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General introduction and outline of this thesis

General introduction

Preeclampsia affects 2-8% of all pregnancies and contributes significantly to overall maternal 
and perinatal mortality1. The main characteristic of preeclampsia is hypertension (systolic 
blood pressure ≥ 140 mm Hg or diastolic blood pressure ≥ 90 mm Hg) and most preeclamptic 
women also have proteinuria (≥ 300 mg in 24h)2. Women with severe preeclampsia are also 
at risk for liver rupture and stroke1. Interestingly, later in life formerly preeclamptic women 
have an increased risk for developing cardiovascular diseases (CVD)3,4. Insight into the effects 
of preeclampsia on the maternal cardiovascular system might be important for our knowledge 
about the development of CVD, specifically in women. CVD in women is often accompanied by 
diastolic dysfunction5, of which no effective treatment yet exists6. Therefore, in this thesis, the 
direct as well as the long-term effects of preeclampsia on the maternal cardiovascular system 
were studied.

Pathophysiology of preeclampsia

Preeclampsia is characterized by its main symptoms in the second half of pregnancy: new-
onset hypertension and in most cases also proteinuria1. Diagnosis of preeclampsia, however, 
does not require proteinuria per se2. If new-onset hypertension during pregnancy is established 
with one of the following symptoms: new-onset thrombocytopenia, renal insufficiency, 
impaired liver function, pulmonary edema, or cerebral or visual symptoms, it also meets 
the criteria for the diagnosis of preeclampsia2. The pathophysiology of preeclampsia is not 
yet fully understood. We can distinguish between two major forms of preeclampsia: early-
onset preeclampsia with symptoms appearing before week 34 of gestation, and late-onset 
preeclampsia with symptoms appearing during or after week 34 of gestation7. 
The pathophysiology of both early- and late-onset preeclampsia are thought to develop in 
two stages8. In the first stage the placenta plays a crucial role. In early-onset preeclampsia the 
placenta is poorly established9. In the placental bed, the spiral arteries are not well remodeled 
due to a deficient invasion of trophoblasts, resulting in intermittent high velocity blood flow 
to the placenta10. This may result in an ischemic placenta with hypoxia and oxidative stress11. 
In late-onset preeclampsia, the placenta is relatively intact, however, at term the limits of 
placental growth are reached, resulting in restricted perfusion9, which also results in an 
ischemic placenta. The poorly established or poorly perfused placenta will start to produce 
many factors activating endothelial cells and inflammatory cells as well as anti-angiogenic 
factors. These factors produced by the placenta will be released into the maternal circulation, 
inducing endothelial activation and dysfunction and generalized systemic inflammation 
in the second stage of preeclampsia12. Together this leads to the clinical characteristics of 
preeclampsia like hypertension and proteinuria12.
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Immunology in healthy pregnancy and preeclampsia
Healthy pregnancy

Since the fetus is a semi-allograft, the immune response during pregnancy must adapt in 
order not to reject this semi-allograft. For instance, the ratio between T-helper 1 and T-helper 
2 cells (Th1:Th2 ratio) decreases during healthy pregnancy compared to the non-pregnant 
situation13. On the cytokine level, the production of Interferon gamma (IFNγ) is decreased in 
peripheral lymphocytes and NK cells of pregnant women compared to non-pregnant women14. 
Circulating regulatory T cells (Tregs), which are important for inducing tolerance against 
allogeneic grafts15, were found increased during healthy pregnancy16, while this increase in 
Tregs did not occur in patients with recurrent miscarriages17. In order to compensate for the 
changes in the adaptive immune system, also, the innate immune system changes. This is 
shown by an increase in the number of monocytes and granulocytes in the circulation during 
pregnancy18. Not only the numbers of monocytes and granulocytes are increased, these 
cells are also activated during healthy pregnancy19. This is for instance shown by increased 
expression of activation markers19, changes in cytokine production and a shift of monocyte 
subsets from classical monocytes towards intermediate monocytes20. 

