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1

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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General introduction and outline of this thesis

(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 
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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 



16

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. 



21

1

General introduction and outline of this thesis

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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CHAPTER 2



ABSTRACT

Normal pregnancy requires adaptations of the maternal vasculature. During preeclampsia 
these adaptations are not well established, which may be related to maternal hypertension 
and proteinuria. The effects of preeclampsia on the maternal vasculature are not yet fully 
understood. We aimed to evaluate gene expression in aortas of pregnant rats with experimental 
preeclampsia using a genome wide microarray. 
Aortas were isolated from pregnant Wistar outbred rats with low-dose LPS-induced preeclampsia 
(ExpPE), healthy pregnant (Pr), non-pregnant and low-dose LPS-infused non-pregnant rats. 
Gene expression was measured by microarray and validated by real-time quantitative PCR. 
Gene Set Enrichment Analysis was performed to compare the groups. Functional analysis of 
the aorta was done by isotonic contraction measurements while stimulating aortic rings with 
potassium chloride.
526 genes were differentially expressed, and positive enrichment of “potassium channels”, 
“striated muscle contraction”, and “neuronal system” gene sets were found in ExpPE vs. Pr. 
The potassium chloride-induced contractile response of ExpPE aortic rings was significantly 
decreased compared to this response in Pr animals. 
Our data suggest that potassium channels, neuronal system and (striated) muscle contraction 
in the aorta may play a role in the pathophysiology of experimental preeclampsia. Whether 
these changes are also present in preeclamptic women needs further investigation.
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Experimental preeclampsia in rats affects vascular gene expression patterns

Introduction

Preeclampsia is a hypertensive pregnancy disorder, which affects 2-8% of all pregnancies 
and is a leading cause of maternal and perinatal morbidity and mortality1. The development 
of preeclampsia is complex, but is thought to proceed in two stages. In the first stage, the 
placenta is poorly established (in the case of early onset preeclampsia) or poorly perfused 
(for late onset preeclampsia)2. In the second stage, proinflammatory factors, released by the 
“diseased” placenta into the maternal circulation, cause a systemic inflammatory response 
and endothelial cell activation3. This together leads to endothelial dysfunction, a hallmark 
characteristic of preeclampsia4,5, but possible also to an increased risk of developing heart and 
vascular diseases in preeclamptic women later in life6,7.
The endothelium plays an important role in the regulation of vascular tone by producing 
vasoactive factors (including: nitric oxide, endothelium-derived hyperpolarization factor 
[EDHF], prostacyclin, and endothelin-1)8–10. The endothelium-derived vasoactive factors interact 
with vascular smooth muscle cells to regulate vasoconstriction and relaxation. An imbalance 
of these vasoactive factors is associated with endothelial dysfunction11. During preeclampsia, 
an imbalance of endothelium-derived vasoactive factors occurs, with decreased nitric oxide 
production12, reduced EDHF-mediated relaxation13, and dysregulated prostacyclins14.
We recently studied endothelial function in the low dose LPS infused rat model for 
preeclampsia15. We have shown that the pregnancy-induced changes in endothelial function, 
such as an increased role of contractile prostaglandins and a decreased role of EDHF in 
acetylcholine-induced endothelial vasodilation as well as a decreased sensitivity to angiotensin 
II (angII), were not observed in the preeclamptic rat model15. Also in humans, similar changes 
occur in healthy pregnancy, while a lack of these changes are found in preeclamptic patients. 
This indicated that the model is a suitable model for studying vascular changes in preeclampsia. 
Therefore, in the present study we used this low-dose LPS induced preeclampsia model and 
studied whole genome gene expression in the maternal vasculature, using the aorta as a model 
for maternal vasculature. Thus, pregnant rats were infused with a low-dose of LPS resulting in 
the main characteristics of preeclampsia: an increase in blood pressure, proteinuria, endothelial 
cell activation and an inflammatory response16–18. The effect of experimental preeclampsia 
(ExpPE) on the maternal vasculature in rats was examined by whole transcriptome expression 
profiling of aortic tissue using a DNA microarray and by functional contraction measurements. 
For control, healthy pregnant (Pr), and control non-pregnant rats (NPr) as well as low-dose LPS-
infused non-pregnant rats (NPr+LPS) were used.
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Materials and methods
Animal model

Animal material was used from previously conducted experiments15. The use of animals was 
approved (application number: DEC-5516A) by the Ethical Committee for Animal Experimen-
tation of the University of Groningen and animal experiments were performed in accordance 
with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. Wistar 
outbred rats (Harlan Inc, Horst, the Netherlands) were housed in a 12-hour light-dark cycle 
with food and water ad libitum. A cannula was placed into the right jugular vein in animals at 
day 0 of pregnancy and also in age matched non-pregnant control animals while anesthetized 
with isoflurane/oxygen. 
Animals were infused with either LPS (E-Coli, 0.55: B5, Whittaker MA Bioproducts, Walkerville, 
Md.) or saline 14 days after cannula placement. Experimental preeclamptic rats were infusede 
with LPS for 1 hour with 1 μg/kg bodyweight dissolved in 2 ml saline (n=9). The Pr control 
animals received saline only (2 ml during 1h; n=8). 
At day 20 of pregnancy, the animals were euthanized by decapitation and thoracic and 
abdominal aortas were isolated and cleaned from surrounding tissue. Non-pregnant female 
rats with saline (n=8) or LPS (n=8) infusion were euthanized on diestrus, and aortas were 
isolated and cleaned from surrounding tissue. The thoracic aortas were placed in cold 
oxygenated Krebs solution and prepared for contraction experiments. Abdominal aortas were 
stored at -80°C until further use for microarray analysis.

RNA isolation

Total RNA was isolated from whole abdominal aortas with TriReagent (Sigma-Aldrich, St. Louis, 
MO) following the manufacturer’s instructions from all groups of rats. An additional round of 
purification was performed with RNeasy Microkit columns (Qiagen, Venlo, the Netherlands). 
RNA quality was assessed using RNA 6000 nanochips on the Agilent 2100 bioanalyzer (Agilent 
Technologies, Amsterdam, the Netherlands), and all samples showed intact 18S/28S bands.

Microarray 

The microarray was performed with three animal groups: NPr (n=4), Pr (n=5) and ExpPE (n=5). 
Total RNA (100 ng) was labelled using the Affymetrix WT plus reagent kit and hybridized to 
whole genome Genechip Rat Gene 1.1 ST arrays coding 19.357 genes (Affymetrix, Santa Clara, 
CA). Sample labelling, hybridization to chips and image scanning was performed according to 
the manufacturer’s instructions.
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Microarray data analysis

Microarray analysis was performed using MADMAX pipeline for statistical analysis of microarray 
data19. Quality control was performed and all arrays met our criteria. For further analysis a 
custom annotation was used based on reorganized oligonucleotide probes, which combines 
all individual probes for a gene20. Expression values were calculated using robust multichip 
average (RMA) method, which includes quantile normalisation21. Significant differences in 
expression were assessed using paired Intensity-Based Moderated T-statistic (IBMT22). All 
microarray data are MIAME compliant and have been submitted to the Gene Expression 
Omnibus (accession number GSE96610). Gene expression differences between the groups 
were considered significant with a p-value < 0.05 and a fold change <-1.4 or >1.4.
Gene Set Enrichment Analysis (GSEA) was performed comparing the three groups using 
MADMAX. In GSEA predefined sets of genes, which encode for one shared biological function, 
chromosomal location or regulation, are investigated and compared between the groups23. 
This way, functional changes in gene expression between the groups could be found.

Validation of the array: To verify microarray data, RNA was used from aorta of NPr (n=4), Pr 
(n=5) and ExpPE (n=5) and RT qPCR was performed as described below on 11 genes. The 11 
genes chosen were of most interest because they include: the top 2 upregulated genes in ExpPE 
vs. Pr which were also in the “striated muscle contraction” gene set. Two additional genes of 
the same gene set were also included, the top 5 mostly contributing genes to the enrichment 
of the gene set “potassium channels”, and the top 3 genes of the “neuronal system”.
 
Inclusion of the non-pregnant LPS treated animals: We did not include samples from non-
pregnant rats treated with LPS on the array, since previous research showed no physiological 
differences due to low-dose LPS infusion in non-pregnant animals15,16,18,24. Instead, RT qPCR was 
used to measure gene expression in NPr+LPS rats (n=5). We used the same 11 genes as for the 
validation of the array.

RT qPCR 

A total of 1 µg RNA was reverse transcribed using random nonamers (Sigma) and 1 µL (200 
units) M-MLV RT (Invitrogen), according to the manufacturer’s instructions. cDNA was stored 
at -20°C until further use.
RT qPCR was performed using 2 µL of 20x diluted cDNA, 2.875 µL sterile water, 0.125 µL (10 
µM) forward and reverse primer mix, and 5 µL SYBR Green PCR Master Mix (Life Technologies) 
and run in triplicates on a StepOnePlus™ Real-Time PCR System machine (Applied Biosystems) 
using the following program: 10 min 95°C, followed by 40 cycles: 15 sec 95°C and 1 min 60°C. 
Primers (Invitrogen) were designed using Primer3 and BLAST (Table 1). The expression levels 
were calculated based on a calibration curve and data were normalized to those of 36b4. 
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Significance was determined on log transformed data which was standardized to 1.0 for Pr, 
using the Student’s t-test to compare ExpPE with Pr, and to compare NPr with NPr+LPS. P < 0.05 
was considered significant. The data are presented as mean ± SEM. The correlation between 
microarray and RT qPCR gene expression values was determined by Pearson correlation.

Table 1. Primers for RT qPCR

Gene name Entrez ID Forward primer (5’ -> 3’) Reverse primer (5’ -> 3’)

Ttn 84015 AGTCAGAGCTACAGGCAACC TCCTTCAATCCTGATCCTTGGG

Tnni1 29388 CTCATCTGCACAGGAACCAAC TCAGGCTCTTCAGCATGAGTTTA

Myh3 24583 TTCGCTACGACAGATGCTGA CACAAAGTGTGGGTGAGTGG

Myh8 252942 GAGGCTGAGGAACAATCCAAC TGCGTTTACTCTGCACTGATTT

Kcna6 64358 CTTGCCTCTGAGGGCTGTG ATCCAGAATCCCCCGTCTCA

Kcnh8 246325 ATCCACTACGTCACCACCTG ATGTACGAGGGACACCACTG

Kcnq3 29682 CAAGTACAGGCGCATCCAAA TAGCAAATGTTTCCAGCAGCA

Kcnj3 50599 CGAGCATGCGGTTATTTCCA GTGTCTGCCGAGATTTGAGC

Hcn4 59266 CGTGAGGGCGGATACTTACT GTTCTTCTTGCCTATGCGGT

Cacng3 140724 TGCTTAGAAGGAGCTTTCCGA ACACAGAGTCCCCCGAAAAA

Syn3 29130 AGTTGTGAGAAATGGCACCAA AGCTGAGAGAACACCCAAGG

Contraction assay of aortic rings

Thoracic aorta tissue of Pr (n=8), NPr (n=8), NPr+LPS (n=8) and ExpPE (n=9) was first cleaned of 
surrounding tissue and then cut into 2 mm rings, which were kept in Krebs solution (26) (37°C 
and aerated 95% O2, 5% CO2). Isotonic contraction experiments were conducted with thoracic 
aorta rings according to the procedure described by Buikema et al.15,25. In brief: the aortic 
rings were equilibrated for 30 minutes. Thereafter, the rings were stimulated with potassium 
chloride (KCl) (60 mM) for 10 minutes and the contraction was evaluated by measuring 
isotonic displacements (microns). The data were analyzed using GraphPad Prism version 5.0 
on a standard computer and presented as mean ± SEM. Significance was determined with a 
One-way ANOVA followed by a Student’s t-test.
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Results
Animal model

The LPS-induced preeclampsia rat model is a well-established model with the main character-
istics of preeclampsia (i.e., elevated blood pressure, proteinuria, endothelial cell activation, 
inflammatory response)16–18. Maternal weight was significantly (p < 0.01) increased at day 20 of 
pregnancy in Pr (325.50 g ± 6.9) and ExpPE (344.22 g ± 68.5) compared to NPr (242.12 g ± 7.4) 
and NPr+LPS (249.75 g ± 6.9). The Pr and ExpPE rats did not significantly differ in body weight 
or the number of foetuses (number of foetuses: 12.1 ± 0.22 and 13.44 ± 1.0 respectively). The 
length of the pups was significantly (p < 0.05) smaller in ExpPE compared to Pr (31.57 mm ± 
0.21 and 32.36 mm ± 0.22 respectively).

Differences in transcriptome

Expression levels of 19,357 genes were measured in the aortas. Pr rats showed 662 significantly 
differently expressed genes compared to NPr control rats (p < 0.05 and a fold change > 1.4 or 
< -1.4) (Supplementary Table S1). ExpPE showed 606 significantly differently expressed genes 
compared to NPr controls (Supplementary Table S2).
Comparing ExpPE with healthy pregnancy revealed that 526 genes showed a significantly 
altered expression (Supplementary Table S3). A venn diagram shows the number of differentially 
expressed genes (Fig. 1). Figure 2 shows a heatmap using the 332 up- and 194 downregulated 
genes in ExpPE compared to Pr. The same heatmap also shows the relative gene expression 
values of the NPr control group. Interestingly, it appears that the upregulated genes in ExpPE 
are specific for ExpPE (while Pr showed gene expression levels comparable to those of NPr 
controls). The downregulated genes in ExpPE on the other hand, are specific for Pr (while 
ExpPE showed gene expression levels comparable to those of NPr controls).
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Figure 1. Venn diagram of aortic gene expression, representing three sets of genes which are differential expressed 

between the groups. The top left circle contains the differential expressed genes between healthy Pregnant (Pr; 

n=5) and Non-Pregnant (NPr; n=4) animals, the top right circle contains the differential expressed genes between 

Experimental Preeclamptic (ExpPE; n=5) and NPr animals, and the bottom circle contains the differential expressed 

genes between ExpPE and Pr. P < 0.05, fold change < -1.4 or > 1.4.
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Figure 2. Heatmap of differentially expressed genes, ExpPE vs Pr. The average expression of all samples was used 

as a reference to calculate the relative gene expressions. 332 genes were significantly (p < 0.05) upregulated (fold 

change > 1.4) and 194 genes were significantly downregulated (fold change < -1.4) in ExpPE compared to Pr. Pr=healthy 

Pregnant; NPr=Non-Pregnant; ExpPE=Experimental Preeclampsia.
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Pregnancy-induced changes in gene expression (Pr vs. NPr)

Pregnancy-induced changes were investigated by comparing gene expression levels of Pr with 
NPr control animals. The top 10 significantly up- and downregulated genes are listed in Table 
2. The most upregulated gene is Cxcl13 (chemokine [C-X-C motif] ligand 13), which encodes for 
a B-cell attracting chemokine. Number two on the list of upregulated genes is Mmp3, which 
encodes for matrix metallopeptidase 3, and is involved in tissue remodelling through the 
degradation of extracellular matrix26. The most downregulated gene in Pr is Ucp1, encoding for 
uncoupling protein 1 (mitochondrial, proton carrier). 

Table 2. Top 10 significantly up- and downregulated genes, Pr vs. NPr.

Gene name Fold change p-value

Cxcl13 12.09 < 0.001

Mmp3 7.61 < 0.001

Rnase1l2 7.19 0.004

Slfn3 7.17 < 0.001

Irf7 6.95 < 0.001

Mx2 6.01 < 0.001

Oas1a 5.62 < 0.001

Oas1b 5.44 < 0.001

Pcsk1 5.09 < 0.001

LOC100911190 4.80 < 0.001

Ucp1 -4.36 0.032

Pnpla3 -3.93 0.005

Otop1 -3.88 0.007

Aspg -3.83 0.001

Ttc25 -3.35 0.001

Hamp -3.08 0.001

Chrnb4 -3.05 0.048

Fam57b -3.04 0.029

Acly -2.98 0.011

Gpam -2.94 < 0.001

Gene expression was measured with a whole-genome microarray. Pr=healthy Pregnant; NPr=Non-Pregnant.
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Gene Set Enrichment Analysis (GSEA) was performed to investigate gene expression changes 
in predefined sets of genes. The data showed that most of the significantly positively enriched 
gene sets, in Pr vs. NPr rats were related to the immune system, (Table 3). The top four 
positively enriched gene sets were “interferon signalling”, “cytokine signalling in immune 
system”, “interferon gamma signalling” and “interferon alpha beta signalling”. 

Table 3. Gene Set Enrichment Analysis, Pr vs. NPr.

# Gene sets Normalized enrich-
ment score

Normalized 
p-value

False discovery rate 
Q-value

1 Interferon signaling 3.15 < 0.001 < 0.001

2 Cytokine signaling in immune system 3.08 < 0.001 < 0.001

3 Interferon gamma signaling 3.05 < 0.001 < 0.001

4 Interferon alpha beta signaling 2.97 < 0.001 < 0.001

Gene expression was measured with a whole-genome microarray and analyzed by Gene Set Enrichment Analysis. Listed 

are the top 4 positively enriched gene sets in healthy Pregnant (Pr) compared to Non-Pregnant (NPr).

Experimental preeclampsia-induced changes (ExpPE vs. Pr)

The top 10 significantly up- and downregulated genes in ExpPE compared to Pr are shown in 
Table 4. The two most highly upregulated genes in ExpPE are important in the organization 
of muscles: Ttn (Titin) and Tnni1 (troponin I type 1 [skeletal, slow]). The most downregulated 
genes were Nlrp1b (NLR family, pyrin domain containing 1B) and Ccl11 (chemokine [C-C motif] 
ligand 11). Also potentially interesting is #10 in the list, Wnt16 (Wnt Family Member 16).
Below the top 10 we also found some interesting genes with regard to possible changes in 
vascular function, for example Nos1 (nitric oxide synthase 1; p = 0.044, fold change = 1.67), 
Edn3 (endothelin 3, p = 0.034, fold change = 1.46), and Ang2 (angiogenin, ribonuclease A family, 
member 2; p = 0.010, fold change = 1.45) were upregulated in ExpPE compared to Pr and Esm1 
(endothelial cell specific molecule 1; p = 0.026, fold change -1.78) was downregulated in ExpPE 
compared to Pr.
GSEA was performed comparing ExpPE to Pr. The most positively enriched gene sets were 
“potassium channels”, “striated muscle contraction” and the “neuronal system” (Table 5). The 
genes that contribute the most within the potassium channels gene set are Kcna6, Kcnh8 and 
Hcn4. The genes that contribute the most within the neuronal system gene set are Kcna6, 
Cacng3 and Syn3, and for the striated muscle contraction gene set are Myh8, Tnni1 and Myh3. 
A heatmap of the 20 most strongly contributing genes in the potassium channels gene set was 
generated (Fig. 3). 



48

Table 4. Top 10 significantly up- and downregulated genes, ExpPE vs. Pr.

Gene name Fold change p-value

Ttn 8.16 0.049

Tnni1 3.27 0.039

RGD1564480 2.49 0.004

Syngr3 2.48 0.031

Ugt1a1 2.46 0.021

Rab6b 2.34 0.041

Scg3 2.30 0.025

Snca 2.29 0.007

Mcpt9 2.26 0.008

Add2 2.26 0.028

Nlrp1b -2.97 0.023

Ccl11 -2.57 0.007

LOC100359993 -2.55 0.017

RGD1561778 -2.51 0.002

LOC100361319 -2.15 0.008

LOC681325 -2.12 0.005

RT1-CE5 -2.12 0.026

Rpl23a -2.10 0.022

Cd180 -2.06 0.002

Wnt16 -2.05 0.014

Gene expression was measured with a whole-genome microarray. ExpPE=Experimental Preeclampsia; Pr=healthy 

Pregnant.
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Table 5. Gene Set Enrichment Analysis, ExpPE vs. Pr.

# Gene sets Normalized enrich-
ment score

Normalized 
p-value

False discovery rate 
Q-value

1 Potassium channels 2.40 < 0.001 < 0.001

2 Voltage gated potassium channels 2.40 < 0.001 < 0.001

3 Striated muscle contraction 2.35 < 0.001 < 0.001

4 Neuronal system 2.30 < 0.001 < 0.001

Gene expression was measured with a whole-genome microarray and analysed by Gene Set Enrichment Analysis. Listed 

are the top 4 positively enriched gene sets in Experimental Preeclampsia (ExpPE) compared to healthy Pregnant (Pr).

Figure 3. Heatmap of the 20 most contributing genes to the positive enrichment of the potassium channel gene set. 

The average expression of all samples was used as a reference to calculate the relative gene expressions. Pr=healthy 

Pregnant; NPr=Non-Pregnant; ExpPE=Experimental Preeclampsia.
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Microarray validation

Real-time quantitative PCR (RT qPCR) was performed to validate the microarray data. Gene 
expression levels of 11 genes in total were evaluated. The 11 genes chosen were of most 
interest because they include: the top 2 upregulated genes in ExpPE vs. Pr which were also in 
the “striated muscle contraction” gene set. Two additional genes of the same gene set were also 
included, the top 5 mostly contributing genes to the enrichment of the gene set “potassium 
channels”, and the top 3 genes of the “neuronal system”. For 9 of the 11 genes a significant 
linear correlation was found between RT qPCR data and array data (Supplementary Fig. 1). For 
Myh3 and Myh8 (Supplementary Fig. 1C,D) no linear correlation was found, probably due to 
very low expression values which are not properly detectable by RT qPCR. 

LPS-infusion in NPr controls

As a control for LPS effects, expression of 11 genes (also included in the validation of the array) 
was measured by RT qPCR in LPS-infused non-pregnant rats (Fig. 4). Ttn, Myh3, Myh8, Kcna6, 
Kcnh8 (Fig. 4A, C-F), Hch4 (Fig. 4I), and Syn3 (Fig. 4K) were all significantly increased in ExpPE 
rats vs Pr rats, but not in NP+LPS vs NP. The expressions of the genes Kcnq3 (Fig. 4G), and 
Cacng3 (Fig. 4J) were significantly increased in NP+LPS vs NP and not in ExpPE vs Pr.

Figure 4 (right). Gene expression was measured by RT qPCR of an additional control group for LPS infusion in non-

pregnant animals. Expression levels of Ttn, Tnni1, Myh3, Myh8, Kcna6, Kcnh8 (A-F), Kcnj3, Hch4, (H,I), and Syn3 (K) did 

not differ between NPr and NPr+LPS animals. The genes Kcnq3 (G), and Cacng3 (J) were found differently expressed 

due to LPS infusion independent of pregnancy. Pr=healthy Pregnant; ExpPE=Experimental Preeclampsia; NPr=Non-

Pregnant; NPr+LPS=Non-Pregnant + LPS. Data are presented as mean ± SEM. * p < 0.05.
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Ex vivo aortic ring contractile response to KCl

To examine functional changes of the aorta in response of potassium ions, aortic rings were 
incubated with KCl ex vivo and the contractility of the rings was measured. The contractile 
response of ExpPE aortic rings was significantly decreased compared to Pr rats (Fig. 5). Non-
pregnant animals treated with LPS did not differ in contractile aortic response after KCL 
incubation compared to non-pregnant animals without LPS treatment.

Figure 5. Contractility of aortic rings (isotonic displacement (microns)) after KCl (60mM) incubation of 10 minutes. 

Aorta rings of Experimental Preeclamptic animals (ExpPE) had a significantly decreased response to KCl compared to 

healthy Pregnant (Pr) animal aorta rings. Non-Pregnant animals treated with LPS (NPr+LPS) did not differ in contractile 

aortic response after KCL incubation compared to Non-Pregnant animals without LPS treatment (NPr). Data are 

presented as mean ± SEM. * p < 0.05.
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Discussion

The aim of this study was to evaluate changes in the vascular transcriptome due to experimental 
preeclampsia in the rat. Therefore, we examined gene expression patterns in aortic tissue in 
non-pregnant, healthy pregnant and experimental preeclamptic rats by microarray technology. 
Eleven upregulated genes in ExpPE vs. Pr were validated by RT qPCR, and also evaluated in an 
additional control group of non-pregnant animals infused with LPS. This study showed that the 
gene sets “potassium channels”, “striated muscle contraction” and “neuronal system” were 
positively enriched in aortic tissue from preeclamptic rats vs. healthy pregnant rats (Fig. 6). 

Figure 6. Schematic overview of the main findings and the hypothesis of the role of the findings. During pregnancy 

the experimental preeclamptic syndrome is induced, resulting in the main features of preeclampsia. Gene expression in 

the aorta is changed compared to healthy pregnant control animals which can lead to vascular changes in the animals 

and contribute to the preeclamptic syndrome. The three most contributing genes to the positively enriched gene sets 

are shown.

