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Escrito nos raros intervalos de folga de uma carreira fatigante, este livro, 
que a princípio se resumia à história da Campanha de Canudos, 

perdeu toda a atualidade, remorada a sua publicação em virtude de causas
 que temos por escusado apontar. 

Euclides da Cunha, Os Sertões, 1902

Geschreven in de weinige vrije uren van een drukbezet leven, heeft dit boek, 
dat aanvankelijk bedoeld was een geschiedenis van de Campagne van Canudos te zijn,

 alle actualiteit verloren nadat publicatie ervan werd vertraagd om redenen 
die wij het niet nodig achten te vermelden. (Vertaling door August Willemsen, 2001)
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11β-HSD-1  11β-hydroxysteroid dehydrogenase-1

11β-HSD-2  11β-hydroxysteroid dehydrogenase-2 

BW Birth weight 
CP Cerebral Palsy 
CTG  Cardiotocography
D1 Iodothyronine Deiodinase type 1
D2 Iodothyronine Deiodinase type 2
D3 Iodothyronine Deiodinase type 3
ecNOS Endothelial Nitric Oxide Synthase
EST Expressed Sequence Tag
FGR Fetal Growth Restriction
hCG Human Chorionic Gonadotrofin

HELLP Hemolysis, Elevated Liver enzymes and Low Platelet 
syndrome

HPA axis Hypothalamic-Pituitary-Adrenal gland axis
HPT axis Hypothalamic-Pituitary-Thyroid axis
HTM Human Transcriptome Map 

ISSHP International Society for the Study of Hypertension in 
Pregnancy   

LCHAD Long Chain 3 Hydoxyacyl coA Dehydrogenase
PE Preeclampsia
PR Placental Ratio
PW Placental weight 
PWR Placental Weight Ratio
sqPCR Semi-quantitative Polymerase Chain Reaction
T3 Triiodothyronine 
T4 Thyroxin 
fT4 Free Thyroxin 
rT3   Reverse-Triiodothyronine
TBG Thyroxin Binding Globulin
TPOab  Thyroid Peroxidase Antibodies 
TRH  Thyrotropin Releasing Hormone
TSH Thyroid Stimulating Hormone

List of abbreviations
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Introduction

Introduction, Part 1: Placental development and Function

Historical Perspective
This thesis provides evidence for the important role of the placenta during 
pregnancy. The importance of normal placental development for normal 
fetal development has not always been as evident as it nowadays seems. 
The history of knowledge of placental development and function reflects 
the expansion in knowledge of human biology in general, from mythical 
beliefs and classical views to anatomical, functional and molecular biological 
evidence based data. Reverence to the prominent role of the placenta for 
mankind is reflected in an ancient creation myth of Mande-speaking people 
of southern Mali1: 
“Mangala tried to maintain this perfect creation, but chaos crept in; one of 
the male twins became ambitious and tried to escape from the egg. This 
chaotic character is called Pemba. He is a trickster figure who symbolizes 
the mischievousness of humans. Pemba’s first trick was to steal a piece of 

the womb’s placenta and throw it down. This action made the earth.”
In contrast to these mythical beliefs, the Greek scientist Hippocrates in the 
fifth century B.C. strongly held to the view that the fate of the fetus was 
related to sickness of the mother and suffering due to delivery.2 
Until the eighteenth century this paradigm predominated and scientists 
presumed that the placenta did not have a particular function. It was supposed 
to be the place where the mother’s blood entered the umbilical cord to reach 
the fetus. In 1750 William Hunter was first to break this belief when he 
proposed that the function of the placenta is that of an exchange organ.3 
When he acquired the body of a pregnant woman who had died near term, he 
was able to carefully examine the pregnant womb, and inject coloured wax 
into the uterine and umbilical blood vessels (Figure1). This demonstrated the 
independence of the maternal and fetal circulation. His observations were 
first published in 1774 in “The anatomy of the Human Gravid Uterus.” He 
held a fashionable obstetric practice in London and was appointed Physician-
Extraordinary to Her Majesty, Charlotte of Mecklenburg-Strelitz, wife of 
King George III.3 It took until the second half of the nineteenth century to 
prove the functional concept of the placenta as an exchange organ. This was 
done by Sir Joseph Barcroft (1872-1947), who measured fetal blood volume 
and placental blood flow as well as oxygen and carbon dioxide pressures 
across the placenta in pregnant sheep.4 His interest in the influence of these 
parameters on fetal growth made him an experimental biologist far ahead 
of his time.In the 1970’s a wealth of information on endocrine regulation 
of pregnancy was generated by G.C. Liggins, through his work on animal 
models of parturition,5;6 hormonal influences of fetal lung maturation7 and 
fetal adrenal function.8 His work showed that the placenta is far more than
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Figure 1: Figure I and II from plate X of  “The anatomy of the Human Gravid Uterus” 
published by William Hunter in 1774, depicting the vasculature of the placenta. The 
maternal and fetal circulations are injected with coloured dye.
The legend states: TAB X.Fig I: Uteri pars anterior et extima, prout se praebuit 
siccata, exhibens faciem vasorum uterinorum, qualem prae se ferunt eo loci, ubi 
Placenta utero adhaeret. A view of the outside of the forepart of the womb, as it 
appeared when quite dry, exhibiting a specimen of the uterine vessels at the part 
where the placenta adhered. Fig II: Facies interna Placentae, cujus vasa par funiculum 
umbilicalem cera sunt repleta. The inside of the placenta, which was injected by the 
umbilical vessels.  

an exchange organ. It boosted an enormous amount of research dedicated to 
the influence of the placenta on fetal development and maternal adaptation to 
pregnancy. Currently the placenta is seen as a pluripotent organ with active 
roles in remodelling of maternal physiology, maintenance of pregnancy and 
fetal homeostasis, hormonal control of fetal growth and development as well 
as regulator of key processes of maturation and parturition.9 
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Introduction

Placental Structure

The human placenta is formed as early as 1-3 weeks post conception at the 
site of interaction of trophoblast cells and decidua.10 Trophoblast cells form 
the main placental constituent and are unique to gestation. Histologically, we 
distinguish cytotrophoblast cells (mononucleate) and syncytiotrophoblast cells 
(multinucleate). Functionally, we specifically annotate those trophoblast cells 
that infiltrate through the endometrium into the maternal tissue (extravillous 
or intermediate trophoblast cells). All trophoblast cells stem from embryonal 
origin. Decidual cells that form the lining of the placenta and are in direct 
contact with the maternal myometrium are from maternal origin. 

Subtypes according to zonation
In relation to the degree of zonation of placental tissue and formation of 
a single discrete organ within the uterus, placentas are classified into four 
major types (Figure 2). 

Figure 2: Placental subtypes according to zonation. 
Depicted is a bicornate uterus, as this is the most common uterine form among 
mammals. Trophoblast cells, representing the predominant placental cell type are 
schematically represented by shaded areas.
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In a diffuse type placenta, as in horse, pig, camel and whale, the placental 
trophoblast cells are distributed over the entire inner uterine surface. In 
cotyledonary placentas, specific for ruminants as sheep and cows, placental 
tissue is restricted to specific areas of the endometrium, called caruncles, 
that are dispersed over the whole inner uterine surface. On the interface 
of the endometrium and the fetal membranes the caruncles are covered by 
chorion, called cotyledon.

 

Figure 3: Placental forms of various species representing different 
taxonomic categories of the placenta-bearing mammalian phylogeny according to 
DNA homology.11 Formation of the discoid placental form is seen in bats, insectivores, 
rodents, primates and Xenarthra. Xenarthra means “strange joints”, as these animals’ 
vertebral joints have extra articulations and are unlike those of any other mammals. 

Example Placental form 
Cows Cotyledonary 
Sheep Cotyledonary 
Goats Cotyledonary 
Pigs Diffuse 
Camels Diffuse
Horses Zonary 
Tapirs Zonary 
Rhinos Zonary 
Cats Zonary 
Hyenas Zonary 
Dogs Zonary 
Bears Zonary 
Seals Zonary 
Bats Discoid
Hedgehogs Discoid 
Shrews Discoid
Moles Discoid
Mice Discoid
Rats Discoid
Rabbits Discoid
Hares Discoid
Humans Discoid
Apes Discoid
Anteaters Discoid
Sloths Discoid
Armadillos Discoid
Elephants Zonary 
Aardvarks Zonary 
Manatees Zonary 
Marsupials Rudimentary 

Rodents

Primates

Insectivores

Bats

Xenarthra 
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Zonary placentas show further concentration of placental trophoblast cells to 
form an equatorial band. The type with the most restricted zonation is the 
discoid type where there is a single plate. This is the human placental subtype. 
In Figure 3, taxonomic categories of the placenta-bearing mammalian 
phylogeny are arranged according to DNA homology.11 The discoid placental 
form of humans is shared, amongst other species, by the other primates and 
by rodents.

Subtypes according to cellular structure
When placentas are categorized by cellular structure, they can either be 
epitheliochorial, endotheliochorial or hemochorial, as depicted in Figure 
4. Across species there is no general concurrence between the degree of 
zonation (the different forms depicted in Figure 2) and the three placental 
cellular structures. In all species the placenta consists of both a maternal 
and a fetal component. In epitheliochorial placenta, as in sheep and the 
other ruminants, maternal and fetal blood are separated by maternal 
endothelium, maternal connective tissue, the endometrium, the trophoblast, 
fetal connective tissue and fetal endothelium (Figure 4, left panel). This 
implies shallow implantation, with an intact endometrium, as the placenta 
forms at the inner surface of the uterine wall. Sub-endometrial development 
is observed in the endotheliochorial placenta, found in carnivores. In these 
species, the endometrium is destroyed during placentation and maternal 
and fetal blood are separated by maternal endothelium, maternal connective 
tissue, trophoblast, fetal connective tissue and fetal endothelium. 

Figure 4: Schematic representation of placental cellular structure of 
three placental subtypes. 
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Based upon cellular structure, human as well as rodent placenta is 
characterized as hemochorial, where maternal blood is separated from fetal 
blood only by trophoblast cells, fetal connective tissue and fetal endothelium. 
This placental structure exhibits the greatest extent of uterine tissue lysis, 
with the maternal endometrium, connective tissue and maternal endothelium 
all being lost. Unique for this type is that maternal blood is in direct contact 
with trophoblast cells. Since trophoblast cells are from embryonic origin this 
implies very close contact between two genetically different systems. 
While human placenta is characterized by a monolayer of syncytiotrophoblast 
cells, rodent placenta has three layers: two layers of syncytiotrophoblast cells 
and one cytotrophoblast cell layer. Additionally, rodents have a Choriovitelline 
(yolk sac) placenta, implying the yolk sac persists until term. Transfer of 
immunoglobulins via the yolk sac confers passive immunity to the fetus.12;13 

In summary, human placenta is of the discoid hemochorial type, with the 
most extreme form of trophoblast zonation. Functionally the human placenta 
depends on the most extensive tissue replacement of the uterine wall, 
myometrium and maternal vascular endothelium as invasion of trophoblast 
cells into these structures in humans is far deeper than in most other 
mammalian species. This implies a high demand of maternal adaptation in 
the formation of a functional Fetal-Maternal-Placental Unit.

Placental development

Implantation and Invasion
Gestation starts with fertilization of an ovum. Seven to eight days post human 
conception the blastocyst nidates into the maternal endometrium.(Figure 5, 
top panel) Buds of cytotrophoblast cells invade into endometrium, myometrium 
and spiral-shaped maternal blood vessels, thereby widening these maternal 
vessels into trumpet-like forms (Figure 5, lower panels). From the 6th to 
18th week, villi are formed, which are lined by syncytiotrophoblast cells as 
well as a continuous layer of cytotrophoblast cells. The cytotrophoblast cell 
layer functions as a stem cell pool, continually differentiating either into 
syncytiotrophoblast by fusion, or migrating as extra villous trophoblast. On 
the apex of villi, the cytotrophoblast cell layer is formed into cytotrophoblast 
cell columns. The process of invasion continues into the second trimester, 
and is complete at 18 weeks.14

The interstitial invasive trophoblast cells migrate and invade into the uterine 
tissue and anchor the placenta to the uterus. The syncytiotrophoblast 
vacuolizes and finally forms lacunae, ultimately to contain maternal blood. 
After extensive resorption of decidual epithelium, basement membrane and 
maternal vascular endothelium the maternal blood is able to circulate in 
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direct contact to syncytiotrophoblast. The function of cytotrophoblast cells, 
apart from entering endometrium and maternal blood vessels, is to form and 
sustain the placental villi after losing their invasive capacity by differentiation. 
The function of syncytiotrophoblast is covering the widening villous tree as 
exchange surface.

Figure 5: Functional developmental relations of placental cell types. 
Upper panel: Blastocyst at implantation phase. Lower three panels: schematic 
representation maternal uterine tissue and trophoblast villus and its cross section 
at 6-18 weeks, at 18-32 weeks and at 32 weeks gestation until term. Grey shading 
represents trophoblast localization. C = cytotrophoblast cells, S = syncytiotrophoblast, 
T = extravillous trophoblast cells, M = maternal blood vessel, E = Maternal 
endometrium, F = fetal blood vessel, V = villous mesenchyme cell 
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The immature villi are covered by syncytiotrophoblast as well as cytotrophoblast 
cells until 18 weeks of gestation. The villous stroma is compact, composed 
of mesenchymal cells with centrally located fetal capillaries. After 18 weeks, 
mature placental villi are covered only by syncytiotrophoblast as the majority 
of the cytotrophoblast cell layer starts to disappear. Physiologic changes 
during the process of differentiation of placental cell types continues through 
the second trimester with division and elongation of villi,15 proliferation and 
dilatation of capillaries.16 Towards term, there is thinning of the trophoblast 
cell layer, predominantly by disappearance of most of the cytotrophoblast 
cells (Figure 5, bottom panel).17 This results in a fall in resistance of the 
feto-placental vasculature which can be observed clinically by ultrasound 
Doppler.18;19 This decrease in resistance is generally accepted as an indicator 
of normal placental development as it favours placental perfusion to comply 
with the increasing demands with advancing gestation. 

Placental growth
There are several reports in literature on normal placental weight.20-24 It has 
been established that placental weight increase accelerates after 12 weeks 
gestation and slows down again after 36 weeks.20(see Figure 6) 

Figure 6: Relation between Placental weight (90th, 50th and 10th 
percentile) and gestational age. Figure composed of data 22 to 28 weeks25 
and 28 to 43 weeks26 according to Schuler-Maloney. 
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Placental growth can be affected by all conditions that impinge on maternal 
supply and lead to hypoxia, hypoglycaemia or hypoproteinaemia. These 
conditions are anaemia,23 living at high altitude,27;28 maternal cardiac 
or pulmonary failure, malnutrition29 and vascular pathology.30 The most 
common uterine factor affecting placental growth is impaired uterine vascular 
adaptation31-33 related to preeclampsia: this is discussed in Part 2 of the 
Introduction “The placenta as the basis of gestational and fetal disease”. 
Other uterine factors affecting placental growth are uterine malformations, 
primigravidity34, an unfavourable implantation site and impaired vascular 
supply. Other factors associated with impaired placental growth are placental 
mosaicisms in chromosomal disorders,35;36 infection and infarction37. 
In general, impaired placental growth directly affects fetal growth. The only 
conditions where fetal growth is adversely affected without the concomitant 
decreased placental growth are umbilical cord anomalies, like abnormal 
insertion38;39 and coiling.40-42 

Although placenta and fetus develop under the same maternal influences, 
the Placental Ratio (PR), calculated as weight of the placenta divided by 
birth weight, has a non-linear relation with gestational age.21 Fetal weight 
normally has a maximal absolute increase between 32 and 37 weeks of 
gestation, while the placenta gains most of its weight between 20 and 34 
weeks. As the fetus grows relatively more rapidly than the placenta, the PR 
decreases with advancing gestation and normally amounts 15% of neonatal 
birth weight at term.21 Population studies show racial differences in placental 
weight,43;44 but the PR at term is 15% for all ethnic groups.43

The PR is not an accurate clinical marker of fetal growth restriction,45 but is 
useful for functional comprehension and research purposes. A normal PR 
with a normal neonatal birth weight is a sign of adequate placental function. 
A normal or low PR in case of fetal growth restriction is typically found in case 
of placental dysfunction.46 This does not imply that fetal growth restriction 
is always accompanied by a low PR. Interestingly, in smoking mothers47 and 
mothers suffering from anaemia34 the PR is high, in spite of fetal growth 
restriction. When maternal smoking is stopped in the first trimester there are 
high PRs with an even normal fetal weight.48;49 Large placental size can reflect 
compensatory growth to support fetal growth in a hostile environment. In 
animal models a similar increased placental weight has been reported as a 
result of maternal undernutrition during placentation50. Generally, placental 
size is maximum when constraints to maternal nutrition are discontinued 
after placentation is completed,51;52 suggesting a programming of placental 
size in the early phase of pregnancy. Human data from the 1944-1945 Dutch 
famine cohort53 support this hypothesis. Birth weight of children born to 
mothers exposed to the famine solely in the 1st trimester of pregnancy was 
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normal, in spite of an increase in placental weight. A further finding in this 
cohort, that increased placental weight at birth is associated with an increased 
risk of hypertension in adult life is in line with two other observations from 
long term follow up studies.54;55 Exposure to famine during pregnancy 
generally correlates with poor health, while the exact timing of the exposure 
determines which specific organ system is affected.56 
In summary, both external and placental factors compromise fetal growth. 
The external and placental factors have opposite effects on placental 
development. 
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Functional Properties of Human Placenta

Transport and Metabolism 
The most important placental function is to ensure maternal-fetal exchange 
of nutrients, gases and electrolytes.57 The bulk of maternal-fetal exchange 
is via the placenta; other routes as transamniotic passage or transfer via 
amniotic fluid are unlikely to be of great importance. For most substances, 
the placenta is not much of a barrier: water and electrolytes, glucose, fatty 
acids, catecholamines, immunoglobulins and water-soluble vitamins readily 
cross the placenta. Exchange of oxygen and carbon dioxide is by diffusion. 
Amino acid transport across the placenta has all the characteristics of active 
transport, since it occurs against a high fetal-maternal gradient. The placenta 
is active in the metabolism of carbohydrates, fat and amino acids. This 
requires extensive placental oxygen consumption which has been shown to 
be as high as in liver or brain.58 

Endocrine function of the Fetal-Maternal-Placental Unit
The remodelling and maintenance of homeostasis during pregnancy requires 
input of not only placenta but a concerted action between placenta, mother 
and fetus, commonly known as the Fetal-Maternal-Placental unit. This 
paragraph describes transport and metabolism of the major endocrine factors 
in the Fetal-Maternal-Placental unit. 
In general, 97 – 99.9% of the total serum hormone pool is bound to carrier 
proteins59 of which the levels change during the course of pregnancy.60 For 
all steroid hormones as well as thyroid hormone metabolites it is the free 
hormonal concentration which determines the biological action, via their 
respective nuclear hormone receptors61 and changes in the total hormone 
pool during pregnancy should always be considered in the light of changing 
levels of hormone binding proteins.
The Fetal-Maternal-Placental unit is capable of synthesizing and secreting 
a broad range of growth factors, protein- and steroid hormones many of 
which are also produced by other endocrine organs, pituitary and brain.62 
Due to the endocrine resemblance with the latter, the placenta has even 
been addressed as the third brain during pregnancy.63 Table 1 summarizes 
the broad range of endocrine factors produced by the placenta. 
Steroidogenesis in pregnancy is a good example of the tripartite efforts of the 
Fetal-Maternal-Placental unit. Maternal cholesterol is metabolized by placental 
desmolase and 3-β-Hydroxysteroid Dehydrogenase (3βHSD), daily yielding 
substantial amounts (250-350 mg) of progesterone. Most of this enters the 
maternal circulation, but in the fetal compartment this progesterone is the 
substrate for the production of androgens and estrogens. Progesterone is 
converted to androgens by the fetal P450-17α-hydroxylase and 17,20-lyase, 
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for which the placenta itself is deficient. The fetal produced androgens are in 
turn aromatised to estrogens in the placenta. 

Glucocorticoids
In extra-uterine life, the Hypothalamus-Pituitary-Adrenal gland axis (HPA 
axis) is an integrative part of the stress system, where the adrenal cortisol 
secretion is regulated by a negative feedback system and all hormones 
involved are produced by discrete organs. The human placenta is an 
important source of both CRH and ACTH that act in a positive feed-forward 
mechanism on fetal adrenal cortisol production, bypassing the hypothalamic 
part of the fetal hypothalamus-pituitary-adrenal gland axis. This mechanism 
is predominant in the 5 weeks preceding parturition.64;65 This has led to 
the model of a placental clock, determining the duration of pregnancy. The 
increase in maternal plasma CRH, mainly due to the abundant production 
in placenta, saturates the CRH-binding proteins with a consequent rise in 
free CRH that acts as a parturition trigger.66;67 Overall corticoids are of key 
importance for regulation of the fetal environment. Total maternal serum 
cortisol increases to 3 times pre-pregnancy levels at term.68 The fetus is 
protected from high levels of maternal cortisol by the abundant presence of 
11β-hydroxysteroid dehydrogenase-2 (11β-HSD-2) which oxidises cortisol 
to the bio-inactive metabolite cortisone.69;70 The net increase of bioactive 
glucocorticoid metabolites with advancing gestation is an oestrogen 
dependent process. 71 The changing balance between the expression of 
the glucocorticoid inactivating enzyme11β-HSD-2 (that decreases) and the 
glucocorticoid activating enzyme 11β-hydroxysteroid dehydrogenase -1 (that 
increases) results in an increase of bioactive glucocorticoids. In contrast 
to hydrocortisone, dexamethasone and betamethasone are not degraded 
by 11ß-HSD-2. From a clinical perspective, this is of particular importance 
since

Table 1, opposite page: The shaded left side of the table describes what is known 
of placental expression, regulation and function. The non-shaded right side of the 
table describes the non-pregnant expression and regulation. The most striking 
discrepancies in regulation between the pregnant and the non pregnant state are 
indicated. CRH = Corticotropin Releasing Hormone; Prost = Prostaglandins; IL1α/β = 
Interleukin 1α/β;  ACTH = Adrenocorticotropin; Cort = Cortisol; 11-β HSD1 = 11-β 
Hydroxysteroid Dehydrogenase 1; 11-β HSD2 = 11-β Hydroxysteroid Dehydrogenase 
2; TRH = Thyrotropin Releasing Hormone; TSH = Thyroid Stimulating Hormone; BAT 
= brown adipose tissue; D2 = Deiodinase 2; D3 = Deiodinase 3; INH = Inhibin A/B; 
FSH = Follicle Stimulating Hormone; P = Progesterone; hCG = Human Chorionic 
Gonadotropin; 3βHSD = 3-β-Hydroxysteroid Dehydrogenase;  GH = Growth 
Hormone; PRL = Prolactin; IGF1 = insulin-like growth factor 1 (somatomedin C); 
IGF2 = insulin-like growth factor 2 (somatomedin A); hPL = Somatomammotropin 
(Placental Lactogen) ; PAPPA = Pregnancy associated protein A
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Table 1: Major endocrine factors in the Fetal-Maternal-Placental unit.
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prophylactic use of antenatal glucocorticoids in the event of threatening 
preterm delivery for prevention of respiratory distress syndrome72 has become 
one of the most undisputed and widespread perinatal interventions.73;74 There 
is however a need for caution in administrating glucocorticoids, as it has been 
shown that in humans neurodevelopmental outcome is adversely affected 
by postnatal administration.75;76 Also at repeated antenatal administration 
of glucocorticoids there is concern about adverse neurodevelopmental 
outcome77 while evidence of longer-term benefits remains insufficient.78;79