Preeclampsia

The immune response during preeclampsia differs from the immune response during healthy 
pregnancy. The Th1:Th2 ratio is increased in preeclampsia compared to a healthy pregnancy21, 
and the proinflammatory Th17 cells are also found increased in preeclamptic women22. On 
the other hand, Tregs were found decreased in preeclampsia23. The innate immune response, 
which is activated during healthy pregnancy, is even further activated during preeclampsia. 
Compared to healthy pregnancy, monocyte activation is increased, including an increased 
production of free oxygen radicals24. Also, monocyte cytokine production differs during 
preeclampsia vs. healthy pregnancy (e.g. increased Il-12 production)25. Many other pro-
inflammatory factors were also found increased during preeclampsia compared to healthy 
pregnancy, including IFNγ26, IL-627 and IL-1728. Anti-inflammatory factors, like IL-10 and Il-4, are 
found decreased in the maternal circulation compared to healthy pregnancy21,29. The change 
in monocyte subsets in healthy pregnancy (increased intermediate monocytes and decreased 
classical monocytes) is more pronounced in preeclampsia20.  
The mechanisms by which the immune response changes during pregnancy is not exactly 
known. The increase in pregnancy hormones, like progesterone and estrogen, are thought 
to play a role30. Also factors produced by the hypoxic placenta may play a role. For instance, 
cyto-kines, microvesicles31 and danger associated molecular patterns (DAMPs) such as ATP 
and High Mobility Group Box 1 (HMGB1) are produced by the placenta and increased in 
preeclampsia32,33. All these factors are known to influence the immune system and may affect 
the immune response during preeclampsia34–37. 
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(Anti-)angiogenic factors in preeclampsia

Preeclampsia is characterized by the upregulation of soluble fms-like tyrosine kinase-1 (sFlt-
1) and soluble endoglin (sEng)11. sFlt-1 is a splice variant of the Vascular Endothelial Growth 
Factor (VEGF) receptor-1 and is able to bind VEGF and Placental Growth Factor (PlGF), 
inhibiting their (pro-angiogenic) functions38. sEng is a co-receptor for Transforming Growth 
Factor beta (TGF-β) and by binding TGF-β, sEng is able to inhibit the (pro-angiogenic) functions 
of TGF-β39. PlGF is a member of the VEGF family which is mainly expressed in the placenta40. 
PlGF stimulates angiogenesis, and is found decreased during preeclampsia as compared with 
healthy pregnancy40,41. It has been proposed that the changes in these anti- and pro-angiogenic 
factors are important for the changes in vascular function during preeclampsia42. 

Vascular function in healthy pregnancy and preeclampsia
Healthy pregnancy

Normal pregnancy requires several adaptations of the cardiovascular system, to ensure 
maternal health and adequate fetal development43. The hormonal changes during pregnancy 
induce a decrease in systemic vascular resistance44, which is associated with the increase 
in plasma volume, cardiac output, and heart rate45. There is a gradual decrease of blood 
pressure, with lowest levels at gestational week 16-20. The blood pressure rises again in mid-
third trimester to comparable levels as before pregnancy46. 
Endothelial cells are critical components of controlling vascular function. These cells form 
a physical and selective barrier as well as sense the composition of the blood47. Endothelial 
cells are able to produce vasoactive factors like Nitric Oxide (NO), Endothelium-Derived 
Hyperpolarization Factor (EDHF), prostaglandins and Endothelin-1 (ET-1)48. These vasoactive 
factors can interact with vascular smooth muscle cells to induce relaxation or constriction48. 
NO is produced by converting L-arginine to L-citrulline by three isoforms of NO synthases 
(NOS), endothelial, neuronal, and inducible NOS49. NO can induce vasodilation by stimulating 
Ca2+ efflux of VSMC, which induces relaxation50. During normal pregnancy, NO production 
is increased51,52, and endothelial NOS activity is found increased in uterine arteries53. This 
implicates an important role of NO in the regulation of vascular tone and decreasing systemic 
vascular resistance during pregnancy.
Prostanoids, including prostaglandins (such as prostacyclin [PGI2], prostaglandin E2 and 
prostaglandin D2) and thromboxanes (such as thromboxane A2 [TXA2]), are all derived from 
arachidonic acid by the action of cyclooxygenase or prostaglandin G/H synthase54. The most 
researched in relation to vascular function are the vasodilator PGI2 and the vasoconstrictor 
TXA2. Urinary excretion of the metabolites of PGI2 and TXA2, 6-keto prostaglandin F1α and 
thromboxane B2 respectively, are both increased during pregnancy compared to the non-
pregnant situation55. This increase in concentration of both metabolites during pregnancy 
was also detected in plasma samples56. The ratio of these metabolites (6-keto prostaglandin 
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F1α/thromboxane B2) was significantly increased during pregnancy55,56. This indicates a 
predominance of PGI2 over TXA2, suggesting increased vasodilation during pregnancy. 
ET-1 is a major vasoconstrictor, which has been suggested to play a role in the development 
of vascular disease such as essential hypertension and atherosclerosis57. ET-1 is also known 
to decrease the bioavailability of NO via upregulation of caveolin-1 which inhibits eNOS 
activity58. Plasma concentrations of ET-1 during pregnancy have been reported decreased59 
or unchanged60 compared to the non-pregnant situation, which suggests decreased or 
unchanged vasocontraction during pregnancy as compared to the non-pregnant situation.
Endothelium-derived hyperpolarization factors are a group of unidentified and disputed 
factors, which cause hyperpolarization, and thus relaxation, of vascular smooth muscle cells61. 
EDHF might be diffusible factors derived from endothelial cells (such as hydrogen sulfide62, 
hydrogen peroxide63 and epoxyeicosatrienoic acids64), which, by reaching the vascular smooth 
muscle activate K+ channels and thereby initiate hyperpolarization of vascular smooth muscle61. 
It might also be possible that EDHF is the electrical event itself, which passes from endothelial 
cells to vascular smooth muscle cells via gap junctions and thereby initiate hyperpolarization 
of the vascular smooth muscle cells65. Studies showed a significantly increased contribution 
of EDHF dependent vasodilation during pregnancy compared to non-pregnant women in 
myometrial and subcutaneous small arteries66,67, suggesting an important role for EDHF in 
pregnancy-related vasodilation.
Besides the endothelial derived vasoactive factors mentioned above, the renin-angiotensin 
system also plays an important role in regulating blood pressure. The effector molecule in 
this system is angiotensin II (AngII), which is known as a potent vasoconstrictor68. During 
pregnancy, the activity of the renin-angiotensin system is increased and an increase of plasma 
AngII has been detected69. It appears, however, that pregnant women become less sensitive 
to AngII, resulting in less vasoconstriction compared to the non-pregnant situation68. The loss 
in sensitivity could be explained by the monomeric state of one of the angiotensin receptors, 
the AT1 receptor70. The AT1 receptor is found on VSMC and enables vasoconstriction71. The 
monomeric AT1, however, may be inactivated by reactive oxygen species during pregnancy, 
resulting in a decrease in sensitivity for AngII70. The AT1 receptor may also be downregulated 
by hemopexin activity72,73, which is known to be increased in the plasma during pregnancy32. 
Both mechanisms may be involved in the decreased AngII during pregnancy.