During pregnancy the maternal vascular system undergoes considerable adaptations, which 
are of importance for maternal health and fetal growth and development27,28. In the present 
study, we found pregnancy-induced adaptations in gene expression patterns in aortic tissue 
by comparing the Pr group with the NPr controls. We found that over 600 genes were 
differentially expressed in the aorta between the Pr and NPr group. The most notable changes 
were seen in genes associated with the immune system, such as the twelve-fold upregulation 
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of Cxcl13, which encodes for a B-cell-attracting chemokine. Mmp3, which encodes for matrix 
metallopeptidase 3, was also upregulated in aortic tissue during Pr compared to NPr, which 
was also shown by Kelly et al.29. The Mmp family plays a role in vascular remodelling and 
angiogenesis by the degradation of extracellular matrix30,31.
GSEA was done to find functional changes in gene expression between the groups, with the 
use of predefined sets of genes. Each gene set encodes for one shared biological function, 
regulation or chromosomal location23. GSEA revealed that gene sets related to interferon (γ) 
signalling and cytokine signalling were highly positively enriched in the healthy pregnant group 
compared to NPr controls. Interferon γ is known to have a pro-inflammatory effect on the 
endothelium by upregulation of surface adhesion molecules and chemokines, such as CXCR3, 
CCR5, and CX3CR1 ligands32. Cytokine signalling in the endothelium may play an important 
role in the immune system and could be related to important changes in the immune system 
necessary for a healthy pregnancy33,34.
Experimental preeclampsia in rats induced with low-dose LPS during pregnancy is one of the 
main models to study the effects of preeclampsia on both the mother and the offspring15,18,24,35–38. 
We choose to use the aorta, since the aorta is easily accessible and often used for studies of 
vascular function in pregnancy, including our own studies15,39–41. The aorta, however, is a typical 
conductance vessel, rather than a resistance vessel associated with blood pressure regulation. 
Although the present study showed differential regulation of various genes and gene sets 
between the three groups of rats, in future studies we will need to confirm the role of these 
gene sets in hypertension and vascular function in resistance vessels.
The comparison of ExpPE with Pr revealed that over 500 genes were significantly (p < 0.05) 
differently expressed in the aorta with a relatively high fold change (> 1.4 or < -1.4). The most 
upregulated genes in ExpPE compared to Pr were Ttn (Titin) and Tnni1 (troponin I type 1 
[skeletal, slow]), which are both important in muscle organization42,43. While the protein Titin 
is mostly known for its expression in skeletal muscle, it is also expressed in smooth muscle 
of the aorta42. Granzier et al.44 hypothesize that Titin could influence structural integrity and 
passive elasticity of smooth muscle tissues by linking dense bodies to thick filaments. Titin is 
also associated with heart failure with preserved ejection fraction by influencing the elasticity 
of myocardial muscle45,46. An increase of certain isoforms of Titin, which is also detected in a 
spontaneously hypertensive rat model47, correlates with increased passive stiffness of muscle 
tissue44,48. We are the first to hypothesize a role of increased Titin in hypertension in relation to 
preeclampsia. Multiple other genes associated with vascular function (Nos1, Edn3 and Ang2) 
were also upregulated in ExpPE.
The most downregulated genes were Nlrp1b (NLR family, pyrin domain containing 1B) and 
Ccl11 (chemokine [C-C motif] ligand 11). The proteins encoded by these genes both play a role 
in inflammation. Nlrp1b also plays a role in programmed cell death. Also potentially interesting 
is #10 in the list of downregulated genes, Wnt16 (Wnt Family Member 16). The Wnt family 
is implicated in various developmental processes49. Downregulation of Wnt16 is associated 
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with vascular calcification50, which plays a role in vascular stiffness and is associated with 
hypertension51. The protein Wnt16 has been reported in circulatory vesicles of healthy pregnant 
women, while it was not detected in preeclamptic women52. If this gene is downregulated in 
preeclamptic patients, it may contribute to the development of artery calcification, which is 
observed in formerly preeclamptic women later in life53. 
We performed a GSEA analysis in order to evaluate which gene sets are up- or downregulated 
in the aorta of preeclamptic rats. We showed that the most positively enriched gene sets 
were “potassium channels”, “striated muscle contraction” and “neuronal system”. The first 16 
most highly contributing genes for the positive enrichment of the potassium channel gene set 
are significantly upregulated in ExpPE compared to Pr, 11 of these 16 genes are significantly 
upregulated in ExpPE compared to NPr controls. Since none of these genes are different 
between Pr and NPr animals, the effect of experimental preeclampsia on potassium channel 
gene expression is specific for experimental PE and not induced by pregnancy. Potassium 
channels play an important role in the vasculature by the establishment of the membrane 
potential54. The membrane potential determines the depolarization/repolarization state of 
cells, which affects the contractility of vascular smooth muscle cells54,55. Endothelial cells also 
express potassium channels56. The channels regulate the endothelial cell membrane potential 
and are, via Ca2+ signalling, involved in the production and release of endothelial derived 
vasoactive factors, such as nitric oxide, prostaglandins and EDHF57. 
 A role of potassium channels in aortic contraction in experimental preeclampsia may be in 
line with previous studies from our lab in the same model, in which we found an increased 
effect of EDHF and a decreased effect of prostaglandins in endothelial acetylcholine induced 
vasodilation in the aorta of preeclamptic rats vs. the aorta of healthy pregnant rats15. In this 
same study, we also found increased angII sensitivity in the aortas of preeclamptic rats. Since 
both EDHF and prostaglandins58, but also angII59,60 may affect vascular function via potassium 
channels, potassium channels may play a central role in the endothelial dysfunction in this 
model. This is also obvious from our ex vivo experiment in which aortic rings were treated with 
potassium chloride to induce contraction. We found decreased contraction in the aortic rings 
from preeclamptic rats, which may also suggests a different function of potassium channels 
in aortas of preeclamptic rats. Further studies are, however, needed to show the role of the 
increased expression of potassium channel genes in the decreased response to potassium 
in the aortas of rats with ExpPE, since potassium induced contraction in the ex vivo aortic 
contraction experiment may be due to membrane depolarization activating voltage operated 
calcium channels, inducing the influx of calcium into the cells and thereby contraction61. Our 
suggestion of a role for potassium channels in the hypertension in preeclampsia, seems to 
be in line with data from previous studies. It has been shown that during hypertension, ion 
channels are remodelled in the vasculature62, suggesting an important role of ion channels 
in the modulation of vascular tone. In line with the role of increased expression of potassium 
channels in hypertension, Cox et al.63 found increased expression levels of some potassium 
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channel genes in the hypertensive animals as compared with normotensive animals63. Other 
studies with hypertensive rat models also showed that the expression of potassium channel 
genes influence vascular dysfunction64 or hypertension65, though in these two studies a decrease 
or inhibition of a potassium channel gene induces this effect. Since upregulation of potassium 
channels is often associated with vasodilation54 we speculate that the increase in genes 
encoding for the gene set potassium channels could be an compensatory mechanism (which 
is insufficient in the present model), related to hypertension induced by other mechanisms, 
such as sympathetic activation66. The exact role of potassium channels in our model therefore 
needs further investigation.
Although our results strongly indicate a role of potassium channels in the pathogenesis of 
the present model, it remains to be established whether the changes in potassium channels 
also occur in preeclampsia. Watanapa et al.67 suggest such a role for potassium channels in 
preeclampsia, since they showed changes in potassium currents after incubation of endothelial 
cells with human preeclamptic plasma. It appeared that due to incubation with plasma, 
the inward K+ currents were decreased compared to stimulation with plasma from healthy 
pregnancy, which may result in endothelial cell dysfunction and in a reduced production and 
release of vasodilators of endothelial cells67.
Next to the potassium channels gene set, the neuronal system gene set and striated muscle 
contraction gene set were also highly upregulated. Although in our model we did not study 
sympathetic activity, the upregulation of genes important in the neuronal system may suggest 
that neuronal genes affect vascular function in this model of experimental preeclampsia. 
The autonomic nervous system innervates the vascular wall and mediates vascular tone68: 
increased sympathetic activation, which is part of the autonomic nervous system, is strongly 
correlated with human hypertension69 as well as with hypertension during pregnancy70. 
Upregulated genes in the neuronal system could indicate an increased sympathetic activity 
resulting in vasoconstriction, contributing to the hypertension in our model. This data seem to 
be in line with the suggestion of Schobel et al. stating that during preeclampsia over-activity of 
the sympathetic system occurs71. 
The gene set for striated muscle contraction was also upregulated. Signalling pathways in 
striated muscle contraction (including skeletal and cardiac muscle contraction) have many 
similarities with signalling pathways in smooth muscle contraction72. Furthermore, smooth 
muscle cells of the embryonic dorsal aorta, which progresses into the descending aorta, have 
a common clonal origin with skeletal muscle cells73. So, in analogy with skeletal muscle43,74–76, 
we speculate that this gene set also plays a role in smooth muscle contraction of the aorta and 
thus contributes to the hypertension in our model.
Although we did not include non-pregnant LPS rats in the array, we used RT qPCR to test 
the expression of the 11 most relevant upregulated genes in ExPE vs Pr rats. In line with our 
expectation that LPS would not affect gene expression in non-pregnant rats, nine out of eleven 
genes did indeed not respond to LPS in non-pregnant animals. Only the genes Kcnq3 and 
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Cacng3, increased upon LPS infusion in non-pregnant animals. Thus, the results suggest that 
most, but not all, genes differentially expressed in the preeclamptic animals are pregnancy 
specific and related to the preeclamptic state in the rat.
In conclusion, our data showed that experimental preeclampsia in rats resulted in changes 
in gene expression levels in the aorta compared to healthy pregnant rats. The data suggest 
that in the present model potassium channels and innervation as well as (striated) muscle 
contraction in the aorta may play a role in the pathophysiology. Whether similar changes take 
place in the vasculature in human preeclampsia remains to be established. We are currently 
preparing experiments in which cultured human endothelial and vascular smooth muscle 
cells are incubated with human preeclamptic and healthy pregnant plasma, followed by gene 
expression measurements. Our findings may contribute to a better understanding of the effects 
of the preeclamptic syndrome on the maternal vasculature. It may also help to explain the 
long-term effects of preeclampsia on the increased incidence for heart and vascular disease.
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ABSTRACT

Formerly preeclamptic women have an increased risk for cardiovascular diseases later in life. 
Here we aim to identify the molecular mechanisms involved in the long-term effects on the 
heart following experimental preeclampsia (ExpPE), and compare these effects to the long-
term effects of a healthy pregnancy.
ExpPE was induced by low-dose LPS infusion in pregnant Wistar outbred rats; control 
pregnant rats were infused with saline. The dams were euthanized 9 weeks postpartum and 
the hearts of formerly ExpPE, formerly healthy pregnant and never pregnant female age-
matched controls animals were collected. Genes known to be involved in heart failure and/
or cardiac remodelling were investigated and multiple genes (e.g. Myh7, Ttn, Col1a1) showed 
differential expression between the three groups. To identify possible epigenetic regulators, 
DNA methylation of the differentially expressed genes was examined, indicating that Myh7 
expression might be regulated by the DNA methylation pattern. The status of activation of 
endothelial cells was determined by investigating Intercellular Adhesion Molecule 1 (ICAM-1) 
with immunohistochemistry, revealing increased intensity of the ICAM-1 staining in the hearts 
of formerly ExpPE vs. never pregnant rats.
We here show that ExpPE has long-term effects on cardiac gene expression patterns, which 
differ from the long-term effects of a healthy pregnancy. This might indicate aberrant cardiac 
remodelling during or after experimental preeclampsia, which possibly influences long-term 
cardiac function. ExpPE also induced changes in endothelial cell activation. Our data might 
potentially also lead to the identification of new mechanisms in humans in relation to structural 
cardiac changes postpartum healthy and preeclamptic pregnancies.
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Introduction

Preeclampsia is a pregnancy disorder affecting 2-8% of all pregnancies1. The main characteristics 
of preeclampsia are de novo hypertension and proteinuria1. Although the exact etiology of 
preeclampsia remains elusive, the pathophysiology is thought to arise in the placenta2. The 
poorly established and/or perfused placenta produces proinflammatory as well as anti-
angiogenic factors, which are released into the maternal circulation, inducing generalized 
systemic inflammation and endothelial dysfunction3. 
Formerly preeclamptic women are at increased risk of developing cardiovascular diseases later 
in life4,5. The mechanisms behind this increased risk for cardiovascular disease is unknown, 
however, studies have shown that endothelial dysfunction persists after preeclampsia6,7. 
The heart needs to be remodelled to ensure a healthy pregnancy8: The cardiac output and 
heart rate increase and left ventricular wall mass and thickness increase8. During preeclampsia, 
cardiac remodelling includes an even further increase in left ventricle mass, while cardiac 
output is reduced9. Studies showed that these structural cardiac changes persists after 
preeclampsia10,11, which might contribute to the increased occurrence of diastolic dysfunction 
postpartum preeclampsia11.
Persistent changes in the cardiovascular system after preeclampsia may be induced by 
epigenetic programming12. One of the main mechanism of epigenetic programming is DNA 
methylation12. Various factors can alter the DNA methylation pattern, such as diet, exercise, 
exposure to chemicals/drugs, but also disease exposure13. We hypothesize that epigenetic 
programming in the maternal cardiovascular system may be involved in the increased risk of 
preeclamptic women to develop cardiovascular diseases later in life. 
Therefore, in this study, we aimed to investigate the long-term effects of experimental 
preeclampsia in the rat heart. We used the well-established  low-dose LPS infused pregnant 
rat as a model for preeclampsia14. In this animal model for preeclampsia we examined the 
activation status of endothelial cells in the heart and gene expression levels of genes important 
in cardiac function and remodelling 9 weeks postpartum. The investigated genes include genes 
previously found upregulated in the aorta during experimental preeclampsia compared to 
healthy pregnant animals, which are also known to contribute to heart function (Ttn, Tnni1, 
Kcnj3, Kcnq3, Hcnh8, and Hcn4)15. Also included in this study are genes known to play a role 
in cardiac remodelling and/or the development of heart diseases (Myh7, Actc1, Tnnt2, Mmp2, 
Col1a1, Col3a1). Finally, we measured the DNA methylation patterns of differentially expressed 
genes to identify possible epigenetic programming of cardiac tissue.
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Materials and Methods
Animal model

Animal tissues from previously conducted experiments were used16. The Ethical Committee for 
Animal Experimentation of the University of Groningen approved the animal use (application 
number: DEC-5516B), and the experiments were conducted in accordance with the applicable 
protocols of the institute. 
Female Wistar outbred rats (Harlan Inc., Horst, the Netherlands) were housed in a 12-hour 
light-dark cycle. Food and water were available ad libitum. At day 0 of pregnancy, and in age 
matched non-pregnant controls, a permanent cannula was placed into the right jugular vein, 
while anesthetized with isoflurane/oxygen as previously described17. At day 14 of pregnancy, 
pregnant animals were infused with either LPS (1 μg/kg body weight [E. coli, O55: B5, 
Whittaker MA Bioproducts, Walkersville, MD, USA]) for 1 hour dissolved in 2 ml saline (n=10) 
to induce experimental preeclampsia, or with saline only (2 ml during 1h) (n=10)14. The age-
matched Never Pregnant animals (NPr; n=14)) were, 14 days after cannula placement, infused 
with saline. The LPS-induced preeclampsia model is characterized by the main characteristics 
of preeclampsia: an increased blood pressure and proteinuria as well as growth restricted 
fetuses in the last week of pregnancy14,18,19. This model is also characterized by endothelial cell 
activation and a generalized inflammatory response18,20. 
After delivery, pups were separated from the mother, the weight and length of the pups was 
measured and the pups were euthanized. The dams, formerly Experimental Preeclampsia 
(fExpPE) rats and formerly healthy Pregnant (fPr) animals were subsequently housed in groups 
in a 12-hour light-dark cycle with chow food and water ad libitum. Nine weeks after delivery, 
aortic blood pressure was measured using the tail cuff method16. Afterwards, the fExpPE, fPr 
and the age-matched NPr animals were euthanized by heart puncture and the hearts were 
collected and snap-frozen until further use.

RNA and DNA isolation

RNA and DNA were isolated from cryostat sections of the hearts. The tissue slices (approximately 
20 mg) were homogenized using the TissueLyser LT (Qiagen, Hilden, Germany) for 30 s at 50 
Hz for 2 times. Total RNA and DNA were isolated with the use of AllPrep DNA/RNA Mini Kit 
(Qiagen) according to the manufacturer’s instructions. 
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RT qPCR

1 µg of total RNA was reverse transcribed using random nonamers (Sigma-Aldrich, Saint 
Louis, MO, USA) and M-MLV reverse transcriptase (200 units [Invitrogen, Carlsbad, CA, USA]), 
following the manufacturer’s instructions. cDNA was diluted 1:10 and stored at -20°C until 
further use. The primers (Invitrogen) were designed using Primer3 and BLAST or based on 
literature (Table 1).
RT qPCR was performed using 2 µL cDNA, 0.125 µL (10 µM) forward and reverse primer mix, 5 
µL PowerUp™ SYBR™ Green Master Mix (Life Technologies, Carlsbad, CA, USA), and 2.875 µL 
sterile water and run in triplicates on a StepOnePlus™ Real-Time PCR System machine (Applied 
Biosystems, Foster City, CA, USA). The PCR protocol used: 2 min 50°C, 2 min 95°C, followed by 
40 cycles: 3 sec 95°C, 30 sec 60°C. Expression levels were analysed by the 2-∆CT method and 
were normalized to the mean of 36b4 and 18S.

Table 1. Primers for RT qPCR

Gene name Forward primer (5’ -> 3’) Reverse primer (5’ -> 3’)

36b4 GCTTCATTGTGGGAGCAGACA CATGGTGTTCTTGCCCATCAG

18s CGGCTACCACATCCAAGGA CCAATTACAGGGCCTCGAAA

Icam139 AGATCATACGGGTTTGGGCTTC TATGACTCGTGAAAGAAATCAGCTC

Pecam140 AATGGGACTGCACCCATCACTT TGGTGGGCTTGTCTGTGAATGT

N2ba41 CGGCAGAGCTCAGAATCGA GTCAAAGGACACTTCACACTCAAAA

N2b41 CCAACGAGTATGGCAGTGTCA TGGGTTCAGGCAGTAATTTGC

Kcnh8 ATCCACTACGTCACCACCTG ATGTACGAGGGACACCACTG

Kcnj3 CGAGCATGCGGTTATTTCCA GTGTCTGCCGAGATTTGAGC

Kcnq3 CAAGTACAGGCGCATCCAAA TAGCAAATGTTTCCAGCAGCA

Tnni1 CTCATCTGCACAGGAACCAAC TCAGGCTCTTCAGCATGAGTTTA

Hcn4 CGTGAGGGCGGATACTTACT GTTCTTCTTGCCTATGCGGT

Myh7 AAGAGCCTCCAGAGTTTGCT TGATGAGGCTGGTGTTCTGG

Actc1 CAAAGCACGCCTACAGATCC GCCCCATACCTACCATGACA

Tnnt2 GATCGAGGCTCACTTCGAGA CGACGCTTTTCGATCCTGTC

Mmp2 CATTGCTCAGATCCGTGGTG ACCCAGTACTCATTCCCTGC

Col1a1 ACCTTGAGGTGGACACTACC TCCAGTACTCTCCGCTCTTC  

Col3a1 CCCGGCAACAATGGTAATCC GTCCAGCTACTCCAGGGTTT
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Pyrosequencing

200 ng of DNA was bisulfite treated using the EZ DNA Methylation-Gold Kit (Zymo Research, 
Irvine, CA, USA), following manufacturer’s instructions. Primers (Invitrogen) were designed 
using PyroMark Assay Design software 2.0 (Qiagen) (Table 2). Pyrosequencing assays were 
designed using PyroMark Q48 Autoprep software (Qiagen). The analysed sequence (including 
numbered CpG positions) and the location of the sequence in relation to the transcription 
start site are depicted in Figure 1. Bisulfite treated DNA was amplified by PCR with the 
following protocol: 95°C for 15 min followed by 45 cycles of 94°C – 30s, 58°C (Icam1, Myh7 
and Hcn4)/60°C (Col1a1 and Kcnj3) – 30s, followed by 72°C for 7 min, stored at -20°C and 
used within two days. Pyrosequencing was performed on the PyroMark Q48 (Qiagen) following 
manufacturer’s instructions. 

Table 2. Primers for pyrosequencing

Gene 
name

Forward primer (5’ -> 3’) Reverse primer (5’ -> 3’) Sequencing primer (5’ -> 3’) 

Kcnj3 GGAAAGTAGGGGTGGTTTG CCTTATCACTC-
CCCCCTCCTATCTTTTA (B)

GTTTGAAGTTTTTTTTTATTTTA-
AT

Hcn4 TGGGTTTAGTTAGAGGAGG-
TAAAG (B)

CTCTCTTCCCTCCCTCCTA TTCCCTCCCTCCTAC 

Myh7 GGGTGGTTGGAATTATGAGA CTCCTCCCTTCCAAACTATTCTAC-
CC (B)

TTTATGTGTTTAAGGGGT 

Col1a1 AGTAGAAGGGGAGGGAGT AAAATCCTATCCTTCCATTAC-
TATCTC (B)

AAGGGGAGGGAGTTA 

Icam1 AGTTATTGGAGGATTAGGG-
TAAAGTGT

CCCCCCACATATCAT-
TACTTCAATTTA (B)

GGGTAAAGTGTAGGTAGTA 

(B) = biotinylated primer.

Figure 1 (Right). DNA sequences. Schematic representation of the by pyrosequencing analysed sequences (including 

the numbered CpG positions) and the location of the sequence in relation with the transcriptional start site (TSS). This 

was done for Myh7 (A), Hcn4 (B), Col1a1 (C), Kcnj3 (D), and Icam1 (E).
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5’ 3’ 

TSS 
+1 

Myh7 

 
5’ -691 
AACCG1CG2GAGTGAAACAGAAAACATGAGTTGTCTGGACA
AACG3CTGTTGTCTCG4TACG5TGGCT 3’ -751 
(complementary strand) 

-751 -691 

A) 

5’ 3’ 

TSS 
+1 

Hcn4 
 
5’ -16 
G1ATCAGGGGCG2CG3GCG4CG5CG6GCCG7G
GCTCCAGGCG8CCCCG9CCCCCG10 3’ -61 
(complementary strand) 

-61 -16 

B) 

5’ 

TSS 
+1 

Col1a1 

 
5’ -1616 
CG1TCG2CTGGCCG3TGGGCAGTTAGGCTAAGCG4GT
GCG5GGTGGGGTGGCAGAGGGAGACTGC 3’ -1675 
(complementary strand) 

-1675 -1616 

C) 

5’ 3’ 

TSS 
+1 

Kcnj3 

 
5’ -704 
CCCG1AGAGTCCACCCG2AAGGCCCG3GGTGGCACG4CG5TG
GAAACTCG6GTCG7CCCG8CG9CACCG10CAGG 3’ -651 

-704 -651 

D) 

3’ 

5’ 3’ 

TSS 
+1 

Icam1  
5’ -30 
GCG1GAGCAGGGCACCG2GCACTGGGTGCAGGCTGAGACC
G3CACG4CAGCTTTTATAGTCTCG5GGCCACG6GGGGGCCG7

AGGGGC 3’ -110 
Complementary strand 

-110 -30 

E) 
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Immunohistochemistry

Cryostat sections (5 μm) of snap frozen hearts were fixed using acetone (5 min incubation at 4°C) 
and stained for rat endothelial cell marker HIS5221 (also known as: Rat Endothelial Cell Antigen 
1 [RECA-1]) (1:6 diluted) and Intercellular Adhesion Molecule 1 [ICAM-1] [1:200 diluted, clone: 
1A29, BD Pharmingen™]) with the use of Polink-2 HRP Plus Mouse-NR DAB Detection System 
for Immunohistochemistry (GBI Labs). Manufacturer’s instructions were followed. Slides were 
scanned using the Hamamatsu Nanozoomer (40x magnification) and analysed with Aperio 
ImageScope v12.1.0.5029. Four randomly selected squares (500 by 500 pixels) per slide were 
analysed using the algorithm ‘Positive pixel Count V9’ to determine positive pixel count and 
the intensity of positive pixels. The average positivity (number of positive pixel/total number 
of pixels measured) and the average intensity ((total intensity of weak + moderate + strong 
positive pixels)/(Number of weak + moderate + strong positive pixels)) were calculated and 
compared between the three groups. 

Statistics

All data were analysed with Graphpad Prism 5.0 on a standard computer. Normality of all  data 
was tested by the D’Agostino-Pearson normality test. Animal characteristics are presented 
as mean ± SD and significance was determined by two-tailed t-tests. RT qPCR data were 
normalized to 1.0 for fPr. RT qPCR data and immunohistochemistry data are both presented as 
whiskers boxplots and significance was determined by the Kruskal-Wallis test followed by the 
Mann Whitney test. DNA methylation data are presented as mean ± SD and significance was 
determined by one-way analysis of variance with a Bonferroni post-test to compare all pairs of 
columns. In all experiments, p < 0.05 was considered significant.
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Results
Animal model

Infusion of a low-dose of LPS during pregnancy to induce experimental preeclampsia in rats is 
a well-established model in our laboratory with the main characteristics of preeclampsia (i.e., 
increased blood pressure, proteinuria, low-grade systemic inflammatory response, endothelial 
cell activation)14,18,20. At term, maternal weight, litter size, and pup weight did not differ between 
fPr compared to fExpPE (Table 3). The length of the pups, however, was significantly decreased 
in fExpPE compared to fPr (Table 3). Nine weeks postpartum, no differences were found in 
weight, blood pressure and urinary protein excretion between the three groups (Table 3).

Table 3. Rat characteristics

(f)Pr (f)ExpPE NPr

Maternal weight at term (g) 375.5 ± 12.71 369.6 ± 21.29 n.a.

Litter size 10.6 ± 3.8 11.8 ± 2.4 n.a.

Weight pups (g) 6.277 ± 0.3889 6.167 ± 0.3144 n.a.

Length pups (mm) 51.23 ± 1.456 49.50 ± 1.437 * n.a.

Maternal weight 9 weeks  
postpartum (g)

283.1 ± 24.18 281.2 ± 12.09 281.8 ± 19.27 

Systolic BP 9 weeks  
postpartum (mmHg)

135.9 ± 7.875 131.2 ± 13.29 137.3 ± 12.65 

Diastolic BP 9 weeks  
postpartum (mmHg)

91.17 ± 8.054 91.00 ± 13.02 93.67 ± 14.50 

Urinary protein excretion 9 
weeks postpartum (mg/24h)

4.536 ± 2.280 4.954 ± 3.021 5.239 ± 2.655 

* p < 0.05 compared to Pr, determined by two-tailed t-tests. Data are presented as mean ± SD. N.a. = not applicable; 

BP = Blood Pressure; (f)Pr = (formerly) healthy Pregnant; (f)ExpPE = (formerly) Experimental Preeclampsia; NPr = Never 

Pregnant.
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Endothelial cell activation

In this study we focused on the long-term effects in the hearts of the dams 9 weeks after 
experimental preeclampsia or healthy pregnancy. To evaluate activation of endothelial cells 
in the hearts of rats following preeclampsia or a normal pregnancy, cryostat sections of the 
hearts of fExpPE, fPr and NPr were stained by immunohistochemistry for ICAM-1 (Fig. 2A,C,E) 
and the endothelial cell marker RECA-1 (Fig. 2B,D,F). No differences in the number of RECA-1  
positive pixels were found between the 3 groups (Fig. 2G). ICAM-1 positive pixel number was 
significantly lower in fPr compared to NPr (Fig. 2H), while the intensity of the staining was not 
different between fPr and NPr (Fig. 2I). On the other hand, fExpPE showed a trend towards 
increased ICAM-1 positive pixel number compared to  fPr (p = 0.054) (Fig. 2H), while the 
intensity of the staining was significantly increased in fExpPE vs. NPr animals (Fig. 2I). 
We also determined the gene expression levels of Icam1. The gene Pecam1 (platelet and 
endothelial cell adhesion molecule 1) was chosen as a marker for endothelial cells and the 
expression levels of both genes were measured by RT qPCR (Fig. 2J,K). Pecam1 levels were 
upregulated in fPr compared to NPr animals (Fig. 2J), while Icam1 expression did not differ 
between fPr, fExpPE and NPr (Fig. 2K).
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Figure 2. Endothelial cell activation in postpartum cardiac tissue. Cross sections of the heart were stained with ICAM-1 

(A,C,E) and RECA-1 (B,D,F). The average staining of RECA-1 (G) and ICAM-1 (H) were calculated. The average intensity 

of ICAM-1 positive pixels was also determined (I). Gene expression analysis was done by qRT PCR of Pecam1 (J) and 

Icam1 (K). fPr = formerly healthy Pregnant; fExpPE = formerly Experimental Preeclampsia; NPr = Never Pregnant; Data 

are presented as whiskers boxplots. * p < 0.05, ** p < 0.01.
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Expression of genes known to be differentially expressed in ExpPE

In a previous study we found differentially expressed genes in the aorta of rats in experimental 
preeclamptic rats vs. healthy pregnant rats15. Some of these genes are also expressed in cardiac 
tissue and may determine cardiac function15. Of those, we here investigated the genes found 
most interesting for cardiac function, Hcnh8, Kcnj3, Kcnq3, Ttn, Tnni1, and Hcn4. Kcnh8 and 
Kcnq3 were not differentially expressed between the three groups (Fig. 3A,C). Expression levels 
of Kcnj3 (Fig. 3B), however, were increased in both fPr and fExpPE compared to NPr animals. 
Two Ttn isoforms (N2b and N2ba) were measured. N2b was not expressed significantly 
different between the groups, while N2ba was upregulated in fPr compared NPr controls; 
fExpPE showed expression levels between fPr and NPr (Fig. 3D,E). The ratio of N2ba/N2b is 
similar between the three groups (Fig. 3F). Tnni1 was not differentially expressed between the 
groups (Fig. 3G). Hcn4 showed increased expression levels in fPr compared to both fExpPE and 
NPr (Fig. 3H).
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Figure 3. Gene expression of genes shown to be involved in ExpPE was measured in postpartum hearts by RT qPCR. 

Gene expression levels of Kcnh8, Kcnj3, Kcnq3, N2b, N2ba, Tnni1 and Hcn4 (A-E, G,H) were determined. The N2ba/N2b 

ratio were also determined (F). fPr = formerly healthy Pregnant; fExpPE = formerly Experimental Preeclampsia; NPr = 

Never Pregnant; Data are presented as whiskers boxplots. * p < 0.05, ** p < 0.01, *** p < 0.001.
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Expression of genes known to be related to heart failure and/or cardiac remodelling

To investigate the effect of experimental preeclampsia on cardiac remodelling, six additional 
genes, known for their contribution in heart failure and/or cardiac remodelling, were examined 
by RT qPCR (Fig. 4). Myh7 was significantly upregulated in fPr compared to fExpPE (Fig. 4A), 
while Actc1, Tnnt2 and Mmp2 were not differentially expressed between the groups (Fig. 
4B-D). Col1a1 showed higher expression in fPr and fExpPE compared to NPr (Fig. 4E), while 
expression of Col3a1 was not differentially expressed between the groups (Fig. 4F). The ratio 
Col1a1/Col3a1 was calculated since this ratio is an important determinant for myocardial 
stiffness. Col1a1/Col3a1 was significantly increased in both fPr and fExpPE compared to NPr 
controls (Fig. 4G). 
 




















