knockout embryos of E15.5 was

significantly reduced (p=0.008) compared to wild type (compare Figure 2c with 2d, Figure

3a, Table 3). We found that the reduction in myocardial thickness was mainly caused by a

less compact myocardium (Figure 2e, 2f, Figure 3b). 
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Five out of 9 embryos had abnormal epicardial blebbing containing red blood cells on the

outer surface of the left ventricle (Table 3, Figure 7b) indicative of endocardial-coronary

fistula formation in the myocardial wall.

LRP2 is crucial for migration and development of the second heart field at the

pulmonary and aortic side of the oFT 

We performed morphometry of the developing OFT cushions from E10.5-14.5 to analyze

differences explaining the CAT in Lrp2 knockout mice. After correction for total ventricular

myocardial volume for embryonic developmental stage, there was no statistically significant

difference between knockout and wild type (Figure 4b), indicating that the difference at

E10.5 between knockout and wild type in Figure 4a is possibly the result of a coincidental

variance in developmental stage between the harvested litters rather than a developmental

disturbance. This was furthermore confirmed by comparing the knockouts and wild types

during development of the cushions from E10.5 and E14.5, measured as ratio of the total

ventricular myocardial volumes. Linear regression showed that there was no difference

between the OFT cushion volumes between wild type and knockout embryos (p=0.929,

Figure 4c).

SHF cells, defined as an extracardiac population negative for Mlc2a or tropomyosin and

positive for Nkx2.5 from the area around the thyroid gland, is connected alongside the third

pharyngeal arteries with the right side of the cardiac OFT, from which the future proximal

part of the ascending aorta will develop (Figure 5a-5c). SHF cells from the area around the

thyroid that run dorsally to the aortic sac and in between de sixth pharyngeal arch arteries

connect with the left side of the cardiac OFT (Figure 5e-5f). This part of the SHF will

contribute to the future pulmonary trunk, a described by Scherptong et al.28 In Lrp2

knockout mice these two prongs of SHF cells appear to be abnormal. The first prong that

contributes to the right side of the OFT is not connected to the right sided Nkx2.5 positive

cells of the OFT, while also the number of SHF cells is reduced (Figure 5d-5f). The second

prong in between the sixth pharyngeal arch arteries fails to connect to the left sided Nkx2.5

positive cells of the OFT. Compared to the wild type the position of the prong has shifted

towards a more dorso-inferior position (Figure 5g-5i). 

No differences have been observed in the number of CNCCs around the pharyngeal arch

arteries and in the OFT, including their distribution patterns during OFT septation, comparing

Lrp2 wild type and knockout mice. In both wild type and knockout embryos the first CNCC

arrived in the outflow tract cushions at day E11.5 (Figure 6a-6d).

Lrp2 knockout mice display abnormal epicardial-myocardial interaction 

Since Lrp2 knockout mice display hypoplasia of the ventricular myocardium (Figure 3a), we

investigated whether this was due to abnormal formation of the compact myocardium.

Therefore, we measured the volumes of the compact ventricular myocardial layer including

the ventricular septum from E12.5 to E15.5 encompassing the total volume of the ventricular

myocardium (compact and trabecular myocardium). In wild type embryos the total volume of

the ventricular myocardium hardly increases from E12.5-E13.5, in contrast to E14.5 and

E15.5 where a strong increase is observed (Figure 3a) corresponding with normal
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development. Normally, increase of the compact ventricular myocardium is a linear process

marked by a regression coefficient that is close to 1 measured from E12.5–E15.5 (Figure 3c,

R2 0.98). The amount of compact myocardium measured as the ratio of the total ventricular

myocardium increases strongly at E14.5 and E15.5 (Figure 3b). This ratio was not

significantly reduced in the knockout embryos for E12.5–E13.5, but significantly reduced for

E14.5 and 15.5 (Figure 3b, p=0.019 and p=0.008). In mutants we observe the same linear

process of formation of the compact ventricular myocardium for the younger stages (E12.5,

E13.5, and E14.5) but at E15.5 the regression line slopes rapidly downwards. (Figure 3c).

The differences in the ratio over time between knockout and wild type was statistically

significant (p<0.05), Figure 3c).

At E13.5 the epicardium and 1–2 layers of subepicardial cells are equally present in both wild

type and knockout embryos (Figure 7a, 7b). At E14.5 we opbserve a comparable number of

EpDCs migrating into the developing free wall of the right ventricle in the knockout compared

to the wild type, but a reduced number of EpDCs migrating into the free wall of the left

ventricle (Figure 7c, 7d). At E15.5 the number of WT1 expressing EpDCs that is still

recognizable in the ventricular myocardial wall is larger in the knockout (Figure 7e, 7f). The

compact myocardial layer in the knockout is significantly reduced compared to the wild type

(Figure 7e, 7f), which is consistent with the the myocardial morphometry described above.

Expression of RALDH2 was normal in knockout embryos (data not shown) indicating that RA

synthesis remains possible in Lrp2 knockout mice. 

Discussion

LRp2 is crucial for embryonic development in mice and humans and a role is mentioned in

the neural crest 4 and in SHH signaling,5 but a thorough analysis in cardiac development is

lacking. Therefore, we investigated the hearts of Lrp2 knockout embryos in a developmental

series between embryonic day 10.5–15.5. For the first time, we were able to demonstrate that

LRp2 is crucial for normal cardiac development. Absence of LRp2 resulted in OFT anomalies

(CAT, aortic arch anomalies), a spectrum of inflow tract abnormalities and marked reduction

of the compact layer of the ventricular myocardium.

Septation of the outflow tract is a process that is orchestrated by the neural crest and the

second heart field.21, 23, 25, 26 The major signaling pathways for OFT septation are Wnt, BMp,

fibroblast growth factor 8, Notch and SHH.26 Here, we show that in Lrp2 knockout embryos

OFT septation fails. This is possibly due to a disturbed downstream signaling to the

surrounding myocardium , since the migration of the CNCCs into the outflow tract in the

knockout embryos did not seem to be affected. The SHF plays a major role in signaling

determining the septation of the OFT.30 Cells from the SHF are continually added to the

arterial pole to lengthen the OFT and to reposition it above the right and left ventricle.23

During lengthening and septation of the OFT LRp2 is expressed in all the contributing cell

populations i.e. SHF, CNCC, endocardium and pericardial mesothelium, and indicating

involvement in OFT formation. In this project we have provided evidence that the SHF cells

that are Nkx2.5 positive and Mlc2a or tropomyosin negative, from the area around the
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thyroid gland, connect to the aortic and pulmonary side of the distal OFT. The contribution of

the SHF to the aortic side has to our knowledge never been described. Interestingly, both SHF

migration patterns are disturbed in Lrp2 knockout mice. This includes a severe reduction in

the number of SHF cells, resulting in a CAT with an almost 90% penetrance. Since our data

show that LRp2 is expressed by both the cardiac neural crest and the SHF derived cells, it is

expected that the combined action of the CNCCs and the SHF underlies the OFT anomalies

seen in Lrp2 knockout embryos. Future studies are needed to further elucidate the role of the

CNCCs in Lrp2 knockout embryos. 

Secondly, the process of formation of the compact ventricular myocardium is severely

disturbed. This process is orchestrated by epicardial derived cells (EpDCs) that migrate from

the epicardium around E13.5 into the ventricular myocardium (reviewed by 16) where they

contribute to the myocardial architecture as interstitial fibroblasts.31 Normally, at E15.5 the

process of formation of the compact myocardium is almost finished. At E15.5 there was a

significant reduction in the volumes of the compact myocardium in the knockout (p=0.008).

Interestingly, the EpDCs seem to undergo normal EMT but fail to migrate sufficiently into the

myocardium, being more obvious for the left ventricle  as supported by expression levels of

WT-1 and RALDH2. This is supported by an increased number of EpDCs in the ventricular wall

of the knockout around E15.5. It is postulated that these EpDCs would normally migrate deep

into the compact myocardium but fail to migrate that far. These data suggests that

downstream signaling which determines their differentiation into fibroblasts in the compact

layer of the ventricular myocardium, is disturbed.

Resemblance of Lrp2 knockout with other animal models point towards 

disturbed RA signaling

Retinoic acid is crucial for cardiac development, especially for the outflow tract and the

formation of the compaction ventricular myocardium.32 Retinol (the inactive form of retinoic

acid) enters the cell bound to retinol binding protein (RBp). After entering the cell, retinoic

acid is synthesized by RALDH2, an enzyme which is highly expressed during formation of the

compact myocardium by EpDCs and regulated by WT1.19 Since LRp2 is a RBp receptor 6 and

the Lrp2 knockout mouse displays both outflow tract anomalies and less compact ventricular

myocardium as demonstrated in this manuscript, the underlying mechanism is suspect for

disturbed RA signalling. Other knockout models point in the same direction. Retinoic acid

receptor (RAR) knockouts, for example RARα1/RARβ double knockouts, have a 100%

penetrance of CAT.33 In these mice a marked shortened OFT arises from the right ventricle.

RA signaling is carried by the SHF and the cardiac neural crest.26 Interestingly Jiang et al.

showed that in the RARα1/RARβ mice the number, migration and differentiation of CNCC

were normal, highly resembling our Lrp2 knockout mice.33 The CNCC itself is not affected by

the LRp2 depletion. 

Furthermore, resemblance of the phenotype of patients with a STRA6 mutation (Mathew-

Woods syndrome) with patients with an LRP2 mutation (Donnai-Barrow syndrome) is obvious

as is the resemblance of a zebrafish model in which STRA6 function is disrupted 34, 35 with

the Lrp2 knockout mouse. The phenotype in humans with a STRA6 mutation includes outflow

tract anomalies, while extracardiac anomalies highly resemble the phenotype of the Lrp2
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knockout mouse, and humans with an LRP2 mutation with diaphragmatic hernia and

anophtalmia. STRA6 is the most important RBp receptor in humans.36 Unfortunately, little is

known on STRA6 expression during heart development, and the cardiac phenotype in the

zebrafish model has not been studied in detail as well. Further studies are necessary to

elucidate co-expression of STRA6 with LRP2 in RBp uptake during outflow tract formation and

myocardial compaction. 

new insights in SHF contribution to the distal oFT as possible mechanism for

oFT septation. Is there a role for SHH? 

LRp2 is known to bind SHH in significant amounts 5 and is thought to play an important role

in SHH signaling. It is plausible that due to absence of a functional LRp2 protein in the OFT

region, SHH signaling is disturbed. The Shh-null mouse displays a CAT, pulmonary atresia,

ventricular hypoplasia, AvSD and forebrain defects that highly resemble those of Lrp2

knockout mouse.37–40–45 The underlying mechanism that seems to cause the OFT

abnormalities in these mice is a disturbed number of CNCC as well as a disturbed migration 41

which is normal in Lrp2 knockout mice. However, the study from Goddeeris and colleagues

report that besides for survival of the CNCCs, SHH also plays an important role in the SHF.

The pharyngeal endoderm, which is adjacent to SHF population around the thyroid secretes

SHH in high amounts but also expresses LRp2 26, 39 and is thought to orchestrate the SHF.

Interestingly SHH regulates TBX1 expression,42 which in turn influences RA signaling.43 The

current hypothesis is that SHH and RA act in parallel with other pathways such as the BMp

and nodal pathway, in the regulation of shared target genes.44, 45 Future studies should

reveal what these target genes are, and through which pathways LRp2 influences cardiac

development.

LRP2 as cholesterol transporter on yolk sac and placenta as a possible 

causative factor. 

Cholesterol is important for embryonic development. patients with Smith-Lemli-Opitz

syndrome, an autosomal recessive disease of the endogenous cholesterol synthesis, display

a broad range of congenital anomalies resembling those with Donnai-Barrow syndrome.46

The underlying mechanism in Smith-Lemli-Opitz syndrome is a disturbed SHH-GLI signal

transduction as cholesterol is essential to activate this pathway.47

It is postulated that besides endogenous cholesterol synthesis also maternal-fetal cholesterol

transport across yolk sac and placenta is important for embryonic development.48, 49 LRp2

functioning is intriguing since it is expressed at all maternal-fetal interfaces throughout

development.48 Furthermore, ligands capable of binding to LRp2 are essential for embryonic

development as mentioned before. The question raises whether a disturbed maternal-fetal

cholesterol transport can systemically cause the anomalies seen in Lrp2 knockout mice, or

alternatively, that defects in fundamental local signaling cascades such as disturbed Wnt/BMp4

signaling, SHH signaling, RA signaling, or even impaired local uptake of cholesterol by the

heart itself are the underlying causes. Targeted disruption of Lrp2 specific for the neural floor

plate during embryogenesis resulted in offspring with the same neural tube and forebrain

anomalies as seen in the complete knockout which suggests that the function of LRp2 in

signaling cascades is likely causing the neurological phenotype.4, 50 Impaired neural crest cell
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development and differentiation plays a key role in the neural tube and forebrain defects in

the Lrp2 knockout mouse, together with disturbed SHH signaling.50 possible future studies to

reveal the exact underlying mechanism can be a yolk sac and placenta specific Lrp2 knockout

in which the heart is thoroughly examined and functional studies that analysis the cholesterol

transport function of LRp2 inutero.

In summary, Lrp2 knockout mice display a range of cardiovascular abnormalities resulting

from failure of outflow tract septation, failure of a normal ventricular inlet formation, and

failure of formation of the compact ventricular myocardium. The underlying process for OFT

abnormalities are severe deficiencies in distribution of SHF derived cells, and development

towards the base of the OFT. The underlying process for failure of the formation of the compact

ventricular myocardium remains unclear, but seem to be related to deficient migration of

EpDCs into the ventricular myocardium. We propose that anomalies seen in the Lrp2 knockout

mice resemble non-compaction cardiomyopathy in humans since in the Lrp2 mutant failure

of migration of the EpDCs is more pronounced in the left ventricle. Disturbed downstream

signaling in which LRp2 functions as a SHH receptor and/or RBp receptor are potential

causative factors. However, we contemplate that the function of LRp2 on cholesterol transport

either in the heart itself or at the level of the maternal-fetal interfaces may also play a

significant role in cardiac development.

Based on the cardiovascular abnormalities found in Lrp2 knockout mice, together with the

existence of a human phenotype (Donnai-Barrow syndrome), we propose that LRp2 also plays

an important role in cardiogenesis in humans. Further research must focus on identifying

LRp2 mutations in humans with syndromic congenital heart disease, including CHD plus

associated extra-cardiac anomalies. 
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Tables and figures

Table 1

Lrp2 primers used for genotyping 1–3 and for generation probe (xxx bp) for 

in-situ hybridization 4, 5

Table 2

Lrp2 -/- embryos and embryo remnants in Lrp2 litters 

There was no statistical difference between the observed Mendelian ratio and the expected

Mendelian ratio measured with the Chi square test (unadjusted). 
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Primer Name Primer sequence: Primer Length: 

1. Lrp2–E+T-F (G21) CATATCTTGGAAATAAAGCGACATC 25

2. Lrp2–E-R (G20) TCTCCTGTCAGTCCCATCGTA 21

3. Lrp2–T-R (BPA) GAGGATTGGGAAGACAATAGCA 22

4. Lrp2–xxx 

5. Lrp2–zzz 

E10.5 E11.5 E12.5 E13.5 E14.5 E15.5 Total

WT 6 4 1 6 5 10 32

HET 6 9 10 8 11 23 67

KO 6 4 6 5 8 9 38

Total 18 17 17 19 24 42 137

WT HET KO

Observed 32 67 38

Expected 34.25 68.5 34.25

χ2 p=0.744 (2-sided)



Table 3

Cardiac anomalies in Lrp2 knockout embryos from E14.5 and E15.5
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Total number of knockout hearts E14.5 (n=4) E15.5 (n=5) 

Aortic arch anomalies

Arteria lusoria 0/4 2/5 

Right aortic arch 0/4 3/5

Right brachiocephalic artery 0/4 3/5 

Outflow tract anomalies

Common arterial trunk without ductus arteriosus 1/4 2/5 

Common arterial trunk with ductus arteriosus 2/4 3/5

Double outlet right ventricle with hypoplastic aorta 1/4 0/5 

Ventricular inlet abnormalities

Ventricular septal defect perimembranous type 4/4 5/5 

Ventricular septal defect muscular type 1/4 4/5

Atrial septal defect type II 0/4 1/5

Common atrioventricular valve 0/4 2/5 

Double inlet left ventricle 0/4 2/5

Mitral valve atresia 0/4 2/5 

Straddling tricuspid valve 0/4 3/5

Ventricular myocardium 

Myocardial hypoplasia 4/4 5/5

Ventricular myocardial non-compaction 2/4 5/5 

Other

Common right pleural and pericardial cavity 0/4 4/5



Figure 1 

Figure 1: LRp2 expression in the developing and septating cardiac OFT in combination with

Nkx2.5 (a, c, e, g) or tropomyosin (b, d, f, h) in WT mice at stage E10.5 (a, b), E11.5 (c, d),

E12.5 (e, f) and 13.5 (g, h). 