Thyroid hormones
Thyroxin (T4), the principal product of the thyroid gland, is produced under 
the classic negative feedback-controlled Hypothalamic-Pituitary-Thyroid 
axis (HPT axis). The hypothalamic Thyrotropin Releasing Hormone (TRH) 
stimulates the synthesis and release of Thyroid Stimulating Hormone (TSH), 
which in turn stimulates thyroid hormone secretion by the thyroid. 
T4 is metabolised by Iodothyronine Deiodinases type 1, 2 and 3, that specifically 
deiodinate the inner or outer ring. Iodothyronine Deiodinase type 1 (D1) and 
Iodothyronine Deiodinase type 2 (D2) can both deiodinate the outer ring 
producing bioactive T3 and clearing the inactive metabolite rT3. D1 is mainly 
expressed in liver, kidney and thyroid80 where it is mainly responsible for 
maintenance of plasma levels of T3. Additionally, D1 can deiodinate the inner 
ring. D2 is expressed in thyroid, muscle, brown adipose tissue, pituitary, 
brain and placenta,81 where it is responsible mainly for local provision of 
T3. Iodothyronine Deiodinase type 3(D3) only has inner ring deiodination 
capacity and is present in brain, muscle, skin, fetal liver, the pregnant uterus 
and in placenta82;83, especially in syncytiotrophoblast and cytotrophoblast 
cells.84 Inner ring deiodination lowers the concentration of bioactive T3 by 
converting T4 to rT3

85 and T3 to T2. 
The intracellular concentration of bioactive T3 is the resultant of the tissue 
specific levels of D2 and D3, but also of transport of plasma T4 and T3 
into the cell. Brain, and also liver highly express MCT8, a member of the 
monocarboxylate transporter family, which mainly transports T3 into the 
cell.86 Apart from uptake and deiodination, there are several other processes 
that influence the levels of bioactive thyroid hormone metabolites such 
as sulfation, glucuronidation, oxidative deamination, decarboxylation and 
ester link cleavage.87 The bioactive thyroid hormone metabolite T3 exerts its 
function through nuclear thyroid hormone receptors. At least three forms 
of thyroid hormone receptors (TRα1, TRβ1 and -β2) have thyroid hormone 
binding properties.61 Interaction of thyroid hormone with the thyroid hormone 
receptor results in the regulation of transcription of thyroid hormone target 
genes. These genes encode proteins involved in both developmental as well 
as basic metabolic processes. 
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Optimum thyroid hormone levels are indispensable especially for development 
of the central nervous system88 as they induce maturation of different cell 
types i.e. neurons, astrocytes, oligodendrocytes and microglia.88 Thyroid 
hormones are essential for fetal development and are produced by the human 
fetus as early as 12 weeks.79 We know from both animal and human studies 
that fetal coelomic fluid, amniotic fluid and brain tissue contain significant 
amounts of free T4, before the onset of fetal thyroid hormone production.89;90 
This is presumed to be of importance since the α1, β1 and -β2 receptor91 
as well as iodothyronine deiodinases83;92 are expressed in human brain in 
significant amounts as early as 7 to 8 weeks gestation. The only possible 
source of thyroid hormone for the fetus so early in gestation is the mother. 
Evidence that thyroid hormones are able to cross the placental barrier comes 
from the work of Vulsma et al93 who showed that cord blood from fetuses 
who are unable to synthesize thyroid hormones, due to thyroid agenesis or 
a total iodide organification defect, contains substantial amounts of thyroid 
hormone. At term this is considered to be 30-40% of the fetal thyroid 
hormone pool. After 16 weeks, there is significant thyroid hormone secretion 
from the fetal thyroid, and serum T4 levels increase and reach a plateau at 35 
weeks.94;95 At all times serum levels of bioactive thyroid hormone are lower 
in the fetus compared to the mother.96

In pregnant women, the function of TSH is mimicked by hCG that cross-reacts 
with the TSH receptor. Mirroring the hCG rise in the first trimester, TSH levels 
are relatively low in this period.97;98 During pregnancy, the most prominent 
change in maternal thyroid function is a rise in mean total T4 from 100 nmol/
L to 140 nmol/L as a result of the oestrogen-induced TBG production by the 
liver.97;99 Free T3 only increases slightly, whereas free T4 even shows some 
decrease.100 Placental deiodination of T4 to rT3 by D3 is a dynamic process 
and is considered the main regulator of the maternal-fetal T4 transfer.101 D3 
activity per cell decreases during pregnancy, but due to placental growth 
total placental activity increases.82;102 It is assumed that placental D3 activity 
prevents the untimely exposure of the developing embryo to excessive 
levels of thyroid hormone.95 The intracellular trophoblast requirement for T3 
is supplied by D2 activity, which at all stages of pregnancy is 200-fold less 
than D3 activity.82 
Since thyroid hormone provision to fetal cells is dependent on both the 
maternal and the fetal thyroid function, neurodevelopmental disabilities 
are most severe in combined maternal and fetal hypothyroidism. The most 
dramatic example is that of endemic cretinism where both mother and fetus 
are profoundly hypothyroid as a result of iodine deficiency.103 Fetal thyroid 
hormone deficiency can cause neurodevelopmental defects, especially if 
this starts early in development before the onset of fetal thyroid hormone 
production.96;104 Even mild maternal hypothyroxinemia during pregnancy is 
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associated with adverse neurodevelopmental outcome in the offspring.105-107 
As thyroid disease shows higher prevalence among women in child-bearing 
age, a current hot topic is whether thyroid hormone function should be 
evaluated during early pregnancy, aimed at achieving thyroid hormone levels 
in the high normal range, by treatment if necessary.106;108;109 Some authors 
favour defining a pregnancy-specific TSH reference range by lowering the 
upper limit from 4.0 mU/L to 2.5 mU/L.110 Since optimal timing and nature of 
screening is still not established, others advocate case finding of subclinical 
hypothyroidism in risk groups.108 On the other side of the spectrum, also fetal 
hyperthyroidism is not without risk. It can result in permanent neurological 
and skeletal injury,111;112 and long term neurodevelopmental studies of the 
children are needed to establish the benefit of treating pregnant women with 
thyroid hormone. 

Influence of glucocorticoids on fetal and placental thyroid function 
In vivo evidence of interaction of the HPT- and Hypothalamic-Pituitary-Adrenal 
gland axis (HPA axis) was established by the combined glucocorticoid and 
thyroid hormone treatment in pregnant sheep that has a supra-additive effect 
on pulmonary maturation.113;114 The extent of HPA- and HPT axes cross-talk 
is species-specific and depends on the developmental stage.115 From animal 
experiments there are numerous examples but for obvious reasons the data 
for humans with basically normal thyroid and adrenal function are limited. 
It has been shown that glucocorticoids directly influence the HPT axis. Apart 
from the expected suppression of the HPA axis116 due to the physiological 
negative feedback system there is evidence of a similar suppressive effect 
of glucocorticoids on the HPT axis.117;118 Physiological levels of corticosterone 
are known to inhibit TSH secretion.119 In euthyroid subjects, a five-day course 
of Dexamethasone increases rT3 serum levels.120 
In clinical practice, antenatal glucocorticoids have temporary suppressive 
influences on fetal breathing movements,121 variability of heart rhythm122 
and fetal behaviour123 and there is a measurable effect on brain perfusion.124 
Interestingly, suppressed thyroid function can have the same effects, 
suggesting that the glucocorticoid effect may in part be mediated by thyroid 
hormones. There are currently no studies substantiating this point, but there 
are data showing a negative effect of postnatal dexamethasone on thyroid 
hormone metabolism.125 On the molecular level this could be explained by 
induction of D3115, or alternatively by suppression of D1.126 Both would lead 
to a lowering of the bioactive metabolites, with influences both in fetus and 
placenta.

In summary, the placenta is able to modulate key processes regarding the 
Hypothalamic-Pituitary axes during pregnancy. 
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Introduction Part 2: The Placenta as the Basis of Gestational 
and Fetal Disease

Gestational Hypertensive Disorders

There is ample clinical evidence127 that trophoblast cells are able to induce 
gestational hypertensive disorders as preeclampsia (PE), eclampsia, 
pregnancy-induced hypertension and Hemolysis, Elevated Liver enzymes 
and Low Platelet (HELLP) – Syndrome (defined as platelet count < 100 x 109 
/l, aspartate aminotransferase ≥ 70 U/l and/or lactate dehydrogenase ≥ 600 
U/l). 
Gestational hypertensive disorders are highly associated with fetal growth 
restriction, that in turn is the resultant of placental dysfunction.21;128;129 The 
exact molecular basis is unknown.

Preeclampsia

Preeclampsia is a syndrome with a highly variable expression typically 
occurring in the second half of pregnancy and is observed in approximately 
two to three percent of pregnancies.130;131 It is a major cause of maternal132 
and fetal133 morbidity and mortality, especially in the 25 percent of cases 
when the disease is severe, and when it occurs in pregnancies less than 34 
weeks gestation. The syndrome is defined as new onset hypertension and 
proteinuria in a previously normotensive woman. According to the statement 
of the International Society for the Study of Hypertension in Pregnancy 
(ISSHP), the operational definition of preeclampsia is a diastolic blood 
pressure ≥ 110 mmHg on any occasion or a diastolic blood pressure ≥90 
mmHg on two separate occasions at least four hours apart in combination 
with proteinuria ≥ 0.3 g/24 hr., that develops after 20 weeks gestation.134 
Other international organisations use more or less similar definitions.13

There are multiple predisposing factors for preeclampsia. Although preeclampsia 
is defined as pregnancy-induced hypertension, pre-existing hypertension 
is a major predisposing factor to develop superimposed preeclampsia. 
Primiparity, black race, obesity,137 diabetes,138 insulin resistance,139 pre-
existing vascular diseases such as systemic lupus erythematosus,140;141 pre-
existing thrombophilic disorders as protein S deficiency, activated protein C 
resistance, hyperhomocysteinemia or anticardiolipin antibodies142 are other 
weakly predisposing factors. There are data reporting an incidence of 50 
percent pre-existing renal disease in preeclampsia patients.143 The predictive 
value of all of these factors is not clearly established.131

The clinical signs alerting the obstetrician that preeclampsia might develop is 
the gradual increase of blood pressure, although there are several biochemical 
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abnormalities (such as haemoconcentration, hyperuricemia144) that precede 
the clinical disease for weeks. Proteinuria is a late sign and generalised 
oedema usually becomes apparent in the latter part of the third trimester 
and progresses until and after delivery. Additionally, signs of severe disease 
include central nervous system manifestations such as headaches, blurred 
vision, scotomata and, rarely, cortical blindness. Right upper quadrant or 
epigastric pain is indicative of liver involvement. 

The preeclamptic spectrum varies from very mild to life-threatening with first 
symptoms presenting very early, in the latter half of the second trimester, to 
very late during delivery or even in the early postpartum period. In order to 
define clinically relevant forms of preeclampsia, Ness and Roberts145 and von 
Dadelszen146 proposed a classification describing two forms in this clinical 
spectrum: early- and late-onset preeclampsia.

Both for the early- and late-onset forms of preeclampsia the presence of 
placental tissue is a prerequisite for the disease.127 A fetus is not required, 
which is illustrated by the fact that hypertension and proteinuria occur with 
a high incidence in hydatiform mole.147 Placental localisation in the uterus 
is also not required since preeclampsia can develop during an abdominal 
pregnancy. A case report describes the persistence of preeclampsia until 
removal of the placenta, 99 days after delivery of the fetus from an abdominal 
pregnancy.148 
Clinically, the most prominent difference between the early-onset and late-
onset class is the presence or absence of fetal growth restriction. In a nation-
wide study in Norway, including over 670,000 births, neonates born after 
early-onset preeclampsia were lighter, shorter and leaner than neonates 
from either late-onset preeclampsia or normotensive pregnancies.149 
Early-onset preeclampsia is seen as the consequence of poor placentation that 
is causal to the impairment of placental and fetal growth.145;146 It is generally 
recognized that early-onset preeclampsia has most serious consequences 
for neonatal morbidity150 and is accompanied by high recurrence rates.151;152 
Furthermore, early-onset preeclampsia is associated with maternal 
dislipidemia.153

In late-onset preeclampsia, placental dysfunction is not pronounced as in 
early-onset preeclampsia. Clinical symptoms in late-onset preeclampsia are 
modulated by generalized maternal endothelial dysfunction that is triggered 
by pre-existing maternal endothelial disease145;146;154 such as diabetes, renal 
disease, obesity. This predisposition has been termed the metabolic syndrome 
of pregnancy.155;156 
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Pathogenesis 
There are several processes essential to the pathogenesis of preeclampsia: 
impaired trophoblast invasion leading to defective placentation, placental 
oxidative stress and systemic endothelial activation. Figure 7 summarizes 
them in the simplified form of a cascade. As can be seen in the figure, the 
processes involved in the pathogenesis are local as well as systemic. Various 
steps in this cascade have joint effects on others, and in combination with 
either pre-existent maternal endothelial dysfunction or imbalance in clotting 
factors they lead to the complex spectrum of gestational hypertensive 
disorders, ranging from late-onset preeclampsia to early-onset preeclampsia 
and HELLP syndrome. 

Figure 7: Pathogenesis of Preeclampsia. 

Summary of the processes that attribute to the syndrome of early- and late-onset 
preeclampsia, as well as HELLP. Figure modified from Redman.157

Defective trophoblast invasion and abnormal placentation
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is demonstrated by the presence of antibodies against endothelial cells 
and immune complexes in uterine spiral arteries, kidneys, liver and skin 
of preeclamptic women.158 The placenta is in part an allograft.159 Fetal 
trophoblast cells are in very close contact with blood from the genetically 
different maternal system, inducing local immunological factors.158 As 
described on page 14 (Placental development, Implantation and Invasion) 
cytotrophoblast invasion into endometrium, myometrium and spiral-shaped 
maternal blood vessels is essential to normal placentation. The maternal 
lymphocytes encountered by the trophoblast cells invading the placental bed 
are mainly natural killer cells. They recognize the unique HLA combination 
displayed by the invading trophoblast cells, thereby permitting deep invasion 
into an immunologically different system. In preeclampsia this invasion is 
abnormally shallow and fails to modify the maternal spiral arteries.127;160 
Microscopically, the preeclamptic placenta indeed shows loss and distortion 
of villi, focal syncytial necrosis, decreased syncytial activity, cytotrophoblast 
hyperplasia as well as degeneration of cytotrophoblast cells and the presence 
of small fetal capillaries with bulbous endothelial cells.161-163 The general 
concept, that prior exposure to allografts protects against a rejection reaction 
also holds for preeclampsia as the risk decreases in subsequent pregnancies, 
whether the initial pregnancy was carried to term or ended in abortion.164 
Blood transfusion and increased exposure to semen165 (e.g. length of 
cohabitation, use of oral contraceptives) are also associated with a decreased 
risk of preeclampsia. On the other hand, artificial donor insemination166 and 
oocyte donation167 both lead to an increased risk. 

Placental ischemia resulting in oxidative stress
The relatively high resistance in abnormally developed spiral arteries results 
in placental ischemia at the end of the first trimester of pregnancy.168 Ischemia 
causes the formation of reactive oxygen species169 which are normally offset by 
the activity of local anti-oxidants as glutathione S-transferase. Preeclamptic 
women can have increased amounts of circulating fatty acids that in turn 
are a target for reactive oxygen species, initiating a self-propagating chain 
reaction.170;171 Based on this biological principle and the hypothesis that 
preeclamptic women might suffer from a deficient anti-oxidant system, clinical 
trials evaluating the effect of anti-oxidant therapy(vitamin C and vitamin 
E) have been performed. Although antioxidant therapy is able to change 
biochemical parameters in women at risk of preeclampsia,172 it is unable to 
decrease the incidence of preeclampsia and has unexpected negative effects 
with respect to fetal growth.173 

Systemic endothelial dysfunction
Oxygen radicals generated in the placenta are currently seen as the 
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main causal agents to the generalized endothelial damage174 typical of 
preeclampsia.175;176 Renal endothelial damage results in proteinuria,177 liver 
cell damage is reflected by the elevation of aminotransferase enzymes and 
vascular constriction and oedema in the brain results in headaches and visual 
disturbances, with eclampsia and cerebral haemorrhage as very severe 
consequences.30 The resulting imbalance of endothelium-derived vasodilators 
prostacyclin and nitric oxide with vasoconstrictor factors further aggravate 
peripheral vasoconstriction and hypertension.178 Additional imbalance in 
clotting factors can lead to disseminated intravascular coagulopathy, clinically 
known as HELLP syndrome.179 Table 2 on page 30 describes some of the 
mediators of generalized endothelial activation. Strikingly, all the factors that 
predispose for preeclampsia are also risk factors for endothelial diseases, 
atherosclerosis in particular, and it has been reported that women with a 
preeclamptic pregnancy have an increased risk of cardiovascular disease 
in later life.180-182 More insight into the pathogenesis of preeclampsia will 
therefore help understanding vascular disease later in life.

The molecular basis of preeclampsia

In order to identify genes causal to the development of preeclampsia or 
HELLP syndrome, quite a number of polymorphisms and mutations in 
relevant genes have been investigated. Table 2 summarizes genetic analyses 
published in relation to gestational hypertensive disorders between 1989 
and 2007 categorised according to their putative role in the pathogenesis of 
preeclampsia. Even though involvement of the cascade of processes discussed 
in the previous paragraphs is substantiated, no strong single causal factor in 
any of these processes has been identified.183

A population-based Swedish cohort study184 on the recurrence of preeclampsia 
in second pregnancies demonstrated that over 50% of the preeclamptic 
phenotype is due to genetic factors. This observation is in contrast with the 
lack of concordance in the occurrence of preeclampsia between pregnant 
monozygotic twins.185;186 While the majority of cases of preeclampsia and HELLP 
syndrome are not familial, the collection of rare familial cases in a number 
of geographic areas has enabled linkage studies. These studies identified 
chromosomal regions on 2p12187, 2p13188, 2p25189, 4q190, 7q33191, 9p13189, and 
10q22192 as susceptibility loci. Strikingly, there is little concordance between 
studies and analysis of candidate genes in these regions has not been very 
successful in identifying causal genes. One exception is an inactivating 
mutation of the long chain 3 hydoxyacyl coA dehydrogenase (LCHAD) that 
causes HELLP syndrome when a homozygous fetus is present.193 These 
mutations are not frequent in pregnancies complicated by HELLP syndrome 
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and can explain only a very small proportion of cases.194 The maternal 
inheritance of a variant of the STOX1 gene, common within the population, 
has been reported as causal to Dutch familial preeclampsia.195 

Process Genes Considered

Immune adaptation HLA-DR, HLA-DQB1, HLA-DPB1, HLA-G, 
IGF2, IGF2R, IgG-CRHC, IL1, MMP1, 
TNFα

Placentation and Angiogenesis ADAM12, ERVWE1, FOS, GCM1, INHB, 
IGFBP3, ITGA1, ITGB, JUN, MBL2, 
MMP7, MMP9, MMP10, MMP13, MMP15, 
NKB, sENG, sFlt, STOX1, TGFb, VEGF

Placental ischemia and 
oxidative stress

CASP10, CAT, EPHX1, GSH-Px, GSTP1, 
HIF1, LDHAL4, LDHB, LPL, LPLR, 
MTHFR, SOD, TNFRSF25, VLDLR

Endothelial activation and 
cytokine production

ALOX5, APOC3, apoE, CD14, CEACAM8, 
COX2, CTLA4, EDN, FSTL3, GNB3, 
IFNG, IL1a/b, IL6, IL8, IL10, LIPC, LIPE, LPL, 
LTA, NFKB, NO, NPY, TNFα, TNFαR 

Vasodilator and 
vasoconstriction factors

ACE, AGT, AGTR1a/b, AGTRL1, ANP, 
APLN, BDKRB1, CAPN10, CALCRL, 
DDAH1, EDN1, ecNOS, HPGD, KLK1, 
NOS2A PCS, PTGS2, pro-ANF, PTHrP, 
RAMP1, REN, SCNN1B, TBX

Clotting factors APC, F2, F7, F11, FVL, PAI1, PAR1, 
Plasminogen,THBD

Miscellaneous ADIPOQ, COX1, LCHAD, LEP, LEPR, 
LIPC, HSD11B2, LIPC, PPARG, VDR

Table 2: Genes that have been reported in relation to preeclampsia. 
Extracted from the Pub Med search Gene[title/abstract] AND Preeclampsia[MeSH] 
between 1989 and March 2008.
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Strategies to Elucidate the Molecular Basis of Pleeclampsia

Impediments to preeclampsia research
A main impediment to preeclampsia research is the lack of placenta material 
from the first trimester, the time the basis of the disease is established. 
Changes in placentation, and the cascade of oxidative- and inflammatory 
damage most likely take place early during gestation and not by the time of 
delivery, when placental bed biopsies are usually taken.176 As preeclampsia is 
a very heterogeneous disease131, it is extremely important that the criteria on 
which subjects are recruited in clinical studies are clearly defined and strictly 
applied. If this is not the case, the non-uniformly defined patient populations 
limit the interpretation and association of findings. Characterization of 
the disease phenotype should be done preferably according to the ISSHP 
criteria134 and the diagnosis should be made only after delivery. As can be 
seen in Table 3 overleaf, not all studies fully meet generally accepted disease 
criteria. The complex inheritance pattern of susceptibility for preeclampsia 
and the interactions with environmental factors demonstrate that, with rare 
exceptions, preeclampsia is not a monogenic disease.196 Illustrative of the 
complexity of genetic research is the large number of contradictory reports on 
the contribution of individual genes to the pathogenesis of preeclampsia. 
The fact that different studies compare different determinants prohibits 
generalization of studies. To exemplify, studies on endothelial nitric oxide 
synthase (ecNOS), published in relation to preeclampsia are summarized in 
Table 3. The study populations are heterogeneous, varying from gestational 
hypertension or moderate late-onset to severe early-onset preeclampsia to 
cases with placental abruption. This, in combination with use of either fetal 
(placental) or maternal material investigating either DNA, RNA or protein, 
makes it difficult to generalize the findings. When these studies are pooled 
and evaluated, there is no increased risk of preeclampsia, neither under 
a recessive nor a dominant genetic model, as has been shown in a recent 
meta-analysis.197

Animal models
Although there are several animal (sheep, monkeys and rodents) models, 
none properly reflects the pathophysiological mechanisms of human 
preeclampsia. The oldest model in sheep is a pregnancy-induced hypertension 
model, provoked by a 4-day fasting period during early gestation.198 Apart 
from hypertension, this condition bears little resemblance to the human 
preeclampsia syndrome. Moreover, both placental morphology and the 
placentation process of epitheliochorial placentas, (see Figure 4 page 13) in 
sheep are quite distinct from human. Arterial occlusion in rhesus monkeys, 
which have discoid placentas of hemochorial structure just like humans,
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induces placental dysfunction with hypertension and fetal growth restriction 
as a consequence.199 This model mimics placental ischemia and its 
consequences, but does not affect renal function.
There are several rodent models in which the placentation process is influenced 
by reduced uterine perfusion200;201 or the administration of endogenous 
agents. Endotoxin202, desoxycorticosterone acetate203, nitric oxide synthase 
inhibitor204 and the angiogenesis inhibitors TNP470205 or Suramin206 each 
produce a variety of preeclampsia-like symptoms and fetal growth restriction. 
Pregnancy-associated hypertension207 and fetal growth restriction208 are 
present in spontaneous hypertensive and heart failure (SHHF) rats, who 
have chronic hypertension, insulin resistance, and renal impairment as they 
age. Rats injected with sFLT and sENG develop hypertension and proteinuria 
or even HELLP syndrome.209 Transgenic models also exist: p52Kip2 mice210 
have hypertension, proteinuria and coagulation disorders, whereas pregnant 
BHP5 mice211 have hypertension, late-gestational proteinuria and progressive 
renal glomerulosclerosis with growth restriction in the litter. Although rodents 
have a hemochorial discoid placental structure resembling human, there 
are several differences between humans and rodents. In human, rat and 
mouse gestation takes respectively 280, 22 and 20 days while implantation 
takes place respectively at day 6, 5 and 4. Therefore, in human preeclamptic 
pregnancy, placenta and fetus are faced with progression of the disease 
for the major part of gestation, while in rodents this time span is relatively 
short. 