 







 



 


































 



 




































 



 




































 



 




























 








 



 




































 



 
































 




 








 




  







Figure 4. Gene expression of genes involved in heart failure and/

or remodelling was measured in postpartum hearts by RT qPCR. 

Relative gene expression was measured of Myh7, Actc1, Tnnt2, 

Mmp2, Col1a1 and Col3a1 (A-F). The Col1a1/Col3a1 ratio was also 

determined (G). fPr = formerly healthy Pregnant; fExpPE = formerly 

Experimental Preeclampsia; NPr = Never Pregnant; Data are 

presented as whiskers boxplots. * p < 0.05, ** p < 0.01, *** p < 0.001.
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DNA methylation pattern

To identify the potentially underlying regulatory mechanisms of differences in gene expression, 
we analysed DNA methylation patterns of the genes Icam1, Myh7, Hcn4, Col1a1 and Kcnj3. 
These genes were chosen for further investigation since they showed changes in expression 
between fExpPE, fPr and/or NPr animals. The DNA methylation patterns of the promoter region 
of these five genes were determined by pyrosequencing. The average methylation of all CpGs 
measured in the promoter region of Myh7 was significantly decreased in fExpPE compared 
to fPr (Fig. 5A). All five of the CpGs were also examined separately, and three out of the five 
CpGs in the fExpPE group showed decreased methylation compared to the fPr (Fig. 5B). The 
average methylation of all CpGs measured for Icam1, Hcn4, Col1a1 and Kcnj3 did not differ 
between the groups (Fig. 5C-F). All separate CpGs for these four genes were also examined 
and are shown in Figure 6. CpG2 of Icam1 and CpG2 of Col1a1 were significantly decreased in 
methylation in fExpPE compared to NPr (Fig. 6A,B), while no differences were found between 
the groups in DNA methylation of Hcn4 and Kcnj3 measured in all separate CpGs (Fig. 6C,D). 
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 Figure 5. DNA methylation was measured in the promoter region of Icam1, Myh7, Hcn4, Col1a1 and Kcnj3. Average 

DNA methylation at all measured CpG positions for Myh7 was calculated (A), as well as all measured CpG positions 

separately (B). Average DNA methylation levels of all measured CpG positions for Icam1, Hcn4, Col1a1 and Kcnj3 were 

also calculated (C-F). fPr = formerly healthy Pregnant; fExpPE = formerly Experimental Preeclampsia; NPr = Never 

Pregnant; Data are presented as mean ± SD. * p < 0.05
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Figure 6. DNA methylation percentages were measured by pyrosequencing. DNA methylation percentages are shown 

for every CpG position measured of Icam1 (A), Col1a1 (B), Hcn4 (C) and Kcnj3 (D). Data are presented as mean ± SD. 

* p < 0.05.
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Discussion

It has previously been shown that women who had suffered from preeclampsia have an 
increased risk of cardiovascular disease later in life4,5. In our study, cardiac tissue of formerly 
preeclamptic, formerly pregnant and never pregnant rats was examined for expression of 
various genes, associated with several aspects of cardiovascular disease. We focused on the 
status of activation of endothelial cells (ICAM-1), and on factors involved in heart function and 
failure and cardiac remodelling. We showed that experimental preeclampsia in our rat model 
has long-term effects on the heart. We also showed that a healthy pregnancy induces cardiac 
changes postpartum compared to never pregnant controls. ICAM-1 expression of endothelial 
cells was decreased in fPr compared to NPr while the intensity of the ICAM-1 staining was 
increased in fExpPE compared to NPr. Differential expression of Kcnj3, Hcn4, Myh7, Ttn, and 
an affected Col1a1/Col3a1 ratio were found between fPr and fExpE or between fPr/fExpPE 
compared to NPr. We also showed that the DNA methylation pattern might contribute to 
altered gene expression levels for Myh7.
We used the well-known rat model of preeclampsia, in which pregnant rats were infused with a 
low dose of LPS on day 14 of pregnancy14. The LPS-induced preeclampsia model is characterized 
by an increased blood pressure and proteinuria as well as growth restricted fetuses in the last 
week of pregnancy14,18,19. The model is also characterized by endothelial cell activation and a 
generalized inflammatory response18,20. In this study, the effect of experimental preeclampsia 
and healthy pregnancy was examined 9 weeks postpartum. For rats, 9 weeks postpartum is 
comparable to 5.3-6.0 years postpartum in humans22, hence our model is a suitable model 
to study long-term consequences. Rats with experimental preeclampsia appeared healthy 9 
weeks postpartum, since no differences were found in bodyweight, blood pressure and urinary 
protein excretion 9 weeks postpartum of healthy pregnancy or experimental preeclampsia 
compared to NPr animals.
In the present study, we detected differences in expression of genes associated with 
cardiovascular disease in cardiac tissue of formerly healthy pregnant and formerly preeclamptic 
rats as compared to never pregnant animals. We measured ICAM-1 expression, as a marker of 
endothelial cell activation, in the vasculature in the heart. We found a trend towards increased 
ICAM-1 staining in fExpPE vs. fPr (p = 0.054), while the intensity of the ICAM-1 staining was 
significantly increased in fExpPE vs. NPr. This may indicate increased endothelial cell activation 
in hearts 9 weeks after experimental preeclampsia as compared with fPr and NPr. Activation 
of endothelial cells can cause endothelial dysfunction and can contribute to vascular diseases 
like atherosclerosis23. 
In a previous study we showed differential expression of many genes during ExpPE compared 
to Pr animals in the aorta15. From the differentially expressed genes, we selected genes that are 
important in heart function. These genes were examined in the postpartum hearts of fExpPE, 
fPr and NPr rats and we found differential expression of Ttn, Hcn4 and Kcnj3 between the 
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groups. The Ttn isoform, N2ba, was found increased in fPr compared to NPr. This isoform is the 
more compliant isoform24 and an increase in this isoform in formerly healthy pregnant rats, but 
not in formerly experimental preeclamptic rats, may indicate that the heart is less compliant 
after experimental preeclampsia as compared with after a healthy pregnancy in the rat. Kcnj3 
encodes for an acetylcholine sensitive inwardly-rectifying potassium channel subunit. This 
gene was found upregulated after pregnancy, irrespective of the presence of experimental 
preeclampsia, as compared with NPr. Kcnj3 is involved in downregulation of heart rate25, 
suggesting a decreased heart rate in rats following a pregnancy. This hypothesis needs to be 
confirmed in future studies. Another gene which can influence heart rate is the pacemaker 
gene Hcn426. Hcn4 is necessary for normal cardiac rhythm27. This gene is upregulated in fPr 
vs. NPr but not in fExpPE vs NPr. Overexpression of Hcn4 in mice reduces heart rate variability 
(HRV), while the HRV was increased in knockdown mice28. Upregulation of this gene only after 
healthy pregnancy and not after experimental preeclampsia may thus suggest an increased 
HRV after experimental preeclampsia. Increased HRV parameters have also been detected in 
preeclamptic women29 and are associated with cardiac diseases (such as myocardial infarction) 
and predict increased risk of mortality30. 
To investigate possible cardiac remodelling during or after pregnancy/experimental preeclamp-
sia, genes encoding collagens were investigated. Collagens are important components in 
the formation of the extracellular matrix31. In rats, as well as in humans, the major collagen 
isotypes in cardiac muscle are collagen 1 and collagen 332.  Collagen 1 forms thick fibers and 
is mainly known for its strength, while collagen 3 forms thinner fibers and is mainly known for 
its elasticity31. Therefore, the ratio of collagen 1/collagen 3 is an important determinant for 
myocardial stiffness, and an increase in collagen 1/collagen 3 is related to myocardial diseases, 
such as dilated cardiomyopathy and coronary artery disease31. The increased ratio of Col1a1/
col3a1 found in both fPr and fExpPE compared to NPr could thus indicate increased myocardial 
stiffness after pregnancy with or without experimental preeclampsia. Gene expression 
levels of Myh7 (known as the myosin heavy-chain gene of the ventricles) were increased 
in fPr compared to fExpPE. Increased levels of Myh7 were also detected in multiple cardiac 
hypertrophy models33,34. During pregnancy, the heart also becomes hypertrophic35. Further 
research is necessary to determine the exact role of Myh7 during and after healthy pregnancy 
and ExpPE.
To identify potentially underlying regulatory mechanisms which cause the long-term differences 
in expression of some genes, we analysed DNA methylation patterns. De-methylation of the 
DNA in multiple cardiac hypertrophy models33,34 prevented the increase in expression of Myh7, 
indicating that increased DNA methylation levels could contribute to increased gene expression 
levels of Myh7. In our study, the percentage of DNA methylation of CpGs in the promoter 
region of Myh7 was increased in fPr compared to fExpPE, indicating that the expression of 
Myh7 may be under the influence of DNA methylation. DNA methylation differences were 
detected postpartum in normal pregnancy vs. experimental preeclampsia. This thus suggests 



81

3

Gene expression in the heart postpartum experimental preeclampsia

that in the present model, cardiac tissue is differently epigenetically reprogrammed during 
or after normal pregnancy as compared with during or after experimental preeclampsia. The 
average DNA methylation percentages did not differ between the groups for Icam1, Hcn4, 
Kcnj3 and Col1a1, indicating that the differential expression of these genes is not regulated by 
DNA methylation of the promoter region.
To ensure maternal and fetal health, the heart needs to be remodelled during pregnancy8. 
In humans, the cardiac out-put increases by 45%, heart rate increases by 20-25%, and left 
ventricular wall mass and thickness increase8. In preeclampsia, the left ventricle is differently 
remodelled compared to healthy pregnancy9,36, including an even further increase in left 
ventricle mass, while cardiac output is reduced9. The differences in expression detected for 
ICAM-1, Ttn, Hcn4, Kcnj3, Myh7 and the Col1a1/Col3a1 ratio might indicate a remodelled 
heart after Pr/ExpPE compared to the hearts of never pregnant animals. It could be possible 
that the differences in expression originated during pregnancy and are not normalized 9 weeks 
postpartum in rat. Unfortunately, we did not have heart tissue of rats during pregnancy and 
experimental preeclampsia to test this hypothesis. This will be done in future studies. 
Interestingly, not only ExpPE but also healthy pregnancy has long-term effects on the heart. 
Other studies showed, however, that healthy pregnancy-induced differences in left ventricular 
gene expression are reversed postpartum37,38. Mmp2 and Col1a1 for example, were previously 
found differentially expressed during pregnancy in hearts in animal studies, but these 
effects were reversed postpartum37,38. In our study, also no differences in postpartum Mmp2 
expression were detected, expression of Col1a1, on the other hand, was upregulated 9 weeks 
following a healthy pregnancy compared to never pregnant animals. Additional research is 
necessary to determine which factors might contribute in reversing the heart back to the 
physiological conditions as of before pregnancy. Some of the differences discovered in our 
study in fPr vs. NPr were not found in fExpPE vs. NPr (upregulation of the more compliant 
isoform of Ttn, N2ba, upregulation of the pacemaker gene Hcn4 and upregulation of the gene 
encoding myosin heavy-chain, Myh7). This might indicate a lack of cardiac remodelling during 
experimental preeclampsia.
In conclusion, we showed that after both normal pregnancy and experimental preeclampsia in 
rats gene expression of genes associated with cardiac function and remodelling are differently 
expressed in these animals as compared with NPr rats. On top of that, gene expression 
patterns were also different between formerly healthy pregnant and formerly experimental 
preeclamptic animals. We hypothesize that this is due to differences in gene expression 
associated with cardiac function and remodelling during preeclampsia as compared to during 
normal pregnancy and thus to differences in cardiac remodelling during preeclampsia as 
compared with pregnancy. If these changes also occur in humans they  may contribute to a 
greater sensitivity to cardiovascular diseases later in life in formerly preeclamptic women. This 
needs to be further investigated.
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ABSTRACT

Preeclampsia is a hypertensive pregnancy disorder, characterized by systemic inflammation 
and maternal endothelial dysfunction. This endothelial dysfunction might be induced by 
circulating factors during preeclampsia which are released by the ischemic placenta, including 
pro-inflammatory and anti-angiogenic factors. In this study we investigated the effects of 
plasma from preeclamptic women, healthy pregnant women and non-pregnant women on 
gene expression of endothelial cells and vascular smooth muscle cells in vitro. Subsequently, we 
specifically tested the role of selected isolated factors in the regulation of gene expression. The 
DNA methylation pattern was examined to identify possible underlying regulatory mechanisms 
of differentially expressed genes. 
Human umbilical vein endothelial cells (HUVEC) and human aortic vascular smooth muscle 
cells (HA-VSMC) were incubated in culture medium with 15% plasma from early-onset 
preeclamptic, healthy pregnant and non-pregnant women for 24 h. Endothelial cells were also 
exposed to factors known to be upregulated during preeclampsia (soluble fms-like tyrosine 
kinase 1, ATP, high mobility group box 1, and TNFα). Gene expression was evaluated by real-
time quantitative PCR. Pyrosequencing was used to evaluate the DNA methylation pattern of 
the promoter region of differentially expressed genes.
In HUVEC, expression of KCNA6, ESM1 and CXCL8 were increased by preeclamptic plasma as 
compared to healthy pregnancy or non-pregnant plasma incubation, while gene expression 
of ICAM1 and genes important in the production of vasoactive factors (NOS3, EDN1, PTGIS) 
were unaffected. In the HA-VSMC, expression of ACTC1, CHRNA3, MYL6, ACTG2 and ACTA2 
were increased as compared to healthy pregnancy or non-pregnant plasma incubation. No 
differences in DNA methylation were found. Subsequently, we showed that ATP, disulfide 
HMGB1 and TNFα induced endothelial cell activation, as shown by increased ICAM-1 
expression. TNFα also increased ESM1 and CXCL8 expression in endothelial cells, while ATP 
decreased ESM1 and KCNA6 expression.
In conclusion, plasma from preeclamptic women alters the gene expression pattern of 
endothelial cells and vascular smooth muscle cells. Thus, the circulating factors during 
preeclampsia might be responsible for the vascular dysfunction during preeclampsia. Increased 
extracellular ATP, disulfide HMGB1 and TNFα might play a role in endothelial dysfunction 
during preeclampsia.
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Introduction

Preeclampsia is a pregnancy disorder affecting 2-8% of all pregnancies1, characterized by 
newonset hypertension, in combination with proteinuria or new-onset thrombocytopenia, 
renal insufficiency, impaired liver function or pulmonary edema2. The placenta plays a 
central role in the pathogenesis of preeclampsia3. In the pathogenesis of preeclampsia, a 
poorly established3 and/or poorly perfused placenta4 is thought to produce and secrete pro-
inflammatory and anti-angiogenic factors into the maternal circulation5–8. These factors induce 
generalized systemic inflammation 9 as well as endothelial cell activation10 and dysfunction10,11.
Vascular dysfunction, including endothelial dysfunction and activation12,13, may contribute to the 
major symptoms of preeclampsia, such as hypertension, extravasation of plasma constituents 
and proteinuria5. Endothelial cell dysfunction during preeclampsia is associated with a 
decreased bioavailability of nitric oxide14,15, a reduced contribution of endothelium-derived 
hyperpolarizing factor relaxation16, and decreased prostacyclin17,18, while the endothelin-1 
concentration is increased19 as compared with healthy pregnancy. Maternal endothelial cell 
activation is part of the inflammatory response of preeclampsia and is obvious from increased 
circulating levels of soluble adhesion molecules, like soluble intercellular adhesion molecule-1 
(sICAM-1), vascular cell adhesion molecule-1 and E-selectin20. Many candidate factors arising 
from the dysfunctional placenta may induce the endothelial dysfunction and activation, i.e., 
cytokines21, placental microvesicles22, soluble fms-like tyrosine kinase 1 (sFlt-1)5, ATP23,24, and 
high mobility group box 1 (HMGB1)25. Also non-placental circulating factors may be involved, 
such as microvesicles from other cells22 or hormones26. 
Previous research from our group has revealed vascular gene expression differences related to 
vascular function27 in the aorta of rats with experimental preeclampsia as compared to healthy 
pregnancy. We found major differences between experimental preeclampsia and healthy 
pregnancy in genes encoding potassium channels as well as in genes important for muscle 
contraction27. Both differences in gene expression in potassium channels and muscle contraction 
could contribute to the hypertension development in preeclampsia27. Here, we aimed to test 
whether in human preeclampsia similar pathways exist. This hypothesis was tested in vitro by 
incubating vascular cells, i.e., endothelial cells and vascular smooth muscle cells, with plasma 
from preeclamptic, healthy pregnant, and non-pregnant women. We measured the expression 
of genes previously identified in our experimental preeclampsia model  (including KCNA6 and 
ESM1 in endothelial cells and TTN, ACTC1 and CHRNA3 in vascular smooth muscle cells)27 
or known to be increased from the literature after incubation with preeclamptic plasma as 
compared with incubation with plasma from healthy pregnant women (CXCL8)28. Additionally, 
the expression of genes involved in cellular activation (ICAM1), in the production of vasoactive 
factors (e.g. NOS3, EDN1, PTGIS), and in muscle contraction (MYL6, MYL9, ACTG2, ACTA2) was 
also evaluated. Afterwards, the DNA methylation pattern of differentially expressed genes was 
examined to investigate underlying regulatory mechanisms. 
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To further investigate the role of some of the circulating factors in endothelial cell gene 
expression, endothelial cells were incubated with factors known to be increased in the 
circulation during preeclampsia, e.g. sFlt-15, ATP24, HMGB1 (including both the disulfide and 
the fully reduced isoform)29 and TNFα21. Endothelial cell activation and gene expression (of 
genes which were differentially expressed after plasma incubation) were evaluated.
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Materials and Methods
Patient recruitment and plasma collection

Plasma from early-onset preeclamptic patients (PE; n=5), healthy pregnant women (Pr; n=5), 
and non-pregnant women (NPr; n=5) was used in this study. NPr samples were collected from 
personnel at the University Medical Center Groningen (UMCG) and Pr and PE samples were 
derived from patients admitted to the Department of Obstetrics at the UMCG. Preeclampsia was 
defined according to the definition from the Practice Bulletin #202 “Gestational Hypertension 
and Preeclampsia”: a systolic blood pressure of ≥ 140 mmHg or a diastolic blood pressure ≥ 
90 mmHg on two or more occasions at least 4 h apart after 20 weeks of gestation in women 
with a previously normal blood pressure, and proteinuria ≥ 300 mg/24 h2. Samples included 
in this study were from early-onset preeclampsia, these women all delivered before week 34 
of gestation. Samples from Pr were matched for gestational age with samples from women 
with PE. Blood from NPr was drawn within 10 days of the start of last menstruation. Blood was 
drawn from the antecubital vein into lithium heparin tubes (Venoject, Terumo Europe NV). 
The blood samples were directly after collection centrifuged twice at 4°C (130 g – 10 min, and 
700 g – 10 min). Plasma samples were stored at -80°C until further use. The medical ethical 
committee of the UMCG approved this study, and all participants signed informed consent.
 
Cell culture conditions

Human umbilical vein endothelial cells (HUVEC) were obtained from the endothelial cell facility 
of the UMCG as described before28. Cells were cultured in endothelial cell medium (ECM) on 
1% gelatin coated flasks at 37°C, 5% CO2. ECM consisted of RPMI 1640 supplemented with 
20% heat inactivated fetal calf serum (FCS) (Sigma-Aldrich), 2 mM L-glutamine (Lonza), 1% 
gentamicin (Lonza), 5U/mL heparin (Leo Pharma), and 50 µg/mL endothelial cell growth 
factors supplement extracted from bovine brain (prepared by using the method of Maciag et 
al.30). HUVEC were used at passage 3.
Human aortic vascular smooth muscle cells (HA-VSMC) were purchased from ATCC (catalog 
number: CRL-1999). Cells were cultured on plastic in F-12K medium (ATCC) supplemented 
with 10% FCS (Sigma-Aldrich), 0.05 mg/mL ascorbic acid (Sigma-Aldrich), 0.01 mg/mL insulin 
(NovoNordisk), 0.01 mg/mL human transferrin (Sigma-Aldrich), 10 ng/mL sodium selenite 
(Sigma-Aldrich), 0.03 mg/mL endothelial cell growth supplement (Sigma-Aldrich), 10 mM 
HEPES (Sigma-Aldrich) and 10 mM TES (Sigma-Aldrich) at 37°C, 5% CO2.
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Experiment 1: HUVEC and HA-VSMC incubation with plasma

HUVEC were seeded on 1% gelatin coated 24-wells plates and HA-VSMC were seeded in 
12-wells plates. At 80% confluency, the cells were washed twice with PBS and incubated with 
their normal culture medium without FCS but supplemented with 15% plasma of PE (n=5), Pr 
(n=5) or NPr (n=5) women for 24 h. Afterwards, cells were collected following trypsin (Gibco) 
treatment and RNA and DNA were isolated with the use of AllPrep DNA/RNA Mini Kit (Qiagen) 
following manufacturer’s instructions.

Experiment 2: HUVEC stimulation with sFlt-1, ATP, HMGB1 and TNFα

To determine which factors in the plasma may contribute to the effects found after plasma 
incubation, HUVEC were stimulated with factors known to be increased during preeclampsia. 
HUVEC were seeded in 12 wells plates. At 80% confluency the cells were washed with PBS and 
the ECM was replaced by serum deprived (2%) ECM. The cells were incubated with 150 ng/mL 
sFlt-1 (Fitzgerald), 1 mM ATP (Invivogen), 5 µg/mL disulfide HMGB1 (IBL international), 5 µg/
mL fully reduced HMGB1 (IBL international), 0.5 ng/mL TNFα or PBS as a control for 24 h. This 
was repeated five times with 5 different donors of HUVEC. Subsequently, cells were collected 
following trypsin (Gibco) treatment and 30% of the cells were used for flow cytometry and the 
other cells were used for RNA isolation. RNA was isolated with the use of the AllPrep DNA/RNA 
Mini Kit (Qiagen).

Real time quantitative PCR (RT qPCR)

0.5 - 1 µg of RNA was reverse transcribed by M-MLV reverse transcriptase (200 units 
[Invitrogen]) and random nonamers (Sigma-Aldrich) following the manufacturer’s instructions. 
cDNA was diluted 1:10 and stored at -20°C until further use. The RT qPCR primers (Invitrogen) 
were designed using Primer3 and BLAST (Table 1).
RT qPCR was performed with 2 µL cDNA, 5 µL PowerUpTM SYBRTM Green Master Mix (Life 
Technologies), 0.125 µL (10 µM) forward and reverse primer mix, and 2.875 µL sterile water. 
Samples were run in triplicates on a StepOnePlus™ Real-Time PCR System machine (Applied 
Biosystems). The PCR protocol used: 2 min 50°C, 2 min 95°C, followed by 40 cycles: 3 sec 
95°C, 30 sec 60°C. Relative expression levels were analyzed by the 2-∆CT method and normalized 
against 36B4 expression.
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Table 1. Real-time quantitative PCR primers

Gene Forward primer Reverse primer

36B4 GCTTCATTGTGGGAGCAGACA CATGGTGTTCTTGCCCATCAG

ACTA2 CCGGGACTAAGACGGGAATC CATTGTCACACACCAAGGCA

ACTG2 CTCTCATACCCTCGGTGCTC CTGGTGGCGAGGGCG

ACTC1 AAGCTGTGCCAAGATGTGTG CCCACCATAACTCCCTGGTG

CHRNA3 TGTGGCTCAAGCAAATCTGG TGAACTCTGCCCCACCATAG

CXCL8 GAGAAGTTTTTGAAGAGGGCTGA TGCTTGAAGTTTCACTGGCAT

EDN1 TTGAGATCTGAGGAACCCGC CGCCTAAGACTGCTGTTTCTG

ESM1 GGTATCTGCAAAGAGCATGACA AGAAATCACAGCCGGGATCA

HCNH8 TCAGTCCAAGGATTGTTGATGG TGGGCTCTGATCTGATTCGT

HCN4 TAAGGATGTTCGGCAGCCAG GGTCAGGTCCCAGTAAAATCTGA

ICAM1 CCTTCCTCACCGTGTACTGG AGCGTAGGGTAAGGTTCTT

KCNA6 AGGGTCCAAGCCATCACTAC CATTTTTCCTGCAAAGAAGGCG

MYL6 CGAAGGACTTCGGGTGTTTG TGCCTCACAAACGCTTCATAG

MYL9 GGGCCACATCCAATGTCTTC CTGTGGGGTTCTTCCCCAG

NOS3 TTAAAGAAGTGGCCAACGCC GGGACACCACGTCATACTCA

PTGIS CCACACAGGGGAATATGGGT CCGCTTGCCAAAGGATACTC

TTN ACCCCAACCCTGACATTGTA CCCTTGGTTCCTTCAATTCTGA

Pyrosequencing

Up to 200 ng of DNA was bisulfite treated using the EZ DNA Methylation-Gold Kit (Zymo 
Research) according to the manufacturer’s instructions. PyroMark Assay Design software 2.0 
(Qiagen) was used to design primers (Invitrogen) (Table 2) and pyrosequencing assays were set 
up using PyroMark q24 version 2.0.6 (Qiagen). Table 3 shows the sequence that was analyzed 
and its location in relation to the transcriptional start site of the gene of interest. Bisulfite DNA 
was amplified by PCR with the following protocol: 95°C for 15 min followed by 45 cycles of 94°C 
– 30s, 54°C (CXCL8 and MYL6)/56°C (ACTC1, ACTG2, CHRNA3 and ACTA2)/60°C (KCNA6 and 
ESM1) – 30s, 72°C – 30s, followed by 72°C for 7 min. The PCR products were stored at -20°C 
and sequenced within 24 h. Pyrosequencing was performed on the PyroMark Q24 (Qiagen) 
following manufacturer’s instructions. Since the promoter region of MYL6 in the HA-VSMC cell-
line deviated from the sequence in the NCBI database (data not shown), no pyrosequencing 
results were obtained for this gene.
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Table 2. Pyrosequencing primers

Gene Forward primer Reverse primer Sequencing primer

KCNA6 GGTGGAGGGGGTGTGGTATTA CACCCCACTCCCACATCACA (B) GGTGTGGTATTAGGG 

ESM1 TGGTTTTTGTTGGTGGGAAGTA CCTCATACAAAACAACCATCTAA 
AC (B)

ATTGGTAGTTGAGTTTTTG 

CXCL8 ATTGTGGAGTTTTAGTATTTTAA 
ATGTAT

AAAACTTATACACCCTCATCTTT 
TC (B)

AATTAAATTATTTTAAAGATTAAAG 

ACTC1 ATGGATAGGGTTAGTTGGAGTA CCTCCCCTTCCTTACATAATCTA 
AA (B)

GGGTTAGTTGGAGTAG 

CHRNA3 GGGTTAATTTGTAGAGTATTTTT 
AGTAGAG

AACTCAATTTCTATCCCAAATTT 
CC (B)

AGTTAGGATGGTTTTTGAT 

MYL6 TGTTGTTGGGAGGTGTAGA ACTCTCCACCCAACCCTAATCT 
(B)

GAGGTGTAGATTTATTGTG 

ACTG2 GTGTGTTTTTGGTATGAATATTA 
GAGTAA

ACTATTACCACTAAATCCTTTTA 
CATACA (B)

TTGGTATGAATATTAGAGTAATATA 

ACTA2 GAATTTTAGGAAGGGAGATAA 
GGTAGTT

ACAACCTTCAAAACAAATATTA 
CTCAT (B)

GTTTATTTAGTTTTTATATAATTTT 

(B) = biotinylated primer.