Tropomyosin indicates the differentiated cardiomyocyte population. LRp2 is expressed in the

non-myocardial OFT region (a, b) which contain neural crest and second heart field cells

(Nkx2.5 positive and tropomyosin negative cells). 

During septation at E11.5 to 12.5 the ascending aorta (Ao), and pulmonary trunk (Pu) are

LRp2 positive (c, d). LRp2 expression becomes restricted to the non-myocardial cells in the

OFT (e, f) with the most remarkable mesenchymal prongs of the ouflow tract septum. 

In E13.5 the endocardial cells in the OFT become LRp2 strongly positive (g, h). The

mesothelial lining of the pericardial cavity (arrow heads) expresses LRp2. Left ventricle (LV),

Right ventricle (RV). 

Bar = 100µm.
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Figure 2 
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Figure 2: Hearts of wild type (WT: a, c, e) and knockout (Ko: b, d, f) Lrp2 mice at

embryonic day 15.5 stained for the myocardial marker Mlc2A and 3-D reconstructions (g, h) 

In wild type embryos both aorta (AAo) and pulmonary trunk (PT) are present (a, g). 

In the knockout embryos there is only one outflow vessel, a common arterial trunk (CAT)

above the right ventricle (RV) (b, h). 

Figure 2c-d shows sections of the atrioventricular canal which is normally marked by a

tricuspid valve (TV) above the right ventricle (RV) and a mitral valve (MV) above the left

ventricle (LV) with an intact ventricular septum (VS) (c). 

In the knockout embryo a partial common atrioventricular valve is present and the alignment

of this common Av valve (AVC) is mainly above the left ventricle (partial double inlet left

ventricle) above a ventricular septal defect (VSD) (d). 

Normally the ventricular myocardium at E15.5 is compact (e). 

In Lrp2 knockout embryos compaction of the myocardium of the LV, RV and VS has failed

(f). Descending aorta (Dao). 

scale bar A-D: 200µm; E-F: 100µm.
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Figure 3 

Figure 3: Myocardial morphometry of the ventricular myocardium between E12.5 and E15.5

in Lrp2 knockout (KO) and wild type (WT) embryos 

a. shows the absolute total ventricular myocardial volumes including standard deviations

(SD) for each embryonic day (* p=0.008). 

b. shows the ratios compact ventricular myocardial volumes / total ventricular myocardial

volumes including SD for each embryonic day (* p=0.019 en # p=0.008).  

c. shows the distribution of the compact myocardial volumes relative to the total ventricular

myocardial volumes for each embryonic day. 

Different colors indicate the different developmental stages. R2 regression coefficients are

shown for both wild type and knockout embryos (R2=0.987 and R2=0.671). The variation in

the knockout group is due to a broad range of the severity of the non-compaction of the

ventricular myocardium at E14.5 and E15.5. The process of compaction of the ventricular

myocardium was statistical significantly different between knockout and wild type embryos

(* p<0.05) measured by linear regression analysis.
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Figure 4

Figure 4: Outflow tract (OFT) cushion volumes between E10.5 and E14.5 in Lrp2 knockout

(KO) and wild type (WT) embryos. 

a. displays absolute OFT cushion volumes (* p=0.029). 

b. the ratios OFT-cushion volumes divided by total ventricular myocardial volumes. 

c. the OFT cushion volumes are shown relative to total ventricular myocardial volumes (as

measure for gestational age) for both wild type and knockout Lrp2 mice. 

R2 is regression coefficient. Linear regression analysis did not show any differences in OFT

cushion volumes between the knockout and wild type embryos during ventricular growth

(p=0.929).
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Figure 5
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Figure 5: SHF contribution to the cardiac oFT

Hearts of Lrp2 wild type (WT) (a, b, c, g, h, i) and knockout (KO) (d, e, f, j, k, l) embryos

stained with the SHF marker Nkx2.5 and 3-D reconstructions of the embryos shown in the

transverse sections. In Lrp2 wild type embryos of E10.5 (a, b, c) SHF cells, as defined by

Nkx2.5 positive and Mlc2a negative population (yellow in reconstructions) from the area

around the thyroid are connected (arrow) with the right sided myocardium of the OFT 

(Mlc2a and Nkx2.5 positive) from which the ascending aorta will develop (a, b, c). 

The SHF cells that originate from the thyroid and run dorsally to the aortic sac connect

inferiorly (arrow head) with Nkx2.5 and Mcl2a positive cells at the left side of the OFT, the

future pulmonary trunk (g, h, i). In Lrp2 knockout embryos of the same gestational age, SHF

cells from the thyroid fail to connect (arrow) with Nkx2.5 positive cells at the left side of the

aortic sac (d, e, f) and SHF cells that from the dorsal side of the aortic sac are not connected

(arrow head) to Nkx2.5-Mlc2a positive myocardial cells at the left side of the OFT (j, k, l).

Scale bars: 100 µm.
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Figure 6 

Figure 6: Fluorescent double immuno staining of CNCC (Ap2alpha, red) and SHF (nkx2.5,

green) of wild type (WT) (a, c) and knockout (Ko) (b, d) Lrp2 mice of E11.5. 

Nuclei are counterstained with Dapi (blue). Both in wild type and knockout neural crest

derived cell have migrated into the OFT cushions (arrows) and form the future prongs of the

aortopulmonary septum. 

Right atrium (RA), right ventricle (RV). 

Scale bar a, b: 100µm. Scale bar c, d: 50 µm.
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Figure 7

Figure 7: Epicardial-myocardial interaction in Lrp2 knockout (Ko) (b, d, f) and wild type

(WT) (a, c, e) mice (E13.5–E15.5) stained with Wilms Tumor 1 (WT1). 

At E13.5 the ventricular myocardium is covered with epicardium containing EpDCs (a). At

E14.5 the EpDCs migrate into the ventricular myocardium (c) to establish compaction which

is almost complete at E15.5 (e). 

In Lrp2 KO embryos the epicardium is normal at E13.5 (b). The migration of EpDCs into the

ventricular myocardium at E14.5 is normal in Lrp2 KO embryos (d). However, at E15.5 a thin

myocardium is seen although EpDCs are still located in the ventricular myocardium (f).
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Abstract

n Introduction 

Cholesterol is indispensable for Sonic Hedgehog signalling and is, therefore, of crucial

importance for embryonic development. We have recently described how mice completely

lacking functional Lrp2 display severe congenital heart defects. Although lipoproteins have

been identified as potential LRp2 ligands experimentally, and LRp2 has been shown to

have a role in conjunction with its co-receptor cubilin in mediating uptake of HDL-derived

cholesterol, the contributing effect of LRp2 on maternal-foetal cholesterol transport and

on foetal cholesterol levels in utero has not been quantitatively studied. We hypothesized

that a lack of maternal cholesterol could be involved in the pathogenesis of heart defects.

We therefore mated heterozygous Lrp2 female mice with heterozygous males and treated

the pregnant animals with probucol to lower maternal HDL levels. We anticipated that, if

our hypothesis was correct, we would find reduced maternal-foetal cholesterol transport

in the absence of LRp2 in the placenta and the yolk sac. Consequently, upon probucol

treatment, we expected to find heart defects that otherwise lacked a phenotype in the

heterozygous foetuses.

n Methods 

We studied Lrp2 -/-, +/+ and +/- mice. Half of the dams received a 0.5% probucol-enriched

diet during gestation. At E13.5, D7 cholesterol was injected intravenously in the pregnant

dams after which they were provided with drinking water supplemented with 2% 1-13C

labelled acetate. At E16.5, embryos were collected, blood spots were taken and organs

collected. We quantified cholesterol synthesis using the mass isotopomer distribution

analysis (MIDA) approach, and maternal cholesterol transport by measuring the D7-

labelled cholesterol in the foetuses by gas chromatography/mass spectrometry. At E15.5,

histopathological analysis was performed on the hearts of 12 heterozygous Lrp2 pups,

with and without probucol exposure in utero, to investigate the potentially harmful effect

of a low maternal cholesterol environment on cardiac development.



n Results 

probucol supplementation lowered maternal plasma cholesterol by more than 60%

(p=0.016), but did not influence litter size, foetal length, or cardiac development in Lrp2 +/-

foetuses. We showed that probucol exposure in utero decreases maternal-foetal cholesterol

transport by 50% in our mouse model, but that this is compensated by an increased

cholesterol synthesis rate in foetal tissues. We found no differences in maternal-foetal

cholesterol transport between Lrp2 knockout and wildtype offspring.

n Conclusions 

Maternal-foetal cholesterol transport and endogenous foetal cholesterol synthesis

depend on maternal cholesterol concentrations, but do not involve LRp2 in the third

trimester of pregnancy in mice, which suggests a primary role for LRp2 in signalling

during embryogenesis in man, and seems to exclude a quantitative role for LRp2 in

maternal-foetal cholesterol transport in the third trimester of pregnancy. Our results further

support the concept that the mouse foetus can compensate for decreased maternal

cholesterol levels. It therefore remains a relevant question as to how the delicate

system of cholesterol transport and synthesis is regulated in the human foetus and

placenta.
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Introduction

Cholesterol is important for embryonic development and foetal growth since it is part of all

cell membranes, a precursor for steroid hormones, and the activator of the Sonic Hedgehog

SHH-GLI transcription pathway. Errors in this pathway are known to cause serious birth

defects, ranging from mild microcephaly to severe holoprosencephaly, neural tube defects,

and heart defects.1–3 In addition to cholesterol biosynthesis by the foetus itself, it has been

shown that maternal and foetal plasma cholesterol levels are strongly correlated during most

of gestation 4 and recent studies have shown that maternal cholesterol is transported to the

foetus in significant amounts during the second trimester of pregnancy.5, 6 This suggests that

maternal cholesterol may be the most important source for the growing foetus during organ

development when its own cholesterol synthesis is relatively low.

Associations between low maternal cholesterol levels and adverse birth outcome have been

described previously.7–9 However, a recent study showed that mothers with higher

cholesterol levels also have a higher chance of giving birth to a child with a congenital heart

defect.10 A pregnancy is per definition hypercholesterolemic.11 Analysing the effects of

hypercholesterolemia in pregnant women is complex, since cholesterol levels are not routinely

screened for during pregnancy. It is, however, of crucial importance to know whether

maternal-foetal cholesterol transport is involved in organogenesis, since the prevalence of

diseases affecting maternal cholesterol levels, such as diabetes and obesity, is rapidly

increasing among pregnant women.12

Maternal-foetal barriers – the yolk sac and placenta – are known to express a number of

proteins involved in cholesterol transport, which further suggests that maternal cholesterol is

an important source of foetal cholesterol (reviewed in 13–15). The absence of these cholesterol

transporters in mouse models show different phenotypes, ranging from early developmental

arrest and exencephaly in scavenger receptor class B-deficient embryos 16 to no birth defects

in low density lipoprotein receptor knockout pups.17

One receptor is, however, of particular interest, since it is known that mutations in this gene

give a human phenotype with congenital anomalies.18 Lipoprotein receptor-related protein 2

(LRp2), also known as Megalin, is highly expressed on both secondary yolk sac and placenta

during pregnancy (reviewed in 19). It is known to bind a number of ligands, including LDL

cholesterol, and in co-transport with cubilin, is involved in HDL cholesterol transport.20

Mice homozygous for Lrp2 knockout are born with severe birth defects, including

holoprosencephaly, neural tube defects, and kidney abnormalities; they die within 24 hours

of birth.21 Although absence of functional LRp2 in the foetus itself is most likely causing the

observed congenital anomalies in Lrp2 -/- foetuses, a contributing effect of receptors on

nutrient transport and foetal organ development may play a role.22, 23

We have recently discovered that Lrp2 -/- mice develop severe congenital heart anomalies

(Appendix 5). Lrp2 -/- foetuses show a 100% penetrance of congenital heart anomalies,

including conotruncal defects, aortic anomalies, atrioventricular valve defects, and disturbed
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compaction of the ventricular myocardium. Compaction of the ventricular myocardium in

Lrp2 -/-  foetuses was almost completely absent at embryonic day E14.5 and E15.5.

Furthermore, an absent pleural cavity was observed in over 50% of the embryos. We

therefore chose to perform a cholesterol transport study in Lrp2 knockout mice to investigate

whether LRp2 on yolk sac and placenta is involved in maternal-foetal cholesterol transport.

As HDL- and LDL-derived cholesterol are known LRp2 ligands, we hypothesized that a

depletion of maternal cholesterol could be involved in the pathogenesis of the congenital

heart anomalies in Lrp2 knockout embryos.20, 24

To further elucidate the effect of adverse maternal cholesterol levels on maternal-foetal

cholesterol transport and endogenous cholesterol biosynthesis in the foetus, we administered

probucol to half of the dams during pregnancy. probucol is known to reduce the total plasma

cholesterol levels in mice by over 60%, mainly by reducing HDL cholesterol levels.25 This is

of particular interest since maternal obesity and diabetes are known to lead to a reduction in

HDL cholesterol. In this study, we used probucol as a model for decreased maternal cholesterol

availability to the foetus during gestation. We further investigated whether this would affect

foetal and cardiac development for otherwise phenotypically normal Lrp2 +/- foetuses.

Therefore, to examine the role of LRp2 in foetal cholesterol metabolism, we used stable isotope

labelling to quantify maternal-foetal cholesterol transport and foetal cholesterol synthesis in

Lrp2 +/+, Lrp2 +/- and Lrp2 -/- foetuses. We used probucol as a model for decreased maternal

cholesterol availability to the foetus. We anticipated that, if our hypothesis was correct, we

would find reduced maternal-foetal cholesterol transport in the absence of LRp2 in the placenta

and the yolk sac. Consequently, upon probucol treatment, we expected to find heart defects

which would otherwise lack a phenotype in the heterozygous foetuses.

Materials and methods

Animals

Mice with a disruption of the Lrp2 gene have been described previously 21 and were kindly

provided by Thomas Willnow (Max Delbrück Centre for Molecular Medicine, Berlin, Germany).

virgin female Lrp2 +/- mice were fed with either RMH-B breeding and maintenance diet 

(AB-diets, Woerden, the Netherlands) or this diet supplemented with 0.5% probucol (Sigma-

Aldrich, Zwijndrecht, the Netherlands). The animals were housed in temperature-controlled

rooms (23 °C) with a 12/12-hour light/dark cycle. Water and food were provided ad libitum

throughout the experiments. After one week, the Lrp2 +/- females were mated with Lrp2 +/-

males overnight, and the morning after the mating was taken as E0.5. All experimental

procedures were approved by the University of Groningen’s ethical committee for animal

experiments.
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Experimental procedures

Administration of stable isotopes and collection of foetal tissues

On day E13.5, the pregnant females received a 0.5 mg intravenous dose of [25,26,26,26,27,

27,27]-D7-cholesterol (Cambridge Isotope Laboratories, Andover, MA, USA) dissolved in intra-

lipid (20% Fresenius Kabi, Den Bosch, the Netherlands) by retro-orbital injection. Directly

following the injections, the females were housed separately and provided with drinking

water supplemented with 2% 1-13C labelled acetate (Isotec, Miamisburg, OH, USA).

Bloodspots were collected twice a day, before administration of the labelled cholesterol/acetate

(T=0), by tail bleeding on filter paper. At day E16.5, the females were anaesthetized with

isoflurane and terminated by cardiac puncture and cervical dislocation. Blood was collected in

EDTA-containing tubes and stored at -80 °C. The uteri of the pregnant dams were excised

and kept in pBS on ice while extracting the foetuses. Liver and brain of the dams and the

placentas were collected in pre-weighed Eppendorf tubes and snap-frozen in liquid nitrogen.

Foetal blood was collected as spots by exsanguination on filter paper. Foetal heart, liver and

brain were collected by microscopic dissection, transferred to pre-weighed Eppendorf tubes

and snap-frozen in liquid nitrogen. Genotyping was done as previously described

(Appendix 5).