Cell culture and tissue culture
Since the placenta becomes available after delivery, it is then accessible for 
gene expression studies and primary cell culture. Trophoblast- or endothelial 
cell cultures are ideally suited to investigate physiological pathways under 
controlled conditions.212 As an example, this type of experiment demonstrated 
secretion of TNFα from hypoxic trophoblast cells mediating the inflammatory 
response.213 Cell culture can never be the equivalent for the in vivo situation. 
The fact that the cellular composition of the placenta changes dramatically 
during gestation, makes this more true for placenta. 

Studies on gene expression 
Every cell in the human body has the same genetic repertoire, consisting 
of genes located on chromosomes. The protein-coding sequences (exon 
sequences) that are usually dispersed over a gene are divided by intervening 
sequences (intron sequences). During RNA splicing the exon sequences are 
fused, rendering mature mRNA molecules of which the open reading frame 
is translated into protein.214 (Figure 8, overleaf)
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Figure 8: Schematic representation of RNA splicing. 
Intron sequences are depicted in black, exon sequences are grey.

Basal common cellular processes occur in all cell types and are dependent 
on proteins encoded by housekeeping genes. As for all tissues and organs, 
placental tissue-specific gene expression defines the proteins that form the 
basis for its growth, development and function.215 
Depending on the number of samples in which the transcription level has to 
be determined and the total number of genes that need to be investigated, 
several molecular biology techniques are available. Northern blot analysis 
requires relatively large amounts of RNA and is suitable to analyse the 
semi quantitative expression level of a few genes. The expression level of 
a specific single gene can be assessed by the far less material- and time-
consuming semi-quantitative polymerase chain reaction (PCR),216 or real-
time PCR techniques.217

The development of high-throughput biotechnology techniques such 
as microarray analysis and serial analysis of gene expression (SAGE), in 
combination with major advances in bioinformatics has opened ways to 
investigate complex diseases at the RNA level.

A microarray is a solid surface to which tens of thousands DNA spots, 
representing genes, are attached. Hybridization of fluorescent labelled RNA 
derived from individual cell cultures or tissue samples allows the monitoring 
of the expression level of genes present on the array. This way, an array 
yields expression signals from tens of thousands of genes over series of 
individual samples.218 Arrays can contain previously identified genes but 
also Expressed Sequence Tags (ESTs), partial cDNA sequences derived by 
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sequencing clones from cDNA libraries. The main limitation of the microarray 
technique is that only previously selected transcripts or ESTs are analyzed. 
Secondly, genes expressed at lower levels or in a small subset of cells are 
likely to be missed in this multigene technique.219 Finally, the vast amount 
of data also cause a very unfavourable signal to noise ratio, hindering the 
identification of truly important genes.220

With respect to placental function, microarray technology has been used 
in different stages of cultured trophoblast cells221, establishing different 
processes of differentiation. Also, there are models comparing gene 
expression in decidua and villi in placental samples using microarray 
technology 222 as well as models of trophoblast invasion223 and placental 
hypoxia.224 Microarray analysis in preeclamptic placentas has suggested up 
regulation of glycogen phosphorylase225 as well as subsets of apoptosis-226;227 
calcium metabolism-related228 protein matabolism-related229 and obesity-
related genes230. Differential regulation of tumour suppressor and growth 
regulatory genes are reported to play a role in the pathogenesis of severe 
early-onset preeclampsia.231 Recently also genes related to an imbalance 
of reactive oxygen metabolites, abnormal trophoblast invasion, disorders of 
lipoprotein metabolism232 and growth factors233 have been found specifically 
differentially regulated in preeclampsia.

Serial Analysis of Gene Expression (SAGE)
The SAGE technique234 is a tool to generate complete expression profiles at 
the transcriptional level. The traditional generation of a SAGE library starts 
with a milligram of mRNA from the tissue or cell type of interest. High-quality 
double stranded cDNA is synthesized using biotinated oligo-dT, captured 
and cleaved with the anchoring enzyme NlaIII, yielding 3` cDNA fragments 
with an average size of 265 bp. After ligation to specific linkers, the cDNA 
pool is digested with BsmF1 that recognizes a sequence in the linker and 
cuts a variable number of nucleotides downstream, generating an mRNA-
specific SAGE tag. These SAGE tags are ligated to ditags, PCR amplified, 
concatenated and sequenced.(Figure 9) The concatenation of tags in a serial 
fashion makes SAGE a high-throughput technique for a limited number of 
samples. The resultant SAGE library consists of a list of ten-to-hundred 
thousands of 10 base pair SAGE tags that each occur 1 or more times. The 
quantitative properties are based on simply counting the number of times a 
tag occurs. The qualitative properties are based on the fact that a 10 base-
pair sequence adjacent to the most 3` CATG site of a mRNA molecule contains 
sufficient information to uniquely identify the corresponding transcript. Since 
alternative splicing, alternative polyA adenylation and polymorphisms result 
in multiple tags corresponding to a single gene, tag to gene allocation is 
actually the most difficult step in SAGE library analysis. 
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Figure 9: Schematic representation of the SAGE method.

Typically, each SAGE library also contains tags that can not be linked to a 
transcript with known or inferred function: the so-called NoMatch tags. They 
are the leads to identify novel genes and transcripts.
The public availability of tens of SAGE libraries of different human tissues 
enables the recognition of tissue (i.c. placenta-) specific transcripts.
SAGE is the only available tool to generate complete yet comprehensive 
expression profiles without prior availability of transcript information. It 
provides the opportunity, with disease phenotype-related No Matches 
as leads, to discover novel disease-specific genes. This concept has been 
extensively validated for cancer research.235 
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Aim and scope of this Thesis

With optimal placental function as prerequisite for fetal prosperity, this thesis 
describes the relation of placental development with maternal gestational 
and fetal disease. (Chapter 1) The consequences of placental function are 
investigated by the analysis of placental weight birth weight in Chapter 2 
and 3. Since the placenta has an important role in hormone metabolism 
and hormonal interaction between mother and fetus, we describe thyroid 
hormone interactions with respect to fetal growth restriction and gestational 
hypertensive disorders in Chapter 4 and 5. Molecular biological techniques and 
bioinformatics are used to study gene expression relevant to characterization 
of PE and HELLP syndrome in Chapter 6 and to develop gestational age 
specific placental profiles in Chapter 7.
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Abstract 

Kloosterman studied 80.000 birth weights and 30.000 placental weights in 
relation to gestational age at birth, fetal sex, maternal parity, and perinatal 
mortality. He concluded that pregnancies with heavier placentas last longer. 
He also concluded that from about 30 weeks of gestational weeks onwards, 
children from primiparous women as compared to those from multiparous 
women, and twin children as compared to singleton children are relatively 
growth retarded, most likely related to prior relatively poor placental growth. 
Obviously, poor fetal growth is not the cause, but the result of poor placental 
growth.
Future early detection of poor placental growth may prospect poor fetal growth, 
and may even allow for early interventions to improve fetal outcome. 
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From 1954 until 1970 Ted Kloosterman published several articles on the 
significance of birth weight, placental weight, and Placental Ratio.1-4 His 
1970 keynote paper ‘On intrauterine growth’, was based on a group of 
80,000 consecutive singleton pregnancies of women, visiting two clinics in 
Amsterdam (the Training School for Midwives and the University Clinic at 
the University of Amsterdam) between 1931 and 1967.4 From these women, 
30,000 consecutive placentas were processed and weighed by one single 
and devoted person, miss Huidekoper, a midwife and scientific co-worker 
of Kloosterman. According to a standard protocol, directly after birth, all 
blood clots were removed, the membranes were trimmed off along the edge 
of the placenta, the umbilical cord was cut within 2 cm and ligated after 
being allowed to bleed freely. The placenta was placed in a 10% formalin 
solution and weighed within a week. Insertion of the umbilical cord, and 
the macroscopic stage of ‘infarction’, observed on placental slices were 
registered.1-4 

In those days a heated discussion took place on the significance of a small 
placenta with respect to the fetal growth. According to Fox and Gruenwald, 
a small placenta, being a fetal organ, just as a small fetal liver, was a 
manifestation rather than a cause of poor fetal growth.5;6 They therefore 
saw ‘no reason why the practice of routinely weighing the placenta should 
be continued’. Kloosterman on the other hand argued that a baby is small 
because the placenta is small.4 In the next paragraphs we will provide the 
data on which Kloosterman based his arguments.

Birth weight, placental weight and Placental Ratio in relation to gestational 
age 
From cross-sectional birth weight data, fetal growth seems to decelerate after 
38 weeks. Kloosterman concluded that, as 4 weeks after birth acceleration of 
growth of the newborn occurs, the cause of the intrauterine deceleration of 
growth must be a limitation of the maternal supply line; that is the placenta 
and the mother. 
Data on placental weight suggest a constant rate of growth during pregnancy 
unto and even beyond term, which he considered unlikely for an organ at the 
end of its lifespan. 
At 20 weeks, the mean Placental Ratio (PR), i.e. placental weight divided by 
birth weight, is found to be about 35%, and subsequently to decrease unto 
15% at 38 weeks, as the fetus grows more rapidly than the placenta. Oddly 
enough, after the 38th week, the Ratio did remain on the same level.            
Kloosterman thought it very unlikely that the fetus decreases its growth very 
dramatically after 38 weeks, or that the placenta will accelerate its growth at 
the end of its lifespan. His elegant explanation for these findings was, that in 
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Birth Weight, Placental Ratio
and Placental Weight
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Figure 1: Birth Weight, Placental Weight and Placental Ratio. 
Mean (continuous line) and 10th and 90th centiles of birth weight (BW), placental 
weight (PW) and Placental Ratio (PR) in singletons, by gestational age, according to  
Kloosterman’s key article ‘On Intrauterine Growth’;  Figure 1, and Tables 5 and 7.4
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the presence of a relatively heavier placenta, pregnancies last longer, which 
means that the placental ‘growth curve’, based on cross-sectional data, does 
not reflect real longitudinal growth.2-4

Influences of fetal sex, maternal parity
Boys are by 24 weeks of pregnancy, heavier than girls, the mean difference 
at 40 weeks being 140 g. Placental weights of boys and girls are the same 
throughout pregnancy,1-4 Kloosterman concluded that boys, being heavier, 
demand more from their placentas as compared to girls. As expected, boys 
show indeed a relatively higher perinatal mortality, as compared to girls, 
especially after 40 weeks of gestational age.2 Children from multiparous 
women, from about 32 weeks onwards, are heavier than children from 
primiparous women, the mean difference at 40 weeks being 200 g.1-4 In 
multiparous women, the placentas are also heavier than in primiparous 
women, already from 25 weeks onwards.1,4

Kloosterman concluded that multiparous women offer, through remodelling 
of the maternal vasculature in former pregnancies, a more favourable 
environment for both placental development and placental function in next 
pregnancies.2-4

Taken together, these data suggest that the influence of fetal sex with 
respect to intrauterine growth is limited to the fetus and not extended to the 
placenta. This also suggests that, compared to children from multiparous 
women, children from primiparous women are relatively growth retarded, 
most likely due to a prior relatively poor placental growth. It is therefore 
not surprising that children from primiparous women show higher perinatal 
mortality, as compared to those from multiparous women, especially at and 
after 40 weeks of gestational age.2;4

Influence of litter size
Kloosterman found that, in comparison to singletons, the mean birth weight of 
twin children is found to be smaller, from about the 32nd week, the difference 
at 39 to 40 weeks being about 600 g.3;7;8 Where the mean placental weight 
of twin children as compared to singleton children is found to be consistently 
smaller from 22 weeks to term, they concluded that, compared to singleton 
children, twin children are relatively growth retarded, most likely due to 
a prior relatively poor placental growth. These observations, though from 
cross-sectional data, confirm Kloosterman’s concept, that smaller placentas 
are the cause and not the result of poor fetal development.4

McKeown and Record9 and Gruenwald10 who found higher PRs in twins as 
compared to singletons, concluded that relatively more placental tissue is 
available to the twin fetus and therefore, the restriction of fetal growth in 
twins (after 32 weeks) must be due to influences outside the placenta. In 
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contrast, Kloosterman’s co-workers found lower PRs in twins, up to 37 to 
38 weeks, and therefore the placenta may very well limit fetal growth in 
twins. After 38 weeks, in twins, the PRs were found to be relatively higher as 
compared to singletons, which was explained by twin pregnancies, related to 
relatively heavier placentas, last longer.7;8

The small placenta
Kloosterman’s first publication on intrauterine growth dealt with ‘the 
significance of the placenta in obstetrical mortality’, and was based on the 
first 2000 singleton placentas, examined as described above. The lowest 
perinatal mortality of 1.6% was found in placental weight groups of 500 to 
800 g. In lower placental weight groups a much higher perinatal mortality 
was met: 43.2% among the 200-300 g group, and as high as 97% among 
the less than 200 g group, the majority being ante partum mortality in that 
last group.1

In 1983, his co-worker miss Huidekoper published an additional study on 
‘the significance of the small placenta’, based on 227 singleton pregnancies 
with placentas of 100-200 g, born in the University Clinic at the University 
of Amsterdam, in 1958-1981.11 These very small placentas were found to be 
related to higher incidences of preeclampsia, placental infarction, lower birth 
weight, and perinatal mortality, especially ante partum mortality. 

Comments
The historic significance of the work of Kloosterman is the study of consecutive 
birth weights, according to carefully assessed gestational ages, related to 
placental weights, measured according to a rigorous protocol. Even today 
this set of data is the largest ever reported. A limitation of his studies is that 
inferences are made on longitudinal fetal and placental growth, based on a 
cross-sectional design. 

Of high interest are Kloosterman’s observations on the relationship between 
fetal and placental growth. His cross-sectional curves demonstrate that 
poor placental development, as observed in primiparous women versus 
multiparous women, and in twins versus singletons, precedes poor fetal 
growth by many weeks of gestation. These observations seem to confirm 
his conclusion, that small placentas may be very well the cause, and not the 
consequence of poor fetal growth. 
Kloosterman’s observations point to the importance of the first half of 
pregnancy with respect to placental development. Most likely even the first 
trimester of pregnancy, being essential for early placental development, 
defines the course of pregnancy, and the outcome of pregnancy.
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Recent ultrasound studies on the relationship between early (12-26 weeks) 
placental volume and fetal growth seem to confirm this suggested sequence 
of events: poor placental growth precedes poor fetal growth, lower second 
trimester placental volumes and lower placental growth rates are good 
predictors of lower birth weights, and even lower first trimester placental 
volume seems to be related to lower birth weight at term.12-15 In daily practice, 
estimation of placental size by ultrasound, and other techniques, is still a 
technical problem and very time consuming. Improved ultrasound or other 
visual techniques may enable to estimate placental size in early pregnancy, 
in normal clinical settings and with enough accuracy. Future early detection 
of poor placental size, may prospect poor fetal growth, and may even allow 
for early interventions to improve fetal outcome. 
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Abstract

Background: Accurate assessment of fetal growth is a principal tool in antenatal 
care and individual results are usually compared to gestational age-specific 
centile curves. Reports of obstetrical outcomes in research populations 
generally use absolute birth weights, and secondarily dichotomize birth 
weights according to the 10th centile for gestational age. Use of dichotomized 
data at the extremes discards important information. 

Objectives: We coin the term ‘Birth Weight Ratio’, as the ratio of observed 
birth weight divided by the mean birth weight of the population-specific 
reference growth curve
 
Methods: To demonstrate the advantages of the Birth Weight Ratio, we 
explored the data from a recent randomized trial in a patient group with 
early preterm hypertensive complications of pregnancy. The functionality of 
the Birth Weight Ratio was explored in this patient group.

Results: At delivery women had a median gestational age of 312/7 weeks 
(range 261/7 -383/7). The practical advantages were 1. improved classification 
of growth restriction as the scale is continuous and not dichotomized. 198 
(92%) of infants had a birth weight below the 10th centile. If necessary, 
tailored dichotomization remains possible; 2. less influence by outliers in the 
reference curve, especially at lower gestational ages; the difference between 
Birth Weight Ratios calculated by two different charts is smaller than the 
differences between centile scores, and less dependent of weight. This shows 
that the Birth Weight Ratio is more suitable for international comparison of 
studies on fetal growth restriction. 

Conclusion: We advocate to give Birth Weight Ratio a priority position to 
complement gestational age and absolute birth weights as predictors in 
reports on obstetric research populations. 
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Introduction

Gestational age and fetal growth restriction at birth are important determinants 
for perinatal mortality and morbidity. Accurate assessment of fetal growth 
in relationship with gestational age is therefore a principal tool in antenatal 
care. Results are usually compared to centile curves, which are calculated 
from cross-sectionally acquired data of newborns and dichotomized according 
to the 10th centile for gestational age. We coin the term ‘Birth Weight Ratio’ 
as the ratio of observed birth weight divided by the mean birth weight of the 
population-specific reference growth curve. Values above 1 indicate ‘larger 
for gestational age than average’ and values below 1 indicate ‘smaller for 
gestational age than average’. We argue it complements birth weight and 
gestational age in clinical practice, and can validly replace dichotomization 
by centile score or another alternative, standard deviation score. We would 
like to discuss three theoretical arguments

I. No data reduction
Use of the Birth Weight Ratio transforms data into another continuous variable, 
as opposed to ordinal classes when a percentile is used for classification. This 
has the advantage that the original value can always be deducted from the 
transformed value without loss of information, which is not possible when 
ordinal classes are used. Although, by use of a z-score, percentiles might 
be used as a semi-continuous parameter, it is customary to dichotomize by 
the 10th centile, or alternatively the 5th or 2.3rd centile. Dichotomization can 
be a valuable simplification, despite the fact that there are no specific cut-
offs that delineate normal from abnormal growth.1 However, in tertiary care 
centers, the 10th centile of birth weight as a threshold classifies a majority 
of premature deliveries with fetal growth restriction. Thus, in groups at the 
extremes (e.g. severe fetal growth restriction) important information is 
lost.

II. Minimized disturbing influence from small sample size (or outliers in 
reference curves)
The Birth Weight Ratio makes use of the mean of a population reference curve. 
Many population-specific curves have been constructed from cross-sectional 
data. In a statistically normal distribution (even if skewed, as birth weights 
are), the numbers of observations are largest at the mean and outliers have 
little influence on the mean. This applies especially to low gestational age 
groups, where the number of cases in most charts is small, and lower or 
higher centile limits are therefore prone to bias. For these reasons, when 
relating an individual observation to a reference curve, comparisons using 
the mean are more reliable.

Buimer Final 6 mei .indd   63 13/05/2008   21:49:43



64

Chapter 3

III. Superior options for statistical analysis
In contrast to weight centiles, the Birth Weight Ratio is expressed on a 
continuous and linear scale. This allows more powerful statistical analysis. 
The interpretation of absolute birth weights is gestational age-specific as 
1,100 grams may be ‘normal’ for 28 weeks but ‘abnormal’ for 30 weeks, 
‘significantly abnormal’ for 32 weeks and ‘very abnormal’ for 34 weeks. 
While birth weight in the latter three cases is below the 10th centile, the Birth 
Weight Ratios are 0.92, 0.72, 0.59 and 0.49 respectively. By use of the Birth 
Weight Ratio important information is retained for analysis. This provides 
better opportunity to assess the quantitative correlation and dose-effect 
dependency between growth restriction and possible causative influences 
or consequences. Birth Weight Ratio opens opportunities for the uniform 
interpretation of research results of tertiary care centers in meta-analyses. 

Clinical application
To demonstrate the advantages of the Birth Weight Ratio as described above, 
we explored the data from a recent randomized trial comparing the outcomes 
of temporizing management with or without plasma volume expansion.2 
Women with early preterm hypertensive complications of pregnancy and a 
singleton pregnancy participated in this study (n=216). At delivery women 
had a median gestational age of 312/7 weeks (range 261/7 -383/7). The primary 
endpoint of the study was an infant neurological test at 40 weeks corrected 
age.3 This test was performed in 177 of 180 infants alive at term age. It 
was abnormal in 11 cases. For this study we defined Abnormal Neurological 
Outcome as the composite measure of death up to one year or abnormal 
neurological test (n=48). As a secondary composite short term outcome we 
defined Adverse Neonatal Outcome as death up to one year, major cerebral 
ultrasound abnormality (intracerebral hemorrhage >grade 2, periventricular 
leucomalacia > grade 1, or hydrocephalus) or bronchopulmonary dysplasia 
(additional oxygen after 36 weeks corrected age).4-6 Fifty-five infants were 
classified as having Adverse Neonatal Outcome. Death until one year had 
occurred in 38 cases.

In the trial, the customized birth weight chart of Gardosi was used for 
reference of birth weight. This birth weight chart adjusts for gestational age, 
infant sex and maternal physiological variables (weight, length, parity end 
ethnic descent).7 For the analysis presented here this chart was compared to 
the Kloosterman chart that is commonly used in The Netherlands.8 Statistical 
analysis was performed with SPSS 12.0.2 (Chicago, U.S.A).
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I. No data reduction: 
At birth, 198 (92%) of infants had a birth weight below the 10th centile (the 
10th centile corresponds to a Birth Weight Ratio of 0.86). Median Birth Weight 
Ratio of the study population was 0.67 (range 0.29-1.16). Obviously Birth 
Weight Ratio describes the severity of the fetal growth restriction in the 
study population more effectively than a 10th centile distribution.

II. Minimized disturbing influence from small sample size or outliers in 
reference curves:
The mean difference between the 50th centile weight of Kloosterman and 
Gardosi in the study population was -82 gram (SD 89, range -94 to -70). 
In Figure 1A the difference between the 50th centile weight of the Kloosterman 
and the Gardosi chart is plotted against the average of both measures (Bland-
Altman plot). The mean difference for the 10th centile of both charts was        
-289 (SD 128, range -306 to -272), as depicted in Figure 1B. The 50th centile 
and the 10th centile weights diverge substantially, with smaller weights in the 
Kloosterman chart. 

In addition, this difference increases with higher birth weight and is larger 
for the 10th centile weight than for the 50th centile. In contrast, the difference 
between Birth Weight Ratios calculated by the Kloosterman chart or the 
Gardosi chart is small (mean 0.030, SD 0.034, range 0.025-0.035), and less 
dependent of weight, as depicted in Figure 1C. This demonstrates that even if 
birth weight charts show differences at the extremes the Birth Weight Ratios 
are more comparable, which makes this measure suitable for international 
comparison of studies on fetal growth restriction.