Preeclampsia

During preeclampsia, the adaptations required for normal pregnancy are not well established. 
Preeclampsia is characterized with an insufficient drop of vascular resistance, increased 
arterial stiffness, and a reduced plasma volume compared to normal pregnancy74–76. During 
preeclampsia the concentrations of endothelial derived vasoactive factors are disturbed77. 
This imbalance results in more constriction and less relaxation of vascular smooth muscle 



15

1

General introduction and outline of this thesis

cells, contributing to vascular dysfunction and hypertension during preeclampsia. 
The expression of endothelial NOS has been reported to be decreased in syncytiotrophoblasts 
of the preeclamptic placenta as compared with healthy pregnancy78, and synsytiotrophoblast 
derived microvesicles in the circulation of preeclamptic patients expressed less endothelial 
NOS compared to microvesicles from healthy pregnant women79. Furthermore, a decreased 
bioavailability of circulating NO during preeclampsia has been reported by several studies51,80. 
This could be explained by the fact that the enzyme arginase, which is known to compete 
with NOS for L-arginine81, is upregulated in the vasculature of preeclamptic women81. Limited 
L-arginine bioavailability for NOS suggests decreased production of NO. As described earlier, 
anti-angiogenic factors like sFlt-1 are increased during preeclampsia. A decrease in NOS/NO 
concentrations is also in concordance with upregulated sFlt-1 during preeclampsia, since sFlt-1 
inhibits VEGF function, while VEGF is known to induce upregulation of NOS in endothelial cells82. 
Furthermore, a negative correlation was found between antiangiogenic factors and markers 
for NO formation in the circulation of preeclamptic women83. Thus a decreased bioavailability 
of VEGF during preeclampsia might also be an important mechanism contributing to the 
decreased NO production during preeclampsia, which might result in decreased vasodilation.
Besides stimulating NO production, VEGF is also known to promote PGI2 production84,85. 
Since VEGF is inhibited in preeclampsia, this might suggest a decrease in PGI2 production. 
The PGI2 metabolite, 6-keto prostaglandin F1α, has indeed been found decreased in severe 
preeclamptic patients compared to healthy pregnancy86,87. On the other hand, the metabolite 
of the vasoconstrictor TXA2, thromboxane B2, was found increased in preeclampsia87. 
Thus, in preeclampsia, the balance between PGI2 and TXA2 shifts towards TXA2. It has been 
hypothesized that this imbalance could explain the hypertension during preeclampsia88. Also, 
multiple metabolites of arachidonic acid were researched in relation to preeclampsia. The 
vasoconstrictor 20-hydroxyeicosatetraenoic acid (20-HETE) has been detected increased in 
placental vessels during preeclampsia compared to healthy pregnancy89, while the vasodilatory 
epoxyeicosatrienoic acids (EETs) were found decreased in the circulation of preeclampsia89. 
The ratio of circulating 20-HETE/EETs is increased in preeclampsia compared to normal 
pregnancy89, which suggests increased vasoconstriction.  Furthermore, 20-HETE inhibitions in 
a rat model for preeclampsia resulted in a decreased ratio of circulating 20-HETE/EETs and a 
reduction in blood pressure90, showing the importance of the balance between 20-HETE and 
EETs in blood pressure control. 
Endothelial ET-1 production is stimulated by inflammatory factors like TNF-α and IL-691,92, 
which are increased in the maternal circulation during preeclampsia compared to healthy 
pregnancy. Indeed, increased plasma levels of ET-1 were measured in preeclamptic women 
vs. healthy pregnant women93. An increased production of ET-1 by endothelial cells during 
preeclampsia is also supported by an in vitro study in which endothelial cells stimulated with 
serum of preeclamptic patients produced increased amounts of ET-1 compared to endothelial 
cells stimulated with serum of healthy pregnant women94. ET-1 has been suggested as a 
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potentially key mediator during hypertension in preeclampsia95,96, and ET-1 is also implicated 