Histological examination of the foetal hearts

For histological examination of the foetal hearts, we isolated thoraxes of the embryos at

E15.5, which were then fixed in 4% paraformaldehyde for 48 hours and routinely processed

for paraffin immuno-histochemical evaluation using myocardial light chain-2a (Mlc-2a) as a

marker. Counterstaining was performed with 0.1% haematoxylin (Merck, Darmstadt, Germany)

for 5 seconds, followed by rinsing with tap water for 10 minutes, dehydration and finally,

mounting with Entellan (Merck, Darmstadt, Germany). To examine the effect of low maternal

cholesterol on cardiac development in heterozygous foetuses, a total of 7 Lrp2 +/- embryos

with probucol treatment and 5 untreated Lrp2 +/- embryos were examined histologically and

via cardiac morphometry. We performed morphometry on the ventricular myocardium at

E15.5 by analysing the ratio of the compact ventricular myocardial volume against the total

ventricular myocardial volumes. For a detailed description of the methodology, see

Gunderson et al. 1988.26

Analytical procedures

Fast protein liquid chromatography

pooled plasma samples from dams of the control and probucol-supplemented group were

subjected to fast protein liquid chromatography (FpLC) gel filtration using a Superose 6

column (GE Healthcare, Uppsala, Sweden). Samples were chromatographed at a flow rate of

0.5 ml/min and fractions of 500 μl were collected. Individual fractions were assayed for

cholesterol concentrations using a commercially available enzymatic assay (Roche

Diagnostics, Mannheim, Germany).
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Lipid extraction and gas chromatography/mass spectrometry

Cholesterol was extracted from both dam and foetal bloodspots with 1 ml of 100% ethanol/

acetone (1:1 v/v) for gas chromatography/mass spectrometry (GC/MS) analysis according

to.27 prior to the lipid extractions, 10% pBS-tissue homogenates were produced for both

foetal and adult tissues using a Tissuelyser LT (Qiagen, Hilden, Germany). Total lipids were

extracted from both dam and foetal tissues according to Bligh and Dyer.28 A sub-fraction of

the total lipid tissue extracts were emulsified using 2% triton X-100, after which total

cholesterol concentrations were determined using a commercially available enzymatic assay

(Roche Diagnostics). For GC/MS, unesterified cholesterol from both bloodspots and tissue

extracts was derivatized using N,O-bis-(trimethyl)trifluoroacetamide (BSTFA)/1% trimethyl-

chlorosilane (TMCS) at room temperature and analysed by quadrupole mass spectrometry. 

Ions monitored were m/z 458-465 corresponding to the m0-m8 mass isotopomers. The

fractional isotopomer distribution measured was corrected for the fractional distribution due

to the natural abundances of 13C and 2H by multiple linear regression as described by Lee et

al.29 to obtain excess fractional distribution of mass isotopomers resulting from isotope

dilution and isotope incorporation of the administered labels. In this approach, fractional

enrichment of the Iv administered D7 cholesterol (M7) in the foetal tissues represents the

relative transport of maternal cholesterol to those tissues and was calculated by dividing the

fractional enrichment of M7 within each of the respective foetal tissues by the fractional

enrichment of M7 in the plasma of the mother at the time of termination (72 hours). M1 and

M3 were used for the mass isotopomer distribution analysis (MIDA) calculations of the

contributions of newly synthesized cholesterol.

MIDA calculations

The MIDA approach was used to estimate de novo cholesterol synthesis in both foetus and

dam.30–32 The MIDA algorithm allowed us to estimate the fractional enrichment of newly

synthesized cholesterol in a non-accessible pool. The first step of this algorithm was the

calculation of the ratio of relevant mass-isotopomer distributions (i.e., M1 and M3) due to

incorporation of the precursor 1-13C-acetate. By comparing these ratios to theoretical

multinomial curves, in which precursor pool enrichment is plotted against the ratios of M1

and M3, the corresponding precursor pool could be estimated. Next, from a curve in which

M1 and M3 were plotted against precursor pool enrichment, mass-isotopomer distributions of

the newly synthesized cholesterol could be estimated. The ratio of the measured fractional

distribution of cholesterol to the estimated fractional distribution in the newly synthesized

cholesterol gave the fractional contribution of newly synthesized cholesterol in the pool, and

was defined as the fraction of the cholesterol pool that was synthesized per unit time.

Statistics

Foetuses were analysed by univariate modelling by genotype, diet and litter,33 using SpSS

v20 (SpSS Inc., Chicago, USA). Data were tested using the Kruskal-Wallis and Mann-Whitney

U tests. Significance was assumed for p<0.05 using the SpSS v20.0 software program.
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Results

Probucol supplementation lowers maternal plasma cholesterol during gesta-

tion but does not influence litter size, foetal length or cardiac development in

Lrp2 +/- foetuses

An overview of foetuses used during this study is shown in Table 1. At day E15.5, probucol

led to a 60% decrease in plasma cholesterol in the dams compared to untreated controls

(Figure 1A, p=0.016). FpLC of the maternal blood plasma further indicated that probucol

mainly affects HDL levels, which is consistent with previous reports (Figure 1B). probucol

supplementation during gestation had no influence on total litter size obtained at E15.5 and

E16.5 (Table 1, p=0.231). No difference in length of the foetuses was observed between

Lrp2 +/+ and Lrp2 +/- foetuses in the control and probucol-supplemented groups (Figure 2A,

p=0.235).

No cardiac anomalies were observed in heterozygous Lrp2 foetuses, indicating that probucol

treatment in the dose we administered did not influence cardiac development in mice. In all

the heterozygous foetuses analysed, we observed normal septation of the outflow tract and

an intact ventricular septum was seen without anomalies of the atrioventricular valves. There

were no aortic anomalies found. Finally, the myocardium of both ventricles consisted of a

compact layer and a trabecular layer, which is normal, and the foetuses had normal pleural

cavities (Supplementary Figure 1). Cardiac morphometry showed a normal, slight variation

in compaction of the ventricular wall, but no statistical differences were seen between the two

groups for absolute myocardial volumes or in the ratios between compact myocardium and

total myocardium (Figures 2B and 2C).

Maternal-foetal cholesterol transport and endogenous foetal synthesis depend

on maternal cholesterol concentrations but not LRP2

The role of LRp2 in maternal-foetal cholesterol transport and the effects on endogenous

synthesis in foetal tissues was assessed using stable isotopes for 8 Lrp2 +/+, 6 Lrp2 +/- and 7

Lrp2 -/- foetuses within the control group. To exclude variation between dams, only litters

containing both Lrp2 +/+ and Lrp2 -/- foetuses were included in the analysis: 4 independent

litters in total. The effects of probucol supplementation on maternal-foetal cholesterol transport,

foetal cholesterol synthesis, and tissue levels of cholesterol in the foetus were further analysed

in 5 Lrp2 +/+ and 5 Lrp2 +/- foetuses. Although probucol lowered plasma cholesterol of the

dams during gestation, we observed no apparent effects on total cholesterol levels in the

livers of the dams (p=0.857). An overview of parameters for the pregnant Lrp2 +/- dams from

the control and probucol-supplemented group is given in Table 2.

The contribution of maternally-derived cholesterol was measured using intravenously

administered D7-labelled cholesterol. Dams were further provided with 1-13C acetate in

drinking water for three days (E13.5-E16.5) to measure endogenous synthesis of cholesterol.

The resulting absolute enrichments of the D7-labelled cholesterol in maternal plasma from

E13.5 to E16.5 for the control and probucol-supplemented group are given in Figure 3A.

They suggest that the clearance rate of cholesterol is reduced in the dams on probucol.
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Estimated precursor pool enrichments were on average 9% for each group from the 24 hour

timepoint onwards, suggesting a steady state condition over the time measured, and were

similar between the control and probucol-supplemented groups (Figure 3B). The contribution

of newly synthesized cholesterol in the dams was calculated from the estimated precursor pool

enrichments and did not show any differences between the control and probucol-treated dams,

suggesting that probucol does not influence maternal cholesterol synthesis rates during

gestation (Figure 7B).

LRP2 plays no role in maternal-foetal cholesterol transport in the third 

trimester of pregnancy

The 8 Lrp2 wildtype, 6 Lrp2 heterozygous, and 7 Lrp2 knockout foetuses from 4 different

litters in the control groups were used to assess the role of LRp2 in maternal-foetal cholesterol

transport. Foetal weights for the wildtype and heterozygotes did not show any differences,

while the knockouts showed severe growth retardation (Figure 4A, p<0.001). No difference

in placental weights between the three genotypes could be observed. When the foetal organ

weights were expressed relative to total body weight, the relative weight of the foetal organs

was not significantly different between the three genotypes (Figure 4B).

To study whether absence of functional LRp2 protein on yolk sac and placenta would impact

on the tissue levels of total cholesterol, we determined total cholesterol concentrations in the

foetal organs most relevant for cholesterol metabolism and in the placenta (Figure 5A).

Cholesterol concentrations for the foetal carcass were on average 1.7-1.8 mg per gram of

tissue. No differences were observed between the three genotypes. In the liver of the Lrp2

knockout foetuses, total cholesterol was significantly lower compared to the heterozygotes

(p=0.026), while total cholesterol in both the foetal brain and placenta were higher overall

compared to the other foetal tissues, averaging 2.7 to 3.2 mg/g respectively, but showed no

differences between the three genotypes.

No differences in the contribution of maternal cholesterol could be observed between

genotypes in any foetal tissues or the placenta (Figure 5B). Observed fractional synthesis

rates (FSR) were similar between the respective foetal tissues and placenta, with the

exception of the foetal brain (Figure 5C). We further observed a 20% increase in the FSR

within the brains of the Lrp2 knockout foetuses relative to wildtype and heterozygous

foetuses (Figure 5D, p=0.02 and p=0.014, respectively). Although extensive morphological

differences in the brains of Lrp2 -/- foetuses became apparent from E10.5,22 these results

suggest that even small differences in tissue-specific synthesis rates of cholesterol can be

detected using this approach. Despite the observed increase in the FSR, we observed no

changes for overall cholesterol levels, or the contribution of maternally-derived cholesterol,

in the foetal brains of the knockouts relative to wildtype and heterozygous foetuses.
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Probucol supplementation decreases maternal-foetal cholesterol transport but

is compensated by increased synthesis rate of cholesterol in foetal tissues in

the third trimester of pregnancy

An overview of the foetal tissue and placenta weights of the foetuses used for the stable

isotope experiment is given in Figures 6A and 6B. No effects on total foetal weights or

weights of the individual foetal tissues were observed between wildtype and heterozygous

foetuses and placentas from the control and probucol-supplemented group (Figure 6A,

p=0.307 and 6B, p=0.584). probucol supplementation had no influence on total cholesterol

levels in the foetal carcass or brain, but showed a small, significant decrease in the placenta

(Figure 7A, p=0.042). Further, total cholesterol levels in the livers of the foetuses were

slightly increased in the probucol-supplemented group (p=0.019).

The contribution of maternal cholesterol in the foetal tissues and placenta is shown in Figure

7B. probucol supplementation led to a significant 50% decrease in the amount of cholesterol

transported to the foetus in both heterozygous and wildtype embryos. Whereas the fractional

contribution of D7-labelled cholesterol in the adult brain was below the detection limit of the

GC-MS, a small contribution was observed in the foetal brain, suggesting a 5–10% contribution

of maternally-derived cholesterol. We also found a significant decrease in the maternal

cholesterol transported to the foetus in the foetuses from the probucol-treated group

compared to the control group (p=0.005).

FSR are shown without adjustment for maternally-derived cholesterol (Figure 7C) and after

adjusting for the D7-derived estimate of transported cholesterol from the mother to the

foetus (Figure 7D). The uncorrected FSR were increased for foetal blood and foetal liver

(p=0.028 and p=0.019). After correcting for the transport of maternally-synthesized

cholesterol, the synthesis rates for cholesterol were higher in all foetal organs, except for the

foetal brain (p=0.172), which relies almost solely on endogenous synthesis at this time of

the pregnancy.34, 35 Cholesterol synthesis rates between the probucol-supplemented and

control groups, after adjustment, were also unchanged for the placenta (p=0.371) and close

to absent, suggesting that de novo synthesis of cholesterol in the placenta is low during this

time of the pregnancy and therefore relies mostly on cholesterol derived from the maternal

circulation. This observation is further strengthened by the fact that almost 90% of the

cholesterol present in the placenta originates from the mother. We observed no difference in

the placental FSR for the probucol-supplemented group relative to the controls.
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Discussion

Our main findings were: probucol supplementation significantly lowered maternal plasma

cholesterol by more than 60% (p=0.016), but did not affect litter size, foetal length, or cardiac

development in Lrp2 +/- foetuses. We further showed that probucol exposure decreases

maternal-foetal cholesterol transport by 50%, but is compensated by an increased cholesterol

synthesis rate in foetal tissues. We did not find any differences in maternal-foetal cholesterol

transport between Lrp2 knockout and wildtype offspring, suggesting that in the third trimester

of pregnancy, LRp2 is not involved in maternal-foetal cholesterol transport in a significant way.

Analysis of the maternal blood confirmed that probucol treatment was effective in reducing

the total cholesterol levels by 60%. probucol is known to inhibit the ATp binding cassette

transporter A1 (ABCA1), which is crucially involved in formation of HDL.36 We found severely

reduced HDL cholesterol levels in the dams together with slightly reduced LDL cholesterol

levels. It is therefore reasonable to assume that the maternal sources of cholesterol would be

reduced and to ask whether this would have consequences for foetal cholesterol levels. We

applied stable isotope labelling and MIDA to determine this. The dams received labelled

acetate and cholesterol so that we could study their cholesterol synthesis and transport,

respectively (see Material and Methods). 

probucol administration led to a slightly increased concentration of cholesterol in the foetal

mouse liver, decreased concentration in the placenta, and no differences in total cholesterol

concentrations in the foetal brain or the remaining carcass. probucol diminished the maternal

contribution to the foetal cholesterol pool by roughly 50%. In line with previous research

(reviewed in 13, 14, 37), this suggests that maternal cholesterol significantly contributes to the

foetal pool. However, the MIDA revealed that the foetus was able to compensate for the

reduced maternal-foetal cholesterol flux by an increased de novo synthesis, as mirrored by

the observed increase in the FSR in the foetal tissues. Finally, this resulted in the same

cholesterol concentrations as in the control group. The placenta, in this respect, is an

exception, because it did not show significant alterations in the contribution of maternal

cholesterol or increased synthesis. In our opinion, this confirms the idea that the cholesterol

being routed through the placenta does not participate in the placental pool.

High foetal growth rates later in gestation may induce a higher demand for foetal cholesterol.

The endogenous synthesis provides a large part of the foetal cholesterol, as is reflected by

high expression and activity of genes involved in cholesterol synthesis in foetal tissues.

previous studies in rats have shown that cholesterol synthesis in the foetal liver exceeds the

need for cholesterol accretion, after which the resulting excess is secreted into the plasma

for uptake by other foetal tissues.38, 39 Similarly, we observed high synthesis rates in the

foetal liver compared to other foetal tissues, and found that the synthesis rates of the foetal

liver closely resembled those in the foetal blood. Interestingly, the foetal liver showed

slightly increased cholesterol concentrations upon probucol treatment. Although this may

be a reflection of the increased synthesis rates observed in the foetal liver, it may also

indicate that probucol influences foetal hepatic ABCA1, leading to increased accumulation
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in the liver because hepatobiliary removal is not yet possible in the foetus. Both the

hepatobiliary cholesterol transporters ABCG5/8 and the enzymes responsible for conversion

of cholesterol to bile salts are not fully expressed in the foetal liver compared to the neonate

and adult.40–42

As a result of our heterozygous breeding approach, we were able to compare the effect of

the absence of LRp2 protein in the yolk sac and the placenta on maternal-foetal cholesterol

transport. To correct for potential differences between litters, we standardized the data for

the wildtype offspring per litter. Overall, we could not see any major differences in cholesterol

concentrations, maternal contribution, or endogenous foetal synthesis between the genotypes

without probucol treatment, with one exception: the foetal brain, which showed a higher

fractional synthesis rate in the Lrp2 -/- offspring compared to wildtype and heterozygous

littermates. We consider this most likely to be a result of the severe brain anomalies in Lrp2 -/-

littermates. Lrp2 -/- brains are completely different from control and heterozygous brains

regarding their anatomical structure, including cell structure, cell density, and a possibly

different blood-brain barrier. Therefore, we cannot rule out that this may have led to

contamination by other tissues or blood.