III. Superior options for statistical analysis 
By use of discriminant analysis we defined the optimum cut-off for the 
Birth Weight Ratio to predict Abnormal Neurological Outcome and Abnormal 
Neonatal Outcome. A Birth Weight Ratio below 0.65 proved to be the optimum 
cut-off to predict Abnormal Neurological Outcome (odds ratio of 2.6 [95% 
CI 1.3 – 4.9; P = 0.005; sensitivity 60%, specificity 63%]) and Abnormal 
Neonatal Outcome (odds ratio of 2.6 [95% CI 1.4-4.9; P = 0.003; sensitivity 
60%, specificity 63%]). When using the 10th centile of the Gardosi weight 
chart for prediction the odds ratios were respectively 2.5 (95% CI 0.5 - 11; 
P = 0.38; sensitivity 96%, specificity 10%) and 2.9 (95% CI 0.7-13; P = 
0.16; sensitivity 96%, specificity 10%). This example shows that with a 
continuous measure, the statistics can be easily adapted to best fit the needs 
for each specific situation.
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Discussion

The Birth Weight Ratio is not a new parameter,9;10 but so far did not receive 
formal acclaim.11;12 To avoid any misunderstanding: Birth Weight Ratio should 
not replace, but complement gestational age and absolute birth weights as 
predictors in reports on obstetric research populations. We demonstrated 
that application of a Birth Weight Ratio allows for better data description, 
less dependency on the type of birth weight chart and more appropriate 
statistics than any centile threshold. 
Although dichotomisation in itself may be valuable, we believe, along with 
other authors,1 there is a need for a continuous measure of the quantity of 
difference between observed weight and the mean or median for gestational 
age. Based on statistical presumption the use of multiples of the standard 
deviation or a semi-continuous percentile distribution might be preferred. 
However, in clinical practice these measures are scarcely used, probably 
because they require complex tables. The advantage of the Birth Weight 
Ratio is that it is easy to implement and that it allows simple statistics due 
to its linear nature. The Birth Weight Ratio may also be a valuable tool in 
counseling parents in clinical practice: “Your baby weighs about 75% of what 
is average for its gestational age” may better convey the message to parents 
than “Your baby is more than 2.3 standard deviations from what is average 
for its gestational age” or “… below the 1st centile of our reference chart”.

Conclusion

We think sufficient arguments exist to give Birth Weight Ratio a priority 
position: it improves comparability, it is reliable, it is easy to understand, 
easy to use, and provides additional insight. In our opinion, editors of medical 
journals should encourage that reports on high-risk perinatal populations 
contain the Birth Weight Ratio. 

Figure 1, opposite: Agreement of different Birth Weight measures
1A: Bland-Altman plot of agreement between the 50 th centile Kloosterman 
birth weight chart and the 50 th centile birth weight from the Gardosi chart 
in the study population.
1B: Bland-Altman plot of agreement between 10th centile birth weight from 
the Kloosterman chart with the 10th centile birth weight from the Gardosi 
chart in the study population.
1C: Bland-Altman plot of agreement between Birth Weight Ratio calculated 
from the Kloosterman chart with Birth Weight Ratio calculated from the 
Gardosi chart in the study population. 
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Abstract

Background: Very preterm neonates are at risk of hypothyroxinemia because 
of prematurity as well as because of neonatal disease. Hypothyroxinemia 
is associated with impaired developmental outcome. Preterm infants who 
cannot be weaned from the ventilator can be treated with dexamethasone. 
Glucocorticoid administration has been found to alter thyroid hormone 
parameters. Therefore, dexamethasone treatment in these infants might 
additionally impair their thyroid function, which could have consequences for 
developmental outcome. 

Objective: To assess what changes in thyroid function occur in the first hours 
after initiating dexamethasone treatment in ventilated preterm infants. 

Methods: Preterm infants, in whom the decision was taken to start 
dexamethasone treatment, were included. Thyroxin, T3, rT3, TSH and Cortisol 
were determined before and 6 to 9 after administration of the first dose of a 
postnatal dexamethasone course. Details of clinical condition were recorded 
at both time points. 

Results: Sixteen very preterm infants were included at a median age of 20 
days. While clinical condition was stable between start of dexamethasone and 
6-9 hours thereafter, TSH and T3 levels decreased significantly.  ReverseT3 
levels significantly increased, resulting in a decrease of the T3/rT3 Ratio. 
There was no statistically significant effect on the levels of T4. 

Conclusion: Postnatal dexamethasone administration negatively affects 
thyroid function in the preterm infant with severe chronic lung disease. 
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Introduction

Dexamethasone treatment in ventilated preterm infants has been 
demonstrated to rapidly reduce requirements for oxygen and ventilation, 
decreasing the incidence of chronic lung disease.1 In contrast, dexamethasone 
treatment has also been identified as an independent risk factor for delayed 
psychomotor development.2-7 These data from follow-up studies are in 
agreement with observations from animal experiments,8;9 in which abnormal 
neuronal growth as well as increased white matter damage10 is observed 
after dexamethasone treatment. 
Normal brain development is dependent on sufficient and continuous provision 
of thyroid hormone.11 Preterm neonates are at risk of hypothyroxinemia, 
especially in case of respiratory and infectious diseas.12 Follow-up of preterm 
neonates shows a higher prevalence of developmental disabilities, when 
postnatal thyroid hormone levels have been lower,13-15 and this is reason for 
an ongoing debate on the necessity of thyroid hormone supplementation.16 
Dexamethasone is found to alter thyroid function in adult human17 as well 
as in animal experiments. These effects comprise a direct Hypothalamic-
Pituitary-Thyroid axis effect,18 but also thyroid hormone metabolism is 
influenced, evidenced by altered Deiodinase activity in cultured brain cells19 
as well as in the chicken embryo.20;21 Interestingly, dexamethasone can both 
increase22 and decrease23 Deiodinase type III (D3), depending on species, 
tissue localization and developmental stage. Therefore dexamethasone might 
either result in more as in less bio-active hormone (T3). In a recent paper 
antenatal glucocorticoids were associated with higher T4 concentrations 
in the first week after birth24, while Williams et al found that postnatal 
dexamethasone administration was associated with significantly lower fT4 
and T3 concentrations in the third week of life.25 The aim of the present study 
was to assess direct effects of dexamethasone treatment on thyroid function 
in ventilated, very preterm infants. 

Patients and Methods

This prospective exploratory study, performed between September 1st 
2000 and June 1st 2004, included preterm neonates admitted to the NICU 
ward of the Academic Medical Center who could not be weaned from the 
ventilator and had an indication for a course of dexamethasone according 
to the attending neonatologist. Our preliminary estimates of eligible infants, 
based on department records, were of about 20 dexamethasone-treated 
infants per year, our intended study size. However, as is also the experience 
in other studies investigating postnatal glucocorticoids,26 the inclusion rate 
dropped about 4-fold because of increasing clinical concerns about the 
harmful effects on brain development of dexamethasone treatment. This 
caused our inclusion phase to take almost 4 years, while the decision to 
treat infants with dexamethasone was increasingly restricted to those with 
the most severe respiratory complications. A three weeks tapering course of 
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dexamethasone was prescribed with a starting dose of 0.25 mg/kg/day, the 
total dexamethasone dose of a full course being 4 mg/kg. This decision was 
generally taken when despite optimal treatment of fluid balance and possible 
infectious comorbidity, there was no change in ventilatory settings and the 
chest X ray showed signs of chronic lung disease. After informed consent of 
the parents, preterm infants were enrolled. The study protocol was approved 
by the institutional review board of the Academic Medical Center. 

Blood Samples
A baseline blood sample, within 2 hours before administration of the first 
dose of dexamethasone, and a second sample 6 to 9 hours after the first 
dose of dexamethasone was taken. One ml of peripheral blood was collected, 
either from capillary puncture or from an arterial line. Blood was centrifuged 
immediately and stored at –20°C until assay. In some cases the amount of 
blood was limited and hormone analysis was incomplete. In each sample T3, 
rT3, T4, TSH and Cortisol were determined; in case of a limited amount of 
plasma priority was given in the order mentioned.

Clinical Data
Clinical data on ventilation, circulatory support, patent ductus arteriosus, 
cerebral damage and medication, at baseline and at the time of the second 
blood sample, as well as obstetric and neonatal data at birth were collected. 
Follow up data included assessment of neurodevelopmental outcome until 
3 years of age, using the Bayley Scales of Infant Development II and 
neurological examination.

Assays
T4, T3 and rT3 were measured by in-house RIA methods.27 Detection limits were 
5.0, 0.3 and 0.03 nmol/l, respectively; intra-assay coefficients of variation 
were 2-4%, 3-4% and 4-5%, respectively, and interassay coefficients of 
variation were 3-6%, 7-8% and 5-9%, respectively. TSH was measured 
by time-resolved fluoroimmunoassay (Delfia hTSH Ultra, Wallac Oy, Turku, 
Finland). Detection limit was 0.01 mU/l, intra-assay coefficient of variation 
was 1-2% and inter-assay coefficient of variation was 3-4%. Cortisol was 
measured by ELISA (Immulite analyzer, DPC, Los Angeles, CA, U.S.A.). 
Detection limit was 50 nmol/l, intra-assay and inter-assay coefficient of 
variation at 200 nmol/L were 6.4% and 9 %, respectively, and 5.8% and 
7%, respectively, at 370 nmol/l.

Statistical Analysis
Data were analyzed using the statistical program SPSS 11.5.1 for Windows 
(SPSS Inc., Chicago, Ill). Hormone values before and after administration 
of dexamethasone were compared using Wilcoxon signed ranks test as 
these values turned out not to be normally distributed, as indicated by 
one sample Kolmogorov-Smirnov test. Due to availability of plasma, two 
Cortisol values (“< 50 nmol/l”), one T3 value (“< 0.6 nmol/l”) as well as two 
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TSH determinations (one was “< 0.04 mU/l” and, due to lack of material 
for a dilution step the other was classified as “< 0.1 mU/l”) could only be 
determined by approximation, mentioning threshold values. Therefore, the 
Wilcoxon signed ranks tests were performed once with the target value 
equaling this threshold value, and a repeated, substituting the target value 
by 50% of this threshold value. As the substitution did not affect the rank, 
both approaches gave an identical result. Clinical parameters before and 
after initiation of treatment were compared using Wilcoxon signed ranks 
test, whereas clinical parameters of subgroups according to the T3 / rT3 Ratio 
were compared using Mann Whitney U test. Linear regression analysis and 
Pearson correlation were used in correlations of continuous variables. P-
values < 0.05 were considered statistically significant.

Results

In the study period, 24 infants were eligible for the study. Four infants 
could not be included because dexamethasone administration had started 
before consent could be obtained. Two parent couples declined consent. 
Finally, eighteen infants were enrolled in the study. In one baby, blood was 
erroneously taken 90 minutes after dexamethasone administration, results 
were excluded. In another infant, the small amount of blood of a second 
sample taken 9 hours after dexamethasone administration only permitted 
determination of TSH and Cortisol, his results were also omitted from the 
Tables and the analysis. 

Table 1 shows the obstetric and neonatal data at admission of the 16 babies 
analyzed. All infants were born at or less than 29 weeks gestational age. The 
age at which dexamethasone was started differed considerably (9-48 days 
after birth with 81% of the infants at 13-27 days after birth). In most infants 
dexamethasone administration started in the afternoon, while the second 
sample was generally taken in the evening. 

Table 2 shows the median hormone values and range before and after the 
first dose of dexamethasone. TSH decreased statistically significantly after 
dexamethasone administration. We observed no statistically significant 
change of T4. There was a significant decrease of T3 and a significant 
increase of rT3 after initiation of dexamethasone, resulting in a statistically 
significant decrease in the T3 / rT3 Ratio. Postmenstrual age had a significant 
positive correlation (Pearson r = 0.57, p=0.02) with the T3 / rT3 Ratio before 
treatment, in concordance with literature.28 Figure 1 depicts the changes of 
the T3 / rT3 Ratio before and after Dexamethasone treatment as a function 
of postmenstrual age. Eleven out of fifteen T3 / rT3 Ratios decreased, in four 
infants the T3 / rT3 Ratio increased. Review of clinical neonatal variables in 
these four infants showed significantly lower T3 levels (mean 0.4 vs. 1.0 
nmol/L, p=0.002) and lower systolic blood pressures at baseline (mean 35 
vs. 52 mmHg, p=0.02). 
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Clinical Characteristics at birth N = 16

GA at birth     (weeks) 272/7 (245/7 - 29)
Mode of delivery Vaginal / Caesarean 7 / 9
Birth weight    (g) 828 (615 – 1470)
Antenatal Corticosteroids      15 
Apgar 5 8 (2-10)
Intubated < 1 hour after birth 12
Surfactant treatment 11

Characteristics upon inclusion
Age at first dose (days) 20 (9 - 48)
PMA          (weeks) 295/7 (273/7-343/7)
Body weight    (g) 905 (710 -1630)
Weight increase since birth (g) 113 (-135 – 380)
Duration of ventilation (days) 17 (4 – 33)
Ventilation: HFO / Conventional 13 / 3
Patent Ductus Arteriosus 6 †
Receiving Dopamine 3
Receiving Dobutamine 1
Cerebral abnormalities on ultrasound 8 #
Table 1: Clinical Characteristics at birth, and upon inclusion
Values are median (range) or N, as appropriate. † Including one infant that underwent 
operative closure of ductus 3 days before dexamethasone course. # One infant with 
Periventricular Leukomalacia (grade 1) four infants with Intraventricular Hemorrhage 
grade 3 and three infants with Subependymal Hemorrhage (IVH grade 1).

Cortisol levels statistically significantly decreased by almost 50%, as 
expected.29 In order to be certain that the thyroid hormone changes found 
were not caused by changes of the clinical condition,30 we compared 
circulatory and ventilatory parameters of the infants before and at the time of 
collection of the second blood sample. Blood pressure values rose after start 
of dexamethasone therapy (median systolic pressure 49 and 52, and median 
diastolic pressure 27 and 35 mmHg before and after treatment, respectively, 
p= 0.003). Ventilatory parameters before initiation of dexamethasone and at 
the time of collection of the second blood sample did not change. The dosage 
of dopamine, which was administered to 3 infants, as well as dobutamine 
(administered to one infant) remained unaltered at the time of collection of 
the second sample, compared to dosage before initiation of dexamethasone. 
Table 3 shows individual clinical data as well as follow up data until 3 years 
of age. Only in one infant no follow up data were available. Of the remaining 
15 children outcome was good in only three. Three infants died during or 
shortly after dexamethasone treatment, two infants had disabling Cerebral 
Palsy (CP), 5 infants had mild neurological abnormalities or non-disabling 
CP in combination with mental and/or motor delay and another two infants 
showed some motor or mental delay or behaviour problems with normal 
neurological examination. 
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N before N after P value†

TSH 16 2.55 (<0.1 – 6.8) 15 1.2 (<0.04 – 3.3) 0.017

T4 15 70 (35-120) 15 70 (30 - 95) NS

T3 16 0.85 (0.3 – 1.55) 15 0.75 (0.4 – 1.5) 0.022

rT3 16 0.78 (0.5 – 1.7) 16 0.95 (0.5 – 1.85) 0.025

T3 /rT3 16 1.14 (0.29–2.1) 15 0.80 (0.45 – 1.4) 0.012

Cortisol 14 150 (<50 - 720) 12 80 (50 - 510) 0.009

Table 2: Hormone levels before and after Dexamethasone. 
Values are median (range). T4, T3, rT3 and Cortisol in nmol/l ; TSH in mU/l
† Wilcoxon signed ranks test

Figure 1: Changes in the T3 / rT3 Ratio before and after Dexamethasone 
treatment
 

Increase or decrease of T3 / rT3 Ratio at baseline and after the first dose of 
Dexamethasone in relation to postmenstrual age.
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Discussion 

In this study we were able to demonstrate clinically relevant and statistically 
significant changes of dexamethasone on thyroid function. Two regulatory 
thyroid mechanisms play a role. The first was on the pituitary level, indicated 
by lower TSH levels. This suppressive effect is in accordance with literature 
reports on effects of glucocorticoids.31;32 The second effect was on the level 
of peripheral thyroid hormone metabolism reflected in changes in T3 and rT3. 
Normally after birth a gradual decrease of rT3 and a increase of plasma T3 
is seen in the first week of life, compatible with a decrease in D3 activity.28 
The changes we found (decrease of T3, increase of rT3) were opposite, 
implicating inactivation of thyroid hormone. It is unlikely that these changes 
are a consequence of decreased production of thyroid hormone, as T4 levels 
did not differ. Most probably this effect was caused by stimulation of D3. 
Alternatively this can be explained by inhibition of Deiodinase type 1, but 
this is less likely as levels of T4 remained unchanged. It is well known that 
D3 tissue levels in premature infants are still high,33 even more so in ill 
premature infants.34 
Also in the chicken embryo animal model, dexamethasone was shown to 
stimulate D3.20;21 This contrasts to findings under experimental conditions 
where dexamethasone leads to suppression of D3.35 Whether dexamethasone 
leads to induction or suppression of D3 apparently depends, apart from 
species and tissue, on ontogenetic phase.22;23;33 Although all of the found 
changes could also have been caused by deterioration of the clinical condition, 
we could not find such a change in the time window between start of 
dexamethasone and 6 to 9 hours thereafter. On the contrary, we recorded a 
stable respiratory course accompanied by a somewhat higher blood pressure. 
The four infants in which the low T3 / rT3 Ratio raised after dexamethasone 
treatment had comparatively low T3 levels, possibly indicating an already 
increased activity of D3 at baseline.34 Our study is the first to demonstrate 
direct thyroid hormone-related side effects of dexamethasone. The study 
design, in which each infant served as its own control permitted to find the 
above described effects. 
In a next step, it must be examined whether the identified acute changes 
are persistent, and how they change during the dexamethasone course, and 
beyond. Since development of the preterm brain is dependent on continuous 
provision of thyroid hormone concerns seem justified, as another study 
demonstrated dexamethasone to decrease T3-, but also fT4 concentrations in 
premature infants at day 14 of life.25 In the animal model it has been shown 
that D3 is abundantly present in brain astrocytes,36 therefore local thyroid 
hormone delivery in brain tissue could be impaired during dexamethasone 
administration. In that case the side effect we found could be one of the 
mechanisms by which dexamethasone can impair psychomotor development. 
Indeed neurodevelopmental outcome of our study group was not normal in 
most infants. 
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Our study design is not appropriate to make any statement on the causal 
factors. Dexamethasone is likely to play a role, however in combination 
with the severe illness all these infants experienced. Current practice 
in prescribing dexamethasone has changed, not only has the dose been 
decreased, dexamethasone is to a greater extent prescribed as a last rescue 
medicine. 
In summary, we have demonstrated possible harmful effects of 
dexamethasone on thyroid hormone regulation and metabolism in preterm 
infants with severe respiratory disease. If these effects persist throughout 
the complete dexamethasone course, they aggravate the already present 
transient hypothyroxinemia of prematurity. 
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Abstract  
   
Objective: Assess whether and to what extent thyroid function is affected 
in pregnant women with early and severe hypertensive disorders and their 
newborns.

Methods: Patients were 80 women with preeclampsia, hemolysis, elevated 
liver enzymes and low platelet count syndrome or gestational hypertension 
combined with fetal growth restriction in the 24th to 34th week of singleton 
pregnancies. Maternal thyroid hormone levels and thyroid peroxidase 
antibodies (TPOab) were determined at admission and three months post 
term. Neonatal levels were determined from cord blood at delivery. Maternal 
hypothyroxinemia was defined as fT4 value below 9 pmol/l. 

Results: At admission 26 (33%) women in the Study Group had fT4 levels 
below 9 pmol/l, with spontaneous normalization during pregnancy. There 
were, however, no statistically significant differences between thyroid 
hormone values in women in the study group compared to 10 normotensive 
pregnant women in their third trimester. Three months post term 97.5% 
of patients had thyroid hormone levels in the normal range. TPOab were 
elevated in 10% of women post partum. 
Their infants, born at a median gestational age of 306/7 weeks, had lower 
cord blood fT4 and TSH values compared to preterm infants of the comparison 
group, appropriate for gestational age. Cord blood fT4 had no correlation with 
gestational age or maternal fT4, but there was a significant correlation of 
cord blood fT4 with umbilical artery pH.

Conclusion: Women with severe hypertensive disorders of pregnancy may 
have transiently lower fT4 levels, without evidence of a thyroid disorder. Their 
neonates have lower fT4 levels at birth unrelated to maternal fT4, but related 
to prenatal acidosis.
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Introduction

Sufficient provision of thyroid hormone in the first trimester of pregnancy is 
essential for normal fetal brain development.1-3 There is growing evidence, 
however, suggesting that maternal thyroid hormone levels remain important 
until term.4-6 In the debate on benefits of screening for hypothyroidism 
in pregnancy7;8 the question on the optimal freeT4 (fT4) level remains 
unanswered,9  as reports on thyroid function in normal pregnancy are 
scarce.10;11 
Preeclamptic patients are at particular risk. Several reports describe an 
association between preeclampsia and maternal thyroid dysfunction,12-

16 and low birth weight17, some authors even suggested maternal thyroid 
function abnormalities to be a causal factor.18-21 Free T4 is generally found to 
be lower in umbilical cord samples from neonates born from preeclamptic 
pregnancies than in infants from normotensive pregnancies, but reports 
remain inconclusive.13;14;17;22-26 A low fT4 can be a consequence of lower 
maternal thyroid hormone levels, however, it can also be caused by impaired 
transfer of T4 due to placental insufficiency or fetal disease due to fetal growth 
restriction (FGR) and fetal acidosis.
The aim of the present study was to assess whether and to what extent 
thyroid function is impaired in women with severe and early hypertensive 
disorders in pregnancy, whether autoimmunity is involved, and to what 
extent neonatal thyroid function is affected.

Patients and Methods

This prospective cohort study was performed between April 1st 2001 and 
June 1st 2003, in a subset of women with severe hypertensive disorders of 
pregnancy, participating in the Preeclampsia Eclampsia TRial of Amsterdam.27 
This randomized clinical intervention trial in women with severe hypertensive 
disorders of pregnancy was carried out in two tertiary care perinatal centers 
in Amsterdam from September 1st 2000 to June 1st 2003. In our study of 
thyroid function only the subset of women and neonates admitted in one of 
the centers (Academic Medical Center) were included. As blood collection, for 
thyroid hormone parameters at admission, preceded the study intervention 
data from both treatment arms were joined for our further analyses.
The study protocol was approved by the institutional review board of the 
Academic Medical Center. After informed consent, women were included upon 
admission if they were in the 24th to 34th week of a singleton pregnancy 
with either pregnancy induced hypertension in combination with fetal growth 
restriction (diastolic blood pressure >90 mmHg and estimated fetal weight 
< 5th centile or abdominal circumference <10th percentile) or severe 
preeclampsia (diastolic blood pressure > 110 mmHg and proteinuria > 0.3 
g/L) or HELLP-syndrome (lactate dehydrogenase (LDH) > 600 U/L, aspartate 
aminotransferase > 70 U/L, Platelet Count < 100 x 109/L). After informed 
consent, patients were randomly allocated to a temporizing management 
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strategy with or without plasma volume expansion. Randomization was 
preformed by use of a designated palmtop computer with random number 
generation software. In all patients, obstetric management aimed to improve 
fetal prognosis through increasing gestational age at birth. Pregnancy was 
prolonged until deterioration of fetal or maternal condition necessitated 
delivery.28 In the absence of normal reference values for thyroid hormone 
in pregnancy,  apart from comparing thyroid function results with our local 
reference ranges for the specific assays, they were also compared with earlier 
described results in a prospectively followed group of 10 healthy women 
who became pregnant by artificial insemination because of male infertility.10 
Baseline, non-pregnant thyroid function was also known in these women. 
None of these pregnant women showed any sign of hypertensive disorders. 

Maternal Blood Samples at Admission
At admission, maternal blood samples were collected for determination of 
T4, T3, Thyroid Stimulating Hormone(TSH), freeT4(fT4), Thyroxin Binding 
Globulin(TBG), reverse-T3(rT3) and Thyroid Peroxidase antibodies (TPOab). 
Normal values of fT4 in pregnancies are not known.29;30 Therefore, we 
defined low maternal thyroxin levels by the lower limit of our laboratory (i.e. 
nonpregnant) reference range: fT4 of <9 pmol/l.A second sample was taken 
if fT4 was < 9 pmol/l or TSH was < 0.4 or > 4 mU/l. If fT4 or TSH in the 
second sample were also outside these limits, the patient was referred to an 
endocrinologist for further evaluation. 