to play a role in the development of CVD like atherosclerosis97. 
In the case of EDHF, several studies showed that the increased EDHF dependent relaxation 
during pregnancy is not established during preeclampsia67,98. For example, EDHF dependent 
relaxation was reduced in small subcutaneous arteries from preeclamptic women compared 
to healthy pregnant women99. The diminished role of EDHF during preeclampsia suggests 
decreased vasodilation during preeclampsia.
Besides the dysregulated endothelial derived vasoactive factors mentioned above, AngII 
also plays a role in the aberrant regulation of vascular tone during preeclampsia100. The 
concentration of AngII, however, is not elevated during preeclampsia compared to normal 
pregnancy69. The sensitivity to AngII, on the other hand, is much greater during preeclampsia 
than during normal pregnancy101. This increase in sensitivity might be explained by two 
different mechanisms. Firstly, during preeclampsia, the AT1 receptor forms a heterodimer with 
the bradykinin receptor, and this heterodimeric receptor becomes resistant to inactivation by 
reactive oxygen species and is highly sensitive to AngII70. Secondly, hemopexin, which is known 
to downregulate the AT1 receptor72,73, is decreased in the plasma of preeclamptic patients 
compared to healthy pregnant women32. This way, AngII induces increased vasoconstriction 
during preeclampsia compared to healthy pregnancy. 
The relationship between (abnormal) placentation during normal and preeclamptic 
pregnancies and the adaptations in vascular function, via the (dys)regulation of vasoactive 
factors is depicted in figure 1.
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Figure 1. Vascular function in pregnancy and preeclampsia. The consequences of normal placentation during a 

healthy pregnancy and dysfunctional placentation during preeclampsia are shown. Normal placentation results in 

more vasodilation and less constriction compared to the non-pregnant situation, which contributes to normal vascular 

function during pregnancy. Dysfunctional placentation, on the other hand, results in intermittent high velocity blood 

flow to the placenta, resulting in oxidative stress and a hypoxic environment. EC = Endothelial Cell; VSMC = Vascular 

Smooth Muscle Cell; IFNγ = Interferon gamma; Tregs = regulatory T cells; HMGB-1 = High Mobility Group Box 1; sFlt-1 

= soluble Fms-like tyrosine kinase 1; sEng = soluble Endoglin; VEGF = Vascular Endothelial Growth Factor; PlGF = 

Placental Growth Factor; TGFβ = Transforming Growth Factor beta; TXA2 = Thromboxane A2; ET-1 = Endothelin-1; NP 

= Nitric Oxide; EDHF = Endothelial Derived Hyperpolarization Factor; PGI2 = Prostacyclin.
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Heart function during pregnancy and preeclampsia

Besides the changes in the vasculature, also the heart needs to adapt during pregnancy to 
ensure maternal and fetal health. During healthy pregnancy, the heart rate increases by 20-
25% and cardiac out-put by 45%102. This is associated with an increase in left ventricular wall 
mass and thickness (ventricular hypertrophy)102. The relative wall thickness (ratio between 
left ventricular wall thickness and end diastolic diameter) is, however, relatively stable during 
a healthy pregnancy103. This is known as eccentric (physiological) remodeling of the heart103, 
which also takes place in hearts of endurance athletes104. This remodeling is a compensatory 
mechanism to ensure that the heart can maintain its function.
Preeclampsia, on the other hand, is characterized by a decrease in cardiac output compared 
to healthy pregnancy, while the left ventricular mass is even further increased105,106. Since the 
increase in ventricular wall thickness is not accompanied by an increase in left ventricular 
dimensions, the relative wall thickness increases106, which is known as concentric (pathological) 
remodeling106. The increase in relative wall thickness results in impaired ventricular filling 
which is the main feature of diastolic dysfunction107. During preeclampsia, the incidence of 
diastolic dysfunction is indeed increased compared to healthy pregnancy108.