Table 3. Sequence to analyse with pyrosequencing.

Gene Sequence to analyse before bisulfite treatment Location in relation to the tran- 
scriptional start site (nucleotide)

KCNA6 TGCCG1GCG2CTTGTGGAGGGGGGCG3CG4AATGTGAACG5TGT 
GAAAGCG6AGAGGCG7TGCCAGGAGAGCG8CG9G 

-71 until -3 

ESM1 CCTACACG1TTTATGAGTTTTATACACTGGGTTGCCCG2CATGCT 
TTCCCG3TCATCAATTTCCTCAACCCAGCAGCAGCG4C

-17 until -95 

CXCL8 
 

AAAACTTTCG1TCATACTCCG2TATTTGATAAGGAACAAATAGG 
AAGTGTGATGACTCAGGTTTGCCCTGAGGGGATGGGCCATCA 
GTTGCAAATCG3T

-124 until -29 
 

ACTC1 CCG1GGGGCAGGGGTGGGGGGCCCG2GTCTGCCACCTTGCCT 
TATTTGGTCCCCTTCG3CACCCG4CTAGGACTGCCG5

-115 until -41 

CHRNA3 
 

CTCG1TGATCCG2CCCG3CCTTGGCCTCCCAAAGTGCTGGCTGG 
GATTACAGGCG4TGAGCCACTGCTCCCG5GCTAAAATATTTAAC 
AATTATTTAATAGCATGAGATACACAAGGCG6

-113 until +1 
 

MYL6
CCCCAGCCCACG1TCCCCCCACG2ACCCCCG3CCCCCCCACCTCC 
CCCCACG4ACCCCCCCCACCTCCG5AGCG6GGTTCTGTGCCCAGG 
TGGCG7CTGGAGAAAGGAACAGCG8GACCCCG9C

-138 until -24 
 

ACTG2
AAACCCCAGAGGCG1GATCTTCTTTAAACAAAGTCCCTAAAAA 
GGCCAGCTGACG2GTGTGTTAGCAATATTACCATATAAGGTGGT 
TTTTTCAATAAATCG3C

+12 until -88 
 

ACTA2 TTCG1AGAAAGAAAAGGTGCCG2TTCTTCCG3AGCCCTCCG4GC 
TTAACCACTGCTTCG5GTGCTGACTTATTTCCTACG6T

-125 until -50 

The sequence to analyse also includes the numbered CpG positions.
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Flow cytometry

HUVEC were washed with wash buffer (PBS containing 2% FCS) and incubated with FITC 
labeled anti-ICAM-1 (BioLegend, clone: HCD54, cat no: 322720) for 30 min in the dark at room 
temperature. Afterwards, cells were washed with wash buffer and dissolved in 250 µL PBS 
containing 2% FCS and flow cytometry was performed immediately on the FACSverse (BD 
Biosciences). Eight thousand events were measured and analyzed with Kaluza software (version 
1.5a). Cells were gated based on the forward scatter and side scatter plot. An unstained control 
was used to set the gate to capture 99% of the cells as ICAM-1 negative. This gate was copied 
to all samples to determine the percentage of ICAM-1 positive cells and the intensity of the 
staining.

Statistics

Data were analyzed with graphpad Prism 5.0. RT qPCR data of cells incubated with plasma were 
normalized to 1.0 for the Pr group. RT qPCR and DNA methylation data of HUVEC and HA-VSMC 
after plasma incubation are presented as median with interquartile range and significance was 
determined by the two-tailed Mann Whitney test. Flow cytometry and qPCR data of HUVEC 
stimulated with sFlt-1, ATP, HMGB1 or TNFα are presented as median with interquartile range 
and significance was determined by one-tailed Wilcoxon statistics. P < 0.05 was considered 
significant and p  < 0.1 was considered a trend.
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Results
Patient characteristics

All preeclamptic patients included were diagnosed with early-onset preeclampsia (Table 4). 
Age was similar for the three groups.

Table 4. Patient information

Early-onset preeclampsia 
(n=5)

Healthy pregnant (n=5) Non-pregnant (n=5) 

Age (years) 26.40 ± 3.05 26.80 ± 2.39 26.80 ± 3.63

Gestational age at sampling 
(weeks)

27.6 ± 2.46 30±1  NA 

Systolic blood pressure 
(mmHg)

172.5 ± 15.00 NR NA 

Diastolic blood pressure 
(mmHg)

103.0 ± 9.75 NR NA 

Urinary protein excretion 
(g/24h)

3.48 ± 2.92 NR NA 

Gestational age at delivery 
(weeks)

28.74 ± 1.88 NR NA 

Newborn weight (g) 915.4 ± 324.8 NR NA

Data are shown as mean ± SD or numbers (percentages). NA = not applicable; NR = not routinely recorded (but routinely 

measured and within normal range).
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Gene expression in HUVEC after plasma incubation

Gene expression of HUVEC incubated with Pr, PE and NPr plasma was measured. Genes 
included had previously been found to be dysregulated in the aorta of our preeclamptic 
animal model and known to be expressed in endothelial cells (KCNA6, HCNH8, HCN4, ESM1)27 
or selected based on the association with cellular activation (ICAM1) and the production of 
vasoactive factors (e.g. NOS3, EDN1, PTGIS). RT qPCR revealed that HCNH8 and HCN4 were not 
expressed in HUVEC and were thus excluded from further experimentation. Incubation with 
PE plasma upregulated KCNA6 (Fig. 1A) and ESM1 (Fig. 1B) expression compared to incubation 
with Pr plasma. CXCL8 was upregulated by PE plasma compared to incubation with both Pr and 
NPr plasma (Fig. 1G). No differences were found in expression levels of ICAM1, NOS3, EDN1 
and PTGIS (Fig. 1C-F) between the groups.
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Figure 1. Endothelial gene expression after plasma incubation. Gene expression in HUVEC was measured after 24 h 

incubation with plasma from healthy pregnant, preeclamptic, and non-pregnant women. Pr = healthy Pregnant; PE = 

early onset Preeclampsia; NPr = Non-Pregnant women. Data are presented as median with interquartile range. PE was 

compared with Pr and NPr, and significance was determined by the two-tailed Mann Whitney test. * p < 0.05.

Figure 2 (right). Vascular smooth muscle cell gene expression after plasma incubation. gene expression in HA-VSMC 

was measured after 24 h incubation with plasma from healthy pregnant, preeclamptic, and non-pregnant women. 

Pr = healthy Pregnant; PE = early onset Preeclampsia; NPr = Non-Pregnant women. Data are presented as median 

with interquartile range. PE was compared with Pr and NPr, and significance was determined by the two-tailed Mann 

Whitney test. * p < 0.05.
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Gene expression in HA-VSMC after plasma incubation

Gene expression was also measured in HA-VSMC incubated with Pr, PE and NPr plasma. Genes 
included were previously found to be dysregulated in the aorta of our preeclamptic animal 
model and are known to be expressed in vascular smooth muscle cells (TTN, ACTC1, CHRNA3)27 
or selected based on the association with smooth muscle contraction (MYL6, MYL9, ACTG2, 
ACTA2). PE plasma had no effect on HA-VSMC expression of TTN (Fig. 2A), but increased the 
expression of ACTC1 compared to Pr (Fig. 2B). Furthermore, the expression of CHRNA3, MYL6, 
ACTG2, and ACTA2 was significantly increased in HA-VSMC after incubation with PE plasma 
compared to incubation with plasma of non-pregnant women (Fig. 2C,B,F,G). PE plasma 
tended to upregulate MYL9 (p = 0.064) and CHRNA3 (p = 0.064) compared with incubation 
with NPr plasma (Fig. 2E).
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DNA methylation pattern of differentially expressed genes

The DNA methylation patterns of genes expressed differently after plasma incubation with 
plasma from PE as compared to plasma from Pr or NPr, were investigated by pyrosequencing 
to identify potentially underlying regulatory mechanisms. No differences were found between 
the groups in the percentages of DNA methylation of KCNA6, ESM1 and CXCL8 in HUVEC (Fig. 
3). Similarly, no differences were found in DNA methylation pattern of CHRNA3, ACTG2, ACTA2, 
and ACTC1 in HA-VSCM (Fig. 4).

Figure 3. DNA methylation patterns in endothelial cells. The DNA methylation pattern of differentially expressed genes 

was determined in HUVEC after 24 h incubation with plasma from healthy pregnant, preeclamptic, and non-pregnant 

women. The percentage of DNA methylation of all measured CpG positions is shown for the promoter region of KCNA6 

(A), ESM1 (B) and CXCL8 (C). Pr = healthy Pregnant; PE = early onset Preeclampsia; NPr = Non-Pregnant women. Data 

are presented as median with interquartile range. PE was compared with Pr and NPr, and significance was determined 

by the two-tailed Mann Whitney test.
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Figure 4. DNA methylation patterns in vascular smooth muscle cells. The DNA methylation pattern of differentially 

expressed genes was determined in HA-VSMC after 24 h incubation with plasma from healthy pregnant, preeclamptic, 

and non-pregnant women. The percentage of DNA methylation of all measured CpG positions is shown for the promoter 

region of CHRNA3 (A), ACTG2 (B), ACTA2 (C), ACTC1 (D). Pr = healthy Pregnant; PE = early onset Preeclampsia; NPr = 

Non-Pregnant women. Data are presented as median with interquartile range. PE was compared with Pr and NPr, and 

significance was determined by the two tailed Mann Whitney test.
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ICAM-1 expression of HUVEC after stimulation with sFlt-1, ATP, disulfide HMGB1, fully 
reduced HMGB1 and TNFα

To investigate whether specific circulating factors in the plasma of preeclamptic women might 
be responsible for the differences of gene expression after plasma incubation with plasma 
of the different groups, HUVEC were incubated with selected factors, which are known to be 
upregulated in the circulation of preeclamptic women. In the present experiment we used 
sFlt-1, ATP, disulfide HMGB1, fully reduced HMGB1, and TNFα. We first studied the effects 
of these factors on endothelial cell activation. After 24 h of incubation with these factors, 
ICAM-1 expression, as a marker of activation, was studied. The data revealed that ATP, disulfide 
HMGB1 and TNFα increased the percentage of ICAM-1 positive cells (Fig. 5A) and the intensity 
of the ICAM-1 staining (Fig. 5B). The other factors, i.e., sFlt-1 and fully reduced HMGB1 did not 
affect ICAM-1 expression in HUVEC (Fig. 5).

Figure 5. Endothelial cell activation after incubation with sFlt-1, ATP, disulfide HMGB1, fully reduced HMGB1 or TNFα. 

The percentage of ICAM-1 positive cells (A) and the intensity of the staining (B) was determined after 24 h of incubation 

of HUVEC with sFlt-1 (150 ng/mL), ATP (1mM) disulfide HMGB1 (5 µg/mL), fully reduced HMGB1 (5 µg/mL) or TNFα 

(0.5 ng/mL). Data are presented as median with interquartile range. * p < 0.05 as compared to the control. Significance 

was determined by one-tailed Wilcoxon statistics.
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Gene expression of HUVEC after stimulation with sFlt-1, ATP, TNFα, disulfide HMGB1 and 
fully reduced HMGB1

To further investigate the possible effects of sFlt-1, ATP, disulfide HMGB1, fully reduced HMGB1 
and TNFα on endothelial cells, the relative gene expression was determined for KCNA6, ESM1 
and CXCL8 in HUVEC after incubation with these compounds. RT qPCR revealed that sFlt-1, ATP, 
disulfide HMGB1, fully reduced HMGb1 and TNFα did not increase KCNA6 expression in HUVEC 
(Fig. 6A,D). TNFα tended (p=0.063) to increase ESM1 expression (Fig. 6B) and significantly 
increased the expression of CXCL8 (Fig. 6C). ATP tended (p=0.094) to increase the expression 
of CXCL8 (Fig. 6C). Both forms of HMGB1 did not increase ESM1 or CXCL8 expression (Fig. 6E,F).

Figure 6. Gene expression in HUVEC after incubation with factors which are known to be upregulated in the circulation 

of preeclamptic women. Relative gene expression was measured of KCNA6, ESM1 and CXCL8 after stimulation with 

sFlt-1, ATP, TNFα (A-C), disulfide HMGB1 or fully reduced HMGB1 (D-F). Data are presented as median and interquartile 

range. * p < 0.05 as compared to the control, determined by the one-tailed Wilcoxon statistics. 
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Discussion

It has been clearly demonstrated that vascular dysfunction, including endothelial cell activation 
and dysfunction, is one of the main features of preeclampsia26,31. As we previously showed that 
experimental preeclampsia in our animal model affects vascular gene expression patterns27, 
we here aimed to test whether in human preeclampsia similar gene expression changes exist. 
We showed that incubation with plasma from preeclamptic patients induced gene expression 
changes in HUVEC (increased KCNA6, ESM1 and CXCL8 expression) as well as in vascular smooth 
muscle cells (increased ACTC1, CHRNA3, MYL6, ACTG2 and ACTA2 expression) as compared 
with plasma incubation from healthy pregnant women or non-pregnant women in vitro. To 
investigate regulatory mechanisms, the DNA methylation pattern of the promoter region of 
the above mentioned genes that were significantly affected by PE plasma was investigated. 
No differences in DNA methylation were detected, indicating that the different expression 
of these genes is not regulated by DNA methylation. Secondly, we evaluated the specific 
contribution of factors known to be increased in the circulation during preeclampsia (sFlt-15, 
ATP24, HMGB129 and TNFα21) on gene expression as well as on endothelial cell activation. We 
showed that stimulation of endothelial cells with ATP, disulfide HMGB1 and TNFα induced 
endothelial cell activation and that TNFα also altered the gene expression pattern. This 
indicates that increased TNFα, but maybe also ATP and disulfide HMGB1 concentrations 
(as far as endothelial cell activation is concerned) might be contributors to the endothelial 
dysfunction during preeclampsia.
Previously we had used a rat model for preeclampsia to detect vascular gene expression 
differences compared to healthy pregnant rats27. In this model, we showed that genes 
encoding for voltage gated potassium channels were increased in the aorta during 
experimental preeclampsia27 as compared with healthy pregnancy. Therefore, in the current 
study we included the voltage gated potassium channel 6, KCNA6 (which in the animal model 
was the gene with the highest increase in expression of the potassium channel gene set). 
Other potassium channel genes (HCNH8 and HCN4) were also tested in this study but were 
not expressed in HUVEC. In this study we showed that preeclamptic plasma increased the 
expression of KCNA6 in HUVEC, suggesting that also in human preeclampsia, gene expression 
of potassium channels may be increased. Potassium channels are important for establishing 
the membrane potential. In endothelial cells, potassium channels can influence cell stiffness32. 
Also, potassium channels are, via Ca2+ signaling, involved in the production of vasoactive 
factors like nitric oxide and prostaglandins33. The study of Watanapa et al.34 also suggests an 
important role of potassium channels during preeclampsia, since they showed decreased 
inward potassium currents in HUVEC incubated with plasma from preeclamptic women as 
compared with plasma from healthy pregnant women34. A differential gene expression pattern 
of genes encoding for potassium channels was detected in the placenta of preeclamptic vs. 
healthy pregnant women35. Since upregulation of potassium channels in the vasculature is 
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often associated with vasodilation36, it might be possible that the increase in expression of 
potassium channels after plasma incubation is a compensatory mechanism to reduce the 
blood pressure. 
The increased expression of ESM-1 induced by preeclamptic plasma in our study, may be 
in line with the increased plasma levels of ESM-1 in the circulation in preeclamptic patients 
found in other studies37–39. ESM1 encodes endothelial cell specific molecule 1 (also known as 
endocan)40. Expression of this gene is regulated by cytokines41. ESM-1 is often increased during 
inflammation42 and is viewed as a marker for endothelial dysfunction42,43. Since ESM-1 is known 
to be involved in cellular processes like angiogenesis, proliferation and vascular permeability44,45, 
ESM-1 might also be an important contributor the vascular dysfunction during preeclampsia.
Since one of the main features of preeclampsia is endothelial cell activation, and endothelial 
derived vasoactive factors (e.g. nitric oxide, prostacyclin, endothelin-1) are dysregulated 
during preeclampsia14,15,17,19, we hypothesized that ICAM-1 and genes involved in the production 
of vasoactive factors (e.g. NOS3 [endothelial Nitric Oxide Synthase], EDN1 [Endothelin 1], 
PTGIS [Prostacyclin Synthase]) might also be affected in endothelial cells after preeclamptic 
plasma incubation. However, we did not find any differences in the expression of these genes 
between HUVEC which were incubated with plasma from preeclamptic, healthy pregnant or 
non-pregnant women. It might be possible that the presence of circulating immune cells like 
monocytes is necessary to induce endothelial cell activation and gene expression differences 
of genes encoding vasoactive factors, since a previous study from our lab46 had shown that 
cellular activation of HUVEC was induced after plasma incubation of preeclamptic patients only 
in the presence of monocytes46. The study of Donker et al.28 showed increased CXCL8 (coding 
for the cytokine CXCL8, also known as IL-8) expression after preeclamptic plasma incubation 
in HUVEC, which was confirmed in our study. CXCL8 is a pro-inflammatory cytokine which 
is increased during preeclampsia vs. healthy pregnancy47,48. CXCL8 acts as a chemoattractant 
for neutrophils, which can infiltrate systemic vascular tissue and stimulate inflammation 
by activation of NF-kB49. Thus, CXCL8 may play an important role in the pro-inflammatory 
environment during preeclampsia.
Subsequently, we examined if factors well-known to be upregulated in preeclampsia, i.e., sFlt-1,  
ATP, HMGB1 and TNFα might be responsible for the effects induced by preeclamptic plasma. 
Extracellular ATP acts as a danger/damage-associated molecular pattern (DAMP) and can 
stimulate the immune response by binding to purinergic P2 receptors50. Our study confirmed 
that relatively high levels of ATP (1mM) indeed activates endothelial cells in vitro, indicating 
that the increased levels of circulating ATP during preeclampsia24 might also be involved in 
endothelial cell activation during preeclampsia51. In this second experiment ATP directly 
affected endothelial cells by increasing ICAM-1. In the first experiment, however, incubation of 
HUVEC with PE plasma did not increase ICAM-1 expression. This may be due to the fact that the 
ATP levels in preeclamptic plasma are lower (i.e. 4.7 ± 2.9 × 10−6 M24) than the concentrations 
of ATP we used in the second experiment (i.e. 1mM). We tested lower concentrations of ATP in 
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our second experiment (results not shown) and these also did not directly increase endothelial 
ICAM-1 expression. As stated above, the presence of circulating cells like monocytes might be 
necessary in combination with the lower levels of ATP to induce endothelial cell activation. ATP 
did not increase expression of the genes involved in endothelial dysfunction evaluated in this 
study, indicating that ATP may not be involved in endothelial dysfunction during preeclampsia.
Extracellular HMGB1, which also acts like a DAMP, can be passively released during necrosis 
as well as actively secreted by immune cells after activation52,53. We can discriminate between 
disulfide HMGB1 (with a disulfide bond between cysteine residues 23 and 45) and fully reduced 
HMGB1 (in which the cysteine residues 23 and 45 contain a thiol group)53,54. Disulfide HMGB1 
can stimulate an immune response by inducing cytokine production of inflammatory cells like 
monocytes via Toll-Like Receptor 4 binding. Fully reduced HMGB1, on the other hand, has a 
chemoattractant function via C-X-C chemokine receptor type 4 binding55. In line with these 
differences, we showed that only disulfide HMGB1 activates endothelial cells (increased ICAM-1  
expression). Treutiger et al.56 also showed that HMGB1 increases the expression of ICAM-1 in 
endothelial cells, although that study did not discriminate between disulfide and fully reduced 
HMGB1. Treutiger et al. also showed increased CXCL8 production of HUVEC after HMGB1 
incubation56. We, however, did not find an increase in CXCL8 expression. This discrepancy 
might be explained by the incubation period used (since Treutiger et al. incubated for 4 or 16 
h while we incubated for 24 h) or it might indicate that incubation with the combination of the 
two HMGB1 isoforms is necessary to increase CXCL8 expression.
Stimulation of HUVEC with TNFα activated endothelial cells, increased CXCL8 and tended to 
increase ESM1 expression. This is in concordance with our expectations, since TNFα is a pro-
inflammatory cytokine which can activate endothelial cells57 and induce the production of 
proinflammatory factors57. The TNFα induced endothelial activation found in our study might 
be induced via NF-κB activation58, and activation of NF-κB might have resulted in an increased 
proinflammatory cell culture environment, including increased endothelial CXCL8 and ESM1 
expression. Interestingly, no effects were found after stimulations with sFlt-1 on endothelial 
cell activation or gene expression in our experiments. This is in line with the study of Cindrova-
Davies et al.59, who also showed no effect on ICAM-1 expression in HUVEC incubated with 
sFlt-159. However, that study also demonstrated that sFlt-1 enhances the effects of TNFα on 
ICAM-1 expression in HUVEC, postulating that sFlt-1 increases the sensitivity of endothelial 
cells for pro-inflammatory factors59. It seems therefore that Flt-1 does affect HUVEC, but not 
the genes we studied.
In our previous study27, where we used an animal model for preeclampsia to detect vascular gene 
expression differences compared to healthy pregnancy, we also found upregulation of genes 
known to be expressed in muscle cells like ACTC1 and CHRNA327. These are genes expressed in 
aortic smooth muscle. Therefore, in the current study we investigated the expression of ACTC1 
and CHRNA3 in human aortic vascular smooth muscle cells in vitro after incubation with plasma 
from preeclamptic, healthy pregnant and non-pregnant women. This resulted in the upregulation 
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of ACTC1 after preeclamptic plasma incubation as compared with healthy pregnancy plasma 
incubation, and the upregulation of CHRNA3 after preeclamptic plasma incubation as compared 
with non-pregnant women plasma incubation. ACTC1 encodes cardiac muscle alpha actin 
and is mostly known for its expression in the heart, but is also expressed in vascular smooth 
muscle. Actins are important cytoskeleton proteins and form, together with myosin, the basis 
of muscle contraction60. Increased polymerization of actin in the vasculature is associated with 
vasoconstriction and increased blood pressure61,62. Increased ACTC1 might indicate an increased 
constriction capacity of the vascular smooth muscle cells. CHRNA3 encodes the nicotinic 
acetylcholine receptor, alpha 3 subunit. The family of nicotinic acetylcholine receptors are ligand-
gated ion channel63. This receptor responds to the neurotransmitter acetylcholine, but also to its 
agonist nicotine. Interestingly, smoking during pregnancy reduces the risk of preeclampsia64. It 
might be that this nicotinic acetylcholine receptor plays a role in this effect. The function of this 
particular receptor on vascular smooth muscle cells is not known. However, in a knockout model 
in mice this gene appeared of great importance for the contractile ability of smooth muscle cells 
in the bladder65. Further research is necessary to determine a role of this specific receptor in the 
vasculature during preeclampsia.
We also investigated the expression of genes known to be important in smooth muscle contraction, 
including genes encoding for myosins and actins specifically known for their expression in 
vascular smooth muscle cells (MYL6, MYL9, ACTG2, ACTA2). Myosin and actin together form 
a contractile machinery, which, in vascular smooth muscle cells, regulate vascular diameter66. 
We showed increased MYL6, ACTG2 and ACTA2 expression after incubation of vascular smooth 
muscle cells with plasma from preeclamptic patients as compared with incubation with plasma 
from non-pregnant women. The changes in myosin and actin coding genes might suggest an 
increased activity of the contractile machinery in the cells and thus increased vasoconstriction. If 
this also happens in the vasculature during preeclampsia, this mechanism might be an important 
contributor to vascular dysfunction and hypertension during preeclampsia. Thus, besides in 
endothelial cells, preeclamptic plasma also directly influences gene expression in vascular 
smooth muscle cells in vitro. Direct incubation of vascular smooth muscle cells is, however, not 
comparable to the in vivo situation. Perhaps circulating factors during preeclampsia can diffuse 
through the endothelial cell barrier and thereby reach the vascular smooth muscle cells.
In conclusion, plasma from preeclamptic women increased the expression of ESM1, KCNA6 
and CXCL8 in endothelial cells and increased the expression of ACTC1, CHRNA3, MYL6, ACTG2 
and ACTA2 in vascular smooth muscle cells as compared to healthy pregnancy or non-pregnant 
plasma incubation. We also showed here that known circulating factors in the plasma during 
preeclampsia may be involved in the vascular dysfunction and activation during preeclampsia, 
since extracellular ATP, disulfide HMGB1 and TNFα affected HUVEC (activation and gene 
expression) in vitro and may also play similar roles in vivo. Further studies are needed using 
vascular tissue of preeclamptic women to evaluate whether these genes are also upregulated 
in preeclampsia in vivo and may thus play a role in the vascular dysfunction in preeclampsia.



106

References

1.  Steegers EAP, Dadelszen P Von, Duvekot JJ, Pijnenborg R. Pre-eclampsia. Lancet 2010;376:631–644. 
2.  Gestational hypertension and preeclampsia. ACOG Practice Bulletin No. 202. American College of Obstetrics and 

Gynecologists. Obstet Gynecol 2019;133:e1–e25. 
3.  Redman CWG, Sargent IL. Placental Stress and Pre-eclampsia: A Revised View. Placenta IFPA and Elsevier Ltd; 

2009;30:38–42. 
4.  Redman CWG, Staff AC. Preeclampsia, biomarkers, syncytiotrophoblast stress, and placental capacity. Am J Obstet 

Gynecol 2015;213:S9.e1-S9.e4. 
5.  Maynard SE, Min J-Y, Merchan J, Lim K-H, Li J, Mondal S, Libermann TA, Morgan JP, Sellke FW, Stillman IE, Epstein FH, 

Sukhatme VP, Karumanchi SA. Excess placental soluble fms-like tyrosine kinase 1 (sFlt1) may contribute to endothelial 
dysfunction, hypertension, and proteinuria in preeclampsia. J Clin Invest American Society for Clinical Investigation; 
2003;111:649–658. 

6.  Goswami D, Tannetta DS, Magee LA, Fuchisawa A, Redman CWG, Sargent IL, Dadelszen P von. Excess 
syncytiotrophoblast microparticle shedding is a feature of early-onset pre-eclampsia, but not normotensive 
intrauterine growth restriction. Placenta 2006;27:56–61. 

7.  Gill M, Motta-Mejia C, Kandzija N, Cooke W, Zhang W, Cerdeira AS, Bastie C, Redman C, Vatish M. Placental 
Syncytiotrophoblast-Derived Extracellular Vesicles Carry Active NEP (Neprilysin) and Are Increased in Preeclampsia. 
Hypertension 2019;73:1112–1119. 

8.  Rinehart BK, Terrone DA, Lagoo-Deenadayalan S, Barber WH, Hale EA, Martin JN, Bennett WA. Expression of the 
placental cytokines tumor necrosis factor alpha, interleukin 1beta, and interleukin 10 is increased in preeclampsia. 
Am J Obstet Gynecol 1999;181:915–920. 

9.  Redman CW, Sacks GP, Sargent IL. Preeclampsia: an excessive maternal inflammatory response to pregnancy. Am J 
Obstet Gynecol 1999;180:499–506. 

10.  Roberts JM, Taylor RN, Musci TJ, Rodgers GM, Hubel CA, McLaughlin MK. Preeclampsia: An endothelial cell disorder. 
Am J Obstet Gynecol 1989;161:1200–1204. 

11.  O’Brien M, Baczyk D, Kingdom JC. Endothelial Dysfunction in Severe Preeclampsia is Mediated by Soluble Factors, 
Rather than Extracellular Vesicles. Sci Rep Nature Publishing Group; 2017;7:5887. 