Neonatal Blood Samples
At birth, an umbilical cord blood sample for determination of T4, T3, TSH, fT4, 
TBG and rT3 was collected. If the amount of cord blood after determination 
of arterial pH was limited and thyroid hormone analysis was incomplete, 
preference was given to determining fT4, TSH, T4 and T3. We compared 
results with data previously collected in our hospital using the same assays, 
in a group of 114 premature infants below 30 weeks gestational age (mean 
gestational age 28 1/7 weeks ± 8 days) of whom 90% were appropriate for 
gestational age.31

Maternal Blood Sample Post Partum
Three months after term date, at a scheduled visit, a maternal post partum 
blood sample was obtained for determination of T4, T3, TSH, fT4, TBG, rT3 and 
TPO-antibodies. Values were compared with reference values of the laboratory. 
If one of these determinations was outside the reference range, the patient 
was further evaluated by an endocrinologist for thyroid disorders.

Assays
Blood was centrifuged immediately and stored at –20°C until assay. T4, T3 
and rT3 were measured by in-house RIA methods.32 Detection limits were 
5.0, 0.3 and 0.03 nmol/l, respectively; intra-assay coefficients of variation 
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were 2-4%, 3-4% and 4-5%, respectively, and interassay coefficients of 
variation were 3-6%, 7-8% and 5-9%, respectively. FreeT4  was measured 
by time-resolved fluoroimmunoassay (Delfia fT4, Wallac Oy, Turku, Finland). 
Detection limit was 2 pmol/l, intra-assay coefficient of variation was 4-6% 
and inter-assay coefficient of variation was 5-8%. TSH was also measured 
by time-resolved fluoroimmunoassay (Delfia hTSH Ultra, Wallac Oy, Turku, 
Finland). Detection limit was 0.01 mU/l, intra-assay coefficient of variation 
was 1-2% and inter-assay coefficient of variation was 3-4%. Anti-TPO 
antibodies were measured by chemiluminescence immunoassay (LUMI-test 
anti-TPO, BRAHMS, Berlin, Germany). Detection limit was 30kU/l, intra- and 
inter-assay coefficient of variation were 3-7% and 8-12%, respectively. 
Thyroxin Binding Globulin was determined by commercial radioimmunoassay 
(Eiken Chemical Co, Tokyo, Japan). Detection limit was 30 nmol/l, intra- and 
interassay coefficient of variation were 2-4% and 4-6% respectively.

Placental Insufficiency Parameters
We used three measures of severity of placental insufficiency. Ultrasound 
Doppler examination of a free loop of umbilical artery was performed twice 
weekly, and the most recent Pulsatility Index, calculated from the flow velocity 
profile, was recorded. Secondly, we used Birth Weight Ratio as a measure 
for dysmaturity. The Birth Weight Ratio is the observed birth weight divided 
by the expected weight at the corresponding gestational age according to 
the customized antenatal growth chart.33 By definition, an infant with the 
appropriate weight for gestational age is to have a BWR of 1, whereas a 
birth weight ratio less than 0.86 corresponds to a birth weight less than the 
10th percentile (SGA). The net weight of the placenta was measured after 
birth after removal of cord and membranes; centile values were calculated 
by means of Dutch reference curves, stratified for parity and gender of the 
neonate.34 

Statistical Analysis
Data were analyzed with the statistical program SPSS 10.0.7 for Windows 
(SPSS Inc., Chicago, Illinois, USA). Patient characteristics as well as hormone 
values were checked for normal distribution as indicated  by one sample 
Kolmogorov-Smirnov test. All analyses were done for the whole group 
and within subgroups according to low fT4 or admission diagnosis. Groups 
were compared using the Student t test and the Chi square test. One way 
ANOVA was used to compare groups according to admission diagnosis. 
Linear regression analysis and Pearson correlation were used in correlations 
of continuous variables. Multivariable regression analysis was performed 
by the enter model, with the significant factors of the univariate analyses, 
combined with gestational age and maternal fT4. The statistical power to 
detect a clinically significant difference of 1.5 pmol/l in maternal fT4 level 
between our study group and the comparison group was calculated as 80% 
(effect size = 0.84; N=10 compared with N=80; α=0.05).
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Results

The mothers
In the study period, 80 women were included. Table 1 shows the demographic 
and obstetric data at admission. There were 69 live-born babies and 11 
stillbirths. Median gestational age at birth was 306/7 weeks (range 261/7 - 
366/7 weeks), birth weights ranged 525–2310 grams (median 1100) and 
BWR ranged 0.36 -0.88 (median 0.63): all babies but one were SGA. Median 
umbilical cord artery pH was 7.20, ranging 6.94 – 7.44. Table 2 shows mean 
maternal thyroid hormone levels at admission. There were no statistically 
significant differences between the study group and the comparison group, 
although TT4, fT4, T3 and TBG were lower than in the comparison group, in 
combination with a higher TSH. 

Study Group

N 80
Maternal Age   years 30.1  (4.7) 
Nulliparity                               56    (70) 
Maternal Weight kg 68.6 (14) 
Gestational Age at admission weeks 29    242/7–335/7 
Systolic Blood Pressure   mmHg 156  (19) 
Diastolic Blood Pressure   mmHg 101  (10) 
Admission Diagnosis* 
 - HELLP 18   (23) 
 - Severe preeclampsia 23   (29) 
 - Gestational hypertension and FGR 39   (49) 
Interval admission-birth days 10   (0-44) 
Lowest Recorded Platelet Count 109/l 119 (76) 
Highest Recorded Proteinuria g/24 hrs 8.3  (7.7) 
Table 1:Maternal characteristics at admission and during observation 
Values are mean (+/- standard deviation) median (range) or n(%), as 
appropriate. *During clinical observation, in the Severe Preeclampsia Group 
9 patients developed HELLP Syndrome whereas in the FGR Group 11 patients 
developed HELLP Syndrome. At birth 38 patients (48%) had HELLP, 15 (19%) 
had Severe Preeclampsia, and 27 (34%) had FGR. 

However, in 26 patients (33%) fT4 was <9 pmol/l, their mean fT4 was 8.0 
(±0.66) pmol/l, ranging 6.8–8.9 pmol/l. In the Comparison Group, 2 patients 
(20%) had fT4 levels < 9 pmol/l. On reassessment one to three weeks later 
a mean fT4 of 10.5 (±2.8) and a TSH of 3.9 (±2.8) were found. Only one 
patient developed a specific thyroid disorder(see post partum section) When 
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we compared clinical characteristics on admission (systolic and diastolic 
blood pressure, admission diagnosis, ultrasound Doppler PI of the umbilical 
artery, highest level of proteinuria, lowest platelet count during observation, 
gestational age at delivery, interval admission-delivery, birth weight, BWR, 
Apgar score at 5`, placenta weight centile) of women with low fT4 to women 
with normal fT4 values, no statistically significant differences were found. 
TPO antibodies were elevated in 7 patients at admission, but there was no 
significant relationship between the presence of TPOantibodies and fT4 below 
9 pmol/l (p= 0.22, χ2 = 1.5, df=1). In univariate regression analyses, T3 
and T4 levels had significant positive correlations with TBG levels, which is 
expected, as T3 and T4 are predominantly bound to TBG. Concentrations of 
this binding protein, subsequently, were significantly lower in women with a 
higher quantity of proteinuria  (Pearson R = -0.33, p =.006), suggesting that 
lower T4 and T3 concentrations are due to loss of binding protein.

      Study Group Comparison Group* 10

N 80 10
TT4 nmol/l  147  (33) 158   (26) 
TT3 nmol/l  2.7   (0.8) 2.88  (0.5) 
TSH mU/l    3.1   (3.9) 1.4    (0.6) 
TBG nmol/l  733  (140) 805   (72) 
fT4 pmol/l  9.8    (1.7) 10.2  (1.6) 
rT3 nmol/l  0.38  (0.13) 0.32  (0.08) 
TPOab
   low/undetectable <70 kU/l 69     (86) 
   elevated  70 – 2240 kU/l   7     (9) 
   missing   4     (5) 
Ratio T3/rT3            7.9    (3.2) 9.5    (3.0) 
Table 2: Maternal Hormone Levels at admission 
Values are mean (sd) or n (%), as appropriate. *Ten women in the Comparison 
Group10 had a mean age of 33.2(±3.5) years; 2(20%) were nulliparous; had 
a mean body weight of 79(±11) kg; median gestational age at testing was 
353/7weeks, ranging 292/7–411/7.

Postpartum maternal blood samples, taken 14 to 27 (mean 22) weeks 
after delivery were obtained in all patients but 1, who was lost to follow-
up. Table 3 lists the results of maternal thyroid hormone levels at three 
months post term date. TPO antibodies were elevated in 8 patients (10%). 
There were two patients (2.5%) with abnormal thyroid hormone parameters. 
One patient, with a low fT4 level during hospitalization, was diagnosed with 
Graves’ Hyperthyroidism. The second patient had suppressed TSH (0.08 mU/
l), elevated TT3 (2.75 nmol/l) and normal T4 (150 nmol/l) and fT4 (15.7 pmol/
l), suggesting T3 hyperthyroidism. All other patients with a prior low fT4 now 
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had normal thyroid function. 
Umbilical cord blood thyroid hormones were assessed in of 46 (67%) of 
live-born neonates. Results are shown in Table 4. As gestational age in 
the study group was 3 weeks higher than in the comparison group, higher 
concentrations of T4, fT4, T3 and TBG were anticipated in the study group. 
Free T4, however, was significantly lower in this group than in cord blood of 
the comparison group. There was no correlation between maternal and cord 
blood fT4, as shown in Figure 1 (Pearson R = 0.17, p= 0.27).

Study Group Normal Values

N 79
TT4 nmol/l  117  (27) 70 -150
T3 nmol/l  2.0   (0.7) 1.3 – 2.7
TSH mU/l    1.8   (1.2) 0.4 – 4
TBG nmol/l  405  (125) 200 – 650
FT4 pmol/l  13.7 (3.9) 10 – 22
rT3 nmol/l  0.25 (0.08) 0.11 – 0.44
Ratio T3/rT3            8.5   (2.7)
TPO ab   low / undetectable < 70 kU/l 71    (90)
             elevated  150 - >3000  kU/l   8    (10)
Table 3: Maternal hormone levels, 3 months after term date
Values are mean (sd) or n (%), as appropriate. Reference levels are normal lab 
values. One patient was lost to follow up.

N Study Group Comparison Group(31) n =114

TT4 38 nmol/l  96    (37) 87    (30)

TT3 37 nmol/l  0.87 (0.48) † 0.6   (0.3)

TSH 43 mU/l    7.9   (3.0) † 10.4 (11)

TBG 38 nmol/l  389  (114) 353  (96)

fT4 46 pmol/l  11    (3.7) † 14.7 (4.5)

rT3 33 nmol/l  2.9   (0.9) 3.1   (1.3)
Table 4: Cord blood hormone levels of live-born neonates 
Values are mean (sd). †p < 0.001 vs. cord blood of reference group, Student t test. As 
gestational age in the study group was 3 weeks higher than in the comparison group, 
higher concentrations of TT4, fT4, TT3 and TBG anticipated in the study group. 
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Figure 1: Cord blood fT4 in relation to maternal fT4
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Cord blood freeT4 values for 46 infants, measured at birth, by maternal blood fT4 
values, measured at admission. Pearson R = 0.17, p= 0.27 

Contrary to normal pregnancies, in these growth restricted neonates, there 
was no relation between fT4 levels and gestational age (Figure 2: Pearson 
R = 0.18, p= 0.22). On further univariate testing of perinatal factors, only 
umbilical artery pH (Pearson R = 0.48, p= 0.001) and gender (Pearson R = 
-0.33, p= 0.03) were significant determinants and gestational age, maternal 
fT4, Doppler PI, BWR, placenta weight centile and treatment by plasma 
volume expansion were not. Multivariate linear regression analysis showed 
that umbilical cord fT4 was significantly dependent on umbilical artery pH and 
gender, and was only slightly influenced by gestational age and maternal fT4.
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Figure 2: Cord blood fT4 in relation to gestational age 

Cord blood freeT4 values for 46 infants by gestational age at birth. Pearson R = 0.18, 
p= 0.22

0

5

10

15

20

25

30

35

26 28 30 32 34 36 38

GA (weeks)

C
or

d 
bl

oo
d 

fT
4 

(p
m

ol
/l)

Buimer Final 6 mei .indd   92 13/05/2008   21:49:47



93

Preeclampsia and Thyroid Hormone Levels

Discussion

This observational study of maternal and neonatal thyroid function was 
carried out in women referred to a tertiary care center because of early 
and severe hypertensive disorders of pregnancy. Although we did not find 
statistically significant differences with thyroid hormone levels of a group 
of 10 healthy women, TT4, fT4, and T3 were somewhat lower, consistent 
with literature29. Moreover, 33% of patients had fT4 concentrations below 
the lower limit of our local reference range of 9 pmol/l. These women had 
no identifiable maternal disorder or specific clinical course. In contrast  to 
some authors,14-16;23 we found total T4 and T3 to be of limited clinical value 
in assessing thyroid function in preeclampsia, as they reflect low TBG due 
to proteinuria. The observed fT4 levels spontaneously changed to normal at 
reassessment during pregnancy and more so three months after term, at the 
scheduled post partum visit. 
In the light of the present discussion on the necessity for screening thyroid 
function in pregnancy, it is therefore pivotal that the normal lower limit of fT4 
levels is identified, especially since no pathophysiological pathway has been 
determined to explain the observed fT4 values in our study group. Notably, 
two subjects(20%) in the comparison group of healthy women had a third 
trimester fT4 level below 9 pmol/l.
We anticipated a high prevalence of thyroid disorders and thyroid 
autoimmunity in the women in our study. However, three months post term 
specific thyroid abnormalities were diagnosed in only 2 women (2.5%), 
which is the normal prevalence of post partum thyroid disease in the non-
preeclamptic population.35 

In this study, umbilical fT4 levels in the neonates were lower than in the 
comparison group, a finding in concordance with literature.13;14;17;22;26  This 
low umbilical fT4 was not related with maternal fT4, therefore it is not likely to 
result from decreased maternal supply of fT4 or impaired transfer. According 
to our data, these low fT4 levels are due to prenatal acidosis as a result of 
utero placental insufficiency. 
In the present study we were not able to investigate the duration of low fT4 
levels in utero. In a cordocentesis study, high fetal TSH and low fT4 levels 
were found to be correlated to PO2 levels in FGR fetuses without signs of 
fetal distress, suggesting slowly advancing chronic hypothyroxinemia.36 The 
present study confirms the general concern about adequate fT4 supply in 
FGR fetuses. It raises the question whether low fT4 is just a derivative of 
intrauterine malnutrition. It could well be an independent cause of impaired 
brain development and the observed impairment of neuropsychological 
development in infants who were born growth restricted.37;38 
These data stress the importance of an adequate follow up of growth restricted 
preterm infants, as they are at risk of hypothyroxinemia, and follow-up of 
preterm neonates shows a high prevalence of developmental disorders, 
especially after low postnatal thyroid hormone levels.39 
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In summary, we have demonstrated that transient hypothyroxinemia is 
common in women with severe hypertensive disorders, but is not associated 
with an increased incidence of thyroid disorders. The neonates show low fT4 
and TSH levels, unrelated to maternal fT4 levels. These lower fT4 levels are 
most likely caused by fetal acidosis. Follow-up is in progress and will reveal 
whether developmental outcome is associated with low fT4 levels of mother, 
low fT4 levels of the neonate, or merely with the deleterious consequences of 
fetal growth restriction itself.
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Abstract 

The human placenta is prerequisite for the development of gestational 
hypertensive diseases like early-onset preeclampsia (PE) and Hemolysis, 
Elevated Liver enzymes and Low platelets (HELLP) syndrome. Both syndromes 
are associated with extensive maternal and perinatal mortality, and morbidity 
with life long consequences.

We aimed to investigate differences in gene expression between placental 
tissue obtained from normotensive pregnant women and women with PE and 
HELLP syndrome. 

Firstly, comparison of Serial Analysis of Gene Expression profiles of a 28 
weeks’ control placenta (available after idiopathic premature delivery) to a 
HELLP/PE placenta matched for gestational age identified 404 differentially 
expressed transcripts. 

Secondly, using sqPCR, the expression levels of 37 of these transcripts were 
analyzed in placentas of 36 pregnant women, 22 with preeclampsia and 
HELLP syndrome. 

Thirdly, nearest centroid classification determined the HELLP specific molecular 
signature consisting of the upregulated expression of genes encoding the 
vascular endothelial growth factor receptor (FLT1), leptin (LEP), pappalysin 
2 (PAPPA2), and WW domain containing transcription regulator 1 (WWTR1) 
combined with down regulated expression of the genes encoding cadherin-
associated protein (CTNNAL), glutathione S-transferase pi (GSTP1) and 
calgranulin A (S100A8). This set discriminates HELLP placenta from control 
and PE placenta with a 24% misclassification rate (95%CI 8.3 to 41.9%), 
independent from known risk factors like parity and ethnicity. 

The transcripts involved correspond to diverse molecular pathways, 
exemplifying the multigenic molecular basis of the disorder. This distinct 
placental molecular signature suggests that HELLP is not a PE variant but 
a separate disease entity. Our data may prove fundamental for the further 
molecular analysis of PE and HELLP syndrome.
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Introduction

Gestational hypertensive disorders as preeclampsia (pregnancy-induced 
hypertension combined with proteinuria, PE) and Hemolysis, Elevated Liver 
enzymes and Low platelets (HELLP) syndrome, complicate 2 to 7% of all 
pregnancies. They are a major obstetrical problem and contribute extensively 
to maternal and perinatal morbidity and mortality in the Western world.1-3

Despite reports describing HELLP in patients with normal or minimally 
elevated blood pressure without proteinuria, HELLP syndrome is categorized 
as a gestational hypertensive disorder and seen as the more severe variant 
of PE.2,4 HELLP and PE become clinically manifest during the second (early 
onset form) or third trimester (late onset form) of pregnancy but the initiating 
event occurs much earlier in gestation. In case of HELLP and PE, aberrant 
restructuring of the uterine spiral arteries by invading trophoblast between 
week 8 and 12 of gestation ultimately causes poor placental perfusion and 
placental ischemia.2 Angiogenic factors, cell adhesion proteins, immunological 
factors, matrix metalloproteinases and their inhibitors are all anticipated to 
play a role in this crucial process of spiral artery dilatation.5,6

It is well documented that the placenta is prerequisite for the development 
of HELLP syndrome and PE. The heterogeneity of the disorder, the limited 
number of familial cases and the at least 8 week window between the 
molecular initiation and clinical manifestation of the disease, have hampered 
identification of factors that contribute to the molecular cause, diagnosis and 
treatment of HELLP and PE.7,8

Disease specific transcriptional signatures have proven essential to classify 
malignancies at the molecular level guiding the development and use of 
targeted therapeutics.9,10 In analogy we defined the disease specific aberrant 
expression profile of the HELLP/PE placenta after non-selective comparison of 
control versus HELLP/PE transcriptomes by serial analysis of gene expression 
(SAGE) analysis.11 SAGE is an unbiased and technically uncomplicated 
high-throughput genomics technique where individual mRNA molecules 
are represented by 10 basepair tags that are localized downstream of the 
most 3’ CATG sequence in each mRNA. Expression levels are determined 
by straightforward counting of the number of times a tag sequence occurs 
rather than by measuring relative signal intensities. 

Comparison of our 28-week gestational age placenta SAGE libraries resulted 
in a differential expression profile providing the opportunity to define a 
composite multigenic disease specific signature. We successively developed 
a molecular signature for gestational hypertensive disease by analyzing the 
differential SAGE expression profile using sqRT-PCR for 37 known genes in 
placental tissue of 22 PE and/or HELLP patients as well as 14 normotensive 
controls.
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Methods

Definitions 
Clinical/biochemical definitions used are HELLP (platelet count < 100 x 109 
/l, aspartate aminotransferase ≥ 70 U/l and/or lactate dehydrogenase ≥ 
600U/l), PE (blood pressure ≥ 140/90 mm Hg and proteinuria > 0.3 g / 24 
hr) and severe PE (PE with a diastolic blood pressure ≥ 110 mm Hg).12

Patients 
SAGE index and control patients were matched for race, parity, gestational 
age at delivery, mode of delivery and gender of the fetus. 

The HELLP/PE patient is a Caucasian nulliparous woman with no previous 
history of hypertension or renal disease, referred because of fetal growth 
restriction and clinical symptoms of PE and HELLP syndrome (blood pressure 
150/100 mmHg and protein excretion in urine of 17.6 g/24 hrs, platelet 
count nadir 40 x 109 /L, aspartate aminotransferase maximum 1350 U/
L, lactic dehydrogenase maximum 1831 U/L). She received magnesium 
sulphate as eclampsia prophylaxis, paracetamol and morphine because of 
severe abdominal pain and one course of betamethasone to enhance fetal 
lung maturation. Because of an abnormal fetal non-stress test (CTG) a 
caesarean section was performed at 28 5/7  weeks gestation, thirteen days 
after admission. 
The 780 gram female neonate had no clinical signs of asphyxia at or after 
birth (5`Apgar Score: 8) and was admitted to the neonatal intensive care 
for 30 days, ventilated and treated with surfactant because of respiratory 
distress syndrome. She was released after an additional stay of 28 days in 
the pediatric department of the local hospital. Further follow up until the 
corrected age of 1 year was normal. As routine follow up for HELLP patients, 
three months post term date, the mother tested negative for thrombophilia, 
renal disease and hypertension.

The control patient was referred because of imminent premature delivery 
and to enhance fetal lung maturation she was treated with tocolytics and 
betamethasone. Two days after admission, at 281/7 weeks gestation a 
caesarean section was performed because of abnormal fetal non-stress test. 
Neither before nor after delivery did the mother have signs of infection. 
The 1220 gram neonate had no signs of asphyxia at birth (5`Apgar score: 
10; umbilical artery pH 7.24) and was admitted to the neonatal intensive 
care for seven days, without need for ventilatory or circulatory support. Her 
clinical course was relatively uneventful. A right sided choanal atresia was 
operatively corrected at age 8 months. Further follow up until the uncorrected 
age of 1 year is normal. 
Additionally tissues from 21 HELLP/PE and 13 Control placentas were 
collected. (For clinical data see Supplementary Data on page 117).
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Tissue selection, preparation, RNA isolation and cDNA synthesis 
The institutional review board of the Academic Medical Center approved the 
study protocol. Placental tissue was obtained with informed consent. For 
SAGE library construction, a macroscopically viable (non-infarcted) cotyledon 
of trophoblast tissue obtained from the maternal side and was directly frozen 
in liquid nitrogen. All other samples were frozen within 2 hours after birth. 
All samples were kept at -80°C until use. After homogenization under liquid 
nitrogen total RNA was extracted using TRIzol (Gibco BRL). RNA integrity 
was checked by gel electrophoresis and mRNA was extracted using PolyA 
Tract mRNA Isolating System III (Promega).
 