Finally, we questioned whether probucol would induce heart defects in the heterozygous

offspring, which normally would not have a cardiac anomaly (Appendix 5). We observed

none of the cardiac anomalies present in the Lrp2 -/- offspring. Neither was an aggravation of

the phenotype found (data not shown). This absence of a cumulative effect, in our view,

supports the idea that the cardiac anomalies observed in the Lrp2 -/- foetuses are not related

to cholesterol-diminished maternal-foetal cholesterol transport, but are possibly a result of

disturbed signalling, as previously suggested by Spoelgen et al.22

The caveat to our MIDA approach is that we analysed cholesterol transport in the third

trimester of pregnancy, which is likely not representative for the complete pregnancy.

Additionally, the method assumes that cholesterol exchange is in a steady state situation,

which is not the case in a rapidly growing foetus. Therefore, the role of LRp2 in maternal-

foetal cholesterol transport in the first trimester of pregnancy (the embryonic period) should

still be elucidated. In conclusion, we did not find a significant impact of the Lrp2 genotype on

maternal-foetal cholesterol transport in the third trimester of pregnancy. However, this does

not exclude that LRp2 may play a crucial role earlier in pregnancy, for example when the

relative contribution of the yolk sac is more important than that of the placenta.

Our findings suggest that the foetus can compensate for reduced maternal-foetal cholesterol

transport by increasing its own cholesterol synthesis. The question remains: What is the

minimum amount of cholesterol required to sustain correct embryonic development? In other

words, we cannot rule out that a combined defect in cholesterol transport and synthesis, or a

more pronounced effect in maternal-foetal cholesterol transport, could result in congenital

anomalies in the foetus.
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We have shown that a significant amount of foetal cholesterol is derived from the mother,

putatively from HDL cholesterol. The placenta, which for many nutrients is considered to be a

buffer, does not compensate for the missing amount of cholesterol in our mouse model. This

makes the foetus even more vulnerable to changes in maternal cholesterol supply. It

therefore remains a relevant question how the delicate system of cholesterol transport and

synthesis is regulated in the human foetus and placenta, and what is the exact contribution

and threshold of maternal cholesterol supply to the foetus during the embryonic period.
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Tables and figures

Table 1 

Overview of the pregnant dams and foetuses used for histological examination of the foetal

hearts at E15.5 and the characterization of maternal-foetal cholesterol transport and foetal

cholesterol metabolism using stable isotopes at E16.5. Total litter size is shown for all litters

obtained at both E15.5 and E16.5. (n=9 for control, n=7 for probucol group). Data represent

mean +/- SD.
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♀ Lrp2 +/- x ♂ Lrp2 +/-

Pregnant dams Control Probucol

Histology (E15.5) 5 4

Isotopes (E16.5) 4 3

Foetuses analysed

Histology (E15.5) 19 16

Isotopes (E16.5) 21 10

Litter size (n) 7.18 +/- 1.94 8.43 +/- 1.27



Table 2

Overview of parameters for the pregnant Lrp2 +/- dams at E16.5 for the stable isotope

experiment. In total, 21 foetuses from 4 independent litters were used for the control group.

For the group given probucol supplements, 5 Lrp2 +/+ and 5 Lrp2 +/- foetuses were analysed

from 3 independent litters. Data represent median +/- percentiles (25%–75%).

BW body weight; TC total cholesterol
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Dam parameters Control diet 0.5% Probucol p-value

Weights (g) 32.5 (29.3–35.8) 37.5 (36.1–40.1) 0.229

Liver weight/BW dam (%) 4.77 (4.35–5.50) 4.64 (4.14–5.15) 0.857

Brain weight (g) 0.48 (0.44–0.51) 0.51 (0.51–0.53) 0.229

Cholesterol dams

TC plasma (mmol/l) 1.46 (1.24-1.63) 0.65 (0.53–0.90) 0.056

TC liver (mg/g) 2.63 (2.48–2.76) 2.59 (2.55–2.77) 0.857

TC brain (mg/g) 15.4 (14.5–15.8) 15.3 (14.7–15.9) 0.857

Foetuses analysed

Total litter size (n) 6.5 (4-10) 10 (8-10) 0.229

Wildtype (n) 8 5

Heterozygous (n) 6 5

Knockout (n) 7 –



Figure 1

A. Total plasma cholesterol at E15.5 of the pregnant dams for the control group (n=5) and

the probucol supplemented group (n=4). 

B. Fast protein Liquid Chromatography (FpLC) profiles of pooled plasma samples of the

pregnant dams at E15.5. Data represent mean +/- SD. vldl: very low density lipoprotein;

ldl: low density lipoprotein; idl: intermediate density lipoprotein; hdl: high density lipoprotein

Figure 2

A. Length of Lrp2 wildtype (WT) (n=10) and Lrp2 heterozygous (HET) (n=25) foetuses

obtained at E15.5 from the control and probucol supplemented dams during gestation. 

B. Myocardial morphometry of the ventricular myocardium of E15.5 in Lrp2 +/- foetuses with

and without probucol treatment of the dams during gestation. The distribution of the

ratios between compact ventricular myocardial volumes and total ventricular myocardial

volumes are shown, including R2 regression coefficients (Control = 0.9752, probucol =

0.9248). In total, 5 foetuses from 5 separate litters were analysed for the control group,

7 foetuses from 4 separate litters for the probucol supplemented group. 

C. Resulting ratios of compact myocardium/total myocardium volume for foetal hearts from

the control and probucol supplemented group at E15.5. Data represent mean +/- SD.
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Figure 3

A. Absolute enrichment of D7-labeled cholesterol in micromoles per litre of maternal blood

over 72 hours after intravenous administration, calculated as the fractional D7 enrichment

* total plasma cholesterol concentration of the dams at 72 hours, suggesting a decreased

clearance rate of cholesterol for the dams on the probucol supplemented diet. 

B. Fractional contribution of newly synthesized cholesterol in the dam blood after provision

of 2% 1-13C acetate drinking water. 

C. Estimated fractional precursor pool enrichments used for the MIDA calculations for

dams and foetuses from the control and probucol supplemented diet, measured at six

different time points after provision of 2% 1-13C acetate in the drinking water. At the 8

hour timepoint, fractional precursor enrichments were significantly lower compared to

later timepoints for both groups, while for 12h-72h hours no significant differences

were observed between the two groups, suggesting a steady state condition over the

time measured. Data represent mean +/- SD.
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Figure 4 

A. Foetal tissue weights for foetuses from the control group at E16.5, analysed using stable

isotopes, according to genotype. 

B. Foetal tissue weights relative to the total bodyweight of the foetus. 

C. placenta weights according to genotype. Only litters containing both Lrp2 +/+ and Lrp2 -/-

foetuses were included for the analysis (n=8 for wildtype (WT), n=6 for heterozygous

(HET) and n=7 for knockout (KO) foetuses). Data represent mean +/- SD.
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Figure 5

A. Total cholesterol levels, 

B. Relative maternal contribution of cholesterol, and 

C. Relative fractional cholesterol synthesis rates in the respective foetal tissues from the

control group, according to genotype. 

To examine the effect of genotype, only litters containing both Lrp2 +/+ and Lrp2 -/-

foetuses were included for the analysis (n=8 for wildtype (WT), n=6 for heterozygous

(HET) and n=7 for knockout (KO) foetuses). Maternal cholesterol contribution (B) and

foetal synthesis rates (C) are shown relative to Lrp2 +/+ foetuses within the same litter. 

D. Contribution of newly synthesized cholesterol for the foetal brain, according to genotype.

Data represent mean +/- SD.
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Figure 6 

A. Comparison of foetal tissue weights at E16.5

B. placental weights at E16.5 

between foetuses from the control and probucol supplemented groups, analysed using

stable isotopes. Data represent mean +/- SD
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Figure 7

A. Total cholesterol levels in foetal tissues

B. Maternal contribution of cholesterol in foetal tissues

C. Fractional cholesterol synthesis rates in foetal tissues 

D. Estimates of foetal synthesis

In total, 14 foetuses from 4 independent litters were analysed for the control group, while 10

foetuses from 3 independent litters were analysed for the probucol supplemented group. Data

shown are pooled for Lrp2 +/+ and Lrp2 -/+ foetuses. Since probucol significantly decreases

maternal-foetal cholesterol transport, but does not significantly affect the contribution of

newly synthesized cholesterol in the dam blood, we underestimate the increase in foetal

synthesis, since the fraction of newly synthesized cholesterol in the foetal tissues is comprised

of transported maternally synthesized cholesterol and cholesterol synthesized by the foetus

itself. We can make a rough estimate of the foetal contribution by assuming 

FSR(foetus) = FSR(foetus+maternal) - (FSR(maternal blood)*maternal contribution). 
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Figure S1

A and B

Cardiac phenotype of the Lrp2 +/- mice with and without probucol treatment on embryonic

day 15.5, stained with the myocardial marker Mlc2a. No differences were observed in the

outflow tract region (oFT); there is normal septation of the aorta (Ao) and pulmonary trunk

(Pt): Rv, right ventricle.

C and D

In both groups an intact ventricular septum bordering the mitral valve (MV) and tricuspid

valve (TV) was seen without anomalies of the atrioventricular valves.

E and F

The myocardium of both ventricles was compact and the embryos displayed normal pleural

cavities.
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ABSTRACT

n Objective

Atrioventricular septal defect (AvSD) is a severe congenital heart disease and patients

need lifelong medical monitoring. AvSD is often accompanied by other congenital

anomalies, most frequently in Down’s syndrome. In non-Down syndromic AvSDs,

several defects have been detected in the Sonic Hedgehog/Gli protein (SHH-GLI)

signalling pathway. 

n Methods

Two probands, a pair of boy and girl twins, presented with an AvSD, large fontanel,

postaxial polydactyly of hands and feet and skin syndactyly of the second and third toes

of both feet. The boy also had hypospadias. These features suggested Smith-Lemli-Opitz

syndrome, which was excluded. The parents were consanguineous and they had one

healthy older child. Homozygosity mapping in combination with exome sequencing was

performed and candidate variants were validated by Sanger sequencing. 

n Results 

Within a region of homozygosity, a novel homozygous missense mutation c.1725C>T

(p.R575W) was detected in SMO on 7q32.3, a member of the SHH-GLI signalling pathway.

Functional studies in fibroblasts of the patients showed normal expression but impaired

translocation of the SMO protein to the cilia after stimulation with the SMO agonist

purmorphamine. 

Moreover a significant reduction of mRNA-expression of a SMO downstream gene, GLI1,

was detected upon stimulation. These results, together with the previously described

association of SHH-GLI signalling defects with AvSD and Smith-Lemli-Opitz syndrome,

suggest that this SMO mutation is involved in the syndromic AvSD seen in these patients.

n Conclusion

We present the first report of an SMO mutation in man, in two patients with an AvSD and

a phenotype resembling Smith-Lemli-Opitz syndrome. 



Introduction

Atrioventricular septal defect (AvSD) is a congenital heart anomaly characterized by a defect

in the lower part of the atrial septum, the so-called septum primum, with Av valve defects

and/or a ventricular septal defect. Complete AvSDs are characterized by a single Av valve,

incomplete AvSDs are characterized by a left and a right Av valve.1 AvSDs can be surgically

corrected, but patients often need life-long medical support and may need several

hospitalizations.2 The estimated birth prevalence of AvSD is 1.6-2.0/10,000.3, 4 AvSDs can

be isolated or syndromic, the latter meaning that the AvSD is accompanied by extracardiac

anomalies.5, 6

Most AvSDs (70%) are diagnosed in patients with Down’s syndrome.7 However, AvSD is also

a common feature of several syndromes associated with the Sonic Hedgehog (SHH) pathway,

like Smith-Lemli-Opitz syndrome (SLOS), Ellis van Creveld syndrome, and Mohr-Majewski

syndrome.8–10 Overlapping features of these syndromes are heart defects, often being AvSD,

polydactyly and/or syndactyly, a large fontanel and several midline defects, like

holoprosencephaly, pituitary abnormalities, neural tube defects, cleft palate, single incisor,

and hypospadias. 

We present the first report of an SMO mutation in man, in two patients with an AvSD and a

phenotype resembling Smith-Lemli-Opitz syndrome. Their karyotypes were normal and Smith-

Lemli-Opitz syndrome (SLOS) had been excluded. 

Materials and Methods

Patients 

Dizygotic twins, a boy and girl, were referred to our hospital because of multiple congenital

defects. The parents were first cousins, and had one healthy older child. The boy had a

complete AvSD, a single atrioventricular (Av) valve, absent atrial septum (monoatrium) and

coarctation of the aorta. The girl had a partial AvSD with two Av valves and insufficiency of

the left Av valve. Both children had a very large fontanel, postaxial polydactyly of both hands

and feet, almost complete syndactyly of the second and third toes of both feet; the boy also

had a glandular hypospadias. Renal ultrasounds were normal. 

The boy died at the age of three months from severe pulmonary hypertension, caused by

progressive stenosis of the pulmonary veins. The girl was operated on successfully for her

AvSD and shows a normal psychomotor development at the age of 8 years. Karyotyping was

normal and SLOS was excluded by DHCR7 gene analysis and 7-dehydrocholesterol analysis

in fibroblasts. DNA was isolated from peripheral blood leukocytes and/or fibroblasts from the

parents, the healthy sister, and the affected boy and girl using standard protocols. 
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Homozygosity mapping

Genome-wide genotyping with the Human Linkage-12 BeadChip® 6K SNp array (Illumina,

San Diego, CA, USA) was performed in the affected twins, the parents, and unaffected sibling

according to the manufacturer’s protocols. Data from the arrays were converted to genotypes

using BeadStudio® data analysis software (Illumina). The genotype data were subjected to

homozygosity mapping using Microsoft® Office Excel 2007 (Microsoft, Redmond, WA, USA)

software by searching for homozygous stretches of five alleles or longer shared by the

affected twins, and allowing 1% genotyping errors. The size of the homozygous stretches

was calculated in cM, using Rutgers combined linkage-physical map of the Human Genome to

locate the SNps.11

Exome Sequencing and Mutation Detection

Three micrograms of DNA from each individual was used for exome sequencing. Exomes were

enriched with the use of hybrid capture SureSelect Human All Exon v4 (Agilent Technologies,

Amsterdam, the Netherlands), which targets most human exons (approximately 51 Mb). The

captured fragments were sequenced on Illumina Hiseq2000 (Illumina). The sequence reads

were aligned to the human genome build 19 (hg19) using the Burrows-Wheeler transform 12

and NARWHAL pipeline.13 Subsequently, genetic variants were called using tools from the

genome analysis toolkit (GATK).14 The resulting variant call format (vCF) files were processed

with a custom variant annotation tool that determines the variant effects. 

Further filtering of known variants in the public databases, such as dbSNp134 and 1000

Genomes, was performed using the SeattleSeq

(snp.gs.washington.edu/SeattleSeqAnnotation134/) exome variant server

(evs.gs.washington.edu/EvS/) and the Genome of the Netherlands database (GoNL)

(http://gbicdev.target.rug.nl:8080/gonl/molgenis.do). As the pattern of inheritance suggests

an autosomal recessive mode of inheritance, we focused on genes with homozygous or

compound heterozygous variants. In silico prediction for the deleterious effect of candidate

variants was performed by using polyphen-2 and SIFT.15, 16 Candidate variants were validated

by Sanger sequencing in DNA from the twins, their unaffected sibling, their parents, and 144

healthy controls.

In situ hybridization

Digoxigenin-labeled probes for Smo were generated by subcloning mouse partial cDNA into a

T-easy vector (promega). Linearized plasmid DNA was transcribed into cRNA using T7 or Sp6

(promega) RNA polymerase in the presence of digoxigenin labeled dUTp (Roche) according to

manufacturer’s instructions. In situ hybridization was essentially performed as previously

described.17 Briefly, transverse 5 µm 4% paraformaldehyde-fixed paraffin-embedded sections

through the thorax of an E13.5 mouse embryo were used. Sections were deparaffinized and

rehydrated in H2O, incubated for 10 minutes in 1M HCl, digested with proteinase K for 20

minutes, refixed in 4% paraformaldehyde for 10 minutes and acetylated with acetic anhydride.