12.  Redman CW, Sargent IL. Latest Advances in Understanding Preeclampsia. Science (80- ) 2005;308:1592–1594. 
13.  Powe CE, Levine RJ, Karumanchi SA. Preeclampsia, a disease of the maternal endothelium: The role of antiangiogenic 

factors and implications for later cardiovascular disease. Circulation 2011;123:2856–2869. 
14.  Choi JW, Im MW, Pai SH. Nitric oxide production increases during normal pregnancy and decreases in preeclampsia. 

Ann Clin Lab Sci 2002;32:257–263. 
15.  Hodžić J, Izetbegović S, Muračević B, Iriškić R, Štimjanin Jović H. Nitric oxide biosynthesis during normal pregnancy 

and pregnancy complicated by preeclampsia. Med Glas (Zenica) 2017;14:211–217. 
16.  Luksha L, Nisell H, Luksha N, Kublickas M, Hultenby K, Kublickiene K. Endothelium-derived hyperpolarizing factor in 

preeclampsia: heterogeneous contribution, mechanisms, and morphological prerequisites. Am J Physiol Regul Integr 
Comp Physiol 2008;294:R510-9. 

17.  Lewis DF, Canzoneri BJ, Gu Y, Zhao S, Wang Y. Maternal levels of prostacyclin, thromboxane, ICAM, and VCAM in 
normal and preeclamptic pregnancies. Am J Reprod Immunol NIH Public Access; 2010;64:376–383. 

18.  Wang Y, Walsh SW, Kay HH. Placental lipid peroxides and thromboxane are increased and prostacyclin is decreased in 
women with preeclampsia. Am J Obstet Gynecol 1992;167:946–949. 

19.  Taylor RN, Varma M, Teng NNH, Roberts JM. Women with Preeclampsia have Higher Plasma Endothelin Levels than 
Women with Normal Pregnancies. J Clin Endocrinol Metab 1990;71:1675–1677. 

20.  Kim S-Y, Ryu H-M, Yang JH, Kim M-Y, Ahn H-K, Lim H-J, Shin J-S, Woo H-J, Park S-Y, Kim Y-M, Kim J-W, Cho EH. Maternal 
Serum Levels of VCAM-1, ICAM-1 and E-selectin in Preeclampsia. J Korean Med Sci 2004;19:688. 

21.  LaMarca BD, Ryan MJ, Gilbert JS, Murphy SR, Granger JP. Inflammatory cytokines in the pathophysiology of 
hypertension during preeclampsia. Curr Hypertens Rep 2007;9:480–485. 



107

Plasma from preeclamptic patients affects gene expression in human endothelial and vascular smooth muscle cells

4

22.  Marques FK, Campos FMF, Filho OAM, Carvalho AT, Dusse LMS, Gomes KB. Circulating microparticles in severe 
preeclampsia. Clin Chim Acta 2012;414:253–258. 

23.  Roberts JM, Escudero C. The placenta in preeclampsia. Pregnancy Hypertens NIH Public Access; 2012;2:72–83. 
24.  Bakker WW, Donker RB, Timmer A, Pampus MG van, Son WJ van, Aarnoudse JG, Goor H van, Niezen-Koning KE, 

Navis G, Borghuis T, Jongman RM, Faas MM. Plasma Hemopexin Activity in Pregnancy and Preeclampsia. Hypertens 
Pregnancy 2007;26:227–239. 

25.  Shao J, Zhao M, Tong M, Wei J, Wise MR, Stone P, Chamley L, Chen Q. Increased levels of HMGB1 in trophoblastic 
debris may contribute to preeclampsia. Reproduction 2016;152:775–784. 

26.  Boeldt DS, Bird IM. Vascular adaptation in pregnancy and endothelial dysfunction in preeclampsia. J Endocrinol 
BioScientifica; 2017;232:R27–R44. 

27.  Lip S V, Graaf AM van der, Wiegman MJ, Scherjon SA, Boekschoten M V, Plösch T, Faas MM. Experimental preeclampsia 
in rats affects vascular gene expression patterns. Sci Rep 2017;7:14807. 

28.  Donker RB, Ásgeirsdóttir SA, Gerbens F, Pampus MG van, Kallenberg CGM, Meerman GJ te, Aarnoudse JG, Molema G. 
Plasma Factors in Severe Early-Onset Preeclampsia Do Not Substantially Alter Endothelial Gene Expression In Vitro. J 
Soc Gynecol Investig 2005;12:98–106. 

29.  Pradervand P-A, Clerc S, Frantz J, Rotaru C, Bardy D, Waeber B, Liaudet L, Vial Y, Feihl F. High mobility group box 1 
protein (HMGB-1): A pathogenic role in preeclampsia? Placenta 2014;35:784–786. 

30.  Maciag T, Cerundolo J, Ilsley S, Kelley PR, Forand R. An endothelial cell growth factor from bovine hypothalamus: 
identification and partial characterization. Proc Natl Acad Sci U S A 1979;76:5674–5678. 

31.  Goulopoulou S, Davidge ST. Molecular mechanisms of maternal vascular dysfunction in preeclampsia. Trends Mol 
Med Elsevier Ltd; 2015;21:88–97. 

32.  Callies C, Fels J, Liashkovich I, Kliche K, Jeggle P, Kusche-Vihrog K, Oberleithner H. Membrane potential depolarization 
decreases the stiffness of vascular endothelial cells. J Cell Sci 2011;124:1936–1942. 

33.  Nilius B, Droogmans G. Ion Channels and Their Functional Role in Vascular Endothelium. Physiol Rev 2001;81. 
34.  Watanapa WB, Theerathananon W, Akarasereenont P, Techatraisak K. Effects of preeclamptic plasma on potassium 

currents of human umbilical vein endothelial cells. Reprod Sci 2012;19:391–399. 
35.  Mistry HD, McCallum LA, Kurlak LO, Greenwood IA, Pipkin FB, Tribe RM. Novel expression and regulation of voltage-

dependent potassium channels in placentas from women with preeclampsia. Hypertension 2011;58:497–504. 
36.  Nelson MT, Quayle JM. Physiological roles and properties of potassium channels in arterial smooth muscle. Am J 

Physiol 1995;268:C799-822. 
37.  Schuitemaker JHN, Cremers TIFH, Pampus MG Van, Scherjon SA, Faas MM. Changes in endothelial cell specific 

molecule 1 plasma levels during preeclamptic pregnancies compared to healthy pregnancies. Pregnancy Hypertens 
2018;12:58–64. 

38.  Hentschke MR, Lucas LS, Mistry HD, Pinheiro da Costa BE, Poli-de-Figueiredo CE. Endocan-1 concentrations in 
maternal and fetal plasma and placentae in pre-eclampsia in the third trimester of pregnancy. Cytokine Academic 
Press; 2015;74:152–156. 

39.  Adekola H, Romero R, Chaemsaithong P, Korzeniewski SJ, Dong Z, Yeo L, Hassan SS, Chaiworapongsa T. Endocan, a 
putative endothelial cell marker, is elevated in preeclampsia, decreased in acute pyelonephritis, and unchanged in 
other obstetrical syndromes. J Matern Neonatal Med 2015;28:1621–1632. 

40.  Sarrazin S, Adam E, Lyon M, Depontieu F, Motte V, Landolfi C, Lortat-Jacob H, Bechard D, Lassalle P, Delehedde M. 
Endocan or endothelial cell specific molecule-1 (ESM-1): A potential novel endothelial cell marker and a new target 
for cancer therapy. Biochim Biophys Acta - Rev Cancer 2006;1765:25–37. 

41.  Lassalle P, Molet S, Janin A, Heyden J V, Tavernier J, Fiers W, Devos R, Tonnel AB. ESM-1 is a novel human endothelial 
cell-specific molecule expressed in lung and regulated by cytokines. J Biol Chem 1996;271:20458–20464. 

42.  Yilmaz MI, Siriopol D, Saglam M, Kurt YG, Unal HU, Eyileten T, Gok M, Cetinkaya H, Oguz Y, Sari S, Vural A, Mititiuc 
I, Covic A, Kanbay M. Plasma endocan levels associate with inflammation, vascular abnormalities, cardiovascular 
events, and survival in chronic kidney disease. Kidney Int 2014;86:1213–1220. 

43.  Scherpereel A, Depontieu F, Grigoriu B, Cavestri B, Tsicopoulos A, Gentina T, Jourdain M, Pugin J, Tonnel A-B, Lassalle 
P. Endocan, a new endothelial marker in human sepsis. Crit Care Med 2006;34:532–537. 



108

44.  Rocha SF, Schiller M, Jing D, Li H, Butz S, Vestweber D, Biljes D, Drexler HCA, Nieminen-Kelha M, Vajkoczy P, Adams S, 
Benedito R, Adams RH. Esm1 Modulates Endothelial Tip Cell Behavior and Vascular Permeability by Enhancing VEGF 
Bioavailability. Circ Res 2014;115:581–590. 

45.  Kang YH, Ji NY, Han SR, Lee C Il, Kim JW, Yeom Y Il, Kim YH, Chun HK, Kim JW, Chung JW, Ahn DK, Lee HG, Song EY. 
ESM-1 regulates cell growth and metastatic process through activation of NF-κB in colorectal cancer. Cell Signal 
2012;24:1940–1949. 

46.  Faas MM, Pampus MG van, Anninga Z a., Salomons J, Westra IM, Donker RB, Aarnoudse JG, Vos P de. Plasma from 
preeclamptic women activates endothelial cells via monocyte activation in vitro. J Reprod Immunol Elsevier Ireland 
Ltd; 2010;87:28–38. 

47.  Pinheiro MB, Martins-Filho OA, Mota APL, Alpoim PN, Godoi LC, Silveira ACO, Teixeira-Carvalho A, Gomes KB, Dusse 
LM. Severe preeclampsia goes along with a cytokine network disturbance towards a systemic inflammatory state. 
Cytokine 2013;62:165–173. 

48.  Szarka A, Rigo JJ, Lazar L, Beko G, Molvarec A. Circulating cytokines, chemokines and adhesion molecules in normal 
pregnancy and preeclampsia determined by multiplex suspension array. BMC Immunol 2010;11:59. 

49.  Shah TJ, Walsh SW. Activation of NF-κB and expression of COX-2 in association with neutrophil infiltration in systemic 
vascular tissue of women with preeclampsia. Am J Obstet Gynecol 2007;196:48.e1-48.e8. 

50.  Jacob F, Pérez Novo C, Bachert C, Crombruggen K Van. Purinergic signaling in inflammatory cells: P2 receptor 
expression, functional effects, and modulation of inflammatory responses. Purinergic Signal Springer; 2013;9:285–
306. 

51.  Spaans F, Vos P de, Bakker WW, Goor H van, Faas MM. Danger signals from ATP and adenosine in pregnancy and 
preeclampsia. Hypertens (Dallas, Tex  1979) American Heart Association, Inc.; 2014;63:1154–1160. 

52.  Magna M, Pisetsky DS. The role of HMGB1 in the pathogenesis of inflammatory and autoimmune diseases. Mol Med 
The Feinstein Institute for Medical Research; 2014;20:138–146. 

53.  Yang H, Lundback P, Ottosson L, Erlandsson-Harris H, Venereau E, Bianchi ME, Al-Abed Y, Andersson U, Tracey KJ, 
Antoine DJ. Redox modification of cysteine residues regulates the cytokine activity of high mobility group box-1 
(HMGB1). Mol Med 2012;18:1. 

54.  Antoine D, Harris H, Andersson U, Tracey KJ, Bianchi ME. A systemic nomenclature for the redox states of high 
mobility group box (HMGB) proteins. Mol Med 2014;20:1. 

55.  Venereau E, Casalgrandi M, Schiraldi M, Antoine DJ, Cattaneo A, Marchis F De, Liu J, Antonelli A, Preti A, Raeli L, Shams 
SS, Yang H, Varani L, Andersson U, Tracey KJ, Bachi A, Uguccioni M, Bianchi ME. Mutually exclusive redox forms of 
HMGB1 promote cell recruitment or proinflammatory cytokine release. J Exp Med The Rockefeller University Press; 
2012;209:1519–1528. 

56.  Treutiger CJ, Mullins GE, Johansson A-SM, Rouhiainen A, Rauvala HME, Erlandsson-Harris H, Andersson U, Yang H, 
Tracey KJ, Andersson J, Palmblad JEW. High mobility group 1 B-box mediates activation of human endothelium. J 
Intern Med 2003;254:375–385. 

57.  Collins T, Read MA, Neish AS, Whitley MZ, Thanos D, Maniatis T. Transcriptional regulation of endothelial cell adhesion 
molecules: NF-kappa B and cytokine-inducible enhancers. FASEB J 1995;9:899–909. 

58.  Schütze S, Wiegmann K, Machleidt T, Krönke M. TNF-induced activation of NF-kappa B. Immunobiology 1995;193:193–
203. 

59.  Cindrova-Davies T, Sanders DA, Burton GJ, Charnock-Jones DS. Soluble FLT1 sensitizes endothelial cells to 
inflammatory cytokines by antagonizing VEGF receptor-mediated signalling. Cardiovasc Res 2011;89:671–679. 

60.  Dominguez R, Holmes KC. Actin structure and function. Annu Rev Biophys NIH Public Access; 2011;40:169–186. 
61.  Moustafa-Bayoumi M, Alhaj MA, El-Sayed O, Wisel S, Chotani MA, Abouelnaga ZA, Hassona MDH, Rigatto K, Morris 

M, Nuovo G, Zweier JL, Goldschmidt-Clermont P, Hassanain H. Vascular hypertrophy and hypertension caused by 
transgenic overexpression of profilin 1. J Biol Chem American Society for Biochemistry and Molecular Biology; 
2007;282:37632–37639. 

62.  Staiculescu MC, Galiñanes EL, Zhao G, Ulloa U, Jin M, Beig MI, Meininger GA, Martinez-Lemus LA. Prolonged 
vasoconstriction of resistance arteries involves vascular smooth muscle actin polymerization leading to inward 
remodelling. Cardiovasc Res Oxford University Press; 2013;98:428–436. 



109

Plasma from preeclamptic patients affects gene expression in human endothelial and vascular smooth muscle cells

4

63.  Albuquerque EX, Pereira EFR, Alkondon M, Rogers SW. Mammalian nicotinic acetylcholine receptors: from structure 
to function. Physiol Rev NIH Public Access; 2009;89:73–120. 

64.  Alpoim PN, Godoi LC, Pinheiro M de B, Freitas LG, Carvalho M das G, Dusse LM. The unexpected beneficial role of 
smoking in preeclampsia. Clin Chim Acta Elsevier; 2016;459:105–108. 

65.  Biasi M De, Nigro F, Xu W. Nicotinic acetylcholine receptors in the autonomic control of bladder function. Eur J 
Pharmacol Elsevier; 2000;393:137–140. 

66.  Touyz RM, Alves-Lopes R, Rios FJ, Camargo LL, Anagnostopoulou A, Arner A, Montezano AC. Vascular smooth muscle 
contraction in hypertension. Cardiovasc Res Oxford University Press; 2018;114:529–539. 

Acknowledgements

Funding: This work was supported by the Dutch Heart foundation (2013T084).

Additional information

The authors have nothing to declare.





Early-onset preeclampsia, 
plasma microRNAs and 
endothelial cell function

CHAPTER 5

Simone V. Lip, Mark V. Boekschoten, Guido J. Hooiveld, Mariëlle G. van 
Pampus, Sicco A. Scherjon, Torsten Plösch, Marijke M. Faas

PUBLISHED MAY 2020: AMERICAN JOURNAL OF OBSTETRICS AND GYNECOLOGY, VOLUME 222, ISSUE 5



ABSTRACT

Preeclampsia is a hypertensive pregnancy disorder, in which generalized systemic inflammation 
and maternal endothelial dysfunction are involved in the pathophysiology. MiRNAs are small 
non-coding RNAs responsible for post-transcriptional regulation of gene expression and involved 
in many physiological processes. They mainly downregulate translation of their target genes. We 
aimed to compare the plasma miRNA concentrations in preeclampsia, healthy pregnancy and 
non-pregnant women. Furthermore, we aimed to evaluate the effect of three highly increased 
plasma miRNAs in preeclampsia on endothelial cell function in vitro. 
We compared 3,391 (precursor) miRNA concentrations in plasma samples from early-onset 
preeclamptic women, gestational age matched healthy pregnant women and non-pregnant women 
using miRNA 3.1. arrays (Affymetrix) and validated our findings by real-time quantitative PCR (RT 
qPCR). Subsequently, endothelial cells (human umbilical vein endothelial cells) were transfected 
with microRNA mimics (we choose the three miRNAs with the highest fold change and lowest false 
discovery rate in preeclampsia vs. healthy pregnancy). After transfection, functional assays were 
performed to evaluate if overexpression of the microRNAs in endothelial cells affected endothelial 
cell function in vitro. Functional assays were the wound healing assay (which measures cell migration 
and proliferation), the proliferation assay and the tube formation assay (which assesses formation of 
endothelial cell tubes during the angiogenic process). To determine if the miRNAs are able to decrease 
gene expression of certain genes, RNA was isolated from transfected endothelial cells and gene 
expression (by measuring RNA expression) was evaluated by gene expression microarray (Genechip 
Human Gene 2.1 ST arrays [Life Technologies]). For the microarray we used pooled samples, but 
the differently expressed genes in the microarray were validated by RT qPCR in individual samples.
No significant differences (fold change < -1.2 or > 1.2 with a false discovery rate < 0.05) were 
found in miRNA plasma concentrations between healthy pregnant and non-pregnant women. 
The plasma concentrations of 26 (precursor) miRNAs were different between preeclampsia and 
healthy pregnancy. The 3 miRNAs which were increased with the highest fold change and lowest 
false discovery rate in preeclampsia vs. healthy pregnancy were miR-574-5p, miR-1972, and 
miR-4793-3p. Transfection of endothelial cells with these miRNAs in showed that miR-574-5p 
decreased (p<0.05) the wound healing capacity (i.e. decreased endothelial cell migration and/or 
proliferation) and tended (p<0.1) to decrease proliferation, miR-1972 decreased tube formation 
(p<0.05) and also tended (p<0.1) to decrease proliferation and miR-4793-3p tended (p<0.1) 
to decrease both the wound healing capacity and tube formation in vitro. Gene expression 
analysis of transfected endothelial cells revealed that miR-574-5p tended (p<0.1) to decrease 
the expression of the proliferation marker MKI67.
We conclude that in the early-onset preeclampsia group in our study different concentrations 
of plasma miRNAs are present as compared with healthy pregnancy. Our results suggest that 
miR-574-5p and miR-1972 decrease the proliferation (probably via decreasing MKI67) and/or 
migration as well as the tube formation capacity of endothelial cells. Therefore, these miRNAs 
may be anti-angiogenic factors affecting endothelial cells in preeclampsia. 
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Introduction

Preeclampsia is a hypertensive pregnancy disorder affecting 2-8% of all pregnancies1. The poorly 
established2 and/or perfused placenta3 produces pro-inflammatory and anti-angiogenetic 
factors which are released into the maternal circulation4–7. These factors induce generalized 
systemic inflammation8 and endothelial cell activation9 and dysfunction9,10, resulting in clinical 
signs of preeclampsia, such as hypertension and proteinuria4,11.
MiRNAs are small (~22 nucleotides) non-coding RNAs responsible for post-transcriptional 
regulation of gene expression by targeting mRNAs for cleavage or inhibiting their translation12. 
MiRNAs play a critical role in many (patho)physiological cell processes, such as cell 
differentiation and proliferation13,14. In the circulation, miRNAs are often bound to proteins15 
or located inside microvesicles16 which causes high stability of these small RNAs17. Circulating 
miRNAs serve as a communication system between cells18 and circulating miRNAs may be 
involved in inflammation and endothelial function19. MiRNAs have been associated with many 
disorders, including atherosclerosis20 and chronic kidney disease with proteinuria21.
Other studies showed that the concentrations of certain miRNAs in the circulation before the 
onset of preeclampsia or during preeclampsia are different compared to healthy pregnant 
women22–26. Since miRNAs can target endothelial cells18, we hypothesized that miRNAs which 
differ in concentrations during preeclampsia might contribute to maternal endothelial 
dysfunction. To examine this, (precursor) miRNA concentrations were measured in plasma 
samples of pregnant women with early-onset preeclampsia, healthy pregnant and non-
pregnant women by microarray. Subsequently, endothelial cells were transfected with mimics 
of the miRNAs which were most highly elevated in preeclampsia vs. healthy pregnancy and 
endothelial cell function was evaluated by wound healing assay (to assess the effects of 
the miRNAs on endothelial cells migration and proliferation), cell proliferation assay and 
tube formation assays (to assess the effects of the miRNAs on tube formation properties of 
endothelial cells) in vitro. Finally we investigated which genes were affected by the miRNA 
mimics by microarray and real-time quantitative PCR.
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Materials and Methods
Study design and rational

In the first part of this study, plasma miRNA concentrations of early-onset preeclamptic patients 
are compared with plasma microRNA concentrations of healthy pregnant and non-pregnant 
women. This was done by miRNA microarray technologies. Three miRNAs with the highest fold 
change (fold change > 1.8) and with a false discovery rate < 0.01 in preeclamptic as compared 
to healthy pregnant plasma were validated by real-time quantitative PCR. These three miRNAs 
were also selected for further investigation in the second part of the study.
In the second part of the study we examined the effects of increasing the concentrations of the 
selected miRNAs in endothelial cells. To increase miRNA concentrations in endothelial cells, 
endothelial cells were transfected with miRNA mimics (chemically modified RNAs that mimic 
endogenous miRNAs). Subsequently, assays were performed to assess endothelial cell function 
in vitro. These assays include a tube formation assay, a wound healing assay and a proliferation 
assay. The tube formation assay is a well-established model for measuring formation of 
endothelial cell tubes, which is part of the angiogenesis process in vitro27. The other two assays 
also assess processes that are important for angiogenesis28. The wound healing assay assesses 
migration/proliferation of cells after insertion of a linear scratch in the cell monolayer29. The 
proliferation assay measures proliferation of the cells, by measuring metabolic activity of the 
transfected cells over time. 
Since miRNAs functions by decreasing mRNA expression, in the last part of this study it was 
investigated if the miRNAs were able to indeed modify gene expression pattern in the transfected 
endothelial cells. To do so, mRNA expression of the endothelial cells was characterized by gene 
expression microarray and validated by real-time quantitative PCR. 

Patient recruitment and plasma collection

The sample size of 10 subjects in each group was decided using power calculations described in 
the article of Liu et al30. Preeclampsia was defined according to the definition from the Practice 
Bulletin #203 “Chronic Hypertension in Pregnancy”: a systolic blood pressure of ≥ 140 mmHg 
or a diastolic blood pressure ≥ 90 mmHg on two or more occasions at least 4 h apart after 20 
weeks of gestation in women with a previously normal blood pressure, and proteinuria ≥ 300 
mg/24 h31. Samples included in this study were from early-onset preeclampsia, these women 
all delivered before week 34 of gestation and did no show comorbidities, such as autoimmune 
diseases (i.e. diabetes, antiphospholipid syndrome, SLE) or chronic hypertension. Non-pregnant 
women included were personnel at the UMCG, and healthy pregnant women were recruited 
from the midwifery antenatal clinics at the UMCG. PE patients were recruited from patients 
admitted in the UMCG. Blood was drawn from the antecubital vein into tubes containing 
EDTA (BD Biosciences). healthy pregnant women and PE were matched for gestational age at 
sampling. For non-pregnant women, samples were obtained within 10 days from the start of 
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last menstruation. Within 1 h, samples were centrifuged at 4°C, 130 g for 10 min followed by 
700 g for 10 min. Plasma was stored at  -80°C until further use. The medical ethical committee 
of the UMCG approved this study, and informed consent was signed by all participants.

RNA isolation

Total RNA was isolated from the plasma samples with TRIzol reagent (Invitrogen), followed by 
RNA purification with the miRNeasy Serum/plasma kit (Qiagen) according to manufacturer’s 
instructions. RNA quality was assessed by the Qubit Fluorometer using the Qubit microRNA 
Assay Kit (Life Technologies).

MicroRNA array

Total RNA (1 µg) was labelled with the use of the Affymetrix FlashTag Biotin HSR RNA Labeling 
kit (P/N 901911, Affymetrix) and hybridized to miRNA 3.1 arrays targeting 3,391 human 
(precursor) microRNAs ((pre-)miRNAs) (P/N 90215, Affymetrix). The miRNAs targeted by this 
array were all (precursor) miRNAs known at that moment (100% miRBase v17 coverage). 
Sample labelling, hybridization to chips and image scanning was performed according to 
the manufacturer’s instructions (for detailed protocols: Affymetrix FlashTag Biotin HSR RNA 
Labeling Kit User Manual (P/N 703095, Revision 2)).
Before statistical analysis, the quality of the datasets obtained from the scanned Affymetrix 
arrays was determined. Quality control of the data was performed using Bioconductor 
packages32 integrated in an on-line pipeline33. Various advanced quality metrics, diagnostic 
plots, pseudo-images and classification methods were applied34. Background correction, 
normalization and summation of the miRNA arrays was performed as described before35 with 
minor modifications. In brief: background was corrected by a robust normal-exponential 
convolution model that takes into account the intensities of the negative control probes present 
on the array. This was followed by weighted cyclic loss normalization for all probes. To this 
end, all control probes (except the negative controls) were assigned weight 100, and all other 
probes, including those detecting (pre-)miRNAs, 5.8 rRNA and small nucleolar RNAs (including 
small Cajal body-specific RNAs and C/D box and H/ACA box small RNAs) were attributed a 
weight of 0.001. Finally, probes were summarized into probe set expression estimates35.

MicroRNA array data analysis

The differentially expressed probe sets were identified using linear models, applying moderated 
t-statistics that implemented intensity-dependent empirical Bayes regularization of standard 
errors36,37. The moderated t-test statistic has the same interpretation as an ordinary t-test 
statistic, except that the standard errors have been moderated across genes, i.e. shrunk to 
an intensity-dependent common value, using a Bayesian model. P-values were corrected for 
multiple testing using a false discovery rate method38. Probe sets with a fold change of > 1.2 
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or < -1.2 and a false discovery rate < 0.05 were considered significantly different. For further 
analysis, the miRNAs with the highest fold change (fold change > 1.8 with a false discovery rate 
< 0.01) in PE vs. healthy pregnant women were chosen (miR-574-5p, miR-1972 and miR-4793-
3p). 

MicroRNA array validation by real-time quantitative PCR

Validation of the array was done by real-time quantitative PCR (RT qPCR) using miRNAs which 
were found to change with the highest fold change and with tha false discovery rate < 0.01 in 
preeclampsia (miR-574-5p, miR-1972 and miR-4793-3p). From total RNA, which was also used 
on the miRNA array, cDNA was prepared with the TaqMan Advanced miRNA cDNA synthesis 
Kit (Applied Biosystems) following manufacturer’s instructions. To measure miRNA expression, 
TaqMan advanced miRNA assays (Applied Biosystems) were used (Supplementary Table 1). RT 
qPCR was performed using 2.5 µL of 10x diluted cDNA, 2 µL RNase-free water, 0.5 µL TaqMan 
Advanced miRNA assay, and 5 µL TaqMan Fast Advanced Master Mix (Applied Biosystems). 
Samples were run in triplicates on a StepOnePlus™ Real-Time PCR System machine (Applied 
Biosystems) with the following protocol: 20 s 95°C, followed by 40 cycles of 3 s 95°C and 30 
s 60°C. Relative expression levels were calculated by the 2-∆CT method and normalized against 
expression levels of the relatively stable endogenous control hsa-miR-191-5p.