Construction and analysis of SAGE libraries 
Libraries were constructed using the I-SAGE kit (Invitrogen, Groningen, The 
Netherlands) from 5 µg placenta mRNA. SAGE clones were sequenced with 
Big Dye Terminator V.1.1 Cycle Sequencing (Applied Biosystems) using T7 
primers (Sigma), run on an ABI377XL Automatic Sequencer (Perkin-Elmer 
Corp., Norwalk, CT) and analyzed using Sequence Analysis 3.0 software. 
After exclusion of linker artefacts and duplicate ditags SAGE data were 
analyzed using SAGE 2000 software version 4.5. Cancer Genome Anatomy 
Project Tag to Gene list “Hs_short.best_gene” at http://cgap.nci.nih.gov/
SAGE was used for identification. As this database is known to misclassify 
tags that hit on multiple genes, tag to gene allocation of these allocations 
was cross validated with the NCBI Tag to Gene list “SAGEmap_tag_ug-full” at 
ftp://ftp.ncbi.nlm.nih.gov/pub/sage/map/Hs/NlaIII/ Unequivocal allocation 
was not possible if multiple genes are identified with the tag following 
the most 3` CATG before the poly(A) tract or in case of highly repetitive 
tags. Differentially regulated transcripts were linked to their chromosomal 
location using the Human Transcriptome Map (HTM) http://bioinfo.amc.uva.
nl/htmseq/controller13 Gene Ontology classes were identified at http://www.
ebi.ac.uk/ego/?&format=nomenu and linked to all differentially expressed 
genes, not accepting NAS and NR classes of evidence.

Semi quantitative RT-PCR 
A subset of 37 transcripts with manually checked proper tag-to-gene 
annotation was analyzed by semi quantitative RT-PCR. For ADAM12, CGA, 
CKAP2, COL3A1, COL4A2, CRH, CTNNAL1, CYR61, DUSP1, EFEMP1, EPAS1, 
FLT1, GSTP1, IGF1, IGF2, ILK, INHBA, ITGA5, ITGA6, LEP, MAP4K3, MGST2, 
NUDC, PA2G4, PAPPA2, PRL, PSG7, S100A8, SERPINA3, SPP1, TIMP2, TIMP3, 
TNFSF10, TRIM28, TRIP12, VDAC1 and WWTR1 the log linear phase for the 
corresponding primer sets (primer sequences and amplification conditions 
available on request) was determined and amplicons were quantified by 
One D Scan® and normalized to Eukaryotic Translation Elongation Factor 1 
alpha 1 (EEF1A1, expression level 0.33 ± 0.24% in 22 SAGE libraries from 
non-tumor human tissues) expression after size correction, essentially as 
described by Bakker.14 
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Figure 1: Tag abundance distribution in the Premature Control and 
HELLP/PE placenta SAGE libraries.
Each dot represents an individual SAGE tag for which the tag count in both 
libraries is displayed, on the X (Premature Control library) and Y (HELLP/PE 
library) axis. Tag abundance is depicted on logarithmic scales and each dot 
can represent more than one tag with identical counts in the two libraries.
Plotted lines represent upper and lower threshold for differences in level of 
expression by two-sided Z test, p value < 0.05.
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Statistical Analysis 
SAGE data were analyzed using the USAGE15 statistical program. Differences 
in level of expression were assessed by two-sided Z test,16 p values < 0.05 
were considered significant. 

To determine the classification model we randomly divided all samples 
(N=36), patients (n1=22) and the control group (n2=14), in a training (of 
size A) and test set (of size N-A) such that the proportions of samples of each 
class in these sets are equal to their proportions in the complete dataset. For 
the training set the average expression profiles of the Control class and the 
PE/HELLP class is determined by calculating the average expression levels for 
each of the p transcripts over the samples in each class. Next, the Pearson 
correlation between the expression profile of each sample and the average 
class profiles is calculated. The correlation coefficients for the HELLP/PE class 
reflect the chance that the sample is from the HELLP/PE class. Samples with 
a correlation above the threshold are classified as HELLP/PE. This threshold 
is chosen at the correlation coefficient value that minimizes the number 
of misclassified samples from the training set. Similarly, one defines the 
correlation threshold from the samples that are ordered according to the 
control group and determines the number of misclassified sample. The model 
with the fewest number of misclassifications is selected (see Figure 2).
The model is now used to classify the test samples. To determine the 
average misclassification error and the 95% confidence intervals (95% CI) 
we generate 200 random samples from the complete dataset, which results 
in 200 training and test sets of size A and N-A respectively for which the 
classification model is built and the classification error is determined. Since 
the size of the training set affects the misclassification rate this procedure is 
repeated for training set sizes of A=15 to A=31.
The subset of transcripts selected to participate in the model is determined 
by leave-one-out cross-validation of the training set within the sampling loop. 
First, the transcripts are sorted according to their absolute Pearson correlation 
with the outcome based on all but one training samples. Subsequently, the 
p most correlating transcripts are selected and the classification model 
is constructed from the A-1 training samples. The left out sample is then 
classified with this model. By leaving out every sample once from the training 
set and classifying the left out sample with the constructed model, the cross-
validation error of the model with p transcripts is determined. This error is 
then determined for p in the range from three to 37 transcripts. The model 
with the lowest cross-validation error is selected and determines the number 
of transcripts to be included in the model.
The final model is built from the complete dataset (N=36) for a training 
set size (A=24) that resulted in the best model. To determine the number 
of transcripts for the final model we summed the classification errors for 
the 200 models with equal numbers of included transcripts. From this, we 
determined the size p of the model that resulted in the fewest misclassification 
errors. This model included seven genes. Subsequently, we selected the p=7 
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transcripts that were selected most often in the 200 models.
After calculating standard normal deviates for all samples per gene, two-
way hierarchical Clustering was performed with no prior filtering by centered 
correlation using Cluster software version 2.11 (Eisen Lab, Stanford University 
CA, USA http://rana.lbl.gov/downloads/Cluster/).

Results

The Premature Control and HELLP/PE placental transcriptomes
From two 28-week gestational age placentas, a control and a HELLP/PE 
placenta, 38,257 respectively 41,704 tags were sequenced corresponding to 
14,513 respectively 14,330 unique tags (Supplementary Table 1, Available 
on doi:10.1016/j.placenta.2008.02.007 
In both libraries 72% of unique tags allocate to a gene with known or inferred 
function, 16 % correspond to an EST sequence whereas the remaining 12% 
(of which 235 occur in both libraries) do not match any cDNA sequence. 
The libraries are 98.3% similar when taking into account all tags (Figure 
1) and the top 20 most frequently occurring unique transcripts in both 
libraries have 16 tags or transcripts (80%) in common (Table 1). With an 
expression level of 6.7% in the premature control and 9.4% in the HELLP/PE 
library, 4 out of 6 most frequent unique transcripts represent hemoglobins 
suggesting that human placenta, like previously shown for mice placenta,17 
is a major hematopoietic organ. Northern Blot analysis of matched umbilical 
cord and maternal blood samples excluded the possibility that the observed 
Hemoglobin expression is due to contamination from nucleated red blood 
cells from either fetal or maternal blood (data not shown). 
Of the 404 significantly differentially expressed tags 180 are up- and 224 are 
down regulated in HELLP/PE placenta compared to the premature control and 
370 can be annotated to a known gene (although 20 not unequivocally). The 
350 unequivocally annotated differentially expressed transcripts (displayed 
in Supplementary Table 2, Available on doi:10.1016/j.placenta.2008.02.007) 
are dispersed over the humane genome (Figure 4) with only eight transcripts 
localized on previously reported PE loci.18-21 Differential expression in the 
cell adhesion Gene Ontology Class accounts for 6.3% of the absolute 
differentially expressed tag count, substantiating the contribution of aberrant 
cell adhesion to the pathogenesis of HELLP/PE. Twenty-three differentially 
regulated transcripts relate to the immune response Gene Ontology classes 
representing 4.2% of the absolute sum of differences. HLA-C and –G (both 
expressed relatively low) and the higher expressed HLA–E (with absolute 
expression levels of 10 vs. 4) are not differentially expressed in our SAGE 
libraries. Only 2.5% (18 transcripts) relate to the oxidative stress Gene 
Ontology classes. 
Signature determination 
To distinguish inter-individual changes in gene expression from those 
associated with disease, semi quantitative RT-PCR experiments were 
performed 36 placenta tissue samples. Based on differential expression 

Buimer Final 6 mei .indd   107 13/05/2008   21:49:49



108

Chapter 6

of the corresponding tag (see supplementary Table 2), 25 transcripts 
belonging to diverse functional classes or processes based on NCBIs Gene 
Ontology were selected; ADAM12 (metallopeptidase activity/cell adhesion), 
CGA (hormone activity/cell-cell signaling), COL3A1 (extracellular matrix 
structural constituent/circulation), COL4A2 (extracellular matrix structural 
constituent/negative regulation of angiogenesis), CRH (neuropeptide 
hormone activity/parturition), CTNNAL1 (cadherin binding/cell adhesion), 
CYR61 (heparin binding/cell proliferation), EFEMP1 (calcium ion binding/
visual perception), EPAS1 (transcription coactivator activity/response to 
hypoxia), FLT1 (vascular endothelial growth factor activity/patterning 
of blood vessels), IGF2 (growth factor activity/insulin receptor signaling 
pathway), INHBA (activin inhibitor activity/cell cycle arrest), ITGA6 (calcium 
ion binding/integrin-mediated signaling pathway), LEP (hormone activity/
energy reserve metabolic process), MGST2 (glutathione transferase activity/
cell-cell signaling), NUDC (protein binding/cell proliferation), PAPPA2 
(metallopeptidase activity/cell differentiation), PSG7 (molecular function/
female pregnancy), S100A8 (calcium ion binding/inflammatory response), 
SERPINA3 (chemotrypsin inhibitor activity/inflammatory response), 
TIMP2 (metalloendopeptidase inhibitor activity/negative regulation of cell 
proliferation), TIMP3 (metalloendopeptidase inhibitor activity /induction 
of apoptosis by extracellular signals), TRIM28 (transcription co-activator 
activity/transcription), TRIP12 (thyroid hormone receptor binding/protein 
ubiquitination) and WWTR1 (transcription regulator activity/transcription). 

Not corresponding to differentially regulated tags in our SAGE libraries, but 
included based on their reported association with PE were GSTP1 (tagcount 
6 versus 10), IGF1 (tagcount 99 versus 67) and ILK (tagcount 10 versus 8). 
As technical controls CKAP2 (tagcount of 30 versus 18), DUSP1 (tagcount 
11 versus 21), ITGA5 (tagcount 3 versus 7), MAP4K3 (tagcount 2 versus 3), 
PA2G4 (tagcount 5 versus 5), PRL (tagcount 1 versus 4), SPP1 (tagcount 12 
versus 13), TNFSF10 (tagcount 8 versus 12) and VDAC1 (tagcount 10 versus 
9) were included. Relative amplicon intensity reflected the expression levels 
established by SAGE tagcount. Except for CTNNAL1, PSG7 and TRIM28, 
differential mRNA expression levels assessed by semi quantitative RT-PCR 
are consistent with the SAGE data. 

To extract the most predictive set of transcripts defining the PE/HELLP 
transcriptional signature we applied the nearest centroid classification 
method (Figure 2). This method predicts cancer outcome more realistically 
than the over-optimistic clustering models that often do not classify patients 
better than chance.22 We derived classification models for a range of training 
set sizes of which all but the most extreme cases classified better than 
random. 
The final classification model used has a training set size of 2/3 of the subjects 
(i.e. 24 out of 36 samples) and 200 random splits of the complete data set 
into training- and test set. A classification model becomes significant when 
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Figure 2: Signature determination by the nearest centroid 
classification method

Shaded area represents the leave-one-out-cross-validation procedure in which every 
sample is used once as a test sample. In total A different models are constructed 
with p genes. Each model is defined by average gene expression profile for both 
classes of tissues. The cross-validation procedure is applied to the nearest centroid 
statistical model that is constructed from the p most correlating genes to determine 
the performance of the model. A statistical model is made for p=3 to p=37 genes. 
The final model constitutes the model with p genes that gave the fewest number of 
misclassifications.

A-1
Training samples

Test set (N-A)

200 random splits for each A (A=15 to 31) 

Training set (A) 

1 test sample

Calculate average expression level
for each transcript in both classes 
Construct model with 3 to 37 genes

Apply model 

Determine misclassification error 

Signature = gene combination with fewest misclassifications

Control class: 14 
Pathological class: 22

Re
pe

at
 p

ro
ce

du
re

 fo
r n

ex
t r

an
do

m
 s

pl
it

Bo
ot

st
ra

pp
in

g

Start with p=3 genes for model

Construct model* with p 
most correlating genes

Repeat model with p=p+1 genes 
until p=37 

optimal model
(= gene composition with fewest misclassifications)
is applied to test set 

Tissue samples
(N=36)

Buimer Final 6 mei .indd   109 13/05/2008   21:49:49



110

Chapter 6

Figure 3: Proportion of misclassifications in the test sets as a function 
of corresponding training-set sizes. 

The uninterrupted line indicates the average misclassification errors. Dotted lines de-
note the 95% confidence intervals. The model with a training set size of 24 samples 
(containing seven genes) which was finally used is indicated by the vertical line. 
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the 95% CI drops below 50%. Ordering our model by correlation with the 
normal expression profile led to a mean misclassification rate of 24.4% and 
an upper limit of the 95% CI of 41.9%. In the final classification model, 
the four classification errors render the molecular signature a sensitivity of 
91% with a specificity of 86%.(Figure 5, on page 115). Figure 3 displays the 
misclassification error in the test sets for different training-set sizes. 
 The final set with optimal performance ranking consists of seven transcripts 
that were selected most often in the 200 models: CTNNAL1, FLT1, GSTP1, LEP, 
PAPPA2, S100A8 and WWTR1. Strikingly, cluster analysis of placentas and 
selected transcripts uniquely segregates the HELLP placental transcriptional 
signature from both the severe PE and the Control signature. HELLP is 
distinguished by up regulation of FLT1, LEP, PAPPA2, WWTR1 combined with 
down regulation of CTNNAL1, GSTP1, S100A8 (Figure 6). Neither individual 
factors as ethnicity or parity nor any of the clinical or treatment parameters 
account for these differences (for clinical data see Supplementary Data).

Discussion

We analyzed and compared SAGE libraries from a 28 weeks’ gestation 
control and a 28 weeks’ gestation HELLP/PE placenta. From both tissues, 
we obtained around 40,000 SAGE tags corresponding to approximately 
14,000 different transcripts. Illustrative of the high similarity of both tissue 
samples is the fact that the libraries are over 98% similar and that only 404 
tags are statistically differentially expressed. Of the differential expression 
profile, 2.5% of tags allocate to transcripts encoding proteins belonging to 
the oxidative stress Gene Ontology classes, 6.3% correspond to the cell 
adhesion and 4.2% correspond to the immune response Gene Ontology 
classes. In number and diversity with respect to pathway analysis and Gene 
Ontology this is comparable to recent microarray analysis that identified 366 
differentially regulated genes in PE.23

Although the control placenta, from a pregnancy that terminated at 28 weeks’ 
gestation because of fetal distress cannot be termed ‘normal’, there was no 
evidence of infection, congenital abnormalities, maternal disease or any other 
explanation for the premature birth. Since the mode of delivery was equal, 
an effect of parturition on the expression profile is unlikely. We therefore 
agree with Zhou et al that gestational age matched preterm placenta is a 
proper control for comparative purposes in PE research.24

Downstream sqRT-PCR analysis of 36 placental tissue samples and nearest 
centroid classification of the 37 analyzed genes defined a molecular signature 
that distinguishes HELLP placenta not only from normal placenta tissue but 
to our surprise also from PE placental tissue. The maternal disease HELLP 
syndrome that is caused by defective placentation early during gestation is 
generally described as ‘just one pattern of presentation or a particular potent 
form’ of severe PE.7,25,26 This study provides the first placental molecular 
basis for the evolving clinical opinion that advocates HELLP as a distinct 
disease entity.27 
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Our molecular signature that discriminates HELLP placenta from control and 
PE was identified by the nearest centroid classification method and has a 24% 
misclassification rate with an upper limit of the 95% CI of 41.9%. For a study 
using high throughput genomics that depends on bioinformatical analysis a 
classification model is considered significant when the 95% CI drops below 
50%.22 Our HELLP signature consists of 7 transcripts (encoding cadherin-
associated protein (CTNNAL1), leptin (LEP), vascular endothelial growth 
factor receptor (FLT1), glutathione S-transferase pi (GSTP1), pappalysin 2 
(PAPPA2), calgranulin A (S100A8) and WW domain containing transcription 
regulator 1 (WWTR1)) that belong to distinct Gene Ontology classes reflecting 
the diverse pathways implicated in the initiation and progression of HELLP 
syndrome. 

Four of these seven genes (FLT1, GSTP1, LEP and PAPPA2) have been 
previously associated with PE, although not specifically with HELLP syndrome. 
Elevated maternal serum levels of the soluble form of FLT1 (sFLT1) decrease 
the circulating levels of VEGF and PlGF and inhibit VEGF- and PlGF-induced 
vasodilatation.28 Down regulation of GSTP1 reflects the decreased capacity of 
the glutathione/glutathione S-transferase detoxification system and increased 
oxidative stress.29 LEP regulates the fetal energy reserve metabolism30 and is 
an angiogenic factor induced by hypoxia in adipose tissue.31 In contrast to the 
increased LEP expression in preeclamptic placentas, increased LEP expression 
is not observed in placentas from women with growth-restricted pregnancies 
without PE or HELLP32 indicating that the increased LEP expression that is 
part of the HELLP signature is not due to fetal growth restriction that is 
present in our patient cohort (see Supplementary Data). PAPPA2 is very 
homologous to the metalloproteinase pregnancy-associated plasma protein-
A (PAPPA). Increased serum levels of PAPPA have been reported for growth 
restricted pregnancies and PE33 fitting the increased expression of PAPPA2 in 
our HELLP signature. 

The altered expression of WWTR1, CTNNAL1 and S100A8 has not been 
associated with placental function or dysfunction previously. They unexpectedly 
contribute to the distinction between HELLP and PE in addition to the distinction 
from normotensive pregnancy. WWTR1 facilitates the formation of protein 
scaffolds and regulates the activity of transcription factors.34 Inactivation 
in mice leads to renal cysts.35 Identifying the transcription factors of which 
the activity is regulated by WWTR1 in placenta, and the consequences of 
the increased WWTR1 expression for placenta dysfunction need further 
investigation. 
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Expression of the adhesion molecule CTNNAL1 is down regulated in 
HELLP placenta. Interestingly, the gene resides on the locus that maps to 
hypertensive nephropathy.36 S100 proteins are a family of low-molecular 
weight calcium-binding proteins. S100A8 is important for inflammatory 
activation and leukocyte trafficking37 and is the endogenous ligand of Toll-
like receptor 4.38 
At this time, one can only speculate that the known functions of these genes 
make them candidates for the pathogenesis of HELLP syndrome. Clinical 
research does not allow identification of any cause effect relationship. On 
the other hand, our findings fit easily with the numerous theories on the 
pathophysiology of gestational hypertensive disease: abnormal immune or 
inflammatory processes, failure of trophoblast invasion, disequilibrium in 
angiogenic proteins, increased oxidative stress, endothelial dysfunction and 
aberrations in calciotrophic hormones.1,6,39,40 Microarray analysis23,41 further 
substantiate that gestational hypertensive disease like preeclampsia results 
from of a cascade of pathophysiological changes1 following a relatively 
early placentation defect6 due to aberrant angiogenesis, failure of proper 
trophoblast invasion and the engagement of multiple cellular targets in the 
late phase of the disease. 
Our data do not support the role of placental pro-inflammatory cytokines in 
the development of generalized maternal endothelial cell activation42 since 
TNF and tumor necrosis factor alpha converting enzyme (ADAM17) are not 
differentially regulated. The equal expression levels of the unique HLA-C, 
-E and –G combination in our gestational age matched placentas argues 
against differential HLA trophoblast expression6,43 as one of the immunological 
components in the development of PE or HELLP syndrome, although it is 
feasible that altered expression levels that contribute to the initial molecular 
events around 12 weeks’ gestation are not present at a later stage of the 
disease in this case 28 weeks’ gestation. Unfortunately this is inaccessible 
for investigation in humans but part of the differential expression profile 
relates to key-events in early placentation,1,6,44 suggesting that they are not 
solely resultant but also causal to the disease. 

In conclusion, we identified a heterogenic placental HELLP molecular 
signature consisting of the combined altered expression of CTNNAL1, FLT1, 
GSTP1, LEP, PAPPA2, S100A8 and WWTR1. Our data show why up-to-now 
no single comprehensive HELLP or PE marker has been identified and why 
all association studies of preeclampsia, with part of the cases complicated by 
HELLP syndrome, are frustrated by poor predictive value.45
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Figure 4: Human transcriptome map, showing the chromosomal 
localization of statistically differentially regulated transcripts. 

Red indicates up regulation in the HELLP/PE placenta SAGE library, green down 
regulation. Genes, selected for the validation experiment are shown in yellow (down 
regulated in HELLP/PE) and orange (up regulated in HELLP/PE) and indicated by dots 
(• and  ), where open dots represent the 6 significantly differentially regulated 
genes that contribute to the 7 gene signature. Positive G staining is indicated by the 
grey bands. PE or HELLP associated loci are indicated between brackets.
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Figure 5: Final classification model

Result of the classification model by nearest centroid classification. On the X axis: 
Pearson correlation of the classification model for each sample with the Control pro-
file. On the Y axis: 36 placenta samples. Control samples are depicted by green box-
es, PE/HELLP samples by red. Clinical conditions relevant for each placenta sample 
are indicated in the right panel. Samples are ordered according to their correlation 
with the Control profile. The threshold (horizontal line) is chosen such that it mini-
mizes the classification error. Two samples from the Control group were classified as 
HELLP and two HELLP samples (red) were classified as control.
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Supplementary Data: Maternal characteristics during clinical 
observation and characteristics of the neonates at birth. 

Age: Maternal age at delivery; Steroids: Antenatal corticosteroids administered; 
Ethnicity: A = African origin, C = Caucasian, I = Indian Subcontinent, M = 
Mediterranean; GA adm: Gestational Age at admission; Syst BP Adm: Systolic Blood 
Pressure measured at admission; Diast BP Adm: Diastolic Blood Pressure measured 
at admission; Aldomet/Nifedipine/Labetalol/Ketanserin/MgSO4: antihypertensives 
applied. GA: Gestational Age at Birth; Mode of delivery: C = Caesarean Section, V 
= Vaginal Delivery; BWR: Birth Weight Ratio = Observed Weight / Expected Weight 
according to the Customized Antenatal Growth Chart. Platelets: Lowest recorded 
Platelet count during observation. Proteinuria: Highest recorded proteinuria, quantified 
in any 24 hour period during observation; ASAT: Highest Aspartate Aminotransferase 
recorded during observation, Normal lab values ≤ 40 U/L; Patients whose placenta 
tissues were used for SAGE are marked bold.

Supplementary Table 1  
Tags and Counts of all annotated transcripts in the 28 weeks Premature Control 
and the 28 weeks HELLP/PE placenta SAGE library. Available on doi:10.1016/
j.placenta.2008.02.007

Supplementary Table 2 
Tag sequence, Tag Counts, Gene description, Chromosomal Localization and Function 
of the 350 significantly differentially up- or down regulated unequivocally annotated 
transcripts in the Premature Control and HELLP/PE placenta SAGE library. Available 
on doi:10.1016/j.placenta.2008.02.007
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Abstract 
    
Objective: Functional Serial Analysis of Gene Expression (SAGE) based 
analysis of gestation stage-specific gene expression profiles in undissected 
human placentas.

Methods: Three SAGE libraries from human placenta, derived from 1st, 
2nd, and 3rd trimester were compared using two sided Z test. Statistically 
significantly differentially expressed transcripts were ordered using K means 
clustering and functionally annotated. 

Results: 669 tags show statistical differential expression in at least one of the 
libraries. Tag-to-gene allocation reliably annotates 524 tags to 442 unique 
genes. Clustering results in 3 clusters with expression levels statistically 
significantly up- or down regulated in the 1st, 2nd and 3rd trimester of pregnancy. 
Functional annotation displayed a relative overrepresentation of transcripts 
encoding factors involved in protein translation in the 1st trimester.