Long-term consequences of preeclampsia for the cardiovascular system

It was long assumed that preeclampsia completely resolved after delivery. Indeed, the main 
maternal symptoms (hypertension and proteinuria) usually resolve within two years (18% 
still had hypertension and 2% still had proteinuria)109. However, recent studies showed long-
lasting effects of preeclampsia since formerly preeclamptic women were shown to be more 
sensitive for the development of cardiovascular- and renal diseases3,110. In a systematic review 
and meta-analysis by Bellamy et al.3, the relative risk of different types of CVD years after 
preeclampsia was determined and compared to women who had not developed preeclampsia 
during pregnancy. The relative risk for chronic hypertension was 3.70, for ischemic heart 
disease was 2.16, and for cerebrovascular events 1.81 (after 10-15 years weighted mean 
follow-up)3. The same study also showed that early-onset preeclampsia induced a greater 
risk for the development of CVD later in life compared to late-onset preeclampsia3. Also, the 
risk of developing metabolic syndrome, which is a risk factor for CVD111, is increased after 
preeclampsia vs. healthy pregnancy112, and this risk is two times higher in formerly early-
onset vs. late-onset preeclamptic women113. The increased incidence of CVD in formerly 
preeclamptic women is supported by many other studies107,114–117, including increased risk of 
developing diastolic dysfunction107. 
The fact that formerly preeclamptic women are at risk for CVD later in life makes them an 
interesting study population to investigate the development of CVD. This is important, since 
it recently became clear that cardiovascular diseases develop differently between sexes. 
A well-known difference in heart failure between women and men is that heart failure in 
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women is often accompanied by less systolic dysfunction than in men, but more diastolic 
dysfunction5. Unfortunately no effective treatment yet exists for diastolic dysfunction often 
seen in women6. It has been proposed118 that cardiac diastolic dysfunction results from a 
systemic proinflammatory state induced by comorbidities, which leads to endothelial119 
and myocardial dysfunction118. Such a systemic proinflammatory state and endothelial 
dysfunction are also main characteristics of preeclampsia12,74, which may explain why formerly 
preeclamptic women are at increased risk for developing CVD. It has indeed been shown that 
formerly preeclamptic women and patients suffering cardiac diastolic dysfunction share a 
similar biomarker profile, including inflammatory markers120. Together, this indicates a strong 
link between preeclampsia and the development of diastolic dysfunction. Along these lines, 
Melchiorre et al. have demonstrated an increased occurrence of diastolic dysfunction during 
preeclampsia compared to healthy pregnancy108.

Whether preeclampsia itself or pre-existing factors in women developing preeclampsia (such 
as hypertension, obesity and diabetes) contribute to the development of CVD in later life 
remains to be established. Multiple studies showed that pre-pregnancy risk factors for CVD 
such as high BMI and a relatively high blood pressure, indeed increased the risk of developing 
preeclampsia during pregnancy121,122. However, the epidemiological study of Romundstad et 
al. showed that the association between preeclampsia and the development of CVD in later 
life could only be explained by approximately 50% by pre-pregnancy shared risk factors like 
increased BMI and increased blood pressure123. This strongly suggests that preeclampsia itself 
also induces cardiovascular changes which influence the sensitivity of the development of 
CVD later in life. This is confirmed by the study of Heidema et al. in which they showed that 
the decreased plasma volume and venous compliance of formerly preeclamptic women is 
independent of BMI124. 
A direct link between preeclampsia and cardiovascular changes postpartum is also strongly 
confirmed by studies which used animal models. In animal models, preeclampsia is induced 
and these animal models are all healthy before pregnancy and do not have predisposing factors 
for CVD before pregnancy. For example, Pruthi et al.125 showed that the vessels of formerly 
preeclamptic mice (induced by overexpression of sFlt-1) as compared with formerly healthy 
pregnancy mice were more sensitive for future injury two months postpartum, since these 
animals showed an increased vascular response (including increased fibrosis) after unilateral 
carotid injury125. Also, Brennan et al.126 showed impaired vascular function (including reduced 
NO bioavailability and impaired relaxation in mesenteric arteries) postpartum preeclampsia in 
rats126, and van der Graaf et al.127 showed an increase in AngII responsiveness (increased blood 
pressure) in formerly preeclamptic rats127. Thus, both pre-existing cardiovascular risk factors 
before the onset of preeclampsia, and preeclampsia itself may contribute to the increase in 
risk for cardiovascular events later in life.
One of the factors involved in preeclampsia which might influence postpartum risk for CVD, 
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is persisting endothelial dysfunction in formerly preeclamptic women, since endothelial 
dysfunction is a well-recognized early marker for CVD128 and known as an important contributor 
to the development of cardiac or vascular failure129–131.  Endothelial dysfunction has been 
shown to persist postpartum in formerly preeclamptic women116,132–134. This has for instance 
been shown by decreased flow mediated dilation in formerly preeclamptic women116,132. 
Also persisting increased sensitivity to AngII and persisting increased arterial stiffness after 
preeclampsia127,135,136 may be factors involved in preeclampsia which influence the risk of CVD. 
Increased AngII sensitivity is a marker of vascular dysfunction137 and arterial stiffness is a risk 
factors for CVD138. 
Besides vascular dysfunction, cardiac dysfunction also persists after preeclampsia139,140. The 
increased occurrence of diastolic dysfunction during preeclampsia108 persisted in half of the 
early-onset preeclamptic patients 1 year postpartum139. Of the early-onset preeclamptic 
patients in that study, 41% still had an abnormal left ventricular geometric pattern, such as left 
ventricular hypertrophy139. This is in line with the findings of Ghossein-Doha et al., since they 
showed that 67% of formerly preeclamptic women had concentric remodeling (4-10 years 
postpartum)117. Ventricular hypertrophy is known to increase the risk for heart failure141. 