Human umbilical vein endothelial cell culturing 

Isolation of human umbilical vein endothelial cells was performed in the endothelial cell 
facility of the UMCG using umbilical veins from term pregnancies without complications (such 
as autoimmune diseases, preeclampsia and intra uterine growth restriction) and cells were 
pooled from at least 2 donors and cultured as described before39. The cells were cultured on 
1% gelatin coated flasks at 37°C, 5% CO2 in endothelial cell medium (ECM). ECM consisted 
of RPMI 1640 (Lonza) supplemented with 20% heat inactivated fetal calf serum (Sigma), 2 
mM L-glutamine (Lonza), 1% gentamicin (Lonza), 5 U/mL heparin (Leo Pharma), and 50 µg/mL 
endothelial cell growth factors supplement extracted from bovine brain (which was prepared 
using the method of Maciag et al.40). endothelial cells were used at passage 3.

Transfection of endothelial cells with miRNA mimics

50% confluent endothelial cells (passage 3) were transfected with mirVana miRNA mimics 
(miR-574-5p, miR-1972 or miR-4793-3p) or the mirVana miRNA mimic negative control #1 
(Ambion) in 12-wells and 96-wells plates. Transfected endothelial cells in 12-wells plates 
were used for the tube formation assays,  the wound healing assays and RNA isolation, and 
transfected endothelial cells in 96-wells plates were used for the proliferation assays. 
For 12-wells plates: 9 µL Lipofectamine RNAiMAX transfection reagent (Invitrogen) was diluted 
in 150 µL Opti-MEM Medium (Life Technologies) and 30 pmol miRNA mimic was diluted in 150 
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µL Opti-MEM medium. The two solutions were mixed and incubated for 5 min. Then, 100 µL 
miRNA-lipid mixture was added (dropwise) to each well. Cells were incubated for 48 hours at 
37°C, 5% CO2.
For 96-wells plates: 1.5 µL Lipofectamine was diluted in 25 µL Opti-MEM medium and 5 pmol 
miRNA mimic was diluted in 25 µL Opti-MEM medium. The two solutions were mixed and 
incubated for 5 min. Then, 10 µL miRNA-lipid mixture was added to each well. Cells were 
incubated for 48 hours at 37°C, 5% CO2. 
 
Tube formation assay

The tube formation assay is a well-established model for measuring tube formation, i.e. 
the ability of the endothelial cells to form capillary-like structures in vitro. This is part of the 
angiogenic process27. Matrigel basement membrane matrix (Corning) was defrosted at 4°C 
overnight. 10 µL of matrigel was pipetted with precooled pipet tips into the inner wells of 
the µ-Slide Angiogenesis (Ibidi). Slides were incubated for 45 min at 37°C. The transfected 
endothelial cells were collected after 48 h of incubation following trypsin (Gibco) treatment. 
10,000 endothelial cells dissolved in 50 µL ECM were seeded into each well of the µ-Slide 
Angiogenesis on top of the matrigel. After 12h of incubation at 37°C, 5% CO2, pictures were 
taken with the Leica MC120 HD (Leica Microsystems). Tube formation was quantified as 
total amount of loops (i.e. numbers of capillaries formed), total tube length (length of the 
capillaries) and total branching points (number of interconnections between the tubules, 
which gives information on how endothelial cells organize themselves) by using Wimasis, 2017 
(n=5). (WimTube: Tube Formation Assay Image Analysis Solution. Release 4.0. Available from: 
https://www.wimasis.com/en/products/13/WimTube).

Wound healing assay

Endothelial cell migration and/or proliferation potential was assessed by the wound healing 
assay of the transfected endothelial cells in a 12-wells plate. A linear scratch was made using 
a sterile 200 µL pipet tip. The wells were washed twice with PBS to remove debris followed 
by ECM replacement. The microscope was used to confirm scratches were comparable in all 
groups and wells did not contain cell debris. Pictures were taken with the Leica MC120 HD 
(Leica Microsystems) of the same area of the scratch after 0, 4, 8, 12, and 24 h of incubation at 
37°C, 5% CO2. To measure how long it takes to close the wound, the surface area of the scratch 
was measured using ImageJ (n=5).

WST-1 assay for cell proliferation

Since the wound healing assay evaluates both migration and proliferation, but does not allow 
discrimination between these processes, we also performed a proliferation assay, which 
specificallymeasures proliferation of the cells. To do so, the metabolic activity of transfected 
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endothelial cells was measured by colorimetric WST-1 assays (4-[3-(4-Iodophenyl)-2-(4-
nitrophenyl)-2H-5-tetrazolio]-1,3-benzene disulfonate) (cat. no. 05015944001; Roche Applied 
Science). 50% confluent endothelial cells in a 96-wells plate were transfected in triplicates 
as described above. 48 hours after transfection, 10 µl WST-1 solution was added to culture 
medium in all wells. As a blank, culture medium (without cells) was incubated with WST-1 
solution. The samples were incubated for 2h at 37°C. Subsequently, the plate was thoroughly 
shaken for 1 min and absorbance was measured at 450 and 750 (background) nm. The WST-1 
assay measures the number of viable cells. An increase in the number of viable cells indicates 
proliferation, a decrease of the number of viable cells indicates cell death. This was calculated 
with the use of the following formula: (Absorbance 450 nm – Absorbance 750)/(Absorbance 
control 450 nm – Absorbance control 750 nm)*100. N=5

RNA isolation and gene expression microarray of transfected endothelial cells

To identify miRNAs targets in endothelial cells, total RNA was isolated from transfected 
endothelial cells and gene expression was evaluated by microarray. Total RNA was isolated 
with the use of AllPrep DNA/RNA Mini Kit (Qiagen) according to manufacturer’s instructions. 
RNA quality was assessed using RNA 6000 nanochips on the Agilent 2100 bioanalyzer (Agilent 
Technologies, Amstelveen, the Netherlands).
Gene expression microarray was performed with pooled samples from 6 independent 
experiments. Four pooled samples were tested: endothelial cells transfected with the control 
miRNA and endothelial cells transfected with the miR-574-5p, miR-1972 or miR-4793-
3p mimics. Total RNA (100 ng) was labelled using an Affymetrix WT plus reagent kit and 
hybridized to whole genome Genechip Human Gene 2.1 ST arrays coding 25.088 genes and 
transcripts, (Life Technologies, the Netherlands). Sample labelling, hybridization to chips and 
image scanning was performed according manufacturer’s instructions. Microarray analysis was 
performed using MADMAX pipeline for statistical analysis of microarray data32. Quality control 
was performed and all arrays met our criteria. For further analysis a custom annotation was 
used based on reorganized oligonucleotide probes, which combines all individual probes for a 
gene41. Expression values were calculated using robust multichip average (RMA) method, which 
includes quantile normalisation42. Since the array was performed with one pooled sample per 
group, no further statistics were performed.

RT qPCR of potential miRNA targets

To confirm the potential targets of the miRNAs identified by microarray, RT qPCR was used. 
Total RNA (up to 1 µg in 10 µL) was reverse transcribed using M-MLV Reverse Transcriptase 
(Invitrogen) and random nonamers (Sigma), following manufacturer’s instructions. cDNA was 
diluted 1:10 and stored at -20°C until further use. RT qPCR was performed using 2 µL cDNA, 
5 µL PowerUpTM SYBRTM Green Master Mix (Life Technologies), 0.125 µL µL (10 µM) forward 
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and reverse primer mix, and 2.875 µL RNAse free water. Samples were run in triplicates on a 
StepOnePlus™ Real-Time PCR System machine (Applied Biosystems) with the following protocol: 
2 min 50°C, 2 min 95°C, followed by 40 cycles of 3 sec 95°C, 30 sec 60°C. Primers (Invitrogen) 
were designed using Primer3 and BLAST (Supplementary Table 2). Relative expression levels 
were calculated by the 2-∆CT method and normalized against expression levels of 36B4.

Statistics

The data were analyzed with Graphpad Prism 5.0. Normality of the data was examined by 
the D’Agostino-Pearson normality test. Patient information analysis of continuous variables 
are presented as mean ± SD and significance was determined by unpaired t-statistics, and 
analysis of categorical variables were presented as numbers (percentages) and significance 
was determined by chi-square and Fisher’s exact test. Correlations between microRNA array 
and RT qPCR expression values were determined by Pearson correlation. RT qPCR data of 
microRNA array data validation are presented as scatterplots including all data points and 
significance was determined by the one-tailed Mann Whitney test. Tube formation, the AUC of 
the wound healing, WST-1 and RT qPCR data of transfected endothelial cells are presented as 
scatterplots including all data points and significance was determined by one-tailed Wilcoxon 
statistics. P < 0.05 was considered significant and p < 0.1 was considered a trend.
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Results
Patient characteristics

All PE patients included were diagnosed with early-onset preeclampsia, i.e. they all delivered 
before 34 weeks of gestation. Since blood sampling of healthy pregnant women was matched 
for gestational age with the PE group, there were no differences in gestational age at sampling. 
There were also no differences in maternal age, parity and smoking between the pregnant 
groups (Table 1). However, the PE patients delivered earlier and the newborns weighed less 
compared to the healthy pregnant group (Table 1). The non-pregnant women did not differ in 
age or smoking from the pregnant groups (Table 1). 

Table 1. Patient information

Non-pregnant women 
(n=10)

Healthy pregnancy 
(n=10)

Early-onset preeclampsia 
(n=10)

Age (years) 27.6 ± 4.5 28.0 ± 4.4 31.5 ± 5.7

Smoker (n) 0 (0%) 0 (0%) 1 (10%)

Nulliparous (n) NA 8 (80%) 8 (80%)

Systolic blood  
pressure (mmHg)

NA NR 168.0 ± 19.52 

Diastolic blood  
pressure (mmHg)

NA NR 104.3 ± 10.72 

Urinary protein  
excretion (g/24h)

NA NR 1.32 ± 1.71 

Gestational age at sampling 
(weeks)

NA 29.8 ± 1.2 29.7 ± 2.8 

Gestational age at delivery 
(weeks)

NA 40.3 ± 1.0 30.5 ± 2.6 *** 

Newborn weight (g) NA 3586 ± 291.6 1098 ± 368.0 ***

Perinatal mortality (n) NA 0 (0%) 1 (10%)

Data are shown as mean ± SD or numbers (percentages). *** p < 0.0001 compared to healthy pregnancy  with unpaired 

t-statistics. NA = not applicable; NR = within normal ranges but not routinely recorded. 
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Differences in microRNA concentrations

No precursor (pre) miRNAs were significantly (fold change < -1.2 or > 1.2 with a false discovery 
rate < 0.05) increased in healthy pregnant compared to non-pregnant women. In PE, 26 (pre-)
miRNAs were detected in different concentrations compared to healthy pregnant women, 
which included an increase in concentrations of six precursor miRNAs and 19 miRNAs and the 
decrease in concentrations of one miRNA (Table 2). 

Table 2. Differentially expressed (precursor) miRNAs in early-onset preeclampsia vs. healthy pregnancy.

Fold change False Discovery Rate

hsa-miR-1972_st 2.821007 1.58E-09

hsa-miR-574-5p_st 2.327063 6.99E-06

hsa-miR-1246_st 1.961194 0.048174

hsa-miR-4793-3p_st 1.860032 7.95E-05

hsa-miR-574-3p_st 1.761949 0.012838

hsa-miR-4745-5p_st 1.719226 0.019111

hsa-miR-4484_st 1.692787 0.036335

hsa-miR-1290_st 1.683642 0.036335

hsa-miR-1268_st 1.654545 0.012838

hsa-miR-3665_st 1.641798 0.0241

hsa-miR-4787-5p_st 1.600838 0.029235

hsa-miR-4436b-5p_st 1.494193 0.009999

hsa-miR-4440_st 1.431718 1.77E-05

hsa-miR-1910_st 1.417769 0.012838

hp_hsa-mir-1299_st 1.390918 3.13E-06

hsa-miR-4767_st 1.382612 0.024187

hsa-miR-1268b_st 1.366834 1.16E-05

hsa-miR-1207-5p_st 1.326744 0.02257

hp_hsa-mir-5095_st 1.303841 0.002187

hp_hsa-mir-4730_st 1.2653 0.0003

hsa-miR-4734_st 1.255385 0.040037

hp_hsa-mir-550b-2_s_st 1.250968 0.003634

hp_hsa-mir-4525_st 1.221849 0.003239

hsa-miR-3935_st 1.221763 0.030878

hp_hsa-mir-550b-1_s_st 1.206412 0.004849

hsa-miR-548a-3p_st -1.32324 0.024187

MiRNA expression was measured by microarray



122

Validation of the three mostly increased microRNAs in PE by RT qPCR

As a microarray may give false positive, we validated the array data with RT qPCR. Expression 
levels of the three miRNAs with the highest increase in concentrations (and a false discovery 
rate < 0.01) in PE vs. healthy pregnant women (miR-574-5p, miR-1972, miR-4793-3p) were 
evaluated. For all three miRNAs, a significant linear correlation was found between array and 
RT qPCR data (Fig. 1A-C). Concentrations of miR-574-5p (Fig. 1D) and miR-1972 (Fig. 1E) were 
increased compared to both healthy pregnancy and non-pregnant women. The miR-4793-3p 
concentrations were increased in both PE and non-pregnant compared to healthy pregnant 
women (Fig. 1F).

Figure 1. Validation of the miRNA microarray. Real time quantitative PCR (RT qPCR) was performed to validate the 

miRNA expression values of the array data. Expression values of the three miRNAs which were mostly increased in 

concentrations were evaluated and the correlation between array and RT qPCR data was determined by Pearson 

correlation (A-C). Additionally, relative expression values of the miRNAs by RT qPCR were compared between PE (n=10), 

Pr (n=10) and NPr (n=10) groups (D-F). PE = early-onset preeclampsia; Pr = healthy pregnant; NPr = non-pregnant 

women. Data are presented as scatterplots including all data points. * p < 0.05, ** p < 0.01, *** p < 0.001 by the Mann 

Whitney test. 
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MiR-1972 attenuates tube formation in vitro

Endothelial cells were transfected with miRNA mimics to examine if the miRNAs, with the 
biggest change in preeclampsia vs. healthy pregnancy, affected endothelial cell function. 
Endothelial cell function was assessed by the tube formation assay (Fig. 2), which assesses the 
capability of the endothelial cells to form capillary-like structures. All transfected endothelial 
cells were able to form tubes (Fig. 2A). Transfection with miR-1972 significantly (p = 0.049) 
reduced the amount of loops formed as compared with the control. Transfection with miR-
4793-3p tended (p = 0.068) to reduce the amount of loops formed as compared with the 
control, while miR-574-5p did not affect loop formation (Fig. 2B). No differences were detected 
in total tube length between the groups (Fig. 2C). The total branching points were significantly 
reduced after miR-1972 transfection as compared with control (p = 0.029) and tended to be 
reduced after miR-4793-3p transfection as compared with control (p = 0.085), while miR-574-5 
did not affect the total branching points (Fig. 2D).

Figure 2. Tube formation was assessed of endothelial cells transfected with miRNA mimics. Light microscopy pictures 

were taken after 12 h. Tube formation was quantified in the amount of loops formed (A), the total tube length (B) and 

total branching points (C). N=5. Data are presented as scatterplots including all data points. * p < 0.05 as compared 

with the control determined by one-sided Wilcoxon statistics.
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MiR-574-5p negatively affects wound healing in vitro

The wound healing assay was used to assess migration and/or proliferation of the endothelial 
cells. Therefore, a scratch was made in the wells with transfected endothelial cells and pictures 
were taken after 0, 4, 8, 12 and 24 h (Fig. 3A) to evaluate wound healing. Wound healing was 
quantified by measuring the percentage of wound closure in time (Fig. 3B). The area under 
the curve revealed that miR-574-5p overexpression in endothelial cells significantly reduced 
wound closure as compared with control (p = 0.031), while miR-4793-3p overexpression 
tended to reduce wound closure as compared with the control (p = 0.062)(Fig. 3C). MiR-1972 
did not influence wound closure.

Figure 3. Wound healing was assessed of endothelial cells transfected with miRNA mimics. Light microscopy pictures 

were taken after 0, 4, 8, 12, and 24 h after the monolayer of cells had been scratched. Lines were drawn at the border 

of the scratch to clearly distinguish the wound area. Wound healing was quantified by the percentage of surface area 

closure (A) and the area under the curve (AUC) was calculated (B). N=5. Surface area closure is presented as median 

and interquartile range and the AUC is presented as a scatterplot including all data points. * p < 0.05 as compared with 

the control determined by one-sided Wilcoxon statistics.
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MiR-574-5p and miR-4793-3p tend to decrease proliferation of endothelial cells in vitro

To further examine which factor, decreased proliferation or migration, was responsible for 
the reduced wound healing capacity after miR-574-5p transfection, a proliferation assay was 
performed. It appeared that miR-574-5p (p = 0.063) and miR-1927 (p = 0.063) tended to 
reduce proliferation of endothelial cells as compared with control endothelial cells, while miR-
4793-3p did not affect proliferation in endothelial cells (Fig. 4).

Figure 4. Proliferation was assessed of endothelial cells transfected with miRNA mimics by the WST-1 assay. N=5. Data 

are presented as scatterplots including all data points. Significance was determined by one-sided Wilcoxon statistics.

MiR-574-5p suppresses the proliferation marker MKI67 

To investigate which genes in endothelial cells are regulated by the three miRNAs, gene 
expression of transfected endothelial cells was evaluated by gene expression array and validated 
by RT qPCR. Array data of pooled samples of miR-574-5p transfected endothelial cells showed 
potential silencing (a decreased expression > 50%) of 1,034 genes (Supplementary Table 3). 
SLC31A1 was downregulated with the highest fold change (fold change = -12.95) and thus 
this gene was chosen for validation with RT qPCR in all samples. MKI67 (fold change = -1.51) 
was also chosen for validation with RT qPCR since MKI67 is a marker for cell proliferation. For 
validation, samples were not pooled, but individual samples were used. RT qPCR validated 
that miR-574-5p overexpression (n=5) significantly decreased the expression of SLC31A1 (p = 
0.031) and tended to decrease the expression of MKI67 (p = 0.094) as compared with control 
endothelial cells (n=5) (Fig. 5). The pooled array data of miR-1972 (Supplementary Table 4) 
and miR-4793-3p (Supplementary Table 5) showed potential silencing of 812 and 840 genes, 
respectively. The mostly downregulated genes in both cases were RSAD2 (fold change miR-
1972 = -8.33 and fold change miR-4792-3p = -10.20) and CXCL10 (fold change miR-1972 = -7.94 
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and fold change miR-4792-3p = -6.69). We validated these genes with RT qPCR on the individual 
samples. This RT qPCR revealed, however, that these were not significantly decreased as 
compared with the control sample (data not shown). The genes encoding ICAM-1, VCAM-1 or 
other pro-inflammatory factors were not altered in expression. It seems therefore that these 
miRNAs do not affect endothelial cell activation and we decided not to focus on genes involved 
in endothelial cell activation.

Figure 5. Targets of miR-574-5p were examined by real time quantitative PCR. Relative gene expression of MKI67 (A) 

and SLC31A1 (B) in endothelial cells transfected with the miR-574-5p mimic were evaluated. N=5. Data are presented 

as scatterplots including all data points. * p < 0.05 as compared with the control by one-sided Wilcoxon statistics.
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Comment
Principal findings 

In this study we identified (pre-)miRNAs with different plasma concentrations in early-onset 
preeclamptic women as compared with healthy pregnant women. We demonstrated that 
preeclampsia is characterized by changes in plasma levels of 26 (pre-)miRNAs as compared 
with healthy pregnancy. Subsequently, we studied the influence of the three miRNAs which 
were increased with the highest fold change (and a false discovery rate < 0.01) in preeclampsia 
vs. healthy pregnancy on angiogenic function of endothelial cells. This was done by transfecting 
endothelial cells with miRNA mimics of these miRNAs followed by assays evaluating processes 
involved in angiogenesis, i.e. the a wound healing assay, a proliferation assay and a tube 
formation assay. We showed that miR-574-5p negatively affected wound healing and tended 
to reduce proliferation of endothelial cells in vitro. MiR-1972 negatively affected tube 
formation and also tended to reduce proliferation of endothelial cells in vitro. MiR-4793-3p 
tended to decrease tube formation and tended to negatively affect wound healing. Thus, the 
early-onset preeclampsia group in our study is characterized with differences in plasma miRNA 
concentrations as compared to healthy pregnancy. We demonstrated that increased miR-574-
5p and miR-1972 showed anti-angiogenic affects. 

Comparison with existing literature

Our study revealed differences in plasma levels of miRNAs in early-onset preeclamptic vs. 
healthy pregnant women, which is in line with various previous studies22–26. Details about these 
studies are presented in Table 3. 
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Table 3. Summary of studies investigating circulating miRNA concentrations before the onset of preeclampsia or 

during preeclampsia as compared to healthy pregnancy

Study 
 
 

Method  
for miRNA 
analysis 

Number 
of PE 
patients 
included

Matrix 
 
 

Type of  
preeclampsia 
 

Main results in PE vs. 
healthy pregnancy 
 

Wu et al. 
201222 

 

Mature miRNA 
microarray anal- 
ysis and validation 
by RT qPCR

10 
 
 

Plasma 
 
 

Late-onset, severe  
preeclampsia 
 

Increased miR-24, miR-
26a, miR-103, miR-130b, 
miR-181a, miR-342-3p, and 
miR-574-5p

Munaut et 
al. 201623 

 

 

MiRNAs were 
selected based 
on other articles 
and investigated 
by RT qPCR

23 
 
 
 

Serum 
 
 
 

Before the onset 
of preeclampsia 
(gestational age: 
32.1 (25.3–36.6) 
weeks)

Increased miR-210-3p,  
miR-210-5p, miR-1233-3p, 
and miR-574-5p

Lu et al.  
201324 

 

SOLiD  
sequencing and 
validation by  
RT qPCR

16 mild 
PE and 
22 severe 
PE

Plasma 
 
 

Mild and severe 
preeclampsia 
 

Increased miR-141 and 
miR-29a in mild PE and 
decreased miR-144 in both 
mild and severe PE

Ura et al.  
201425 

 

 

Microarray  
analysis and 
validation by  
RT qPCR 

24 
 
 
 

Serum 
 
 
 

Before the onset 
of severe  
preeclampsia  
(gestational age: 
12-14 weeks)

Increased miR-1233, 
miR-520, miR-210 and 
decreased miR-144 
 

Jairajpuri et 
al. 201726 

 

 

 

Mature miRNA 
microarray  
consisting of 
miRNA probes 
targeting 84 PE 
associated genes

7 mild 
PE and 
8 severe 
PE 
 

Plasma 
 
 
 
 

Mild and severe 
preeclampsia 
 
 
 

Increased miR-215  
miR-155, miR-650, miR-210 
and miR-21 and decreased 
miR-18a, and miR-19b1 
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We found that the concentrations of 26 (pre-)miRNAs were different in preeclampsia vs. healthy 
pregnancy, the miRNAs which were mostly increased in concentrations being miR-1972, miR-
574-5p and miR-4793-3p. However, our study differs from other studies: For example, miR-
1972 and miR-4793-3p were not mentioned in any of the other studies evaluating miRNA 
expression in preeclampsia vs. healthy pregnancy and which also performed genome-wide 
miRNA profiling22,24–26. Differences between studies might be explained by differences in sample 
collection (serum instead of plasma)25,43, inclusion of early- or late-onset preeclampsia22,23,25, 
gestational age at sampling24,25, profiling methods24 and/or ethnicity of patients43,44. MiR-574-
5p, which was increased in PE in our study, was also found to be increased during or before 
preeclampsia in two other studies22,23. The fact that we are the third study to link this specific 
miRNA with preeclampsia, may indicate an important role of miR-574-5p in the development 
and/or the pathogenesis of preeclampsia. There are several miRNAs predominantly expressed 
in the placenta, including miRNAs located at the chromosome 19 microRNA cluster (C19MC), 
C14MC and the miR-371-3 cluster45. The 26 (pre-)miRNAs did not include any members of the 
C19MC, C14MC or the miR-371-3 cluster. This does not automatically imply that the placenta 
was not the source of the miRNAs. However, the miRNA could also arise from other sources, 
such as activated immune cells or maybe even activated endothelial cells themselves.

Overexpression of miR-574-5p in preeclampsia

We found that overexpression of miR-574-5p in endothelial cells resulted in a decreased 
endothelial wound healing capacity, i.e. a decreased capacity of migration and/or proliferation 
of endothelial cells. The strength of the wound healing assay is that it actively measures cell 
activity in vitro. However, the specific factors involved (migration or proliferation) cannot 
be addressed. In our study, the decreased wound healing capacity is probably (partly) 
induced by decreased proliferation since subsequent experiments revealed that miR-574-5p 
overexpression tended to inhibit proliferation of endothelial cells in vitro. Inhibited migration of 
endothelial cells probably also plays an important role. Furthermore, we also found that miR-
574-5p overexpression tended to decrease the expression of MKI67, which encodes the well-
known proliferation marker Ki-6746. Our data of the effect of miR-574-5p on proliferation are 
in accordance with two other studies47,48. MiR-574-5p overexpression in our study significantly 
reduced the expression of SLC31A1. This gene encodes for a high affinity copper transporter in 
the cell membrane. Copper transport is essential for cell function, including proliferation49. The 
decreased expression of SLC31A1 in our study might contribute to decreased proliferation of 
endothelial cells after miR-574-5p overexpression by limiting copper entry into the cells. Since 
both endothelial cell migration and proliferation are processes involved in angiogenesis28, 
this miR-574-5p has anti-angiogenic properties, and this miRNA may contribute to the anti-
angiogenic environment in preeclampsia. 
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Overexpression of miR-1972 in preeclampsia

Overexpression of miR-1972 in endothelial cells resulted in attenuated tube formation and 
tended to reduce proliferation. The tube formation assay is a well-established in vitro model 
for formation of endothelial cell tubes, a process important in the angiogenic process27. 
Preeclampsia is characterized with increased levels of circulating anti-angiogenic factors 
like soluble fms-like tyrosine kinase 1 (sFlt-1)4 and soluble endoglin (sEng)50. Our data show 
that miR-1972, like miR574-5p, may also contribute to the anti-angiogenic environment in 
preeclampsia. However, as compared with miR574-5p, miR1972 seems to affect a different 
part of the angiogenic process, i.e. endothelial cell tube formation. Another study showed that 
overexpression of miR-1972 in chronic myelogenous leukemia cells inhibited cell division51. 
This might be in line with our results, since miR-1972 overexpression also tended to reduce 
endothelial cell proliferation. Since to our knowledge no previous research mentioned miR-
1972 in relation with preeclampsia, further research is necessary to determine the exact role 
of miR-1972 during preeclampsia.