Conclusion: Comparison of SAGE expression libraries through gestation 
did not identify major trimester specific pathways with the exception of 
extensive upregulation of transcripts encoding ribosomal proteins in the first 
trimester.
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Introduction 

A healthy placenta is the basis for successful pregnancy outcome. In 
humans, during a 9 months life span the placenta undergoes rapid growth, 
differentiation and maturation. The placenta regulates fetal homeostasis, 
controls fetal growth, development and maturation and is a key regulator 
in the process of parturition.1 To cope with these demands, adaptation of 
placental function during gestation is elemental and the placenta redirects 
maternal endocrine, immune and metabolic functions to the embryo’s 
advantage.2

During the first trimester, implantation and placentation involve the concerted 
action of cell-adhesion molecules, cytokines, angiogenic factors, growth 
factors, extracellular matrix metalloproteinases, hormones and transcription 
factors.3 Almost all detailed knowledge on implantation comes from animal 
models since human material is usually not available. Transgenic and 
mutant mouse models have identified several factors essential to mouse 
implantation.4;5 Immune modulation is expected to be one of the key functions 
of placenta, as from the maternal point of view fetal tissue is a semi-allograft. 
The normal maternal immune response needs to be subverted in order to 
avoid rejection.6 The formation of vascular connections is essential as the 
fetus needs access to the maternal circulation and at the end of the first 
trimester vasculogenesis and angiogenesis have resulted in a fully formed 
effective vascular plexus.7

In the second trimester organogenesis of the human embryo is complete and 
from this point on maturation and accelerated growth are the main focuses. To 
cope with the increasing fetal demands for exchange of nutrients, respiratory 
gasses and excess metabolites, the placenta needs an extending surface 
area. The process of differentiation of placental cell types continues with 
division and elongation of villi proliferation and dilatation of capillaries.8

In the third trimester the fetal growth rate is stable until 37 weeks of 
gestation with the concomitant large transplacental exchange that is the 
sum of the capacity of the placental vascular bed and the resultant uterine 
and umbilical blood flows.9 In contrast, the placenta decreases its growth 
rate at 34 weeks and towards term there is thinning of the trophoblast cell 
layer, predominantly by disappearance of most of the cytotrophoblast cells. 
In contrast to e.g. mice where the timing of birth is closely linked to the 
maturation of the lungs, the length of human pregnancy is controlled by 
the placental CRH-ACTH-Cortisol system, that operates collateral to the 
Hypothalamus-Pituitary-Adrenal gland axis.10 
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1st trimester:    89,265 SAGE tags
3 placenta SAGE libraries                    2nd trimester:   38,257 SAGE tags

3rd trimester:  118,083 SAGE  tags
Z-test

669 statistically significantly expressed tags 

Tag-to-Gene allocation

no                yes
145 tags                524 tags corresponding to 442 unique genes

K-means clustering 

NoMatch tags        unique genes
46 142                    Cluster A: differential expression in 1st trimester         
60 181                    Cluster B: differential expression in 2nd trimester
39 119                    Cluster C: differential expression in 3rd trimester  

Figure 1: Analysis of SAGE libraries. 

Flowchart demonstrating the analysis of 1st, 2nd and 3rd trimester human placenta 
Serial Expression of Gene Analysis (SAGE) libraries. 

Several studies focusing on single pathways or specific placental cell types 
are available4;9;11 and our perspective on placental expression of genes can 
be further advanced by gene expression profiling techniques. Several high 
throughput studies are reported, focussing on pathological versus control 
placenta12-18 specific placental subsections19;20 or the effect of labour.21 Up to 
now, no gestational age specific profiles have been described13;19;22 and we 
opted for analysis of global gene expression profiles of undissected human 
placentas through gestation. Expression profile generation without making 
any prior assumption as to what factors or pathways are elemental, need 
high-throughput techniques as microarray analysis and Serial Analysis of 
Gene Expression (SAGE).23 

Apart from providing large scale and quantitative transcriptome analysis, 
SAGE provides the additional opportunity to identify novel transcripts in the 
form of SAGE tags that cannot be annotated to a known gene (NoMatch 
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Figure 2: Graphical representation of gene expression profiles in 
human placenta during gestation. 
Lines represent unique genes of which the expression level at three measurement 
times are linked. The Y-axis shows the relative centered expression of SAGE tag counts 
normalized to the size of the smallest SAGE library. One line can represent more than 
one unique gene with identical relative centered expression in the libraries.
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tags). Before initiating further downstream analysis of NoMatch tags aimed 
at identifying the corresponding gene and protein, it is valuable to have 
some indication as to which pathway or gene family the NoMatch gene might 
belong. As gene expression clusters tend to be significantly enriched for 
specific functional categories clustering can be used to infer a functional role 
for unknown genes in the same cluster.24  For partitioning purposes, K-means 
clustering outperforms hierarchical clustering24 and we used this method to 
analyze gene expression profiles of undissected human placenta’s of 12, 28 
and 40 weeks gestational age that were generated by SAGE.

Material and methods

SAGE Libraries
Three SAGE libraries from human placenta are available. The placenta of 
12 weeks gestational age is from an elective abortion and has a total tag 
count of 89,265 corresponding to 26,325 unique tags; the data are publicly 
available at CGAP http://cgap.nci.nih.gov/SAGE/SAGELibraryFinder
The second trimester SAGE library, which contains 38,257 total tags 
corresponding to 14,513 unique tags, was made from a placenta of 28 weeks 
gestational age from a Caucasian nulliparous woman referred because of 
imminent premature delivery. At 281/7 weeks gestational age a caesarean 
section was performed because of an abnormal fetal non-stress test (CTG) 
of the female fetus. The premature delivery is considered idiopathic since 
neither before nor after delivery did the mother have signs of infection or 
other obstetrical complications.18 

The third trimester SAGE library was from placenta tissue of a full term 
uncomplicated pregnancy of a female neonate, containing 118,083 total tags 
corresponding to 33,222 unique tags, publicly available at the CGAP site.

Statistical Analysis
Differences in level of expression were assessed by two-sided Z test.25 To 
correct for false discovery rate (FDR) in these multiple comparisons, tags 
were first ranked according to highest Z level. A significance threshold t was 
then calculated for each tag with rank i : t = i * 0.05 / N (N = total number 
of comparisons). If the corresponding p value was below the threshold, the 
transcript was considered statistically significantly differentially expressed. 
Differentially expressed tags were mapped to their corresponding gene using 
the Automatic Correspondence of Tags and Genes web-tool.26

K-means Clustering
Tag counts were normalized to the size of the smallest SAGE library. All 
statistically significantly differentially expressed tags were used for K means 
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clustering.27 Using Cluster software version 2.11 (Eisen Lab, Stanford 
University CA, USA) at http://rana.lbl.gov/downloads/Cluster/. 
Data were centered and normalized per tag. Subsequently, tags were organized 
by correlation into 3 to 6 clusters according to Pearson correlation, Spearman 
rank correlation, Euclidian distance and Absolute correlation. Transcripts in 
Cluster A and C were ranked by decreasing absolute normalized tag count 
difference between (for cluster A) the 1st and the 2nd and (for cluster C) the 
2nd and the 3rd trimester. Transcripts in cluster B were ranked by the absolute 
normalised tag count difference in 2nd trimester and the average tag count in 
the 1st and 3rd trimester. 

Pathway Analysis and Functional Annotation
For pathway analysis, the list of gene names was reduced by pooling 
identical genes. From the GeneGo Metacore database (http://www.genego.
com), selective pathway-specific gene lists were extracted and linked to the 
list of 442 genes. Manual functional annotation of individual transcripts was 
extracted from Entrez Gene and PubMed at http://www.ncbi.nlm.nih.gov.

Results and Discussion

Analysis of SAGE libraries and clustering of data
Overall, the three placenta SAGE libraries are highly similar. Two-sided Z 
testing of the three human placenta SAGE libraries of the 1st, 2nd and 3rd 
trimester that have over 55,000 unique tags results in the identification of 
669 tags that are statistically differentially expressed in at least one of the 
libraries. Tag-to-gene allocation can reliably annotate 524 tags to 442 unique 
genes. (Figure 1) One of the advantage points of SAGE is that a library 
usually contains SAGE tags that cannot be reliably annotated (NoMatch tags). 
They correspond to either tags that result from previously undocumented 
single nucleotide polymorphisms, sequence errors, splice variants or polyA 
adenylation sites28 or they correspond to novel genes.29 

To identify genes specifically up- or down regulated either the 1st, 2nd or 
3rd trimester of pregnancy, gene expression profiles were generated using 
K-means clustering. As the use of differential initial centroid positions can 
yield different cluster results,24 each algorithm was run several times with 
different random seeds. The most stable result (77 out of 100 clustering 
runs) was obtained using absolute uncentered correlation, resulting in 3 
mutually exclusive clusters of gene expression. Cluster A, B and C contain 
genes with expression levels statistically significantly up- or down regulated 
in the 1st, 2nd and 3rd trimester of pregnancy, respectively.(Figure 2) Cluster 
A, B and C contain respectively 142, 181 and 119 transcripts. NoMatch tags 
are assigned to clusters in relatively identical proportions. (Figure 1)
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Mapping to functional classes
Mapping to functional classes by GeneGo resulted in the linking of 
approximately 30% of the transcripts in each cluster to the pathways 
specified in Table 1. 

Pathway                    (number of genes in pathway) Cluster 
A

Cluster 
B

Cluster 
C

Development - Common Pathways (697)# 14 19 14

Translation (135)* 32 4 12

Cell Adhesion (308)# 9 10 10

Development-Angiogenesis (192)# 4 6 7

Hypoxia (137)# 5 3 0

Oxidative stress (77)# 2 8 3

Energy+Lipids+Steroids+Carbohydrates (578)+ 9 9 2

Apoptosis (333)# 5 8 7

Table 1: Functional annotation of clustered genes using GeneGo 
process and map listings Number of genes annotated to each pathway in 
the specific clusters is listed. *GeneGo Process Network, #GeneGo Map Regulatory 
Process, +GeneGo Map Metabolic Map (http://www.genego.com).

There is no striking enrichment for specific functional categories in any of 
the clusters, with the exception of the high amount of transcripts involved 
in translation in cluster A. The vast majority of significantly differentially 
expressed transcripts encoding ribosomal proteins shows increased 
expression in the 1st trimester along with decreased expression in the 
3rd trimester. Ribosomal proteins combined with ribosomal RNA form the 
ribosome that is responsible for translation of the genetic code into protein. 
Differential expression of RPL26 and RPL27 mRNAs has been previously 
reported in normal placentas of 17 weeks gestational age compared to 
hydatidiform mole.13 Studies in mouse placenta have shown upregulation 
of transcripts corresponding to ribosomal proteins at embryonal day 12.5, 
roughly comparable to 2nd trimester in human.30 

Although we expected that clustering would identify specific functional 
categories, this was not the case, and our modelling of placental gene 
transcription cross gestation does not infer new information that contributes 
to functional annotation of NoMatch tags in the same cluster.
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Highlighted transcripts
We manually attributed function to the top 20 most significantly differentially 
regulated genes in each cluster. (Table 3) Cluster A and B are headed by high 
transcription levels of hemoglobins. This supports for human placenta the 
finding previously done in mice, that the placenta is a major hematopoietic 
organ.31 Cluster A shows differential expression of HBG1, encoding the 
hemoglobin gamma chain that with the hemoglobin alpha chain (HBA) forms 
fetal hemoglobin (HbF). HBG1 expression is lower in the 1st trimester and 
markedly increases in the 2nd trimester. The transcript for HBA2 is prominent 
in cluster B and highly expressed in the 2nd trimester. During gestation, 
the balance between HBG1 and HBG2 changes, with HBG2 expression 
predominantly expressed at birth.32 HBG2 is not selected based on differential 
regulation, but its expression gradually increases across gestation with a 
decrease in the HBG1/HBG2 tag count ratio from 35 in the 2nd to 7 in the 3rd 
trimester (data not shown). 
The second ranking in cluster A, with relatively high expression in the 
1st trimester, is CGA encoding the alpha subunit of all anterior pituitary 
glycoprotein hormones including the placental growth factor hCG.33 The hCG 
beta chain (CGB5) expression is also relatively high expressed in the 1st 
trimester with tag counts of respectively 7,0 and 0 in 1st, 2nd and 3rd trimester 
placenta, respectively.

Many factors involved in extracellular matrix formation and remodelling 
feature in all three clusters, indicating that this process in important during 
all phases of pregnancy. Cluster A shows that COL1A1, COL1A2 and SERGEF 
are highly expressed in the 1st trimester, while in the 2nd trimester there 
is prominent expression of CFL1 and CRK together with down regulation 
of KISS1 and TFP (Cluster B). The 3rd trimester is characterized by high 
expression of ADAM12, ADAMTSL, MT3, PAPPA, SERPINE1 and TIMP2 while 
LGALS1 is downregulated. Apart from their obvious role in extracellular 
matrix modulation that is an aspect of growth, these genes are also essential 
for vasculogenesis and angiogenesis.34 This is reflected by the capacity of 
endothelial cells to adhere to each other and to form new tubes.8 Angiopoietin-
2 (ANGPT2) has been reported in terminal villous capillaries at term7 but is 
predominantly present in our 1st trimester SAGE library. Integrin alpha V 
(ITGAV) has been studied in cell culture of extra villous trophoblast as an 
angiogenesis promoting factor35 and in our profiles an up regulation is seen 
in the 3rd trimester. 

The human pregnancy-specific glycoprotein (PSG) genes comprise a family of 
11 highly conserved members whose expression is maximal in placental cells 
and marginal in other cell types. They may be involved in the modulation of 
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the innate and adaptive immune response in mouse36 while their function in 
humans is not yet established. PSG1, PSG4 and PSG9 all show decreased 
expression in the 2nd trimester. 

Corticotrophin releasing hormone (CRH) has been named the placental 
clock.10;37 As pregnancy advances an exponential rise in maternal plasma 
CRH levels of placental origin is seen. In women who deliver prematurely 
this increase occurs earlier. As can be seen in cluster B, we observe an 
interestingly high CRH expression in the 2nd trimester placenta. This patient 
was admitted with imminent premature delivery that probably is related to 
the high 2nd trimester CRH expression. 

We show a number of annotated transcripts highly differentially expressed 
in placenta during human gestation to which currently no function can be 
attributed: GRIN2C, EMID2, PCBD2, PLAC1, PLAC4, SVEP1 TncRNA and 
TAGLN2. Increased TncRNA expression at the maternal-fetal interface 
towards term has been observed before.20 High expression of TAGLN2 at the 
mouse implantation site has been reported5 although in our profiles an up 
regulation is seen towards term. 

Limitations of the study

Our method of functional annotation using the GeneGo Metacore database 
resulted in functional allocation of 30% of transcripts. In our study functional 
annotation is hampered by the fact that the database content is publication-
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directed and the majority of content is included based on research on 
neoplasms or cardiovascular disease. 
The initial comparison of SAGE expression profiles uses only three placentas 
and the resultant differential expression pattern will be a combination of 
gestational age related and interindividual differences. Our results show that 
the expression profiles are highly similar but at this point some contamination 
of our results by interindividual differences cannot be excluded. Specific 
subsections of term placenta show differential expression using microarray 
analysis.19 The tissue samples used for cross gestational analysis reported in 
this study were not dissected because the changing composition of placenta 
tissue during gestation does not allow this type of comparison. 

Gender specific placental gene expression has been documented19 and both 
the neonates born in the 2nd and 3rd trimester are female. The first trimester 
placenta SAGE library shows expression of the Y-chromosomal genes RPS4Y, 
DBY and EIF1AY, making it likely that in this case the embryo was male. Our 
study design does not permit identification of gender specific transcripts. 

Conclusion

SAGE analysis and K-means clustering of 1st, 2nd and 3rd trimester placenta 
tissue does not reflect established pathways of placenta growth and 
development. Extensive up regulation of ribosomal proteins is the most 
striking feature in the first trimester.
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Table 2: Gene names with corresponding GeneGo annotation. 
Genes attributes to cluster A, B, or C either with upregulated (upwards arrow) or 
downregulated expression in respectively the 1st, 2nd or 3rd trimester of pregnancy 
are listed according to their GeneGo annotation. Some genes are annotated to more 
than one pathway.
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Most obstetricians and paediatricians would agree that examination of the 
placenta can often explain abnormal pregnancy outcome.1 The placenta 
clearly is a pluripotent organ and a modulator of key processes supporting 
fetal prosperity. This thesis deals with the relation of placental characteristics 
to maternal and fetal health and disease. The spectrum of characteristics 
that is addressed ranges from simple weight to mRNA expression profiles. 

Placental Weight and Birth Weight

Like birth weight, placental weight is also a proxy for health later in life. An 
association of placental weight to subsequent childhood growth and later 
health has indeed been reported.2 As discussed in chapter 1 of this thesis, 
Placental Ratio (PR) is the classical measure of placental function, defined 
as placental weight divided by birth weight. A low PR generally explains 
growth restriction,3 but it turns out not to be an accurate marker of fetal 
growth, since in multivariate analysis it is not an independent risk factor in 
combination with race, fetal sex, gestational age, maternal body mass index, 
socioeconomic status, anaemia, and smoking.4 Moreover, FGR is also found 
with normal and high PRs.5;6

We used the cohort of pregnancies described in Chapter 5 to assess the 
relation of PR with gestational age.(Figure 1) As these are cross sectional 
data one has to keep in mind that data are influenced by clinical decision-
making in the timing of deliveries. In most cases interventions were done in 
the last stages of fetal compromise as a consequence of extreme placental 
insufficiency. Interestingly, there is no relation between gestational age and 
PR, and the PR values are rather uniformly lower than expected and in the 
range for placentas at term, with a median value of 0.15. This suggests that 
clinical decisions led to delivery of the fetuses at a comparable end stage of 
their pregnancy with an ill-functioning placenta. 

Figure 1: Placental Ratio 
(placental weight divided 
by fetal weight) as a 
function of gestational 
age at birth in the cohort 
described in Chapter 5. 
There is no significant 
linear trend.
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Since we argued in chapter 3 that BWR is superior to centiles in the 
classification of birth weight, it is an obvious choice to classify abnormal 
placental weight with a Placental Weight Ratio (PWR). PWR is then defined 
as observed placental weight divided by expected placental weight. Figure 2 
shows the same placenta data as in Figure 1, expressed as PWR.

Figure 2:Placental weight 
ratio (placental weight 
divided by expected 
placental weight) as a 
function of gestational 
age at birth in the cohort 
described in Chapter 5. 
Trend: Pearson R = 0.38, 
B = 0.03, p = 0.003;
The lines are the 95% 
confidence intervals. 

This example illustrates, given the significant linear trend, that placentas 
with a higher relative weight are more able to sustain these complicated 
pregnancies. This supports Kloosterman’s suggested positive relation between 
placental weight and duration of pregnancy. Further research is needed to 
demonstrate whether PWR is associated to perinatal outcome measures.7 
Concluding, the PWR might, more than the PR, add to our understanding of 
placental function in compromised fetal growth. Normal PRs do not exclude 
FGR. We advise to use the PWR in future perinatal studies instead of centile 
thresholds.

In clinical obstetrics we need antenatal estimation of placental and fetal 
weight as this will probably help evaluating fetal prognosis and guide 
antenatal intervention. Estimated Fetal weight Ratio (EFWR) and Estimated 
Placental Weight Ratio (EPWR) then are relevant measures according to our 
former arguments. At present, however, there are no clinimetric methods 
to determine fetal weight and placental weight reliably enough to use as a 
parameter to predict neonatal outcome and guide timing of intervention. 
Placental weight can be approximated by 3D measurement of its volume, 
using ultrasound8-10 but the reproducibility is low.11 At term this heterogeneity 
is mainly due to a variable amount of circulating maternal blood.12 Probably, 
MRI might be a method to calculate the second trimester non-vascular 
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placental volume,13 the measurement of placental perfusion by echo planar 
imaging14 is also a way to evaluate early placental function. These technical 
innovations however are not generally available.
There are other diagnostic tests to approximate placental function antenatally. 
Ultrasound Doppler Pulsatility index is used as a parameter of placental 
function15-17 and as an early marker to predict PE.18 Predictive performance 
of this single parameter in isolation is not enough to rigorously apply 
this diagnostic test in clinical practice.18 Therefore we agree with Romero 
that prediction on the basis of a single determinant will be inferior to a 
combination of markers.19 We advise to develop predictive models based on 
a combination of biochemical and biophysical determinants to predict the 
risk for developing PE and guide clinical research and practice.

Thyroid Hormones

In the second part of this thesis thyroid hormones are studied, firstly in relation 
to glucocorticoids in severely ill preterm neonates, secondly in relation to 
disease, in preeclamptic mothers and their neonates. Since optimal thyroid 
hormone levels are essential for brain development in fetal and early postnatal 
life,20 it is warranted to evaluate the effects of glucocorticoids on thyroid 
function in every developmental stage specifically. Results from studies on 
thyroid hormone effects of dexamethasone administered to preterm infants 
illustrate that hormonal interactions depend on developmental stage and on 
clinical condition.21 Antenatally administered glucocorticoids are associated 
with increased plasma T3 and rT3 in the fetal sheep.22 We found a different 
pattern: decreased plasma T3 and increased rT3 in severely ill preterm 
neonates. 

Interactions between glucocorticoids and thyroid hormones are even more 
complex if studied in different tissues. In rat pups, intracellular T3 may 
be increased in liver and decreased in brain as result of dexamethasone 
administration, but an opposite effect can be seen before birth.23 
We made clear that gestational hypertensive disorders also have an effect on 
thyroid function, particularly in the neonate. The clinical relevance of these 
findings is not yet clear, since due to the design of our study we were not 
able to study longitudinal thyroid hormone effects in the neonates. If these 
low fT4 values last extensively in fetal life or if they persist after birth, they 
can have a negative impact on brain maturation.20 Long term follow up of the 
children might elucidate the relevance of these findings.
In our cohort we were not able to replicate findings of other researchers 
who suggested that thyroid dysfunction is one of the causes of PE.24-26 The 
incidence of maternal thyroid dysfunction in our cohort of pregnant women 
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with PE was 2.5%, about equal to the 2% in the normal population.27 Our data 
are also of interest to the discussion on screening on thyroid dysfunction in 
pregnancy.28 The data show that maternal hypertensive disease is associated 
with higher TSH values, and underline that general health of the mother 
must be taken into account when interpreting screening results. 

In conclusion, it appears that infants with FGR are prone to have low thyroid 
hormone levels, both antenatally and postnatally. It is possible that these low 
levels are an epiphenomenon of their severely compromised condition, but 
they may be an independent risk factor for abnormal neurodevelopmental 
outcome. The ultimate aim of future research should be enough knowledge to 
decide whether antenatal glucocorticoids should be accompanied by thyroid 
hormone to ensure proper neurodevelopment. 