The fact that alterations in the cardiovascular system during preeclampsia persists postpartum, 
strongly suggests that these alterations might contribute to the increase in cardiovascular 
risks later in life.

Reprogramming of the cardiovascular system

An explanation for the long-term changes in the cardiovascular system after preeclampsia 
might be epigenetic reprogramming of the cardiovascular system during preeclampsia. 
Epigenetics includes all processes which lead to gene expression changes, without any change 
in the DNA sequence142. The best investigated types of epigenetics are DNA methylation, 
histone modifications, and RNA silencing processes such as production of microRNAs143. 
DNA methylation involves the transfer of a methyl group to a DNA cytosine by DNA methyl 
transferases144. In somatic mammalian cells, DNA methylation mostly occurs at a cytosine 
nucleotide which is followed by a guanine nucleotide (CpG sites)144. DNA methylation regulates 
gene expression, and increased DNA methylation most often reduces gene transcription145. 
Posttranslational histone modifications (such as methylation, acetylation and phosphorylation 
of histone tails) do not only influence gene transcription but also DNA replication and repair144. 
Histone modifications can increase gene activity by reducing chromatin compaction (e.g. the 
addition of an acetyl group to lysine 16, histone 4 [H4K16ac])146, or silence genes by enhancing 
chromatin compactions (e.g. tri-methylation of H4K20)147. MicroRNAs are small non-protein-
coding RNAs, responsible for post-transcriptional gene repression148. These small RNAs can 
target complementary mRNAs, destabilize these mRNAs and thereby preventing translation148. 
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Various factors can induce epigenetic changes in adult tissues, like diet, exercise, exposure to 
chemicals/drugs but also the exposure to certain diseases149. Due to the fact that epigenetic 
changes may up or downregulate gene expression, epigenetic changes of adult tissue might 
contribute to the development of diseases143. 

Epigenetics in cardiovascular diseases

The link between epigenetics and CVD is well studied, and, indeed, certain epigenetic modi-
fications are associated with the development of CVD150,151. Cardiac hypertrophy, which is a 
well-known pathophysiological aspect of cardiac diastolic dysfunction152, is for example often 
accompanied by the methylation of histone H3K9153. At the same time, global DNA methylation 
might play a role in the progression of cardiac hypertrophy154, and miR-133 was mentioned 
as an important regulator of cardiac hypertrophy155. Furthermore, atherosclerosis has been 
linked with an aberrant DNA methylation pattern, including genomic hypomethylation156 but 
also hypermethylation (and thereby silencing) of the potentially cardiovascular protective 
gene encoding estrogen receptor β, in atherosclerotic lesions157. Many microRNAs also play a 
role in the progression or regression of atherosclerosis158. MiR-122 and miR-223 for example, 
play a role in lipoprotein metabolism and regulate the synthesis of cholesterol159. Hypertension 
is also associated with epigenetic modifactions160,161. Global DNA methylation levels of DNA 
isolated from whole blood samples of essential hypertensive patients were found decreased 
compared to normotensive people162. In case of the DNA methylation pattern of specific 
genes, well-known pathways which play a role in hypertension (e.g. the renin-angiotensin-
aldosterone system, the renal sodium retention system and the sympathetic nervous 
system) were affected160. Numerous non-coding RNAs are also mentioned in relation with 
hypertension161, such as miR-155 which has been shown to target mRNA of the AT1 receptor, 
affecting the response to AngII163.