Overexpression of miR-4793-3p in preeclampsia

The third miRNA, which was increased during preeclampsia vs. healthy pregnancy was 
miR-4793-3p. Previous studies showed that miR-4793-3p concentrations were increased 
in un-ruptured cerebral aneurysm tissues52 and decreased in the circulation during chronic 
thromboembolic pulmonary hypertension53. However, on a functional level not much is known 
about this particular microRNA. In our study, miR-4793-3p overexpression in endothelial cells 
tended to reduce tube formation and tended to negatively affect wound healing in vitro, 
suggesting that this miRNA may potentially reduce angiogenesis in preeclampsia

Strengths and limitations

We extended our observational study on plasma miRNAs in preeclampsia with a mechanistic 
study in which we pinpointed the effects of the increased plasma miRNAs in preeclampsia 
on endothelial cell function in vitro. Using various techniques, we demonstrated that 
preeclampsia-specific miRNAs affected endothelial cell function, especially angiogenic 
function, in vitro. We note that the in vivo miRNA uptake mechanically differs from the in 
vitro transfection method used in this study. However, the transfection method, we used, 
is generally accepted54–56 to enable investigating the effect of increased concentrations of 
specific miRNAs on cells. Moreover, the observed cellular effects are biologically plausible in 
the context of preeclampsia. Although we included non-pregnant, pregnant and preeclamptic 
patients, our study was a relatively small study, with 10 individuals in each group. However, we 
included a relatively homogeneous group of preeclamptic women, which were all early onset 
and gestational age at sampling was perfectly matched with healthy pregnant women.
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Clinical implications

The miRNAs which differed in concentrations during preeclampsia maybe modulators of 
endothelial function in preeclampsia. Our findings fit into the current understanding of the 
pathophysiology of preeclampsia. The poorly established placenta in early-onset preeclampsia 
produces many proinflammatory7 and anti-angiogenic factors (which may include the miRNAs 
found in our study)4,6 into the maternal circulation inducing generalized systemic inflammation8 
and endothelial cell activation and dysfunction9,10. If the inflammatory cells or endothelial 
cells also produce the miRNAs identified in our study, then these miRNA may also target the 
endothelial cells, with anti-angiogenic effects. 
If these microRNAs are already present early in pregnancy, these microRNAs may contribute 
to a better biomarker profile for early preeclampsia diagnostics. Existing circulating biomarkers 
profiles (including placental growth factor, sFlt-1 and sEng) are at the moment still limited for 
prediction of preeclampsia57 and would therefore benefit with additional early biomarkers. 
The miRNAs might also be interesting future targets for reducing endothelial dysfunction 
during preeclampsia. Endogenous miRNAs can for example be inhibited using synthetic 
antisense microRNAs which are complimentary to the endogenous miRNA58. At this moment 
the possibilities of such microRNA therapeutics are under extensive investigation and a small 
number of microRNA therapeutics are already at the stage of clinical trials58,59.

Research implications

Future research should demonstrate if the effects of the miRNAs on endothelial cell function 
in vitro also take place in vivo. This could first be tested in animal experiments, in which the 
effects of overexpression of the miRNA in animals could be tested. For example, transgenic 
mice could be developed to overexpress the miRNA of interest by incorporating a transgene60. 
To investigate the effect of the miRNA specifically in the endothelium, expression of the 
transgene could be made tissue specific (e.g. using the Cre-LoxP system)60. Furthermore, miRNA 
concentrations could be examined in preeclamptic animal models to detect if these miRNAs 
are also elevated in these models. If so, these animals could be treated to reduce these miRNA 
levels (by microRNA therapeutics) and investigate if this reduces the preeclamptic features like 
hypertension and proteinuria.
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Conclusion

In conclusion, we demonstrated that early-onset preeclampsia is associated with changes 
in plasma miRNAs compared to healthy pregnancy. If this is also the case for late-onset 
preeclampsia, needs to be further investigated. Two of the most highly elevated miRNAs 
(miR-574-5p and miR-1972) significantly influenced endothelial angiogenic function in 
our in vitro assays. We postulate that, besides the well-established pathways contributing 
to this multifactorial disease (e.g. signaling of sFlt-1, VEGF, inflammatory cytokines such as 
TNFα and the renin-angiotensin system) miRNAs may also contribute to the pathogenesis of 
preeclampsia, by affecting endothelial angiogenic cell function. 
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ABSTRACT

The incidence and pathogenesis of cardiovascular diseases differs between women and men. 
This is often explained by differences in sex hormones and their effects on the vasculature. 
However, intrinsic differences in the vascular cells between sexes might also play a role. We 
here aimed to compare gene expression profiles in fetal female and male endothelial cells with 
subsequent epigenetic analysis to investigate possible underlying regulatory mechanisms.
We examined the whole-genome gene expression pattern of human umbilical vein endothelial 
cells (HUVEC) of six female and six male samples by microarray. We found increased expression 
of 174 autosomal genes in female vs. male HUVEC and decreased expression of 199 genes. 
Differentially expressed genes with the highest fold change include MMP12 in female vs. male 
HUVEC (increased) and TRIM6 (decreased). These gene expression differences were validated 
by real-time qPCR. Subsequent DNA methylation analysis by pyrosequencing revealed 
increased DNA methylation in female vs. male HUVEC in the promoter region of TRIM6, 
but no differences were found in the DNA methylation pattern for MMP12. Lastly, 32 X- or 
Y-chromosomal genes were differentially expressed between the groups.
In conclusion, fetal human endothelial cells possess a gene expression and DNA methylation 
pattern which is already sex-specific. Further research is necessary to determine if the 
differentially expressed genes in female vs. male HUVEC identified by us also contribute to 
differences in cellular function and the development of cardiovascular diseases between 
sexes. Our results furthermore indicate that sex differences of endothelial cells (but possibly 
also other cell types) should be considered during in vitro experiments.
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Introduction

Cardiovascular diseases (CVD) differ between women and men in incidence and pathogenesis1–4. 
This results in different symptoms of CVD and a different age at which CVD develop in women as 
compared with men1,5,6. The prevalence of certain forms of cardiovascular diseases also differs 
between sexes. Women are, for example, more susceptible for heart failure with preserved 
ejection fraction than men, while men are more susceptible for heart failure with reduced 
ejection fraction7. Women develop acute coronary syndromes at an older age as compared 
with men5. The occurrence of CVD at an older age in women might be explained by a drop 
in sex-hormones after menopause4. It appears that especially estrogens have cardiovascular 
protective capacities1. For example, estrogen increased the recovery rate of endothelial cells 
after arterial injury in rats8. Also, hypertensive women are characterized with decreased 
estrogen levels as compared with age-matched healthy women9, and a drop in estrogen 
concentrations increases the chance of developing atherosclerosis10. 
However, it might be that besides sex-hormones, intrinsic cellular differences between sexes 
also play a role in the incidence and pathogenesis of cardiovascular diseases. For instance, 
sex-specific differences in the gene expression pattern of cells important for vascular function, 
such as endothelial cells, might play a role. Endothelial cells form a physical and selective 
barrier between blood and tissues, are able to sense the composition of the blood and detect 
mechanical stretch11,12. The detection of mechanical stretch can activate downstream signaling 
pathways, affecting proliferation, angiogenesis and the control of vascular tone12. The vascular 
tone is regulated by endothelial cells by the production of vasoactive factors like nitric oxide13. 
Endothelial dysfunction (characterized by dysregulated endothelium-derived vasoactive 
factors including a decrease of nitric oxide14) is a well-known early marker for CVD15, and also 
contributes to the development of CVD16–18. Thus, endothelial cell function is important for 
cardiovascular health.
We hypothesized that endothelial cells possess an intrinsic sex-specific gene expression 
pattern. To study this we examined the gene expression pattern of female vs. male fetal 
human umbilical vein endothelial cells by whole-genome microarray analysis. We choose 
fetal cells since we were interested if these ‘young’ naïve endothelial cells already possess 
a sex-specific gene expression pattern. Subsequently, we examined the DNA methylation 
pattern of key differentially expressed genes to determine if endothelial cells are also sex-
specific epigenetically programmed. Such insight in sex differences of endothelial cells might 
contribute to further understanding of the sex-specific development of CVD, which may lead 
to sex-specific diagnosis or treatment of CVD. 
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Materials and Methods
Sample collection

Human umbilical vein endothelial cells (HUVEC) (from vaginal deliveries of non-complicated 
pregnancies) from 6 boys and 6 girls were isolated in the endothelial cell facility of the 
University Medical Center Groningen as described before19. In brief: cells were grown in 
endothelial cell medium (ECM) on 1% gelatin coated flasks at 37°C, 5% CO2. ECM consisted of 
RPMI 1640 (Lonza) supplemented with 20% heat inactivated fetal calf serum (Sigma-Aldrich), 2 
mM L-glutamine (Lonza), 1% gentamicin (Lonza), 5 U/mL heparin (Leo Pharma), and 50 µg/mL 
endothelial cell growth factors supplement extracted from bovine brain (which was prepared 
using the method of Maciag et al.20). Cells from the umbilical veins were cultured in separate 
flasks and passage 0 of the HUVEC were grown until 80% confluency (over a period of 5 – 7 
days) followed by direct cell lysing in the cell culture flasks and lysates were stored at -80°C 
until further use.

DNA and RNA isolation and sex determination

Total DNA and RNA were isolated from the HUVEC lysates with the use of AllPrep DNA/RNA 
Mini Kit (Qiagen) according to manufacturer’s instructions. 
Sex of the endothelial cells was confirmed by multiplex PCR as described before21. 
In short, primers for the testis determining factor (TDF) on the SRY gene (forward: 
ATGACCCTAGAACCACTGGA, reverse: GAGTATTGCGTTGGCATCCT) were used as an identification 
of male samples. Also, primers for HLA-DQα (forward: GTGCTGCAGGTGTAAACTTGTACCAG, 
reverse: CACGGATCCGGTAGCAGCGGTAGAGTTG) were used, which will be amplified in both 
males and females. The products of the multiplex PCR with both primer pairs resulted in 2 
bands on agarose gel for male samples and only 1 band for female samples21 (data not shown). 

Microarray

RNA quality was assessed using RNA 6000 nanochips on the Agilent 2100 bioanalyzer (Agilent 
Technologies). Gene expression microarray was performed with 6 female and 6 male HUVEC 
samples as determined with the multiplex PCR described above. Total RNA (100 ng) was 
labelled using an Affymetrix WT plus reagent kit and hybridized to whole genome Genechip 
Human Gene 2.1 ST arrays coding 25,088 genes and transcripts (Life Technologies). Sample 
labelling, hybridization to chips and image scanning was performed according manufacturer’s 
instructions. Microarray analysis was performed using MADMAX pipeline for statistical analysis 
of microarray data22. Quality control was performed and all arrays met our criteria. For further 
analysis a custom annotation was used based on reorganized oligonucleotide probes, which 
combines all individual probes for a gene23. Expression values were calculated using robust 
multichip average (RMA) method, which includes quantile normalisation24.
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Microarray data analysis

Microarray data were filtered, and probe sets with expression values higher than 20 on at 
least four arrays were considered to be expressed and selected for further statistical analysis. 
In addition, an Inter Quartile Range (IQR) cut-off of 0.2 (log2) was used to filter out genes that 
showed little variation between sexes. Probe sets with less than five probes were omitted from 
the data set. Significant differences in expression were assessed using paired Intensity-Based 
Moderated T-statistics (IBMT25). Pathways analysis was performed by Gene Set Enrichment 
Analysis (GSEA)26.

Real-time quantitative PCR

1 µg RNA was reverse transcribed using 200 units of M-MLV reverse transcriptase (Invitrogen) 
and random nonamers (Sigma-Aldrich) according to the manufacturer’s instructions. cDNA 
was diluted 10x and stored at -20°C until further use. Real-time quantitative PCR (RT qPCR) was 
performed with 2 µL cDNA, 2.875 µL water, 0.125 µL (10 µM) forward and reverse primer mix, 
and 5 µL SYBR Green PCR Master Mix (Life Technologies). The samples were run in triplicates 
on the StepOnePlus™ Real-Time PCR System machine (Applied Biosystems). The program 
was 10 min 95°C, followed by 40 cycles: 15 sec 95°C and 1 min 60°C. Primers (Invitrogen) 
were designed using Primer3 and BLAST (Table 1). Expression levels were analyzed by the 2-∆CT 

method and were normalized to the mean of ATF6 and EIF2D (which were detected as stable 
reference genes from the array results).

Table 1. Primers for RT qPCR

Gene name Forward primer (5’ -> 3’) Reverse primer (5’ -> 3’)

ATF6 GGAGTATTTTGTCCGCCTGC GCAAAGAGAGCAGAATCCCAAT

EIF2D GGTAGGGGGAGCAGATTTGA GCAACTCCAATGGCTACAGG

MMP12 ACACATTCAGGAGGCACAAAC GCGTTGGTTCTCTTTTGGGT

NUPR1 CGGAGGTGGAGGCCG GGCCTCATCTCCAGCTCT

ARNT2 TGACCAGCTCTCCTGTATGC CAGAAGATCCTGGGGTTGGT

COL6A1 CCTGTTGGGTACCAGGGAAT TCCTTGAATGCCGTCAAACC

EDNRB GTTGTGTCCTGCCTTGTGTT TGCCAGCAGCTTGTAGACAT

TRIM6 GTCGTGCGTGGTTGAGTTTA TAGAATCCTCTCTGACCCGC

IGHV3-15 TGGTGGGACAACAGACTACG TCCTCGGTTTTCAGGCTGTT

KIAA0040 GCAACCAAAAAGGAACCCAC ATGGGGAACAATCTTTCGGT
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Pyrosequencing

500 ng of DNA was bisulfite treated using EZ DNA Methylation-Gold kit (Zymo Research) 
following the manufacturer’s instructions. Primers (Invitrogen) were designed using PyroMark 
Assay Design software 2.0 (Qiagen) (Table 2). Pyrosequencing assays were prepared using 
PyroMark Q48 Autoprep software (Qiagen). Bisulfite treated DNA was amplified by PCR with 
the following protocol: 95°C for 15 min followed by 45 cycles of 94°C – 30s, 58°C – 30s, 72°C – 
30s, followed by 72°C for 7 min, stored at -20°C and used within two days. Pyrosequencing was 
performed on the PyroMark Q48 (Qiagen) following manufacturer’s instructions.

Table 2. Primers for pyrosequencing

Gene 
name

Forward primer  
(5’ -> 3’)

Reverse primer 
(5’ -> 3’)

Sequencing  
primer (5’ -> 3’)

Sequence to analyze 

MMP12 
 

GGAATTTAGTTTT 
TTAGAGAAATGTG 
ATA 

ACTAAAATTAAA 
AAAAATTAACCC 
ACATCC (B)

TTTATATGTAGT 
AAAAAAAAATTT 
G 

CGGTACAACACGTGGAATAAAC 
AATGAAGTCG 

COL1A6 
 

TAGGAGGAGGTT 
GGTGGGAAGA  

ACCAACCTATCA 
CCCAAAAAAAA 
TTCCTTA (B)

GGTTGGTGGGA 
AGAG  

CGAGTGAGCCTGCCCGTGCGTC 
CCGCATGGAGACGTCTGGATTG 
GAAACTACCG

TRIM6 
 

ATGTTGGTAGGG 
ATGGTTTTAATTT  

ATATAATCACCA 
ATAACCCCTCAA 
(B)

GGGATGGTTTTA 
ATTTTTTG  

CGTTATCCGCCCGCCTCGGCCT 
CCCAAAGTGCTGGGATTACAGG 
GGTGAACCACCGCG

(B) = biotinylated primer. 

Statistics

RT qPCR and pyrosequencing data were analyzed with Graphpad Prism 5.0 on a standard 
computer. Correlations between microarray and RT qPCR expression values were determined 
by Pearson correlation. RT qPCR and Pyrosequencing data are presented as median and 
interquartile range. Significance was determined by the Mann Whitney test. P < 0.05 was 
considered significant and p < 0.1 was considered a trend.
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Results
Differences in transcriptome

In the comparison between female and male endothelial cells, the array revealed various 
differentially expressed genes located on the sex chromosomes. In total, 18 X chromosomal 
genes were higher expressed in female HUVEC and 3 X chromosomal genes were lower 
expressed in female HUVEC as compared with male HUVEC (p < 0.05 and fold change > 1.2) 
(Table 3). 

Table 3. X-chromosomal genes, significantly dysregulated in female vs. male endothelial cells

Gene name Fold change P-value Description

XIST 50.19 2.83E-12 X inactive specific transcript (non-protein coding)

ARSD 1.90 0.001075 arylsulfatase D

AR 1.87 0.015811 androgen receptor

PRKX 1.53 0.001439 protein kinase, X-linked

HDHD1 1.48 0.000646 haloacid dehalogenase-like hydrolase domain containing 1

CA5BP1 1.46 0.00194 carbonic anhydrase VB pseudogene 1

ZFX 1.44 0.001648 zinc finger protein, X-linked

KDM5C 1.44 0.000459 lysine (K)-specific demethylase 5C

TMEM187 1.43 0.011291 transmembrane protein 187

PNPLA4 1.43 0.001056 patatin-like phospholipase domain containing 4

STS 1.40 0.001943 steroid sulfatase (microsomal), isozyme S

KDM6A 1.40 0.000429 lysine (K)-specific demethylase 6A

PLXNA3 1.38 0.013744 plexin A3

SMARCA1 1.33 0.027816 SWI/SNF related, matrix associated, actin dependent regulator of 
chromatin, subfamily a, member 1

SYAP1 1.28 7.88E-05 synapse associated protein 1

SMC1A 1.27 0.01402 structural maintenance of chromosomes 1A

MAGEH1 1.23 0.04713 melanoma antigen family H, 1

DDX3X 1.21 0.001642 DEAD (Asp-Glu-Ala-Asp) box helicase 3, X-linked

ZNF674 -1.70 0.012677 zinc finger protein 674

MIR513A2 -1.33 0.044217 microRNA 513a-2

TBL1X -1.32 0.013631 transducin (beta)-like 1X-linked

Gene expression was measured with a whole-genome microarray. Ranked on fold change.
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Also, 11 Y chromosomal genes were expressed (absolute expression value array > 20 for all 
samples) in males (Table 4).

Table 4. Y-chromosomal genes, expressed in male endothelial cells

Gene name Description

EIF1AY eukaryotic translation initiation factor 1A, Y-linked

RPS4Y1 ribosomal protein S4, Y-linked 1

DDX3Y DEAD (Asp-Glu-Ala-Asp) box helicase 3, Y-linked

TTTY15 testis-specific transcript, Y-linked 15 (non-protein coding)

USP9Y ubiquitin specific peptidase 9, Y-linked

UTY ubiquitously transcribed tetratricopeptide repeat containing, Y-linked

KDM5D lysine (K)-specific demethylase 5D

TXLNGY taxilin gamma pseudogene, Y-linked

NLGN4Y neuroligin 4, Y-linked

PRKY protein kinase, Y-linked, pseudogene

ZFY zinc finger protein, Y-linked

Gene expression was measured with a whole-genome microarray. Ranked on fold change.

The analysis of the expression of genes located on the autosomes revealed that 174 genes 
were higher expressed in female HUVEC as compared with male HUVEC (Supplementary 
Table 1) and 199 genes were lower expressed in female HUVEC as compared with male 
HUVEC (Supplementary Table 2). Figure 1 shows a heatmap of these differentially expressed 
autosomal genes between the two groups. The 10 genes which were elevated with the highest 
fold change in female vs. male HUVEC and the top 10 genes which were decreased with the 
highest fold change in female vs. male HUVEC are listed in Table 5. The gene with the highest 
elevated fold change in female HUVEC was the gene encoding matrix metallopeptidase 12, 
MMP12. The gene which was decreased with the highest fold change in female HUVEC was the 
small nucleolar RNA C/D box 49B, SNORD49B.
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Female                         Male 

Genes 

Color key 

Relative gene expression 
Log2 values 

-2       0         2 

Figure 1. Heatmap of differentially expressed genes between female and male HUVEC (excl. X- and Y-chromosomal 

genes). The average expression of all samples was used as a reference to calculate the relative gene expression. 174 

genes were significantly (p < 0.05) higher (fold change > 1.2) and 199 genes were significantly lower (fold change < 

-1.2) expressed in female HUVEC as compared with male HUVEC.
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Table 5. Top 10 autosomal genes with significantly higher/lower expression in female vs. male endothelial cells

Gene name Fold change p-value

MMP12 2.83 0.005

LOC400043 2.08 0.011

NUPR1 2.06 0.012

LOC344887 1.88 0.026

ARNT2 1.87 0.010

ITGA4 1.86 0.041

DKK3 1.84 0.004

COL6A1 1.74 < 0.001

EFNA1 1.74 0.005

DDX11L2 1.73 0.022

SNORD49B -2.93 0.027

TRIM6 -2.15 0.001

IGHV3-15 -2.06 0.007

KIAA0040 -1.77 0.022

PRKCQ -1.69 < 0.001

IL18R1 -1.66 0.005

ZNF883 -1.65 0.012

HDDC2 -1.65 < 0.001

CCDC152 -1.60 0.004

MNS1 -1.60 0.014

Gene expression was measured with a whole-genome microarray. Ranked on fold change.
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Gene Set Enrichment Analysis

GSEA was performed to investigate gene expression changes in predefined sets of genes. This 
analysis revealed that the female group contained 8 significantly enriched gene sets compared 
to the male HUVEC. The five mostly enriched gene sets were: Lysosome, Leishmaniasis, 
Huntington disease, Neutrophil degranulation, and Extracellular matrix organization. The list 
of all positively enriched gene sets is shown in Table 6. No significantly negatively enriched 
gene sets were found in the female group compared to the male group.

Table 6. Gene Set Enrichment Analysis, positive enrichment in female vs. male endothelial cells.

# Gene sets Normalized  
enrichment score

Normalized 
p-value

False discovery 
rate Q-value

1 Lysosome  
(KEGG)

2.29 < 0.001 0.022 

2 Leishmaniasis  
(KEGG)

2.27 < 0.001 0.021 

3 Huntington disease 
(Panther pathway)

2.20 0.002 0.028 

4 Neutrophil degranulation  
(Reactome database)

2.17 < 0.001 0.027 

5 Extracellular matrix organization  
(Reactome database)

2.15 < 0.001 0.028 

6 Glycosphingolipid metabolism  
(Reactome database)

2.14 < 0.001 0.027 

7 
 

Syndecan-1 mediated signaling events 
(Pathway interaction database NCI nature 
curated data)

2.12 
 

0.002 
 

0.030 
 

8 NRF2 pathway (WikiPathways) 2.06 < 0.001 0.046

Gene expression was measured with a whole-genome microarray and analyzed by Gene Set Enrichment Analysis. 
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Microarray validation

To validate the microarray results, RT qPCR was performed on genes which were differentially 
expressed with the highest fold change between female and male HUVEC. Elevated genes in 
female HUVEC with the highest fold change as compared with male HUVEC were MMP12, 
NUPR1 and ARNT2 (excluding the uncharacterized LOC400043 and LOC344887). Also #8 on 
the elevated genes list, COL6A1, was included for further analysis due to its potential capacity 
to influence vascular stiffness. Significant correlations between array and RT qPCR data were 
found for MMP12, NUPR1 and COL6A1 (Fig. 2A,B,D), but not for ARNT2 (Fig. 2C). RT qPCR 
data showed a significant increase in the expression of MMP12 and COL6A1 in female vs. 
male HUVEC (Fig. 2E,H). No significant differences in expression of NUPR1 and ARNT2 between 
female and male HUVEC were found by RT qPCR (Fig. 2F,G). 
In male HUVEC, SNORD49B was highly expressed. This gene, however, encodes a small RNA 
which cannot not be detected by our RT qPCR method used. Therefore, TRIM6, IGHV3-15 
and KIAA0040 were chosen for validation. Also included for further analysis for its potential 
influence on endothelial function and the regulation of vasoactive factors is #16 on the list, 
EDNRB (endothelin receptor type B) (Supplementary Table 2). Significant correlations between 
array and RT qPCR data were found for TRIM6 and EDNRB, but not for IGHV3-15 and KIAA0040 
(Fig. 2I-L). Only for TRIM6 a significant elevated expression level in male HUVEC was detected 
(Fig. 2M), whereas a trend (p < 0.1) was visible for elevated EDNRB and KIAA0040 (Fig. 2O,P).
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Figure 2. Microarray validation by RT qPCR. Correlations (Pearson correlation) were measured between array and RT 

qPCR data for MMP12, NUPR1, ARNT2, COL6A1 (A-D), TRIM6, IGHV3-15, KIAA0040, and EDNRB (I-L). The relative gene 

expressions measured by RT qPCR are also shown (E-H, M-P). The RT qPCR data are shown as median and interquartile 

range. Significance was determined by the Mann Whitney test. * p < 0.05
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DNA methylation pattern

For the detailed characterization of the DNA methylation pattern, we focused on genes 
which were significantly different in both microarray analysis and RT qPCR. DNA methylation 
patterns were evaluated for the promoter region of MMP12, COL6A1 and TRIM6, to identify 
the potentially underlying regulatory mechanisms of the gene expression differences that 
were found between female and male HUVEC. Only a few CpG positions are located in the 
promoter region of MMP12. The two CpG positions which were relatively close to each other 
were chosen for investigation (located at -452 and -482 nucleotides from the transcriptional 
start site [Fig. 3A]). No differences in DNA methylation of these two CpG positions were 
detected between the groups (Fig. 3B). The promoter region of COL6A1 is relatively rich of 
CpG positions. We choose to examine the positions located between -386 and -438 nucleotides 
from the transcriptional start site, since at this location the best pyrosequencing assay could be 
designed (Fig. 3C). In total six CpG positions were examined, but no differences were detected 
between female and male HUVEC (Fig. 3D). In the promoter region of TRIM6 a relatively rich 
area of CpG positions is located closely to the transcriptional start site (between -129 and -185 
nucleotides from the transcriptional start site) (Fig. 3E). Six CpG positions at this area were 
examined and the DNA methylation of both CpG1 and CpG4 were significantly decreased in 
male HUVEC as compared with female HUVEC (Fig. 3F). Also, for CpG5 and CpG6 a trend of 
decreased DNA methylation in male HUVEC vs. female HUVEC was found (p < 0.1) (Fig. 3F). 