Slides were then pre-hybridized for an hour in a mix of 2% Blocking powder (Roche), 0.05%

Chaps, 50% formamide, 5x SSC pH 4.5, 5 mM EDTA, 100µg ml-1 Heparin (Sigma) and 100µg

ml-1 yeast RNA (Ambion). Subsequently slides were incubated for 72 hours at 68ºC with the

digoxigenin labeled antisense cRNA probe. After incubation, slides were washed three times
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for 20 minutes at 65ºC in a stringency wash buffer containing 50% formamide and 2x SSC

pH 4.5. Slides were then rinsed in TBS with 0.1% Tween-20, blocked with 0.5% Blocking

powder (Roche) in TBS-T and incubated overnight with sheep anti-digoxigenin alkaline

phosphatase conjugated Fab fragments (Roche). Staining was developed with NBT/BCIp

substrate (Sigma) over 48-72 hours.

Fibroblast Cultures and SMo Expression (Western blotting)

Fibroblasts from the affected twins and two healthy controls were cultured in Dulbecco’s

modified Eagle’s medium (DMEM, Invitrogen) containing 10% of fetal calf serum (FCS) and

penicillin (100 IU/ml)/streptomycin (100 µg/ml). Cells were incubated at 37oC and supplied

with 5% of CO2. Cells were harvested and proteins were isolated using cell lysis buffer

containing 150 mM NaCl, 20mM Tris-HCl pH 7.4, 1% Triton X-100, protease inhibitor, and

HaltTM phosphatase cocktail inhibitor (Thermo Scientific). Forty micrograms of total proteins

were separated in XT 412% Bis-Tris gradient gel (Bio-Rad) and transferred to nitrocellulose

membrane, blocking was performed with 5% of skimmed milk in phosphate buffered saline

(pBS) with 0.1% Tween-20 (pBST) at room temperature for one hour. The primary antibodies,

rabbit polyclonal anti-SMO (Santa Cruz, 1:100) and mouse monoclonal anti- β-Actin (Sigma,

1:1000) were applied for overnight incubation at 4oC. After incubation with the respective

secondary antibodies at room temperature for one hour, the membrane was scanned with

the Odyssey™ infrared Imager (Li-COR Biosciences).

Cilia, Basal Bodies and SMo Staining; Purmorphamine Treatment 

Fibroblasts (100,000) were seeded on a round 24 mm cover slip that was placed in one well

of a 6-well plate in DMEM with 10% FCS. After 24 hours the medium was changed for DMEM

containing 0.5% FCS. The next day, cells were fixed in ice cold methanol for 10 minutes at -

20oC. Cells were rinsed three times in pBS before applying a blocking solution (50 mM Tris-HCl

buffer pH 7.4, 0.9% NaCl, 0.25% gelatine, 0.5% Triton X-100) for 10 minutes at room

temperature. Cell nuclei were stained with 0.1 mg Hoechst/ml in pBS for 10 minutes at room

temperature. Next, the cover slip was mounted with 8 µl prolong Gold. To visualize the cilium,

we performed double staining of anti-acetylated-tubulin (cilium: red) and anti-γ-tubulin

(basal body: green) in the fibroblast cells. primary antibodies, mouse monoclonal antibody

anti-acetylated-tubulin (Sigma-Aldrich T7451, 1:8000) and rabbit monoclonal anti-y-tubulin

(Sigma-Aldrich T3320, 1:1000) were applied and incubated overnight at 4oC. Secondary

antibodies anti-mouse Cy™3-conjugated IgG (1:200) and anti-rabbit DyLight™488-conjugated

IgG (1:300) were applied for one hour at room temperature. We grouped the cilia into normal-

sized cilia (length: 3-6 µm), small cilia (length: <3 µm) and no cilia. We counted 100 basal

bodies (y-tubulin positive cells) and the cilia (acetylated tubulin positive cells) per cover slip,

in duplo, in the fibroblasts from the patients and from healthy controls. 

To visualize the localization of SMO, we performed double staining of anti-SMO (red) and anti-

γ-tubulin (basal body: green) in the fibroblast cells. primary antibodies, mouse monoclonal

antibody anti-SMO (Santa Cruz sc-166685, 1:400) and rabbit monoclonal anti-y-tubulin

(Sigma-Aldrich T3320, 1:1000) were applied and incubated overnight at 4oC. Secondary

antibodies were applied as described above. For SMO activation, 24 hours before fixation, cells

were treated with 20 µM purmorphamine (Calbiochem). This treatment mimics activation by
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Sonic Hedgehog. We compared the SMO localization between cells that were treated and

untreated with purmorphamine. The images were captured with an Axiovision SE64 Rel.

4.8.3 fluorescence microscope. 

Purmorphamine Treatment and Quantification of GLI1 Expression 

Fibroblasts (100,000) were seeded in a 6-well plate in DMEM with 10% FCS. The medium was

changed the next day for DMEM containing 0.5% FCS and 20 µM purmorphamine (Calbiochem)

was added. After 24 hours of incubation, cells were harvested and RNA was isolated using

RNeasy Mini Kit (Qiagen). One microgram of RNA was used for cDNA synthesis using iScript

cDNA Synthesis Kit (Bio-Rad) according to the manufacturer’s instructions. Seventy-eight

nanograms of cDNA was used to quantify the GLI1 expression level by quantitative real-time

(qRT) pCR Sybr Green, in triplo, on the 7300 Realtime pCR system (Applied Biostystems).

The expression of the CLK2 housekeeping gene was used to normalize the GLI1 expression. 

The following primer sets were used for qRT-pCR of Gli1 and CLK2: 

Gli1-fw 5’-tccccatgactctgcccg-3’, Gli1-rv 5’-ccagcatgtccagctcaga-3’, Clk2-fw 5’-

tcgttagcaccttaggagagg-3’ and Clk2-rv 5’-tgatcttcagggcaactcg-3’. The normalized GLI1

expression of fibroblasts was compared to the normalized GLI1 expression of fibroblasts not

treated with purmorphamine. Data were analyzed using the method described by Livak.17

Results

Homozygosity mapping 

Homozygosity mapping in the affected twins revealed a total of 66 shared homozygous

stretches of at least five alleles, with an average size of 6.64 cM. Two of these stretches were

substantially larger than the others: the largest region of homozygosity was located on

chromosome 10, spanning 93 SNps and 60.66 cM, from rs13005 (chr10: 13,685,766bp) to

rs877783 (chr10: 73,315,940bp), containing 570 genes, and the second largest region of

homozygosity was located on chromosome 7, spanning 79 SNps and 50.25 cM, from rs758706

(chr7: 90,494,919bp) to rs10488598 (chr7: 136,587,843bp), containing 531 genes.

Exome sequencing in dizygotic twins with syndromic AVSD

We performed exome sequencing on DNA samples from the affected twins, their parents and

their unaffected sibling. A summary of the data is presented in the supplementary data

(Table S1). After alignment to the human genome reference sequence (Hg19) and after

variant calling using GATK software, we identified 88,148–100,878 SNps and 6512 - 8076

small insertions and deletions (indels). The summary of the SNp- and indel-calling analysis is

presented in the supplementary data (Tables S2 and S3). 

An autosomal recessive pattern of inheritance was suspected because the parents were

consanguineous. However, we analyzed compound heterozygous variants as well as

homozygous variants. Several compound heterozygous variants were identified in the two

affected sibs, but none of these variants were present in both. We identified 32 homozygous

variants, present in both affected sibs. Only six variants were located either in coding
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sequences (CDS), 5’-utr, 3’-utr, or were affecting splice sites, or resulted in a premature stop

(Table 1). All of these homozygous variants were present in one of the two largest regions of

homozygosity on chromosome 7 or 10. Four of these variants were not considered good

candidates, because the homozygous mutation was also present in the unaffected sib (ZAN,

ANKRD26, CXCL12, FRAT2). This left us with two variants (SMO and JMJD1C), which were

validated by Sanger sequencing. These variants were not present in the dbSNp134, 1000

Genomes, Exome variant Server (EvS), or Genome of the Netherlands (GoNL) databases and

were also not found in 144 healthy controls. Of these two genes, the SMO variant was the

most likely candidate, because of the function of the gene in the SHH-GLI signalling pathway. 

SMO transduces the SHH signal by forming a complex with EvC1 and EvC2. This complex is

translocated into the cilium where it induces activation of the GLI family of transcription

factors. Furthermore, the SMO variant is predicted to be damaging by the polyphen-2 and

SIFT mutation prediction software programs. The JMJD1C variant, however, was predicted to

be “probably damaging” by polyphen but neutral by SIFT. JMJD1C is a gene that encodes for

a nuclear protein and is thought to act as a histone demethylase.18 The protein is expressed

ubiquitously, with high expression in the testis, but with a relatively low expression in the

heart. We therefore concluded that the only remaining candidate was SMO (Table 1). 

Smo expression in the embryonic (mouse) heart

E13.5 wild type mouse embryos were analyzed for Smo expression levels in the developing

heart using in situ hybridization (Figure 1). Lung tissue, trachea, and oesophagus were

marked by high Smo expression. Endothelium and sub-endothelial mesenchyme of the

developing tricuspid and mitral valve showed high expression of Smo. 

The fibroblasts of the affected twins have a comparable number of cilia to 

fibroblasts of healthy individuals

To determine whether the SMO variant has an effect on the structure or formation of primary

cilia, we stained and counted the numbers of cilia in the fibroblasts of the patients (Figure 2,

Table 2). We did not see a significant difference between the total numbers of cilia in

fibroblasts of the affected twins and controls. The number of normal-sized cilia in fibroblasts

of affected children were 40–60%, compared to 50–80% in the controls (Table 2). However,

this difference is still within the normal range due to the large variance in the number of

normal-sized cilia in healthy controls.20

The SMO variant affects its translocation into the cilia needed for hedgehog

signalling activation

We hypothesized that the variant we had identified in this family results in a mutated SMO

protein that might not bind to the EvC/EvC2 protein complex or to other proteins that are

important for its translocation into the cilia, hence disturbing signal transduction. To validate

this hypothesis we activated hedgehog signalling by adding different concentrations of

purmorphamine to fibroblast cultures of both the patients and controls to determine whether

the SMO protein trafficked properly into the cilium. In Figure 3a, it is shown that SMO was

transported into the cilium in control fibroblast cells when they were treated with 2 µM or 20

µM of purmorphamine (B–C), while in the untreated control cells there was no cilium-like
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shape of SMO above the basal body (A), showing that the SMO protein was not transported

into the cilium when hedgehog signalling is not activated.

In fibroblasts from the affected boy (D-F) and girl (G-I) there was no SMO signal (red)

above the basal body (green) in cells treated with purmorphamine: in other words, there was

no difference between the treated and untreated cells. This shows that the SMO protein

failed to move into the cilium upon activation of hedgehog signalling. 

We also compared the SMO expression level in fibroblasts from the affected twins with

healthy controls by a Western blot using an anti-SMO antibody. We did not see a significant

difference in the SMO expression level between these fibroblasts (Figure 3b). These data

strengthen the idea that the SMO protein is expressed in the normal amount in the affected

twins, but its mutation affects the transfer of the protein to the cilia and subsequently

disturbs the GLI-mediated signalling pathway. 

Activation of hedgehog signalling in fibroblasts from the affected twins did

not increase the level of GLI1 mRnA 

To prove that the SHH-GLI signalling is affected, we also checked the expression level of a

SHH-GLI signalling target gene. In this experiment, we performed qRT-pCR for GLI1 using

RNA isolated from fibroblasts of the affected twins and controls. Cells were treated or not

treated with 20 µM of purmorphamine to stimulate hedgehog signalling. 

As shown in Figure 4A-B, the level of GLI1 expression in control fibroblasts treated with

purmorphamine is 8-fold higher compared to that of untreated fibroblasts. However, using

RNA from fibroblasts of the affected twins, no difference in GLI1 expression was detected

between treated and untreated fibroblasts. These results show that the SHH-GLI signalling

was hampered in both the affected children.
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Discussion

We report the first homozygous missense mutation in the SMO gene associated with syndromic

AvSD in humans. We found this homozygous SMO mutation by homozygosity mapping in

combination with exome sequencing of samples from two twins with syndromic AvSD, their

healthy sibling, and their consanguineous parents.

SMO codes for the transmembrane protein Smoothened (SMO) of the G-coupled receptor

family. It is active in cells with a primary cilium, located on the ciliary membrane, and is a

key protein in the SHH-GLI signalling cascade.20–22 Activation of SHH signalling is triggered by

binding of the extracellular SHH protein to pTCH1, relieving its inhibitory effect on SMO.21, 23

SMO can then bind to the EvC1/EvC2 protein complex in the base of the cilium resulting in

translocation of SMO to the tip of the cilium and recruitment of GLI3. Subsequently, GLI3

translocates into the nucleus and induces transcription of SHH target genes.20, 24–26

Numerous developmental defects are known to be caused by disruption of the SHH-GLI

signalling cascade.21, 22

In addition to the homozygous SMO mutation, we also detected a homozygous variant in

JMJD1C, a gene coding for a histone demethylase and implicated in the reactivation of silenced

genes in undifferentiated embryonic stem cells, pancreatic islet, and gastric cancer.27 The data

in the literature and from the software prediction programs do not indicate that this variant

plays a role in the pathogenesis of the congenital anomalies of these sibs. 

Why would this homozygous SMO mutation be pathogenic?

The homozygous SMO mutation in our patients is a missense mutation (R575W). SIFT and

polyphen predict the mutation to be damaging. Although this mutation results in normal

protein levels of SMO, it hampers the translocation of the mutant protein to the primary cilium

and inhibits SHH-GLI signal transduction. The most important domains of the SMO protein

are the heptahelical domain, which is involved in ligand binding, and the C-terminal

cytoplasmatic tail, which is involved in intracellular trafficking. Mutations in the first domain

inactivate the protein,28 mutations in the second domain are thought to impair intracellular

trafficking of SMO to the cilium by inhibiting phosphorylation of SMO.30 The mutation in exon

10 that we identified in our patients is localized in the latter domain consisting of an arginine

cluster (between aa 500 and 693).29 Our experiments confirm that the intracellular trafficking

of SMO is hampered by this mutation.

Why would SMO mutations cause a SLoS-like syndrome?

SLOS is a disorder of the endogenous cholesterol synthesis, resulting in a low total cholesterol

level and accumulation of oxysterols, leading to altered hedgehog signalling. Hedgehog

signalling has been shown to be compromised in a SLOS mouse model and in cholesterol-

depleted cells.30 patients with SLOS have multiple congenital anomalies, including postaxial

polydactyly and syndactyly of the second and third toes, hypospadias, and congenital heart

anomalies, almost half of which are AvSD.8, 31 Overlapping features are reported in many

hedgehog-associated syndromes. Humans with a SHH mutation either die in utero or are
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born with holoprosencephaly and often have an AvSD.32, 33 patients with a GLI2 mutation have

holoprosencephaly, pituitary dysfunction, polydactyly, and orofacial clefting.34 We recently

discovered that two unrelated patients with panhypopituarism, polydactyly and AvSD had

truncating GLI2 mutations (c.3502C>T;p.Gln1168X and c.1908dupC), showing again that the

Hh/GLI pathway is crucial for human atrioventricular septation (data not published). Other

syndromes known to be caused by disruption of the HH/GLI pathway, also show considerable

overlap with the clinical features of our patients. Ellis van Creveld and Mohr-Majewski

syndromes are skeletal malformation syndromes with polydactyly, often accompanied by

AvSD, and are also related to the Sonic Hedgehog pathway, with mutations reported in EVC

and EVC2, and in TCTN3, respectively.35–37 Apart from the AvSD in these syndromes, the

polydactyly, syndactyly, large fontanel and hypospadias seen in our patients, are common

features of these syndromes, making it plausible that this one mutation is responsible for the

entire phenotype. 

Why would a SMO mutation cause AVSD?