Epigenetics in preeclampsia

To date, most research regarding epigenetics during preeclampsia is done in the placenta. 
Recent studies identified differential methylation patterns in placentas of preeclamptic 
pregnancies compared to placentas of normal pregnancies164–166. Pathways that were affected 
due to DNA hyper- or hypomethylation in these placentas include cell signaling164, reactive 
oxygen species signaling164, cell adhesion164, and the TGF-β signaling pathway166. During 
pregnancy the placenta also produces microRNAs (e.g. miR-517A), which can be released into 
the maternal circulation and possibly target maternal tissues167.
Several microRNAs which were found differentially expressed during preeclampsia overlap 
with differentially expressed microRNAs found during cardiac remodeling168. It appears that 
five microRNAs were upregulated (miR-18, miR-21, miR-125b, miR-195 and miR-499-5p) and 
two microRNAs were downregulated (miR-1 and miR-30) in both preeclampsia and cardiac 
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remodeling168, indicating a possible role of these microRNAs in cardiac remodeling during 
preeclampsia. Also, miR-574-5p was found increased in the circulation of preeclamptic women 
compared to healthy pregnant women169,170, and the same microRNAs was also found increased 
in coronary artery disease171. This possibly implicates that differentially expressed microRNAs 
during preeclampsia might also affect cardiovascular health.
Regarding epigenetic modifications in the vasculature during preeclampsia, Mousa et al. 
demonstrated an altered DNA methylation pattern in maternal vessels during preeclampsia172. 
They isolated DNA from omental arteries dissected from fat biopsies harvested during 
cesarean sections from preeclamptic and healthy pregnant women and performed a genome 
wide DNA methylation measurement172. Their results showed a reduction in DNA methylation 
in genes involved in smooth muscle contraction, thrombosis, and inflammation, all of which 
also play a role in CVD172. In another study of Mousa and colleagues, a correlation was 
shown between reduced DNA methylation and increased expression of the gene encoding 
thromboxane synthase in the same omental arteries173. These data suggest a possibly key role 
of epigenetics during preeclampsia 

The link between the pathological factors (e.g. hypertension and inflammation) in preeclamp-
sia, the possible reprogramming of the maternal cardiovascular system, and the possible 
consequences for cardiovascular health is depicted in figure 2.
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Figure 2. Schematic figure of the hypothesis of reprogramming of the maternal cardiovascular system during 

preeclampsia and the possible consequences. During preeclampsia, the maternal cardiovascular system encounters a 

significant amount of stress due to (I) an ischemic environment with hypoxia and oxidative stress due to dysfunctional 

placentation, (II) the increase in anti-angiogenic and pro-inflammatory factors released by the placenta into the 

maternal circulation, and (III) the increase in blood pressure found in preeclampsia. These factors combined might be 

able to induce reprogramming of the maternal cardiovascular system, via epigenetic alterations, which might induce a 

long-term dysfunctional cardiovascular system.
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Models to study preeclampsia

Most studies regarding preeclampsia focus on the placenta and maternal blood since 
this tissue is easily accessible. To investigate the direct effects of preeclampsia on the 
maternal cardiovascular system, animal models are often used. The use of an animal 
model makes it possible to investigate the long term effects of preeclampsia itself on the 
maternal cardiovascular system while pre-pregnancy predisposing factors (e.g. obesity and 
hypertension) are ruled out. Furthermore, the use of animal models makes it possible to 
investigate tissues (such as whole heart or ex vivo aortic function) which cannot be collected 
from humans. 
Since preeclampsia does not occur spontaneously in animals (with the exception of some 
primates174), preeclampsia in animals has to be artificially induced. Multiple animal models 
have been developed175. Well-known models for preeclampsia include an induction of a mild-
inflammatory response176, reduced uterine perfusion pressure (RUPP)177, over-activity of the 
renin-angiotensin system178 and increased anti-angiogenic factors38 to induce preeclamptic-
like features. A preeclamptic rat model with a mild-inflammatory response can be established 
by administering a low dose of endotoxin at day 14 of pregnancy176. This model is pregnancy 
specific and these rats have elevated blood pressure, increased urinary albumin excretion, 
endothelial cell activation, generalized inflammation and glomerular thrombosis176,179,180. In 
the RUPP model, a decrease in blood flow towards the placenta is induced by to placement 
of silver clips around the proximal aorta and around the uterine ovarian arteries177. In this 
model an increase in blood pressure, proteinuria and endothelial dysfunction177,181 is observed, 
which is associated with an increase in sFlt-1 and sEng concentrations182,183. A model with over-
activity of the renin-angiotensin system can be established by mating female rats transgenic 
for angiotensinogen with male rats transgenic for renin178. This results in hypertension, an 
increased heart rate and endothelial dysfunction during pregnancy178,184. Also, increased anti-
angiogenic factors during pregnancy in rats (e.g. adenovirus mediated gene transfer of sFlt-1) 
can lead to preeclamptic-like features like increased blood pressure, proteinuria, glomerular 
endotheliosis and decreased levels of VEGF and PlGF38. These effects, however, are not 
pregnancy specific and this model could not be successfully established in all laboratories.
In vitro models are also often used to study the pathophysiology of preeclampsia. Endothelial 
cells, such as umbilical vein endothelial cells (HUVEC), are often used in culture to investigate 
endothelial cell function. To study endothelial (dys)function during preeclampsia in vitro, 
endothelial cells can, for instance, be incubated with preeclamptic plasma or with compounds 
known to be upregulated in the circulation of preeclampsia (e.g. sFlt-1, ATP, HMGB1) followed 
by gene expression analysis or endothelial cell function assays like proliferation, wound 
healing and angiogenesis assays.
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Aim and outline of this thesis