Gene Expression

The third main topic of this thesis concerns the molecular basis of placental 
physiology and pathophysiology. Sometimes, PE and HELLP syndrome 
run in families.29 Analyses of genome wide scans have revealed several 
chromosomal susceptibility loci for PE29-34 and resulted in the association 
of the STOX1 Y153H variation with familial PE.35 The role of STOX1 in PE 
is not clear since the initial results could not be confirmed by independent 
studies36;37 and the maternal imprinting and monoallelic expression of the 
gene that was essential for the disease mechanism in fact does not occur.38 
Moreover, since most cases of PE are non-familial and do not follow classical 
Mendelian inheritance, the overall significance of these data is limited. 
Despite intensive research focusing on the pathways known to be involved 
in PE and HELLP, no mutations or polymorphisms have been identified in 
any factor known to be involved in these pathways39 except an extremely 
rare mutation of LCHAD affecting fetal mitochondrial fatty acid oxidation, 
as described in the Introduction.40 The pathways that in general explain 
the molecular basis of PE or HELLP syndrome include impaired trophoblast 
invasion leading to defective placentation, placental oxidative stress and 
systemic endothelial activation leading to a generalized inflammatory 
response. Figure 3 illustrates a diversity of markers assessed in relation to 
PE. At best, the analysis of markers only show a weak association with PE, 
in accordance with the weak predisposition of pre-existing vascular disease 
or thrombophilia disorders described in the Introduction. There are two 
main reasons to explain this failure to substantiate an association. Firstly, 
PE is a clinically heterogeneous disorder, making the characterization of the 
phenotype of extreme importance.
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________________________________________________________
Activated Protein C41 Angiotensin Converting Enzyme42 Angiotensinogen43 
 Angiotensinogen receptor44 Annexin 545 Apolipoproteine E46 
C-Reactive Protein47 Calcitonin48  Catalase49 Cystathionine b-Synthase50

Endoglin51  Endothelin-152 Epidermal Growth Factor53  
Epoxide Hydrolase54 Estrogen Receptor alpha55 Factor 856    FactorVLeiden57 
 Glutathione peroxidase49 Glutathione S transferase alpha58 
Glycogen Phosphorylase59  Glycoprotein IIIa60 Hepatocyte Growth Factor61   
 Human Leukocyte Antigen DR62  Human Leukocyte Antigen G63 11 
beta Hydroxysteroid Dehydrogenase type 264 Hydroxyprostaglandin hydrogenase64 

Hypoxia Inducible Factor 165 Insulin like Growth Factor-166 Insulin like 
Growth Factor-267 Insulin like Growth Factor Binding Protein66 Insulin like 

Growth Factor Receptor67 Integrin A68 Intercellular Adhesion 
Molecule-169 Intercellular Adhesion Molecule-270 Interleukin-1B71  

Interleukin-272  Interleukin-2 Receptor73  Interleukin-474 
Interleukin-672 Interleukin-1074 Interleukin-1575 Jun aminoterminal Kinase76 

Killer Cell immunoglobulin-like receptor77 L-selectin78 Lactate 
Dehydrogenase79  Lectin-like oxidized LDL receptor-180 Leptin81  

Lipid hydroperoxides82  Lipoprotein(a)83  Macrophage Colony 
Stimulating Factor74;84 Malondialdehyde82  Matrix Metalloproteinase 185 

Matrix Metalloproteinase 286  Matrix Metalloproteinase 968;87 Matrix 
Metalloproteinase 1088 Matrix Metalloproteinase 1289  Matrix Metalloproteinase 1388

Matrix Metalloproteinase 1588 Methylene Tetrahydrofolate Reductase90  
Neurokinin B91 Neuropeptide Y92 Nitric Oxide Synthase93  Endothelial 

Nitric Oxide Synthase94 P-selectin78 Parathyroid Hormone Related 
Protein95 Periostin96 Placenta Growth Factor81 Plasma membrane-

associated pY397FAK97 Plasminogen81 Plasminogen Activator Inhibitor81 
Platelet Endothelial Cell Adhesion Molecule45 Pregnancy associated protein A98 

pro Atrial Natriuretic Factor99  Prostacyclin Synthase100 Prothrombin101 
Renin102  sFLT, soluble version of VEGF receptor103 Superoxide 

Dysmutase49 Syncitin104 Thrombin activatable fibrinolysis inhibitor105 
Thrombomodulin106 Thromboxane -A2 Synthase100

Tissue Inhibitor of Metalloproteinase 288 Tissue Inhibitor of 
Metalloproteinase 388 Transforming growth factor beta107 Tumor Necrosis

Factor71  Tumor Necrosis Factor Receptor108 Vascular cell 
adhesion molecule78  Vascular Endothelial Growth Factor Receptor109 Very Low

 Density Lipoprotein Receptor110  von Willebrand factor Receptor111

__________________________________________________________________
Figure 3: Markers investigated in relation to preeclampsia

Only a very clearly characterized phenotype will allow detailed analysis of 
contributing factors. Additionally, if the phenotype is not described in enough 
detail, comparison and generalization of studies will prove impossible.112 
Secondly, PE is a complex genetic disease in which the risk of disease is 
influenced by the contribution of multiple susceptibility genes together with 
environmental factors. For these complex diseases it is not likely that the 
pathophysiological mechanism will be elucidated by testing a single marker 
in a small cohort of patients. As an illustration, it took the analysis of 500,000 
Single Nucleotide Polymorphisms in over 2,800 subjects to identify two 
additional susceptibility loci for SLE, also a complex genetic disease.113

These reasons motivated us to take an alternative approach and use a non-
selective high throughput technique in order to study multiple markers and 
disease mediators in conjunction. SAGE enabled us to analyze differential 
gene expression in multiple pathways, without bias or presuppositions. 
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The use of SAGE may however entail some problems, since the immense 
amount of data generated requires a prudent bioinformatics approach as 
there are pitfalls to both the statistical analysis as well as interpretation of 
results. 114 This applies especially to research with no highly specific a priori 
hypotheses, as described by Ioannidis.115 We think we have overcome both 
pitfalls thanks to our study design.
Our initial comparison of SAGE expression profiles uses only one affected 
placenta and compares it to one control. The resultant differential expression 
pattern will be a combination of disease related and interindividual differences. 
This characteristic of SAGE is sometimes overcome by pooling mRNAs of 
different patient samples, but this carries the risk of regression to the mean 
and losing statistical power. We opted for downstream analysis of multiple 
tissue samples to separate the interindividual changes from those related to 
disease. 

By definition, the control placenta tissue for an early preeclamptic tissue 
should also be premature, as the placental expression profile does not only 
differ due to disease, but also due to gestational age, as shown in chapter 
7. Additionally the mode of delivery116 is of importance since labour has 
distinguishable effects of placental gene expression patterns.117;118 Our index 
PE/HELLP patient was delivered by Caesarean section and we were in the 
most lucky possession of a placenta sample from a premature Caesarean 
delivery of a patient without any hypertensive disorder. These are rare, 
particularly in the total absence of signs of infection. 

As input material, we used a full thickness non-infarcted cotyledon of 
trophoblast tissue obtained from the maternal side. Ideally, analysis should 
have been performed on the extravillous trophoblast as this is the cell type 
believed to be primarily affected in PE109 but harvesting these is not feasible 
in human research. Since the clinical presentation of PE evolves in a time 
frame of at least 10 weeks, by definition analysis of preeclamptic placental 
tissue will always be performed at a late clinical stage. Currently, in human 
PE research there is no way to overcome this problem and only detailed 
investigation of those pathways resulting in the aberrant expression profile 
will be able to segregate initial causal events from secondary phenomena.
Our data indicate that HELLP syndrome is not just a severe variant of PE and 
illustrate why it is important to describe phenotypes in detail. This explains 
why cohort study results are probably confounded when patients with PE as 
well as HELLP are included. Additionally we show the strength of multigenic 
molecular profiles above the study of single factors. Also in our study there 
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is no single factor that fully correlates with the disease phenotype.
Another strength of our study compared to for instance microarray analysis 
is the 72 differentially expressed tags that cannot be annotated to a specific 
gene. Twenty of these tags correspond to more than one gene. The other 52 
are leads to yet unassigned genes with relevance for placental function that 
might contribute to novel, disease specific signatures. 
Before being able to transform the placental expression signature to a profile 
suitable for early diagnosis during pregnancy it will be necessary to focus on 
genes expressed predominantly in placenta. This will allow the monitoring 
of placenta RNA levels in maternal serum in analogy to the studies of Lo.119-

121 Studies on increased circulating levels of soluble fms-like tyrosine kinase 
receptor-1(sFlt-1) and soluble endoglin(sEng) in preeclamptic women 
have shown that they can significantly contribute to the early detection of 
PE.51;103;122;123 It is however generally accepted that a combination of markers 
will be more appropriate for diagnostic purposes.19

Apart from discerning a disease specific molecular profile, the combining 
of our SAGE data with publicly available placenta SAGE libraries enabled 
the definition of gestational age specific expression profiles using K-means 
clustering. The sequence of important events in placental development 
and function through gestation; from cell growth and extra cellular matrix 
rearrangement in the first trimester to angiogenesis, prevention of oxidative 
stress and metabolism in the second and preparation for birth involving 
apoptosis was not reflected in the clustered expression profiles. Extensive 
up regulation of ribosomal proteins is the most striking feature in the first 
trimester. In our clustering we did not visualize specific gene expression 
patterns that can aid the functional annotation of NoMatch genes.

Concluding, we made clear that the complex interactions of genetic factors, 
from which some are yet unidentified, require assessment by novel techniques: 
a complex disease requires a complex explanatory model. The approach to a 
multifactor model is different from the classical disease aetiology model. 
In future molecular biological research for PE, we should take an approach 
appropriate for complex diseases.124 We need to expand our disease signature 
on solid knowledge, this implies we first replicate evidence of markers that 
are proposed to contribute to the early detection of PE.51 We need to build 
tissue banks with adequate numbers of each phenotype to validate results. 
The use of signatures will also support our general knowledge as they help 
to integrate complex interactions into a multifactor paradigm, which should 
be our research goal over the next few years.125
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The Placenta as Modulator of Fetal Prosperity

Chapter 1 introduces placental development and function in various species 
and elaborates on features like placental weight relevant for gestational 
diseases as fetal growth restriction and preeclampsia. 
The placenta is an endocrine organ, capable of synthesizing and secreting a 
broad range of growth factors, protein- and steroid hormones. Besides this, 
the placenta plays an important role in hormone metabolism and hormonal 
interaction between mother and fetus. Since thyroid hormone is crucial for 
fetal brain development, regulation of thyroid hormone metabolism during 
pregnancy is described. 
In addition the role of placental tissue in the development of gestational 
hypertensive disease as preeclampsia is described. It is stated that no single 
genetic disorder will explain the full spectrum of preeclampsia. This complex 
genetic disease deserves a sophisticated approach that investigates gene 
expression in its full context. We propose the use of non-selective high-
throughput analysis of gene expression in placental tissue using both publicly 
available and in-house made Serial Analysis of Gene Expression (SAGE) 
libraries. 

In Chapters 2 and 3 of this thesis we evaluate the clinical significance of 
placental weight and birth weight. Placental and birth weight are closely 
related and are associated with obstetrical pathology and adverse neonatal 
outcome. 

Placental weight is addressed in Chapter 2 and we illustrate the pivotal 
importance of placental function for fetal growth with so far unpublished data 
on placental weight. In this review we reinterpret the study of Kloosterman 
on 80.000 consecutive birth weights and 30.000 placental weights. We 
conclude with Kloosterman that pregnancies with heavier placentas last 
longer. Furthermore, it appears that birth weight of children from primiparous 
women compared to those from multiparous women and of twin children 
compared to singleton children is lower and that this difference is associated 
with smaller placentas. Therefore we conclude that the placenta is in control 
of fetal growth. This concept has motivated longitudinal investigations on 
placental volume and the relation of placental volume to fetal outcome. 

In Chapter 3 we explore an alternative parameter in the classification of Birth 
Weight. Birth weight is an important obstetrical determinant for neonatal 
outcome since it is related to perinatal mortality, neonatal morbidity, but 
also childhood intelligence and future health. In daily practice, birth weights 
are dichotomized by defining growth restriction below a centile threshold, 
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for instance the 5th or 10th centile. The determination of centile thresholds, 
however, is subject to a considerable numbers of outliers in the reference 
curve at lower gestational ages. Most of the tertiary care study populations 
investigated in clinical studies indeed are of lower gestational ages. Birth 
Weight Ratio (BWR) is a parameter that does not suffer the shortcomings 
of centile thresholds. We define BWR as the ratio of observed birth weight 
divided by the mean birth weight of the reference growth curve. 
We show that difference between BWRs calculated by either the Gardosi or 
the Kloosterman birth weight charts is smaller than the differences between 
centile scores, and less dependent of weight. This illustrates the dependency 
of centile scores on the type of chart. We demonstrate that application of the 
BWR allows for a more consistent classification of newborn weight. Obviously, 
the BWR is more appropriate to describe fetal growth restriction and increases 
discriminative powr for statistical analysis, since it is a continuous variable.

In Chapter 4 we investigate an aspect of the interaction between 
glucocorticoids and thyroid hormone in neonates. We studied preterm 
neonates receiving dexamethasone treatment for weaning off the ventilator 
as a model for thyroid hormone and glucocorticoid interaction because they 
may still partly show maturational aspects that normally occur at the end of 
term gestation. These infants are known to be at risk of hypothyroxinemia 
because of prematurity as well as because of severe neonatal disease. We 
found significantly decreased TSH and T3 levels and significantly increased 
reverseT3 levels after dexamethasone administration. We conclude that 
dexamethasone administration has an effect on thyroid function and on 
thyroid hormone metabolism. Whether this also occurs in the antenatal 
period has to be established in future research.  

In Chapter 5 we assess whether and to what extent thyroid function is 
affected in pregnant women with early and severe hypertensive disorders 
and in their growth restricted newborns. These women were enrolled in a 
randomized clinical intervention trial evaluating the use of plasma volume 
expansion. We observed low fT4 levels in 33% of these women at admission 
followed by a spontaneous normalization during pregnancy in almost all of 

Buimer Final 6 mei .indd   162 13/05/2008   21:50:06



163

Summary

them. We found no correlation between cord blood fT4 and maternal fT4, 
and in contrast to other studies, we found no gestational age effect of cord 
blood fT4 levels. We conclude that women with severe hypertensive disorders 
of pregnancy may transiently have lower fT4 levels without evidence of a 
thyroid disorder. Their neonates have lower fT4 levels not related with their 
mothers’ thyroid hormone status.

Chapter 6 reports the data generated by SAGE on placental tissue obtained 
from a normotensive pregnancy and a pregnancy with PE and HELLP 
syndrome. Comparison of SAGE profiles identified differentially expressed 
transcripts, a subset of which is validated on 36 placental tissue samples. 
Further downstream analysis and nearest centroid classification results in a 7 
gene molecular placental signature specific for HELLP syndrome. This distinct 
placental molecular signature indicates that HELLP is not a PE variant but a 
separate disease entity and partly explains why studies aimed at identifying 
a common cause for gestational hypertensive disorders lack statistical power. 
The transcripts involved (CTNNAL, FLT1, GSTP1, LEP, PAPPA2, S100A8 
and WWTR1) correspond to diverse molecular pathways, exemplifying the 
multigenic molecular basis of the disorder. 

Chapter 7 describes genes that are differentially expressed during three 
time points in gestation, 12, 28 and 40 weeks of gestational age. Using K-
means clustering we assign the placental transcripts to 3 mutually exclusive 
clusters of gene expression profiles with predominant expression in the first, 
second and third trimester. Mapping to gene ontology classes shows that 
genes involved in protein synthesis are relatively overrepresented in the first 
trimester. The gene ontology classes representing processes like development, 
angiogenesis, cell adhesion and apoptosis are rather evenly distributed over 
the three clusters. The prospected sequence of gestation specific events was 
not reflected in the clustered expression profiles. Extensive up regulation of 
ribosomal proteins is the most striking feature in the first trimester.  

Chapter 8 discusses the main findings of this thesis and indicates aims for 
future research.
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The Placenta as Modulator of Fetal Prosperity

In Hoofdstuk 1 wordt de placenta ontwikkeling en placentafunctie in 
verschillende diersoorten beschreven. De placenta is een endocrien 
orgaan, dat in staat is tot synthese en secretie van een grote variëteit aan 
groeifactoren, peptide- en steroïd-hormonen. Daarnaast speelt de placenta 
een belangrijke rol in het metabolisme van hormonen en in de hormonale 
wisselwerking tussen moeder en kind. Omdat schildklierhormoon essentieel 
is voor een goede hersenontwikkeling van de foetus, wordt extra aandacht 
besteed aan de regulatie van schildklierhormoon. Verder wordt de rol van 
de placenta in het ontstaan van zwangerschapsgerelateerde ziekten als 
hypertensie en preeclampsie beschreven. Ook het gewicht van de placenta 
komt hierbij aan bod en het wordt duidelijk gemaakt dat een enkelvoudig 
gendefect nooit het volledige spectrum van het preeclampsie-syndroom zal 
kunnen verklaren. Voor onderzoek naar deze genetisch complexe aandoening 
is een meer verfijnde benadering noodzakelijk, die gen expressie patronen 
in hun context beschrijft. Wij kiezen voor Serial Analysis of Gene Expression 
(SAGE), een analysemethode van zeer omvangrijke genetische databanken. 
Deze hebben we deels zelf gemaakt, maar er zijn ook banken gebruikt die 
publiek beschikbaar zijn via Internet.

De hoofdstukken 2 en 3 bespreken het klinische belang van het placenta 
gewicht en geboortegewicht van het kind. Placenta gewicht en geboortegewicht 
zijn onderling sterk gerelateerd, afwijkingen van zowel placenta gewicht 
als geboortegewicht zijn gerelateerd aan obstetrische problematiek als 
hypertensie, preeclampsie en vroeggeboorte en aan een slechte conditie van 
het kind bij geboorte. 

Placenta gewichten worden besproken in hoofdstuk 2. We illustreren het 
belang van de placenta voor de groei van de foetus aan de hand van tot 
nu toe ongepubliceerde historische gegevens over het placenta gewicht. In 
dit overzicht herinterpreteren we de gegevens van Kloosterman aangaande 
80.000 opeenvolgende geboorte gewichten en 30.000 placenta gewichten. 
We concluderen samen met Kloosterman dat zwangerschappen met grotere 
placenta’s langer behouden blijven. Verder blijkt dat het geboorte gewicht 
van eerst geborenen lager is dan het gewicht van kinderen uit volgende 
zwangerschappen. Deze resultaten illustreren dat de placenta controle 
uitoefent op de foetale groei. Dit concept heeft geleid tot meer onderzoek, 
onder andere naar longitudinale metingen van het placenta volume in de 
zwangerschap, en naar de relatie van placenta volume met de conditie van 
het kind bij geboorte.
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Geboortegewicht is een heel belangrijke determinant voor de conditie van 
het kind omdat het een sterke relatie heeft met sterfte rond de geboorte, 
morbiditeit tijdens eventuele couveuseopname, maar ook intelligentie op 
de kinderleeftijd en de gezondheidstoestand op volwassen leeftijd. In de 
dagelijkse praktijk worden geboortegewichten opgedeeld in twee groepen aan 
de hand van een percentiel drempelwaarde, gewoonlijk de 5e of 10e percentiel. 
Het bepalen van de juiste percentiel is nogal onzeker en wordt bemoeilijkt 
door uitbijters in de referentiegroep, vooral bij lagere zwangerschapsduren. 
Het grootste deel van de studiepopulatie van derde lijns centra wordt geboren 
bij deze lagere zwangerschapsduur. 

In hoofdstuk 3 beoordelen  we een aan geboortegewicht gerelateerde 
parameter om de pasgeborene beter te kunnen classificeren als groeivertraagd. 
De Birth Weight Ratio (BWR) (letterlijk vertaald: geboortegewicht ratio) is 
een parameter die niet beïnvloed wordt door afwijkingen als bestaand bij de 
percentiel drempelwaardes. We definiëren de BWR als het quotiënt van het 
gemeten geboortegewicht en het verwachte geboortegewicht, als er geen 
sprake zou zijn van groeiachterstand. Wij laten zien dat het gebruik van de 
BWR een consistentere classificatie van het geboortegewicht geeft. Het is 
ook duidelijk dat BWR een meer geëigende maat is voor het beschrijven van 
groeiachterstand, en een groter discriminerend vermogen voor statistische 
analyses heeft, omdat het een continue variabele is.

Hoofdstuk 4 onderzoekt de interactie tussen corticosteroïden en 
schildklierhormoon bij vroeggeboren baby’s op de neonatale intensive care, 
die behandeld worden met dexamethason om ze van de beademing af te 
kunnen krijgen. De kinderen in onze studiegroep hebben een risico van een 
schildklierhormoon tekort, zowel ten gevolge van de vroeggeboorte als ten 
gevolge van hun de ziekte die ze doormaken. We vonden een significante 
verlaging van TSH en T3 spiegels na dexamethason toediening. We hebben 
geconcludeerd dat dexamethason toediening een effect heeft op zowel de 
schildklierfunctie als het metabolisme van schildklierhormoon. Of dit ook 
optreedt bij antenataal toegediende corticosteroïden moet nog worden 
onderzocht. 

In hoofdstuk 5 onderzoeken we hoe en in welke mate de schildklierfunctie 
beïnvloed wordt bij zwangere vrouwen met ernstige hypertensieve aandoeningen 
in de zwangerschap waaronder preeclampsie, en bij hun pasgeborenen. De 
vrouwen participeerden in een gerandomiseerde klinische trial die het effect 
bestudeerde van plasma volume expansie op de zwangerschapsuitkomst. 
Bij opname constateerden we verlaagde vrij T4 waardes in 33% van de 
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vrouwen, maar bij bijna allemaal trad nog tijdens de zwangerschap een 
spontane normalisering van de schildklierfunctie op. We vonden geen relatie 
van moederlijk vrij T4 met het vrije T4 in navelstrengbloed. In tegenstelling 
tot andere studies vonden we geen hogere schildklierhormoon spiegels in 
navelstrengbloed naarmate de zwangerschapsduur bij geboorte toe nam. 
We concluderen dat vrouwen met ernstige hypertensieve aandoeningen in 
de zwangerschap tijdelijk verlaagde schildklier hormoon spiegels kunnen 
hebben, maar dat dit niet betekent dat ze een schildklier aandoening hebben. 
Het lagere vrij T4 in het navelstrengbloed van de pasgeborenen wordt niet 
veroorzaakt door het lagere moederlijke vrij T4.

Hoofdstuk 6 beschrijft onze SAGE experimenten en analyses, waarin 
genexpressie in placenta weefsel van een normotensieve zwangerschap 
vergeleken wordt met een zwangerschap gecompliceerd door preeclampsie 
en HELLP. De vergelijking van deze SAGE profielen identificeerde een aantal 
differentieel gereguleerde transcripten, waarvan een subset werd gevalideerd 
op een panel van 36 placenta monsters. Verdere analyses met behulp van de 
nearest centroid classification methode resulteert in een profiel van 7 genen, 
specifiek voor het HELLP syndroom. Dit specifieke patroon laat zien dat HELLP 
geen variant van preeclampsie is, maar een afzonderlijke ziekte entiteit. Het 
verklaart ook waarom studies die gericht zijn op het ophelderen van een 
gemeenschappelijke oorzaak van preeclampsie en HELLP tekort schieten. De 
transcripten van het profiel (CTNNAL, FLT1, GSTP1, LEP, PAPPA2, S100A8 en 
WWTR1) vertegenwoordigen zeer verschillende moleculaire functies, dit is in 
overeenstemming met het multi-genetische karakter van de aandoening. 

In hoofdstuk 7 beschrijven we genen die differentieel gereguleerd zijn in 
het 1ste, 2de en 3de trimester van de zwangerschap. Met behulp van K-means 
clustering identificeren we 3 patronen van gen expressie, met afwijkende 
expressie in ofwel het 1ste, ofwel het 2de, ofwel het 3de trimester. Toewijzing van 
een functie aan deze genen laat zien dat de transcripten die verband houden 
met eiwitsynthese relatief oververtegenwoordigd zijn in het eerste trimester. 
De functionele groepen die processen als differentiatie, vaatvorming, 
celadhesie en apoptose beschrijven zijn gelijk verdeeld over de drie clusters 
en de upregulatie van ribosomale eiwitten in het eerste trimester blijft het 
meest opvallende fenomeen. 

In hoofdstuk 8 worden de voornaamste bevindingen van het proefschrift 
bediscussieerd, en worden perspectieven voor toekomstig onderzoek 
geschetst.
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