Little is known on human SMO mutations and the only diseases reported in patients with

somatic SMO mutations are medulloblastoma and basal cell carcinomas. The association with

congenital heart defects in man has not been reported, although studies in mice and

zebrafish have strongly suggested an association.38 

The primary cilium is a signalling organelle for many pathways including SHH-GLI and is

present in various non-dividing cell types and tissues.22, 40, 41 In the heart, primary cilia are

present in cells in morphogenetically active areas, such as the pericardium,42 the epicardium,

parts of the sinus venosus myocardium, the outflow tract, and endocardial cushions.43–45

SHH-GLI signalling is involved in Av cushion formation through several mechanisms. Firstly,

SHH-GLI signalling plays a role in the survival of the neural crest cells, which contribute to

the endocardial cu shions.22, 46 Secondly, SHH-GLI signalling is involved in a process called

endocardial-to-mesenchymal transition (endoMT) and dorsal mesenchymal protrusion

(DMp).50, 51 EndoMT stimulates growth and maturation of the Av cushions that later form the

Av valves; DMp is involved in closure of the atrioventricular septum.47, 49

Smoothened knockout mice arrest at somite stage, have a linear heart tube, cyclopia and an

open gut, and have a complete inactivation of all hedgehog signalling pathways.42 Deletion of

Smo from the developing dorsal mesenchymal protrusion (DMp) in the heart resulted in

AvSDs in mice.48 Furthermore, conditional Smo mutants exposed to the Smo inhibitor

cyclopamine showed decreased dorsal mesocardium migration, also resulting in AvSD.50 Mice

with a targeted deletion or mutation of the Pkd1, Ift88, Cbs or Kif3a gene (genes all coding

for proteins involved in cilia function and SHH-GLI signalling), display AvSD or hypoplasia of

the endocardial cushions.44, 45, 50, 51 Knockdown of Smo in zebrafish resulted in a reduction in

endocardial progenitors.38
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How does impaired translocation of SMo cause AVSD?

Although we showed that the translocation of SMO to the primary cilium in fibroblasts was

impaired, the exact mechanism by which SHH signalling was impaired during atrioventricular

cushion formation is still unclear. Besides the role of the SMO mutation in a reduced

transcriptional response of GLI, the mutation may also affect non-canonical SHH signalling.

This SMO-mediated alternative SHH pathway, which does not involve activation of GLI

transcription factors, induces cytoskeletal rearrangements and cell migration.52, 53 Abnormal

localization of SMO may enhance chemotactic responsiveness.54 This pathway may have

contributed to the AvSDs in our patients. However, the GLI2 mutations we found in two

patients with AvSD favour a GLI-mediated pathway. Future studies could elucidate how

impaired translocation of SMO in our patients led to developmental anomalies. An impaired

binding of SMO to EvC2, a protein that is essential for trafficking of SMO to the cilium, is one

of the hypotheses.55

In conclusion, we report the first functional SMO mutation found in humans associated with

disturbed SHH-GLI signalling and syndromic AvSD. Our data provide evidence that trafficking

of the receptor SMO to the cilium is the crucial step for downstream SHH signalling.
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Tables and figures

Table 1 

Summary of overlapped homozygous variants in an affected pair of dizygotic twins

Legend Table 1:

Chr = chromosome; Ref = reference nucleotide; Alt = alternative nucleotide; 

II-2 = twin girl, II-3 = twin boy, II-1 = healthy sib, I-1 = father and I-2 = mother; 

CDS = coding sequence; Pos = CDS position; AA = amino acid change
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No Type of inheritance Type Effect Exon CDS position Amino Acid change

1. inherited CDS missense 11 1390 M463K

2. inherited CDS missense 10 1725 R575W

3. inherited CDS missense 18 1971 D656V

4. inherited Stop codon - - - -

5. inherited CDS missense 8 1859 P619A

6. inherited CDS missense 1 248 A82T

No Chr. Position      Gene Ref. Alternate II-2 II-3 II-1 I-1 I-2

1. 7 100348389      ZAN T A A/A A/A A/A T/A T/A

2. 7 128850879      SMO C T T/T T/T C/T C/T C/T

3. 10 27335297        ANKRD26 T A A/A A/A A/A T/A T/A

4. 10 44873197        CXCL12 T C C/C C/C C/C T/C T/C

5. 10 64974069        JMJD1C G C C/C C/C G/C G/C G/C

6. 10 99094083        FRAT2 C T T/T T/T T/T T/T T/T



Table 2

Cilia counts in the fibroblasts of the affected boy and girl compared to those in the 

healthy controls based on acetylated- and y-tubulin double staining

Results of three independent experiments

Figure 1

Smo expression in the embryonic mouse heart of E13.5

Smo expression in the heart of E13.5 WT mouse embryo hybridized for Smo mRNA. 

Note high Smo expression in the developing tricuspid valve and mitral valve leaflets.

L indicates lung tissue; B, bronchus; oe, oesophagus; TV, tricuspid valve; MV, mitral valve;

RV, right ventricle; LV, left ventricle. 

Scale bar represents 200 μm.
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Controls (n=20) Affected girl Affected boy

Normal-sized  Cilia (3-6µm) 50–80% 44–58% 40–58%

Small-sized Cilia (<3µm) 5–12% 11–15% 12.5–28%



Figure 2

Cilia staining in the fibroblasts of patients and healthy controls

Cilia staining using antibody anti-Acetylated- Tubulin (red) and γ-Tubulin (green) in: (A-B)

Fibroblasts isolated from healthy control, (C-D) Fibroblast isolated from the affected girl and

boy respectively. Arrow: basal body (green), cilium (red).  
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Figure 3A

SMO staining and expression in the fibroblasts of patients and healthy controls 

Figure 3A: anti-SMO and anti-γ-Tubulin double staining in the fibroblast cells: (A–C) healthy

control, (D–F) affected boy and (G–I) affected girl, treated with 0 µM, 2 µM and 20 µM

purmorphamine respectively. The basal body is in green color (arrow) and the cilium is in red

color (arrowhead). 

Figure 3B

Figure 3B: SMO expression in the fibroblasts of the affected children and healthy controls.

Westernblot using antibody anti-SMO protein and β-actin on the protein lysate isolated from

fibroblasts of: (1-2) Healthy controls, (3) affected boy and (4) affected girl.
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Figure 4

GLI1 Expression (purmorphamine stimulation)

The fold change of the GLI1 expression level by qRT-pCR in the fibroblasts without (-) and

with (+) stimulation of the Hedgehog pathway with 20µM of purmorphamine or human Sonic

Hedgehog (SHH) protein recombinant (0,5 µg/ml) of a healthy individual (control), a patient

with Meckel Syndrome (negative syndrome), and the affected girl and boy. The patterns of

GLI1 expression fold change with and without stimulation were similar from three

independent experiments in triplo, however the value of the fold change varied between 

5–76 fold in the control. No significant changes were observed in the affected pair of twins. 

* p<0.01 (Student’s t-test) Negative control: Meckel Syndrome + : Treated with purmorphamine
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Table S1. Summary statistics for exome sequencing results

Table S2. overview of the SnP calling
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Affected Affected

boy girl Sibling Father Mother

Raw data (Gb) 5.13 6.70 6.91 6.60 5.47
Mapped to target & 
flanking region (bp) 51291757 51236560 51261206 51306232 51259387

Mean Coverage Region 59.87 80.29 80.04 75.86 62.35

Mean Coverage Base 68.46 92.68 92.14 87.18 71.78

Bases covered ≥1 (%) 99.8 99.7 99.8 99.9 99.8

Bases covered ≥5 (%) 98.8 98.9 99.2 99.2 98.8

Bases covered ≥10 (%) 96.1 97.2 97.7 97.5 96.5

Bases covered ≥20 (%) 87.0 91.5 92.4 91.5 88.4

Bases covered ≥30 (%) 75.3 83.7 84.7 83.1 77.5

Affected Affected

boy girl Sibling Father Mother

Variants identified 88148 87184 95468 100878 95085

Variants PASS pipeline filtering 75977 75778 82646 87473 82055

Not in dbSNP134 and 1000G 973 967 1077 1169 993

• CDS Non-synonymous 128 80 137 127 135

• Exon non-CDS 21 109 33 35 26

• CDS Synonymous 70 39 58 82 51

• Intronic 331 470 399 434 371

• Intergenic 366 215 382 417 336

• 3UTR 35 29 33 37 39

• 5UTR 21 24 33 34 34

• Splice site 0 0 0 0 0

• Premature stop codon 0 0 1 2 0

• Stop codon 1 1 1 1 1

• Start codon 0 0 0 0 0



Table S3. overview of the insertion/deletion calling
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Affected Affected

boy girl Sibling Father Mother

Indels identified 6749 6512 7667 8076 7339

Indels PASS pipeline filtering 6085 5844 6926 7329 6612

Not in dbSNP134 and 1000G 214 196 264 259 228

• CDS Non-synonymous deletion 5 2 4 5 7

• CDS Non-synonymous Insertion 6 1 8 7 7

• CDS Non-synonymous missense 1 0 1 0 1

• Frameshift 13 4 14 13 10

• Exon non-CDS 6 37 6 3 8

• CDS Synonymous 0 0 0 0 0

• Intronic 135 122 156 163 134

• Intergenic 30 26 46 46 39

• 3UTR 11 0 12 10 11

• 5UTR 7 3 15 11 9

• Splice site 0 1 2 1 1

• Premature stop codon 0 0 0 0 0

• Stop codon 0 0 0 0 1

• Start codon 0 0 0 0 0
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SUMMARy

CONGENITAL HEART DISEASE (CHD) AFFECTS AppROXIMATELy 1 

IN 150 pREGNANCIES IN THE NETHERLANDS. IT IS ONE OF THE

MAJOR CAUSES OF DEATH IN NEONATES AND IS OFTEN A REASON

TO TERMINATE A pREGNANCy. 

HOWEvER, LITTLE IS KNOWN ABOUT THE ORIGIN OF CHD. 

WE KNOW THAT BOTH ENvIRONMENTAL AND GENETIC RISK

FACTORS CAN CONTRIBUTE TO THE AETIOLOGy OF CHD, AND

CURRENTLy IT IS THOUGHT TO BE MULTIFACTORIAL IN ORIGIN.

DESpITE AN INCREASE IN pRE- AND pOSTNATAL GENETIC TESTING,

NO GENETIC CAUSE CAN BE FOUND IN AppROXIMATELy 80% OF

CHILDREN WITH A CHD. 

ENvIRONMENTAL CAUSES ARE EvEN MORE DIFFICULT TO IDENTIFy

BECAUSE MOST OF THEM HAvE ONLy A SMALL TERATOGENIC RISK. 

IN THE RESEARCH pRESENTED IN THIS THESIS, WE EXpLORED BOTH

GENETIC AND ENvIRONMENTAL RISK FACTORS FOR CHD IN ORDER

TO BETTER UNDERSTAND THE ORIGIN OF CHD.
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We focussed especially on those factors that possibly influence maternal cholesterol levels

and maternal-foetal cholesterol transport. The aim of my thesis was to answer the question

whether there is a role for maternal cholesterol in the aetiology of CHD, since cholesterol is

crucial for embryonic development. Evidence from the literature also points towards maternal

cholesterol being important. We therefore analysed the current prevalence of CHD in the

light of prenatal testing and pregnancy outcome, the interaction between maternal life style

factors and the risk for CHD in offspring, and the maternal-foetal cholesterol transport in

both a retrospective cohort study and a transgenic mouse model. Moreover, we studied the

morphology of the heart in mice lacking a cholesterol transport protein that is highly

expressed on maternal-foetal membranes. Finally we have sequenced the exomes of a pair

of twins born with a phenotype that includes CHD and is similar to a cholesterol-related

disorder. 

Chapter 1

Chapter 1 starts with an outline of the current epidemiology of CHD. We have shown that

improved prenatal detection of CHD has resulted in a statistically significant increase in the

number of terminations of pregnancies with CHD in recent years (Appendix 1). The improved

detection is due to the introduction of a routine ultrasound scan in the 20th week of gestation

(structureel echografisch onderzoek (SEO)) in the Netherlands in 2007. This recent change in

prenatal screening may, in the future, result in a decrease in the live born prevalence of

selected severe CHD. The next section outlines the basic concepts of embryonic development,

including heart development and current knowledge on exogenous and endogenous risk

factors for CHD are briefly described. We have studied the combined effects of maternal

smoking and high body mass index on the risk for CHD in offspring and found that these two

risk factors interact (Appendix 2). If both risk factors were combined, the risk for CHD in

offspring was more than 3 times increased. This is more than the multiplication of the two

individual risks, which suggest that these risk factors have a shared pathological mechanism.

Since both maternal smoking and high body mass index negatively affect cholesterol levels,

we hypothesize that a reduction in HDL cholesterol can cause a cholesterol depletion in the

foetus. This may contribute to CHD. Our results support the multifactorial model of the origin

of CHD. 

Chapter 2

Chapter 2 gives an overview of the concept of maternal-foetal cholesterol transport,

summarizing the review we have written on this subject (Appendix 3). We have investigated

the origin of foetal sterols in second trimester amniotic fluid in humans (Appendix 4). We

showed that maternal cholesterol is taken up by the foetus in significant amounts. We also

studied the endogenous cholesterol synthesis of the foetus by measuring different cholesterol

precursors in amniotic fluid by gas-chromatography/mass spectrometry and found that the

endogenous cholesterol synthesis of the foetus is low until the 19th week after which it

increases rapidly. This suggests that maternal cholesterol could be of major importance
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during the embryonic period. To further elucidate the role of maternal-foetal cholesterol

transport for the foetus, we studied a mouse model in which a cholesterol transporter that is

highly expressed on maternal-foetal membranes was knocked-out (Appendices 5 and 6).

This transporter was lipoprotein receptor-related protein 2 (LRp2). Both the endogenous

cholesterol synthesis as well as the transport of labelled maternally derived sterols were

analysed. This revealed that LRp2 does not contribute to maternal-foetal cholesterol transport

in the third trimester of pregnancy. We further investigated the effects of a 50% reduction in

maternal total cholesterol levels on maternal-foetal cholesterol transport, cholesterol synthesis

of the offspring, and heart development in the offspring. Besides a 50% reduction in

maternal-foetal cholesterol transport and a slight upregulation in endogenous synthesis, no

important effects were found in the offspring. These results suggest that the thresholds for

maternal cholesterol, needed for development and growth, are probably low, and the foetus

is possibly highly redundant for a low cholesterol environment, which as such protects the

foetus.

Chapter 3

Chapter 3 presents the morphology of the hearts of Lrp2 -/- mice offspring at different

developmental stages (Appendix 5). We found severe CHD in these foetuses, including a

common arterial trunk (CAT), aortic arch anomalies, defects in the Av septum, and severely

disturbed compaction of the ventricular wall. We showed that the underlying cause for the

outflow tract anomalies is an abnormal distribution of cells from the second heart field. We

summarize why it is more likely that LRp2 is crucial in signalling during cardiac development

than in maternal-foetal cholesterol transport. Candidate-signalling pathways are the BMp

pathway, retinoic acid pathway, and SHH-GLI pathway. Furthermore, we discuss the impact

of the latter signalling pathway on the development of the atrioventricular valves. 

The idea that disturbed signalling is important in the aetiology of CHD is supported by a

study we performed in a case of a pair of twins with syndromic atrioventricular septal defect

(AvSD). These twins were the start of the hypothesis underlying this thesis. The twins clinical

presentation led to suspicions of them having an endogenous cholesterol defect or problems

in maternal-foetal cholesterol transport. As the cause of their disorder was unknown, we

sequenced the exomes of the twins and found a new causative gene mutation explaining the

phenotype (Appendix 7). The twins were found to have a homozygous mutation in

Smoothened, a member of the SHH signalling pathway, a signalling pathway which depends

greatly on adequate cholesterol levels. Functional studies in fibroblasts from the patients

revealed that this mutation was most likely pathogenic since downstream GLI expression was

severely reduced and Smoothened was not capable of trafficking to the primary cilium where

it normally transduces the signal. 

In these two studies (Appendices 5 and 7) we identified two new key players in cardiac

development, namely LRP2 and Smoothened. Both genes are involved in cholesterol-related

signalling. Future work should reveal if LRP2 is indeed crucial for SHH-GLI signalling. If so,

LRP2 will likely be added to the expanding list of genes that cause a so-called ciliopathy
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syndrome. The chapter closes with a suggestion to sequence the exomes of patients with

syndromic and non syndromic CHD, since that would help us in the diagnostic process and in

reaching a better understanding of the aetiology of CHD.  

Chapter 4

Chapter 4 presents the conclusions from this research and comments on future research on

the role of both maternal cholesterol and cardiac development, together with cholesterol-

related signalling in the aetiology of CHD. The major accomplishments of this research are

the following:

• We have shown that exogenous risk factors for CHD can interact, and assume that they

share a biological mechanism which supports the multifactorial model of origin.

• We have gained more insight into the endogenous cholesterol synthesis of the foetus

during the second and third trimester of pregnancy, and in maternal-foetal cholesterol

transport and its importance for the growing foetus.

• We have identified two new genetic key players, LRp2 and Smoothened, in cardiac

development.