Preeclampsia has both short-term and long-term effects on the cardiovascular system of 
the mother. We postulate that preeclampsia induces epigenetic changes in the maternal 
cardiovascular system and that these changes are long lasting and may increase the sensitivity 
for the development of CVD in later life. The main goal of this thesis was, therefore, to examine 
the direct as well as the long-term effects of preeclampsia on the maternal cardiovascular 
system, and to investigate the underlying regulatory mechanisms which may lead to these 
effects. 

In chapter 2 and 3 of this thesis, an animal model for preeclampsia was used to investigate the 
effects of preeclampsia on the maternal cardiovascular system. The model used was the low-
dose LPS induced preeclampsia model. This model shows main characteristics of preeclampsia: 
increased blood pressure, proteinuria, generalized systemic inflammation, endothelial cell 
activation, and growth restricted offspring176,179,180,185. In chapter 2, we identified gene targets in 
the vasculature (aorta) which are changed during experimental preeclampsia. This was done 
by doing a whole genome gene expression array on whole aortic tissue of preeclamptic rats, 
healthy pregnant rats and non-pregnant rats. Gene targets identified here were used in the 
next chapters. Chapter 3 focusses on postpartum effects of experimental preeclampsia. In 
this chapter gene expression of targets found in chapter 2, together with genes known to be 
involved in cardiac remodeling and/or cardiac failure were evaluated in postpartum hearts 
with subsequent DNA methylation measurements to identify possible epigenetic regulatory 
mechanisms underlying gene expression differences.

To take the first steps in translating the data from the animal experiments to humans, in vitro 
experiments were performed in chapter 4. Human endothelial cells and vascular smooth 
muscle cells were cultured and incubated with plasma from early-onset preeclamptic, healthy 
pregnant, and non-pregnant women. Targets evaluated included some of the differentially 
expressed genes found in the aortas during experimental preeclampsia in chapter 2 and genes 
important in the production of endothelial derived vasoactive factors such as endothelial 
nitric oxide synthase (NOS3), endothelin 1 (EDN1) and prostacyclin synthase (PTGIS). 
DNA methylation patterns were examined to identify possible regulatory mechanisms of 
differentially expressed genes. Thereafter we determined whether the well-known circulating 
factors sFlt-1, ATP, HMGB1 and TNFα in preeclampsia may be responsible for the changes in 
gene expression induced by preeclamptic plasma. To do so, endothelial cells were incubated 
with sFlt-1, ATP, HMGB1 and TNFα, after which we studied endothelial cell activation and 
evaluated gene expression of the genes which were differentially expressed after plasma 
incubation.
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In chapter 5, we examined circulating microRNAs in preeclamptic women. This was done by 
whole genome microRNA profiling in plasma of early-onset preeclamptic, healthy pregnant 
and non-pregnant women. Three highly increased microRNAs in preeclamptic plasma vs. 
healthy pregnant plasma were further investigated by examining the direct effects of these 
microRNAs on endothelial cell function in vitro. Thereafter, targets of the microRNAs were 
evaluated by microarray and RT qPCR. 

By investigating the effects of preeclampsia, we focus on a female population. In the last 
decade it became clear that CVD develop differently between women and men. The exact 
mechanism behind these differences remains unclear. 

In chapter 6 we focused on differences in whole genome gene expression between female 
and male fetal endothelial cells. Since endothelial cells are important in the functioning of 
the vasculature, we hypothesized that the sex differences in the development of CVD might 
be due to intrinsic sex-specific differences in endothelial cells. We used fetal endothelial 
cells to examine if these ‘young’ naive endothelial cells already possess sex differences. DNA 
methylation of differentially expressed genes was examined to detect possible differences 
in epigenetic programming of these cells. Insight in sex differences of endothelial cells might 
contribute to further understanding of the development of CVD, especially in women. 
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