Our studies have raised many new questions about the aetiology of CHD and the role of

maternal cholesterol in cardiac development. Further work is needed to confirm or exclude a

teratogenic effect of disturbed maternal lipid levels and diminished maternal-foetal cholesterol

transport. There is a need for large prospective cohort study that investigates maternal lipid

levels during pregnancy and thoroughly register pregnancy outcome. Moreover, more patients

with CHD should be screened for mutations in the two genes identified here and it would be

preferable if exome sequencing could be performed in patients with CHD to identify more key

players and relevant modifiers in cardiac development. However, until we know more about

what causes CHD and to what extent, we should certainly try to eliminate known teratogenic

factors, as well as potentially teratogenic factors, in our preconception care of young women. 
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SAMENvATTING

IN NEDERLAND WORDT 1 Op DE 150 ZWANGERSCHAppEN

GECOMpLICEERD DOOR EEN CONGENITAAL HART DEFECT (CHD) 

BIJ HET KIND. EEN CHD IS EEN vAN DE MEEST vOORKOMENDE

OORZAKEN vAN vROEGTIJDIGE STERFTE BIJ pASGEBORENEN EN IS

STEEDS vAKER EEN REDEN OM DE ZWANGERSCHAp vOORTIJDIG TE

BEëINDIGEN. 

ER IS WEINIG BEKEND OvER DE OORZAKEN EN DE OORSpRONG

vAN CHD. vAN vERSCHILLENDE EXOGENE EN GENETISCHE

RISICOFACTOREN IS BEKEND DAT ZE CHD KUNNEN vEROORZAKEN.

ONDANKS EEN TOENAME IN pRE- EN pOSTNATAAL GENETISCH

ONDERZOEK WORDT IN MINDER DAN 20% vAN ALLE CHD'S EEN

(ERFELIJKE) OORZAAK GEvONDEN. 

EXOGENE FACTOREN, OOK WEL OMGEvINGSFACTOREN GENOEMD,

ZIJN ZELFS NOG MOEILIJKER TE IDENTIFICEREN ALS OORZAAK

vOOR CHD, AANGEZIEN DE MEESTE vAN DEZE FACTOREN EEN LICHT

vERHOOGD RISICO GEvEN Op HET ONTSTAAN vAN CHD. DE HUIDIGE

GEDACHTE ROND HET ONTSTAAN vAN CHD IS DAT HET

MULTIFACTORIEEL vAN OORSpRONG IS, WAARBIJ ZOWEL

GENETISCHE ALS OMGEvINGSFACTOREN EEN ROL SpELEN. 
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In dit proefschrift zijn zowel genetische als exogene risicofactoren voor CHD onderzocht om

meer inzicht te krijgen in het ontstaan van CHD. Daarbij lag er een speciale focus op factoren

die mogelijk maternale cholesterol waarden en/of maternaal-foetaal cholesterol transport

beïnvloeden. Het doel van dit proefschrift was een antwoord te geven op de vraag of er een

rol is weggelegd voor maternaal cholesterol in de etiologie van CHD. Bekend is dat cholesterol

cruciaal is voor hartontwikkeling. Er is steeds meer wetenschappelijk bewijs dat in deze

richting wijst. Om opheldering te krijgen hebben we eerst de huidige prevalentie van CHD

geëvalueerd in het licht van prenatale screening en zwangerschapsuitkomst. Daarnaast

hebben we de interactie tussen twee maternale leefstijlfactoren onderzocht in het gezamenlijk

risico op CHD voor het kind. vervolgens hebben we maternaal-foetaal cholesterol transport

bestudeerd door middel van een retrospectieve cohort studie en een transgeen muismodel.

vervolgens hebben we de morfologie van het hart bekeken in muizen die een cholesterol

transport eiwit missen dat hoog tot expressie komt op zowel de dooierzak als de placenta.

Als laatste hebben we alle genen van een tweeling met CHD en extracardiale afwijkingen

gesequencet en een gemuteerd gen gevonden dat sterk in de richting wees van een

cholesterol-gerelateerde aandoening. 

Hoofdstuk 1

Hoofdstuk 1 begint met een overzicht van de huidige epidemiologie van CHD. We hebben

laten zien dat verbeterde prenatale detectie van CHD heeft geresulteerd in een toename in

het aantal zwangerschapsafbrekingen in de meest recente jaren (Appendix 1). De reden

hiervoor is de introductie van de 20-weken echo (SEO) in 2007. Het is denkbaar dat hierdoor

een duidelijke afname in de levend geboren prevalentie van CHD in Nederland zal optreden.

vervolgens beschrijf ik kort de embryologie van de eerste paar weken van de ontwikkeling,

inclusief de basisprincipes van hartontwikkeling, en de huidige stand van zaken rond exogene

en endogene risicofactoren voor CHD. 

Hierna bediscussieer ik de resultaten van onze studie naar de gecombineerde effecten van

maternaal roken en overgewicht (Appendix 2). Onze studie toont aan dat de combinatie van

roken en overgewicht tijdens de zwangerschap een meer dan drie keer verhoogd risico geeft

op het krijgen van een kind met een CHD. Dit is meer dan men zou verwachten als de

individuele effecten met elkaar zouden zijn vermenigvuldigd. Het suggereert dat deze twee

risicofactoren elkaar versterken en een gedeeld pathogeen mechanisme hebben in het

ontstaan van CHD. Een mogelijke verklaring voor het verhoogde risico op CHD zou een tekort

aan cholesterol in de foetus kunnen zijn, omdat zowel roken als overgewicht maternale

cholesterolwaarden op een negatieve manier beïnvloeden. Onze resultaten ondersteunen

hiermee het multifactoriële model van het ontstaan van CHD.

221

SAMENvATTING



Hoofdstuk 2

Hoofdstuk 2 is een overzicht van de huidige kennis van maternaal-foetaal cholesterol

transport, samengevat in een review die we hebben geschreven over dit onderwerp

(Appendix 3). We hebben de oorsprong van foetaal cholesterol in het tweede trimester van

de humane zwangerschap onderzocht (Appendix 4). In deze studie tonen we aan dat de

foetus maternaal cholesterol in een significante hoeveelheid opneemt. Bovendien hebben we

de endogene cholesterol synthese (eigen cholesterol aanmaak) van de foetus bestudeerd

door verschillende cholesterol voorlopers te meten in het vruchtwater door middel van gas

chromatografie en massa spectometrie. We vonden dat het cholesterol dat de foetus zelf

maakt tot de 19e week van de zwangerschap laag is. Daarna neemt de endogene synthese

van cholesterol drastisch toe. Dit doet vermoeden dat maternaal cholesterol van groot belang

is tijdens de embryonale periode. 

Om verder op te helderen wat het belang is van maternaal-foetaal cholesterol transport voor

de foetus hebben we een muismodel bestudeerd. Het model dat we hebben gebruikt mist

een cholesterol transport eiwit dat hoog tot expressie komt op zowel de dooierzak als

placenta (Appendix 6). De naam van dit eiwit is lipoprotein receptor-related protein 2

(LRp2). We hebben zowel de endogene synthese (van de muis embryo) als het transport van

gelabeld cholesterol van de moedermuis geanalyseerd. We laten zien dat in het derde

trimester van de zwangerschap LRp2 niet bijdraagt in maternaal-foetaal cholesterol

transport. Bovendien hebben we onderzocht wat het effect is van een halvering van het

totale cholesterol niveau in de moedermuis op zowel maternaal-foetaal cholesterol transport,

cholesterol synthese van de foetus en hartontwikkeling van de muizenfoetus. Behalve een

50% reductie in het maternaal-foetaal cholesterol transport en een lichte ophoging van de

endogene synthese, vonden we geen belangrijke effecten in de muizenfoetus. Deze

resultaten demonstreren dat er mogelijk weinig cholesterol nodig is van de moeder voor

normale ontwikkeling van het hart. De foetus heeft dus mogelijk een groot

compensatiemechanisme dat de foetus beschermt in een laag-cholesterol milieu. 

Hoofdstuk 3

In hoofdstuk 3 beschrijven we de morfologie van de harten van muizen foetussen met het

Lrp2 -/- genotype (Appendix 5). In deze muizen hebben we ernstige hartafwijkingen

gevonden zoals een persisterende truncus arteriosus, aorta boog afwijkingen, defecten in

het atrioventriculair septum en ernstig verstoorde compactie van het ventrikel myocard. We

hebben aangetoond dat de onderliggende oorzaak van de uitstroombaan afwijkingen een

verstoorde distributie van het ‘second heart field’ is (* een groep van cellen die zich moet

distribueren en cruciaal is voor de ontwikkeling van het hart). Daarnaast wordt een uiteen-

zetting gegeven wat het mogelijk pathogene mechanisme is waar LRp2 een rol in speelt.

Argumenten worden gegeven waarom het waarschijnlijker is dat LRp2 een cruciale rol speelt

in signaaltransductie tijdens de hartontwikkeling dan in maternaal-foetaal cholesterol

transport. Kandidaat signaaltransductie cascades zijn de BMp cascade, de retinolzuur cascade
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en de Sonic Hedgehog-SHH-GLI cascade. In het tweede deel van dit hoofdstuk bespreek ik

de invloed van de laatste genoemde signaaltransductie cascade op de ontwikkeling van het

atrioventriculaire kanaal. 

We hebben een tweeling bestudeerd met beiden een syndromaal atrioventriculair septum

defect (AvSD). Deze tweeling heeft geleid tot de vraagstelling van dit onderzoek en was

daarom het begin van de meeste van de studies beschreven in dit proefschrift. De klinische

presentatie van de tweeling deed ons vermoeden dat de oorzaak gezocht moest worden in een

verstoorde cholesterol biosynthese of een defect in maternaal-foetaal cholesterol transport. We

hebben uiteindelijk alle genen van deze tweeling gesequencet (exoom sequencing) en we

hebben een mutatie gevonden in een gen dat nog niet eerder geassocieerd is met AvSD

(Appendix 7). De patiënten hadden een mutatie in Smoothened, een belangrijk eiwit van de

SHH signaaltransductie cascade. Deze signaaltransductie cascade is afhankelijk van adequate

cholesterol niveaus. 

Functionele studies in fibroblasten van deze patiënten lieten zien dat de mutatie hoogstwaar-

schijnlijk pathogeen was, aangezien we ernstig verlaagde GLI1 waarden vonden, samen met

een SMO eiwit dat niet in staat was naar het cilium van de cel te bewegen. Dit laatste is

noodzakelijk om een signaal transductie te bewerkstelligen. Met de twee studies beschreven

in appendix 5 en 7 hebben we twee eiwitten geïdentificeerd die een belangrijke rol spelen

in de hartontwikkeling van zowel mens als dier en beide waren als zodanig nog niet eerder

bekend. De toekomst moet uitwijzen of LRp2 inderdaad cruciaal is voor SHH-GLI signalling.

Als dit zo is, zal LRp2 waarschijnlijk worden toegevoegd aan de groeiende lijst met genen die

een zogenaamde ciliopathie kunnen veroorzaken. Het hoofdstuk sluit af met een suggestie

om in meer patiënten met CHD het exoom te sequencen om nieuwe genen te identificeren

die een rol spelen in de hartontwikkeling.

Hoofdstuk 4

Hoofdstuk 4 beschrijft de belangrijkste conclusies uit dit proefschrift en geeft ideeën voor

toekomstig onderzoek naar de rol van zowel maternaal cholesterol en hartontwikkeling, als

cholesterol-gerelateerde signalering in de etiologie van CHD. De belangrijkste behaalde

resultaten van dit proefschrift zijn:

• Exogene risicofactoren, namelijk maternaal overgewicht en roken, versterken elkaar in

het risico op CHD bij de foetus, wat suggereert dat ze een biologisch-pathologisch

mechanisme delen. Dit ondersteunt het multifactoriële model in het ontstaan van CHD.

• Er is meer inzicht verkregen in: 1) de endogene cholesterol synthese van de foetus tijdens

het tweede en derde trimester van de zwangerschap; 2) in maternaal-foetaal cholesterol

transport; 3) in het belang hiervan voor de foetus.

• Twee genen zijn geïdentificeerd waarvan voorheen niet bekend was dat ze een cruciale rol

spelen in de hartontwikkeling van zowel mens als dier.
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Onze studies hebben veel nieuwe vragen opgeworpen over de etiologie van CHD en de rol

van maternaal cholesterol in hartontwikkeling. Nieuwe studies zijn nodig om te bevestigen

dan wel uit te sluiten of er een teratogeen effect bestaat op de hartontwikkeling van zowel

verstoorde cholesterol waarden in de moeder, als afgenomen maternaal-foetaal cholesterol

transport. 

Een grote prospectieve cohort studie naar de maternale cholesterol waarden tijdens de

zwangerschap tezamen met de zwangerschapsuitkomst, zal meer uitsluitsel moeten geven.

Bovendien zou het interessant zijn te onderzoeken of meer patiënten verklaard kunnen worden

door mutaties in de genen die in dit proefschrift zijn beschreven. Toekomstig onderzoek zal

moeten uitwijzen welke factoren (endogeen en exogeen) het meest van belang zijn in de

hartontwikkeling en welke een kleinere rol spelen en daardoor meer als modifier optreden.

Het elimineren van zowel bekende teratogene als potentieel teratogene factoren middels

preconceptiezorg blijft cruciaal.
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Mijn eerste woord van dank gaat naar alle ouders die toestemming gaven voor registratie

van hun kind bij Eurocat. Zonder hun toestemming zou veel onderzoek naar risicofactoren

voor aangeboren afwijkingen niet mogelijk zijn geweest. Het is ontzettend dapper om je

kind te laten registreren en na te denken over allerlei vragen over de zwangerschap in een

periode van emoties en rouw. 

Promotores en copromotores,

prof. dr. Hofstra, beste Robert, Het heeft even geduurd voor ik ‘professor’ en ‘u’ uit mijn

systeem kreeg. Je stond erop. Het kenmerkt je houding naar mij en vele andere studenten.

Als ik langskwam voor een overleg nam je altijd alle tijd voor me en je ontspannen houding,

waardevolle kanttekeningen en steun in lastige kwesties maakte dat ik altijd vol vertrouwen

weer de deur uitging. Je stuurde waar nodig zonder het stuur van me over te nemen; een

 eigenschap die ik erg in je waardeer. Stiekem vind ik het heel erg jammer dat als de SMO

paper klaar is onze samenwerking stopt. Ik hoop dat er een heel mooie toekomst voor jou

en je gezin in Rotterdam ligt te wachten.

prof. dr. Berger, beste Rolf, Ook al was het soms ‘mission impossible’ om een afspraak met

je te krijgen, als die er eenmaal was kreeg ik alle tijd en aandacht van je. Ik heb je scherpe

en kritische blik op het onderzoek erg gewaardeerd, met name dat je me steeds weer terug-

bracht bij de resultaten die het verhaal moeten vertellen en niet mijn wilde ideeën. Ik vind

het jammer je te moeten teleurstellen dat ik toch geen kindercardioloog word… Dat lag

zeker weten niet aan het enthousiasme dat je uitstraalt voor je vak en je toewijding aan je

patiënten.

Dr. Bakker, beste Marian, Toen jij me jaren geleden vol enthousiasme ‘binnenhaalde’ bij

het Eurocat-team kon ik nog niet weten wat voor mooie tijd me te wachten stond. Ik ben je

ontzettend dankbaar voor de vrijheid en het vertrouwen dat je me hebt gegeven in het

 kiezen van een specifieke richting in onderzoek naar aangeboren hartafwijkingen, als wel

voor de geweldige cursussen en congressen die ik mocht bezoeken. Je pragmatische bege-

leiding in de momentjes dat ik wat teveel piekte of daalde heeft me erg geholpen de goede

focus te houden. Ik hoop dat we elkaar in de toekomst nog geregeld tegenkomen.

Dr. plösch, beste Torsten, Wat zal je gedacht hebben toen je me de pipet nog moest voor-

doen… Gelukkig heb je m’n kennis van basale wetenschap in de afgelopen tijd aardig wat

kunnen bijspijkeren. Maar ik ben het nu toch wel met je eens: dokters zouden in hun basis-

opleiding meer onderwijs moeten krijgen over laboratoriumtechnieken. Ik ben je dankbaar

voor je begeleiding, zorgvuldige revisies en dat je altijd zo makkelijk benaderbaar was voor

vragen.

Leden van de leescommissie, 

prof. dr. Gittenberger-de Groot, Ik ben erg dankbaar voor de kans die u en Marco me

gaven naar Leiden te komen om meer te leren over hartontwikkeling en dat u ‘toekomst’ zag

in de LRp2 studie. Uw enthousiasme voor het onderzoek naar hartontwikkeling is ontzettend
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inspirerend voor me geweest. Hartelijk dank dat u mijn proefschrift wilde beoordelen als lid

van de leescommissie. Uw bijdrage aan dit proefschrift was erg waardevol. 

prof. dr. Groen, Dank voor uw bereidwilligheid dit manuscript te beoordelen als lid van de

leescommissie. prof. dr. Botto, Thank you for participating in the reading committee. It has

been such a pleasure meeting you in Utah in my first year of phD. 

Beste Mieke, Wie had gedacht dat mijn stage bij jou tijdens mijn opleiding Geneeskunde

zo’n weten-schappelijk vervolg zou krijgen! Het zou een afsluitend dinertje zijn bij jou thuis

in 2008… De vele uurtjes die we samen hebben doorgebracht met hypothesen bedenken en

‘sparren’ zijn al lang niet meer te tellen en was kenmerkend voor onze samenwerking. Als ik

bij jou vandaan kwam voelde mijn hoofd soms als een bruistablet, en moest ik eerst gaan

schrijven voor ik wat anders kon doen. Ik heb diep respect voor je enthousiasme en je door-

zettingsvermogen in het onderzoek naar aangeboren hartafwijkingen. Zonder jou hulp en hart

zou dit proefschrift, met deze resultaten, er nooit zijn gekomen. We houden zeker contact in

de toekomst.

Mathijs, Wat was ik blij en opgelucht dat jij me kwam helpen in ‘de wereld van de muizen’.

Ik ben je dankbaar voor alles wat je voor de LRp2 studie hebt gedaan; van kilo’s voer maken

in je weekend, tot het berekenen van sterol waarden en schrijven. Ik hoop dat je gauw je

eigen promotie mag vieren!

prof. dr. de Ruiter, beste Marco, Altijd werd ik vrolijk en enthousiast door je begroet als ik

weer in Leiden kwam. Ik mocht alles met je overleggen en samen door de microscoop kijken

waren voor mij de beste leermomenten. Wat een euforie toen de eerste maar ook latere

resultaten duidelijk werden! Ik hoop dat ons werk beloond wordt met een mooie publicatie. 

Het Eurocat-team, 

Hermien, Je hebt me meteen heel welkom laten voelen bij Eurocat en je enthousiasme voor

onderzoek, je sterke wens om aangeboren afwijkingen te helpen voorkomen en oog voor

detail waren voor mij een heel mooie leerschool. Daarnaast ben je een echt mensen-mens

met een warm hart en was daarmee een heel fijne collega. Ester, Het was erg leuk dat ik

met jou de passie voor tuinieren kon delen. We hebben aardig wat stekjes en zaadjes

uitgewisseld in de loop van de jaren. Je was een heel lieve collega voor me. Linda, Jorieke,

Lies, Margriet, Christa, Hanneke, Frouke en Nicole, Wat heb ik voor mijn eerste ‘echte’

baan geluk gehad in zo’n gezellig team te komen! De betrokkenheid bij elkaar, de echte

teamspirit, de zorgvuldigheid waarmee iedereen werkt en natuurlijk de koffie-momentjes -

waar menig vIp tot in de details besproken werd - kenmerkt Eurocat. Het was een geweldige

omgeving om in te werken.    

Co-auteurs,

Bij het doen van onderzoek en het opschrijven ervan heb ik veel hulp gekregen van alle 

co-auteurs. Dank voor jullie belangrijke bijdrage het onderzoek in dit proefschrift. In het
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bijzonder wil ik de volgende mensen noemen. prof. dr. Erwich, beste Jan Jaap, Dank voor

alle begeleiding die je me gaf. Je enthousiasme voor de wetenschap is heel aanstekelijk! 

Dr. Corpeleijn, beste Eva, Je hulp bij de interactie paper was erg belangrijk. Dank voor je

geduldige uitleg. Beste Angelika, Dank voor al je hulp bij de LRp2 studie. prof. dr. Ebels,

Het was een plezier om met u samen te werken. Dank voor de besprekingen en hulp bij het

uitdenken van de prevalentiestudie. prof. dr. Bilardo, Dank voor uw zorgvuldige en grondige

commentaren op de prevalentie-studie. Het manuscript is er zoveel beter van geworden. 

Beste Hanneke, Onze ‘werkoverleggen’ onder het genot van een goede kop koffie waren

altijd erg plezierig. Ik ben je dankbaar voor al je inzet. Dr. du Marchie Sarvaas, beste

Gideon, Dank voor het bijhouden van alle gegevens en je waardevolle bijdrage aan de

prevalentiepaper. prof. dr. Lütjohann, lieber Dieter, Als ich für unsere Studie allein nach

Bonn reisen musste (mit meinem gebrochenen Deutsch doch sehr spannend), haben Sie

mich mit offenen Armen empfangen. Ich fühlte mich sofort willkommen und Ihre

Gastfreundschaft war überwältigend! Angefangen mit der Fahrradtour mit Eis bis hin zum

Abendessen. Danke für die schönen Erinnerungen!

uMCG, 

Allereerst wil ik alle artsen bedanken die kinderen bij Eurocat hebben aangemeld. Daarnaast

ben ik alle collega’s van de afdeling Genetica dankbaar voor hun betrokkenheid bij mijn

onderzoek en de nuttige input bij de dinsdagbesprekingen, Eurocat lezingenmiddagen en in

de wandelgangen. Ook gaat een woord van dank naar de kindercardiologen van het UMCG

voor het aanmelden van kinderen bij Eurocat, het zorgvuldig bijhouden van gegevens van de

prenatale en postnatale echo’s en de welwillendheid mee te denken met de studies in dit

proefschrift. En natuurlijk dank voor de ontzettend leuke leerzame stage die ik in mijn

tweede jaar van mijn phD bij jullie kon volgen. 

Jackie Senior, Mijn dank naar jou is GROOT! Behalve dat je me met een van de meest ge-

weldige schrijfcursussen in aanraking bracht, heb je ontzettend veel editing verricht aan de

inhoud van dit proefschrift. Beste KTC collega’s, Ik heb een ontzettend leuke en gezellige

tijd gehad bij jullie op het Klinisch Training Centrum als docent. Dank voor alles wat ik van

jullie kon leren over didactische werkvormen, goed toetsen en algemene medische kennis. 

Corienne, patricia, Lennart, pascal, Daniël, Marrit, Lynn, Ninon, Marrit, Anne, Barbara

en Elja, Dank voor alle gezelligheid, het delen van de eerste ervaringen als kersverse huis-

arts-in-opleiding en jullie warme en goede adviezen.

LuMC, 

Beste Bert, Ook al heb ik je meerdere keren teleur moeten stellen als ik voor de zoveelste

keer de artiest of muziekstroming niet kon raden, je me weer moest uitleggen hoe ik bij de

data op de gezamenlijke schrijf kon komen of hoe ik een retrieval kon draaien, je bleef

optimistisch! Je verzette echt bergen werk voor de LRp2 paper waar ik je tot op de dag van

vandaag zeer dankbaar voor ben. Wat waren de anderen stiekem jaloers dat ik een

culinaire BBQ bij je thuis kreeg aangeboden! Ik hoop dat we elkaar nog blijven zien in de

toekomst. Tim. Ik heb genoten van de discussies die we hadden over alles behalve

research. Dank voor al je diepzinnige vragen (die me terug in de trein nog wel eens flink
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bezighielden). Annelot en Emmelien, Wat was het altijd gezellig in Leiden met jullie. Zelfs

coupes plakken werd een leuk werkje als een van jullie naast me zat. Ik wens dat al jullie

toekomstplannen uit zullen komen en we nog eens een borrel doen in Leiden. 

Mary en Nimrad, Jullie plekje werd nog wel eens door mij ingepikt of jullie vonden een

lading tassen van me op dat kleine kamertje met Bert en Jan. Nooit hebben jullie ook maar

een keer geklaagd. Dank daarvoor! Heel veel succes in jullie verdere carrière. Conny, Jan,

Rebekka, Monique en Margot, Dank voor de tijd die jullie hebben genomen me van alles bij

te brengen over hartontwikkeling, de vertaalslag van muis naar de mens, lab-zaken, en alle

hulp bij de LRp2 paper. Dr. Hierks, beste Beerend, Belangeloos en geduldig heb je me de

essentie van de SHH pathway willen uitleggen, waarvoor veel dank. Ik vind het jammer dat ik

niet nog meer van je heb kunnen opsteken over dit onderwerp. prof. dr. poelmann, Dank

voor uw wijze woorden en vriendelijke commentaren. Het was erg fijn om bij u te kunnen

aankloppen met vragen. 

Erasmus MC, 

Dear yunia, It was a pleasure to work with you on the SMO paper. you have done such a job

and I am very grateful for your contribution. I wish you all the best for your future back in

Indonesia. Dr. verheijen, beste Frans, Je heldere, bondige en verfrissende commentaren bij

gezamenlijke besprekingen en voor manuscriptversies waren zeer waardevol voor de SMO

paper en hebben me heel erg op weg geholpen. Beste Leontine, Ik wil je hartelijk bedanken

voor al het werk dat je hebt verricht voor de SMO studie. Dr. Brooks, beste Alice, Dank

voor je bereidheid me met je kennis te helpen bij mijn proefschrift.

Dear Mike and Ian, you showed me that writing is all about telling my story, that frustration

means you are just in the wrong process, and that one can really find freedom to write.

Lieve vriendinnen,

Jannemarie, Onze vriendschap startte al op de basisschool. Ook al zien we door onze drukke

jonge gezinnen elkaar weinig, het is altijd als vanouds als we afspreken. Heerlijk is dat, zo’n

ongecompliceerde vriendschap voor het leven! Joanne, Gineke en Karine, We hebben toch

een mooi alternatief gevonden met onze weekendjes - in plaats van samen eten en borrelen

in Groningen - en moeten dit maar lang in ere houden. Karin, Wat begon bij een epidemiologie

cursus voor onze beide phDs is toch even mooi een heel leuke vriendschap geworden. Gauw

weer een diner in de stad? Annamarie, Een buurvrouw als vriendin is echt fijn! Ik hoop dat

onze levens nog lang gedeeld worden bij een cappuccino. Hanneke, Gelukkig is Hans nooit

jaloers geweest dat ik zijn nichtje en goede vriendin met hem ging delen.. Ik heb bewondering

hoe je in je drukke bestaan tijd neemt voor anderen. Myrna, Dank je voor je vriendschap,

luisterende oor en waardevolle adviezen die je me al die jaren al gegeven hebt.
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Mijn paranimfen, 

Lieve Meike, Wat hebben we in toch relatief korte tijd al veel belangrijke levensgebeurtenissen

van elkaar meegemaakt. Dat we nu in dezelfde levensfase zitten met een baby en beiden

voor belangrijke keuzes staan heeft onze vriendschap alleen maar verdiept. volgens mij

raken we nooit uitgepraat en ik hoop dat we nog lang vriendinnen en collega’s blijven. 

Lieve Jannemieke, Toen we als twee kleine meisjes in de kerk elkaar briefjes begonnen te

schrijven om de soms toch wat saaie preek te doorstaan, wist ik nog niet dat ik schrijven zo

leuk zou gaan vinden! De basis voor mijn plezier in schrijven is toen met jou misschien wel

gelegd… Ik vind het heel speciaal dat je naast me wilt staan als mijn paranimf. Wat jammer

dat jullie zo ver weg wonen. Ik ben blij dat we de afstand een beetje kunnen overbruggen

met pen en papier.

Vrienden,

Dear Hank & Cathy pott, The Kohl’s did such a great job to introduce us to each other! I

hope you will visit Holland again soon. Lieve Dolf & Firdaus, Wat is het fijn jullie te hebben

leren kennen. Het is bijzonder te zien dat niets jullie kan tegenhouden om te doen wat jullie

moeten doen. Lieve Tristan & Ammerens, Onze vriendschap kenmerkt zich door ontspannen

diners onder het genot van een goed glas Hardys met waardevolle gesprekken over de meest

uiteenlopende onderwerpen. Hans en ik zijn gezegend met jullie als vrienden en we hopen

nog heel veel toekomst samen te beleven.

Lieve familie,

Dearest Steven & Kathryn, We share so much more than just being family! The time we

spent together in London are golden memories. We really hope we will catch up soon on

Australian ground. Dearest Frank & Jeanette, Luke and Sarah, The home you gave me

during my internship in Australia was warm and means so much to me. We love you. Lieve

Ingrid, Wat heb je me enorm geholpen door de lay-out van dit proefschrift voor je rekening

te nemen. Het is ontzettend mooi geworden en ik ben je heel dankbaar! Ik hoop dat je, net

als ik, er nog vaak met voldoening naar kan kijken (maar sla de tabel van appendix 3 dan

maar wel over..;-)) Lieve Ruud, Ik denk dat je achter de schermen vaak hebt meegekeken

en  advies gaf. Daarnaast was je Ingrid natuurlijk soms even helemaal ‘kwijt’ aan mijn proef-

schrift…

Lieve mem & Geert, Mem, wat mooi dat je de foto voor de cover wilde maken! Je hebt een

groot talent voor fotografie. Jullie huis is altijd warm en hartelijk voor ons.

Dirk & Charlotte, Jaap & Doreen, Wouter & Anouk en Jolien & Daniël, vanaf het begin

(alweer bijna 13 jaar geleden!) heb ik me welkom gevoeld in het arendsnest, ook al moest ik

wel even wennen aan bepaalde ‘Smilde-gebruiken’… Ik bof met jullie als schoonfamilie. 

Lieve Heit & Marianne, Ook al is de pleisterplaats boerderij nu verdwenen, de deuren in

Grou staan alweer wagenwijd voor ons open! Ik hoop dat er een hele mooie toekomst voor

jullie twee ligt te wachten op dat unieke plekje aan het water. 
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Flip en Rosalie, lieve broer en zus, Jullie staan altijd voor me klaar om te helpen en ik ben

ontzettend gezegend met jullie als broer en zus. Straks zijn we alle drie arts. Dat is echt wel

heel speciaal! Lieve Anneloes en Simeon, Het is echt gezellig dat jullie erbij zijn gekomen! 

Lieve pap & Mam, Jullie hebben me altijd een heerlijk en fijn thuis gegeven. Dank voor jullie

onvoorwaardelijke liefde, zorg en steun. Lieve pap, wat had ik graag een knuffel van je

gehad op mijn promotiedag en je zien stralen, trots op je dochter. Ik mis je. Lieve Mam, ik

vind je zo ontzettend dapper! Je liefde, aandacht en zorgzaamheid voor ons kinderen en voor

anderen is geen dag minder geworden.

Lieve lieve Hans, Wat ben ik stapel op je! Een paar dankwoordregels zijn bij lange na niet

genoeg om je te bedanken, laat staan mijn liefde voor je uit te drukken. Ik ben je dankbaar

voor al je kritische vragen over cholesterol en hartontwikkeling, waar vaak genoeg nog

niemand op was gekomen, en voor al die fijne momentjes dat ik gewoon even stoom kon

afblazen. Nu is het boekje toch eindelijk echt klaar lieverd. Ik zie uit naar nog veel meer van

dit leven met jou en onze twee prachtige zoons! 

Lieve God, Dank u voor uw constante vertrouwde aanwezigheid. Het zijn uw dromen die

mij inspiratie, doorzettingsvermogen en blijdschap geven. you invite us to live with great

 expectations.
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Congenital heart disease (CHD) affects approximately 1 in 150 pregnancies in the Netherlands.

It is a major cause of neonatal death and it often has a great impact on the life of survivors.

In the research presented in this thesis, both genetic and environmental risk factors for CHD

were explored in order to gain a better understanding of the origin of CHD, with a special focus

on the role of maternal cholesterol.

In this thesis, evidence is provided that maternal life style factors - smoking and high body

mass index - interact in the risk they convey for CHD in  offspring, implying they share a bio-

logical mechanism in the development of CHD. Furthermore, insight has been gained into the

contribution of  maternal cholesterol, which is transported to the foetus during pregnancy, and

in the foetus's own cholesterol synthesis.

We have identified two new key players involved in the genetics of  cardiac development, na-

mely lipoprotein receptor-related protein 2 (LRP2) and Smoothened (SMO). Both genes are

related to the SHH pathway, a pathway that depends on sufficient cholesterol levels. Our stu-

dies  support the  hypothesis that CHD is a complex disorder, caused by an  interaction  between

genetic and environmental factors. Future research should focus on maternal cholesterol as a

possible modifier in foetal  cardiac development.

Marlies Smilde-Baardman
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