Figure 3 (Right). The DNA methylation pattern of genes detected as differentially expressed between female and 

male HUVEC by both array and RT qPCR was examined. A schematic representation of the analyzed sequences is 

shown for MMP12 (A), COL6A1 (C) and TRIM6 (E). The representation includes the analyzed CpG positions and their 

location in the sequence in relation to the transcriptional start site (TSS). The DNA methylation pattern of the CpG 

positions was examined by pyrosequencing of MMP12 (B), COL6A1 (D) and TRIM6 (F). Data are presented as median 

and interquartile range. Significance was determined by the Mann Whitney test. * p < 0.05
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Discussion

It has been demonstrated that cardiovascular diseases differ in incidence and pathogenesis 
between sexes1–3. We hypothesized that these differences might (partly) be attributed to sex-
specific differences in gene expression in endothelial cells. To determine how female and 
male endothelial cells intrinsically differ from each other in gene expression, we studied the 
whole-genome gene expression patterns of human female and male fetal endothelial cells. 
We used fetal endothelial cells to examine if these ‘young’ naive endothelial cells already 
possess sex differences. Microarray data revealed that 174 autosomal genes were significantly 
increased in female HUVEC (e.g. MMP12 and Col6A1) as compared with male HUVEC while 
199 autosomal genes were significantly decreased in female HUVEC as compared with male 
HUVEC (e.g. TRIM6). Our data may also indicate that sex differences of endothelial cells should 
be considered during in vitro experiments.
Since we compared female vs. male endothelial cells, differences in expression of genes 
located on the X or Y chromosomes were expected. In total, the array measured the expression 
of 928 X-chromosomal genes of which 21 were differentially expressed between the groups. 
The expression of XIST (X inactive specific transcript [non-protein coding]) was increased with 
the highest fold change in female vs. male HUVEC. XIST is important for the silencing of one of 
the X chromosomes in women and is thus not expressed in men. In total, the expression of 42 
Y chromosomal genes was measured by the array. Since women do not have a Y chromosome, 
these genes did not come to expression in female HUVEC. 11 Y-chromosomal genes were 
expressed in male HUVEC of which the highest in expression was EIF1AY, which encodes the 
Y-linked eukaryotic translation initiation factor 1A, while the X-linked variant of the same gene 
(EIF1AX) was expressed in female HUVEC.
Autosomal genes that were elevated in female HUVEC as compared with male HUVEC, detected 
by both array and RT qPCR, were MMP12 and COL6A1. These genes are both associated with 
extracellular matrix organization. MMP12 (encoding matrix metallopeptidase 12) is a member 
of the MMP family, known for the involvement in the breakdown of extracellular matrix. 
MMP12 is known for the breakdown of elastin27. Overexpression of MMP12 in microvascular 
endothelial cells results in reduced angiogenic capacity in vitro28. An increased expression of 
MMP12 is also detected in the aortic wall of patients with atherosclerosis and patients with 
abdominal aortic aneurysm as compared with the aortic wall of controls29. COL6A1 (encoding 
collagen type VI alpha 1) is a member of the collagen family, which is an important family for 
the integrity of tissues. In the vasculature, collagens are related to vascular stiffness30, which 
is closely associated with progression of vascular disease30. This may indicate that increased 
expression of COL6A1 may induce increased vascular stiffness. Increased collagen deposition is 
also associated with hypertension31. If the expression of MMP12 and COL6A1 remains increased 
throughout female life in endothelial cells, it may be related to differences in incidence and 
pathogenesis of CVD in females compared with males. It does not explain, however, the 
decreased incidence of CVD in females until menopause. It may be suggested that estrogen, 
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which is highly present only in premenopausal females4, and which has been shown to be 
protective for females against CVD8–10, may down regulate expression of MMP12 and COL6A1 
in premenopausal women. It has indeed been shown that estrogen is able to downregulate 
MMP12 secretion by macrophages32, as well as downregulate Col6A1 expression33,34.
The autosomal gene which was decreased with the highest fold change in female vs. male 
HUVEC, and detected by both array and RT qPCR, was TRIM6. TRIM6 encodes tripartite 
motif containing protein 6. The protein TRIM6 is a ubiquitin ligase and it has been shown 
that this protein is important for maintaining the pluripotency of embryonic stem cells35. The 
exact function of TRIM6 in endothelial cells remains to be established. Interestingly, in the 
promoter region of TRIM6 an increased DNA methylation pattern was detected in female vs. 
male HUVEC. An increased DNA methylation pattern is often associated with decreased gene 
expression36, which is also the case for TRIM6 in our experiments. This suggests that DNA 
methylation might be an important underlying regulatory mechanism of TRIM6 expression. 
These intrinsic epigenetic sex-specific differences in fetal endothelial cells imply that ‘young’ 
endothelial cells are already epigenetically programmed as female or male. 
Lorenz et al.37 also investigated sex differences in the transcriptome of HUVEC37. They found increased 
expression of immune related genes in female vs. male HUVEC37, which were not observed in our 
study. A major difference between their and our study is that they used HUVEC of passage 2 while 
we used HUVEC of passage 0. It has been demonstrated that the passaging of primary cells may 
influence gene expression38. Thus the shorter the cell culture period, the more comparable the 
results probably are to the in vivo situation. Lorenz et al.37 also showed that sex differences exists 
in HUVEC regarding to cell function (increased cell viability and tube formation capacity of female 
HUVEC vs. male HUVEC)37. Differences between sexes in HUVEC function were also detected by 
Addis et al.39, since they showed an increased proliferation rate and migration ability in female vs. 
male HUVEC39. Further research is necessary to determine if the differentially expressed genes in 
female vs. male HUVEC found by us, also contribute to differences in cellular function. 
In our study, not all differentially expressed genes between female and male endothelial cells 
detected by the microarray could also be validated by RT qPCR. This might have resulted from 
differences in the methodology and/or the sensitivity between the techniques. Since the gene 
set enrichment analysis is solely based on the array data we argue that these results should be 
interpreted with caution. Consequently, in our study we mostly focused on genes which were 
also validated by RT qPCR. Interestingly, the gene set enrichment analysis showed enrichment 
of the “Extracellular matrix organization” gene set in female endothelial cells. Since MMP12 
and COL6A1 are members of this gene set, this specific pathway might be of interest in the 
further search to sex differences in endothelial cells.
We showed that human fetal endothelial cells possess a gene expression pattern as well as 
a DNA methylation pattern which is sex-specific. If such differences remain present in adult 
female life, they may be (partly) responsible for the differences in incidence and pathogenesis 
of female CVD vs. male CVD.
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General discussion

Healthy pregnancy requires adaptations of the cardiovascular system, already early in 
pregnancy, to maintain maternal health and support fetal growth and development1. The 
hormonal changes during pregnancy induce a decrease in systemic vascular resistance2, 
which is associated with an increase in plasma volume, cardiac output, and heart rate3. During 
preeclampsia these adaptations are not well established4. Preeclampsia is characterized by an 
insufficient drop of vascular resistance, poorly remodeled spiral arteries, increased arterial 
stiffness, and a smaller plasma volume expansion compared to normal pregnancy5–7. Moreover, 
preeclampsia is characterized with endothelial cell activation and dysfunction5,8, which may 
contribute to the increased risk of formerly preeclamptic women to develop cardiovascular 
diseases (CVD) in later life9. 
It has been shown that the relative risk formerly preeclamptic women have for chronic 
hypertension is 3.70, for ischemic heart disease 2.16, and for cerebrovascular events 1.81 
(after 10-15 years weighted mean follow-up) as compared to women who did not develop 
preeclampsia during pregnancy9. It is well accepted that pre-pregnancy risk factors (e.g., 
obesity and increased blood pressure) contribute to the increased cardiovascular risks of 
preeclamptic women. However, these risk factors could only explain approximately 50% 
of the association between preeclampsia and the development of CVD10, suggesting that 
preeclampsia itself may also be involved in the increased risk of CVD many years postpartum. 
The increased risk of formerly preeclamptic women for development of CVD offers the 
opportunity to study CVD specifically in women. The study of CVD in women is important 
since the symptoms of CVD and the age at which CVD is becoming apparent is different in 
women as compared with men11–13.
We hypothesized that preeclampsia itself affects the maternal cardiovascular system, which 
increases the sensitivity for developing cardiovascular diseases in later life. To test this 
hypothesis, we used an animal model for preeclampsia to find differences in gene expression 
in vascular tissue (in this case, the aorta) between healthy pregnant and preeclamptic animals 
(chapter 2). We also investigated gene expression changes in the heart following experimental 
preeclampsia as compared to women after a healthy pregnancy (chapter 3). Genes included 
in this study were found to be upregulated in the aorta (chapter 2) and are also known to 
contribute to heart function. Other genes investigated in chapter 3 are known to play a role 
in cardiac remodeling and/or the development of heart diseases. To translate the animal 
data to clinical preeclampsia, in vitro experiments with human cells were performed. Human 
endothelial cells and vascular smooth muscle cells were incubated with plasma from women 
with pregnancies complicated with preeclampsia, healthy pregnancies and from non-pregnant 
women. Afterwards, gene expression was evaluated of target genes identified from the animal 
experiment in chapter 2 (chapter 4). Also, the effects of various circulating factors during 
preeclampsia (proteins as well as microRNAs) on endothelial cells were investigated (chapter 4 
and chapter 5). Since CVD develop differently in women than in men, we also focused on sex-
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specific differences in endothelial cells, postulating that these differences might contribute to 
the sex differences in the development of CVD (chapter 6).

Vascular dysfunction in preeclampsia

To test our hypothesis that preeclampsia itself affects the cardiovascular system, we used an 
animal model. The advantage of using an animal model is that all animals were healthy before 
pregnancy and had no predisposing factors for CVD. The model used was the low-dose LPS 
induced preeclampsia rat14. This model is based on the role of an increased inflammatory 
response in the pathogenesis of preeclampsia14 and is induced by activating the inflammatory 
response in pregnancy by a very low dose of LPS14. Activation of the inflammatory response 
in pregnant rats results in the clinical signs of (early onset) preeclampsia, i.e. increased blood 
pressure, proteinuria, generalized systemic inflammation, endothelial cell activation, and 
growth restricted fetuses14–17. This model is pregnancy specific, as none of these signs were 
present after low dose LPS infusion in non-pregnant animals14.
We examined the aorta of this preeclamptic rat model (chapter 2) using whole genome gene 
expression analysis. We choose to examine the aorta because the aorta is easily accessible and 
often used in studies of vascular function in pregnancy16,18–20. The aorta is, however, a typical 
conductance vessel rather than a resistance vessel associated with blood pressure regulation. 
We revealed that the gene sets “(voltage gated) potassium channels”, “(striated) muscle 
contraction” and “neuronal system” were highly upregulated in experimental preeclampsia 
as compared with healthy pregnancy. In parallel, the potassium chloride-induced contractile 
response of experimental preeclamptic aorta rings was significantly decreased compared to 
this response to potassium chloride of the aortas of healthy pregnant animals. So, we found 
increased gene expression of potassium channel gene sets but a decreased ex vivo response 
of the aorta to potassium chloride. This might indicate that the increase in gene expression is 
to compensate for a decreased functionality of the potassium channels during experimental 
preeclampsia. Together this suggests an important role of the potassium channels in the 
pathogenesis of preeclampsia. The aorta, however, is a typical conductance vessel, rather 
than a resistance vessel associated with blood pressure regulation. Therefore, future studies 
are necessary to confirm the role of these gene sets in hypertension and vascular function in 
resistance vessels.
Potassium channels play an important role in the establishment of the membrane potential21, 
which determines the depolarization/repolarization state of cells21. The membrane potential 
affects the contractility (since depolarization induces contraction) of vascular smooth muscle 
cells21,22 as well as cardiomyocytes23. Via Ca2+ signaling it influences the production and release 
of endothelial derived vasoactive factors, such as nitric oxide, prostaglandins and EDHF24. The 
relationship between potassium channels and hypertension has been established25,26. During 
hypertension, ion channels in vascular smooth muscle cells, including calcium channels and 
potassium channels, are known to be remodeled in the vasculature25 and expression levels 
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of genes encoding potassium channels (Kcna2, Kcna3 and Kcnab1) were increased in vascular 
tissue of hypertensive animals26. This is in line with our results of the positively enriched 
“potassium channels” gene set in the aorta during experimental preeclampsia as compared 
to healthy pregnancy (chapter 2). Since upregulation of potassium channels in the vasculature 
is often associated with vasodilation21, it is possible that the increase in gene expression of 
potassium channels is an (insufficient) compensatory mechanism, related to hypertension 
induced by other mechanisms, such as a decreased bioavailability of NO27 and sympathetic 
activation28. Sympathetic activation is also in line with the increased expression levels of 
genes important in the neuronal system detected in the vasculature during experimental 
preeclampsia (chapter 2). It could also be possible that the increase in gene expression of 
potassium channels compensates for a decreased protein expression of potassium channels. 
Future research is necessary to determine what happens to the potassium channels on the 
protein level during (experimental) preeclampsia.
Another potentially interesting gene for its possible role in vascular function, Esm1 
(endothelial cell specific molecule 1), was found decreased in the experimental preeclamptic 
aortic tissue as compared with healthy pregnancy aortic tissue. The protein encoded 
by this gene is already known to be upregulated in the circulation during preeclampsia as 
compared with healthy pregnancy29–31. Esm-1 is known to be involved in cellular processes 
like angiogenesis, proliferation and vascular permeability32,33 and is viewed as a marker for 
endothelial dysfunction34,35. Although in our animal study this gene is downregulated during 
experimental preeclampsia, and in human preeclampsia the protein is found upregulated in 
the circulation, it does indicate a possible important role for this gene in vascular (dys)function 
during preeclampsia.
In chapter 4 we compared our vascular gene expression animal data of chapter 2 with human 
data by in vitro experiments. Human cell cultures of endothelial and vascular smooth muscle 
cells were incubated with plasma from early-onset preeclamptic, healthy pregnant and non-
pregnant women. This was followed by quantitative real-time PCR analysis of various genes. 
We studied the expression of genes that were differentially expressed in the vasculature of rats 
with experimental preeclampsia in chapter 2, such as the potassium channel gene, Kcna6, and 
Esm1. We showed that KCNA6 expression was also increased in human endothelial cells after 
plasma incubation from preeclamptic patients as compared with plasma incubation of healthy 
pregnant women. A previous study examined the effects of potassium currents in endothelial 
cell culture after incubation of cells with plasma from preeclamptic or healthy pregnancies. 
They showed that the inward potassium currents were decreased and outward potassium 
currents were increased in endothelial cell culture after incubation (net potassium efflux) with 
plasma from preeclamptic patients as compared with plasma from healthy pregnancies36, 
indicating that indeed endothelial potassium channels might be altered during preeclampsia. 
Also, ESM1 expression was significantly increased in endothelial cells after incubation with 
preeclamptic plasma as compared with incubation with healthy pregnancy plasma. As 
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mentioned above, circulating ESM-1 has been reported upregulated during preeclampsia 
as compared with healthy pregnacy29–31. Expression of this gene is regulated by cytokines37 
and ESM-1 is often increased during inflammation34. Since ESM-1 is known to be involved in 
cellular processes like angiogenesis, proliferation and vascular permeability32,33, ESM-1 might 
also be an important contributor to the vascular dysfunction during preeclampsia. These data 
suggest that the animal model may be very helpful in identifying changes in vascular function 
in human preeclampsia.
Besides endothelial cells, vascular smooth muscle cells (VSMC) are important cells in the 
vasculature. VSMC are responsible for the contractility of the vasculature and thereby regulate 
vascular tone and thus influence blood pressure38. In our animal study in which we compared 
gene expression of the aorta (chapter 2), whole aortic tissue was examined and the tissue 
thus also included vascular smooth muscle cells. To translate the animal data to preeclampsia 
in women, we cultured human aortic vascular smooth muscle cells and incubated them with 
plasma from preeclamptic, healthy pregnant or non-pregnant women (chapter 4). Thereafter, 
expression of genes which have been found dysregulated in the aorta in our preeclamptic 
animal model and known to be expressed in vascular smooth muscle cells were evaluated. 
The data revealed, amongst others, increased expression of ACTC1 after preeclamptic plasma 
incubation vs. healthy pregnancy plasma incubation of vascular smooth muscle cells. ACTC1 
encodes cardiac muscle alpha actin, which is mostly known for its expression in the heart. 
It is, however, also expressed in vascular smooth muscle. Actins are important cytoskeleton 
proteins and form, together with myosin, the basis of muscle contraction39. Increased 
polymerization of actin in the vasculature is associated with vasoconstriction and increased 
blood pressure40,41. Since myosin and actin together form a contractile machinery, which, by 
their action in vascular smooth muscle cells, regulate vascular diameter42, we subsequently 
measured the expression of other genes encoding actins and myosins. We demonstrated that 
MYL6, ACTG2 and ACTA2 were upregulated in VSMC after preeclamptic plasma incubation 
as compared with non-pregnancy plasma incubation. Future studies should determine if the 
altered gene expression also results in altered protein levels. If so, this might result in an 
altered contractile machinery in these VSMC, which might then affect the contractile function 
of VSMC, which could possibly lead to vascular dysfunction in vivo. 
We thus clearly demonstrated the usefulness of our preeclampsia animal model to detect 
direct effects (since the animals were healthy pre-pregnancy, effects of pre-existing factors 
were excluded) of the preeclampsia-like syndrome on the maternal vasculature and we were 
able to translate these animal data to human data through in vitro experiments. To further 
translate the data to the in vivo situation of preeclamptic women, we next suggest to examine 
the expression of above mentioned targets on RNA as well as protein level in maternal vascular 
tissues. For example, maternal skin or fat biopsies could be collected during caesarian sections 
of preeclamptic women as well as normotensive women. From these biopsies vessels could be 
isolated and examined.
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Long-term effects of experimental preeclampsia

In chapter 3, we focused on long-term effects on gene/protein expression in the heart after 
experimental preeclampsia. In this study we investigated genes which were found upregulated 
in the aorta (chapter 2) and which are also known to contribute to heart function. Besides 
these genes we also focused on genes known to play a role in cardiac remodeling and/or the 
development of heart diseases. The same animal model was used as in chapter 2. This time, 
however, the animals were euthanized 9 weeks postpartum. 
In chapter 3, we found an increased intensity of the ICAM-1 (marker for endothelial cell 
activation) staining in the hearts of formerly preeclamptic vs. never pregnant animals. 
Increased cardiac ICAM-1 is an indicator for pathological cardiac remodeling which might lead 
to cardiac inflammation, fibrosis and dysfunction43. Increased cardiac ICAM-1 in our formerly 
preeclamptic animals might thus indicate pathological cardiac remodeling after experimental 
preeclampsia.
Gene expression was determined of genes previously found dysregulated in the aorta during 
experimental preeclampsia in chapter 2, including genes encoding potassium channels (e.g. 
Kcnh8, Kcnj3, Kcnq3 and Hcn4) and genes important for cardiac muscle organization (e.g. 
Ttn and Tnni1). Increased expression was found in cardiac tissue for Kcnj3 in both formerly 
experimental preeclampsia and formerly healthy pregnancy as compared with never pregnant 
animals. Also an increased expression of Hcn4 in formerly healthy pregnant was detected as 
compared with formerly experimental preeclamptic and never pregnant animals. The gene 
encoding an acetylcholine sensitive inwardly-rectifying potassium channel subunit, Kcnj3, was 
increased in expression in the hearts following pregnancy and experimental preeclampsia as 
compared with never pregnant animals (chapter 3). Kcnj3 is involved in downregulation of 
heart rate44, suggesting a decreased heart rate in rats following a pregnancy. A decreased 
resting heart rate is also shown in endurance athletes45. Pregnancy is characterized by 
increased left ventricular wall mass and thickness1, also known as physiological hypertrophy46. 
Physiological hypertrophy is also apparent in hearts of endurance athletes and this kind of 
cardiac remodeling is very comparable between pregnancy and endurance athletes47. So, 
perhaps the effects of pregnancy on the heart could (partly) be compared with endurance 
exercise resulting in a stronger heart. Another gene which can influence heart rate is the 
pacemaker gene Hcn448, which is important for normal cardiac rhythm49. Expression of this 
gene was found upregulated in hearts following healthy pregnancy as compared to the 
hearts following experimental preeclampsia. Overexpression of Hcn4 in mice reduces heart 
rate variability (HRV), while the HRV was increased in knockdown mice50. Upregulation of this 
gene after healthy pregnancy as compared with experimental preeclampsia might indicate an 
increased HRV after experimental preeclampsia. Increased HRV parameters have also been 
detected in preeclamptic women51 and may predict increased risk of mortality52.
Ttn encodes the protein titin, which is associated with heart failure with preserved ejection 
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fraction by influencing the elasticity of the myocardial muscle53,54. The more compliant isoform 
of Ttn, N2ba, was increased in formerly healthy pregnant as compared with never pregnant 
animals while this increase was not established in formerly preeclamptic animals. This might 
indicate that the heart is less compliant after experimental preeclampsia as compared with 
after a healthy pregnancy in the rat. Expression of Myh7 was increased in formerly pregnant 
as compared with formerly experimental preeclamptic animals. Increased levels of Myh7 
were also detected in multiple cardiac hypertrophy models55,56. As mentioned above, normal 
pregnancy is characterized by increased left ventricular wall mass and thickness1, also known 
as physiological hypertrophy46. In preeclampsia, the left ventricular wall mass and thickness 
are even further increased, while the cardiac output is reduced4. It might be that increased 
Myh7 contributes to this physiological hypertrophy during healthy pregnancy but not to the 
pathological hypertrophy during experimental preeclampsia. It seems likely that the cardiac 
differences found between formerly preeclamptic and formerly healthy pregnant animals are 
the result of different cardiac remodeling during experimental preeclampsia as compared with 
healthy pregnancy. This, however, needs further studies. Interestingly, the DNA methylation 
pattern in the promoter region of Myh7 also differed between experimental preeclampsia and 
healthy pregnancy. This suggests that, in our model, cardiac tissue is differently epigenetically 
reprogrammed during or after experimental preeclampsia as compared with healthy 
pregnancy.
So, we showed that gene expression in the heart after experimental preeclampsia and 
after a healthy pregnancy differ of genes associated with cardiac function and remodeling. 
We postulate that this is due to differences in cardiac remodeling during preeclampsia as 
compared with healthy pregnancy. If these changes also occur in humans they may contribute 
to a greater sensitivity to cardiovascular diseases later in life in formerly preeclamptic women. 
This needs to be further investigated.

Modulators of vascular dysfunction during preeclampsia

The differential gene expression pattern of endothelial cells after plasma incubation (chapter 
4) could be due to many of the factors, which differ in concentrations in plasma of preeclamptic 
women vs plasma of healthy pregnant women. Well-known circulating factors which are 
increased during preeclampsia as compared with healthy pregnancy include anti-angiogenic 
factors like soluble fms-like tyrosine kinase 1 (sFlt-1)57, pro-inflammatory factors like tumor 
necrosis factors alpha (TNFα)58, danger/damage-associated molecular patterns like high 
mobility group box 1 (HMGB1)59 and ATP60 . Moreover, in chapter 5 we showed that circulating 
miRNAs are also differentially expressed in preeclampsia vs. healthy pregnancy.
We first evaluated the effects of the well-known circulating factors (sFlt-1, TNFα, ATP and 
HMGB1), which are increased in preeclampsia vs. healthy pregnancy, on human endothelial 
cells in vitro (chapter 4). Our data showed that extracellular ATP, TNFα and disulfide HMGB1 
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activate endothelial cells (as measured by upregulation of the activation marker ICAM-1), and 
that TNFα also increased CXCL8 expression in endothelial cells. This indicates that increased pro-
inflammatory cytokines like TNFα but possibly also ATP and disulfide HMGB1 concentrations 
might be contributors to the endothelial activation during preeclampsia. We found no effects 
on our markers after sFlt-1 stimulation on HUVEC. Previously, the anti-angiogenic capacities 
of endothelial cells during preeclampsia were mainly attributed to soluble anti-angiogenic 
factors, such as sFlt-161. Since no direct effects were found in our experiments after sFlt-1 
incubation of endothelial cells, perhaps the main effect of sFlt-1 is increasing the sensitivity 
of endothelial cells for other upregulated plasma factors during preeclampsia. This is in line 
with the study of Cindrova-Davies et al. who showed that sFlt-1 increases the sensitivity of 
endothelial cells for pro-inflammatory factors62.
In chapter 5 we showed that various miRNAs are also differently expressed in the plasma 
of preeclamptic women vs. healthy pregnant women. Therefore, miRNAs may also be 
circulating factors, affecting endothelial function. Overexpression of microRNAs which were 
highly increased during preeclampsia vs. healthy pregnancy (miR-574-5p and miR-1972) in 
endothelial cells are related to a decreased wound healing capacity and tube formation in 
vitro (chapter 5). Thus, circulating miRNAs might play an important role in the endothelial 
dysfunction during preeclampsia.
Besides targeting endothelial cells, circulating microRNAs also encounter circulating 
immune cells which they might target. Therefore, the effects of the increased microRNAs 
during preeclampsia as compared with healthy pregnancy on circulating immune cells like 
monocytes and lymphocytes would also be interesting to investigate. It might be possible that 
the increased miRNAs during preeclampsia also affect the immune response, and thereby also 
stimulating further progression of the pathogenesis of preeclampsia.
Thus, we found effects of TNFα, ATP, disulfide HMGB1 and microRNAs (miR-574-5p and miR-
1972) on endothelial cell gene expression, function or activation. So, TNFα, ATP, disulfide 
HMGB1, miR-574-5p and miR-1972 might be modulators of endothelial dysfunction during 
preeclampsia. The source of these compounds remains to be established. The placenta might 
be the main source, however, endothelial cells and circulating immune cells might also be 
responsible for the increased production and secretion of TNFα, ATP, disulfide HMGB1 and/or 
microRNAs. TNFα is for example also known to stimulate microRNA production and secretion 
from endothelial cells63. This way the increased circulating pro-inflammatory factors during 
preeclampsia might affect the microRNA production of endothelial cells, inducing further 
endothelial dysfunction and possibly also affecting the immune response.



166

Sex-specific differences in endothelial cells

Recently it became clear that CVD differ in incidence and pathogenesis between sexes11,64,65. 
In women, CVD are for example often accompanied by diastolic dysfunction65, for which no 
effective treatment yet exists66. Also, on average women develop acute coronary syndromes 
(including myocardial infarction) at an older age as compared with men12. Since endothelial 
cells are important in the functioning of the vasculature, in chapter 6 we investigated if sex-
specific differences could already be found in ‘young’ (fetal) endothelial cells (human umbilical 
vein endothelial cells). With regard to genes located on autosomal chromosomes, we found 
increased expression of 174 genes in female vs. male endothelial cells and decreased expression 
of 199 genes by whole-genome microarray technologies. In female endothelial the expression 
of MMP12 and COL6A1 was increased as compared with male endothelial cells. Both MMP12 
and COL6A1 are associated with extracellular matrix organization. Increased MMP12 has been 
detected in the aortic wall of patients with atherosclerosis and patients with abdominal aortic 
aneurysm as compared with the aortic wall of controls67. Collagens (of which COL6A1 is a 
family member) are related to vascular stiffness68 which is closely associated with progression 
of vascular disease68, and increased collagen deposition is associated with hypertension69. 
Since both MMP12 and COL6A1 are important for the establishment/degradation of the 
extracellular matrix, it might be possible that the extracellular matrix surrounding the 
vasculature differs between women and men. A sex-specific expression pattern of genes 
important for the formation of the extracellular matrix was previously also found in progenitor 
vascular smooth muscle cells (including increased expression of COL1A1 in female cells)70. This 
supports the hypothesis of a sex-specific extracellular matrix surrounding the vasculature. 
Besides providing basic support to the vasculature, the extracellular matrix also actively 
affects vascular function (e.g. influences vascular stiffness) and influences the progression 
of vascular diseases like atherosclerosis, aneurysms and hypertension71. We speculate that 
if these found sex-specific differences in endothelial cells remain throughout life, it may be 
related to differences in incidence and pathogenesis of CVD in females as compared with 
males. Since the incidence of CVD is lower in premenopausal women as compared with 
both men and postmenopausal women72, we suggest that estrogen, which is present in 
high levels only in premenopausal women73 and which has been shown to be protective for 
women against CVD74–76, may suppress expression of MMP12 and COL6A1 in premenopausal 
women. It has indeed been shown that estrogen is able to downregulate MMP12 secretion by 
macrophages77, as well as downregulate COL6A1 expression78,79. Therefore, we speculate that 
the sex-specific gene expression of endothelial cells potentially contributes to the increase in 
sensitivity for CVD in postmenopausal women.
Expression of TRIM6 was decreased in female endothelial cells as compared with male 
endothelial cells. TRIM6 encodes tripartite motif containing protein 6. The protein TRIM6 is 
a ubiquitin ligase and it has been shown that this protein is important for maintaining the 
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pluripotency of embryonic stem cells80. The exact function of TRIM6 in endothelial cells 
remains to be established. Interestingly, the percentage of DNA methylation in the promoter 
region of TRIM6 was increased in female vs. male endothelial cells. This suggests that the DNA 
methylation might be the main regulating mechanisms behind the differences in expression of 
TRIM6. The fact that we discovered epigenetic differences in female vs. male fetal endothelial 
cells implicates that endothelial cells are already epigenetically programmed as female or 
male during early (fetal) development. 
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Future perspectives

Our findings contribute to a better understanding of the direct effects of preeclampsia on 
the maternal cardiovascular system. This might help to explain the role of preeclampsia in 
the increased incidence of cardiovascular diseases in later life. More studies are necessary 
to investigate if the cardiovascular changes related to preeclampsia found in our studies 
also contribute to the increased sensitivity in general for the development of cardiovascular 
diseases in later life. This could, for example, be done by long-term animal studies in which 
formerly preeclamptic, formerly healthy pregnant and never pregnant female animals would 
receive a stressor in later life to detect if they become more sensitive for cardiovascular 
dysfunction. Thus far, only few of such studies were performed. For example, our lab has 
shown that formerly preeclamptic rats had an increased angiotensin II responsiveness with 
regard to blood pressure81, and another study also showed impaired vascular function 
(including a reduced nitric oxide bioavailability and impaired relaxation in mesenteric arteries) 
in formerly preeclamptic rats82. Furthermore, the vessels of formerly preeclamptic mice were 
shown to be more sensitive for future injury since these mice had an increased vascular 
response after unilateral carotid injury two months postpartum, including increased fibrosis83. 
To determine whether the modulators of vascular dysfunction during preeclampsia found by 
us also affect later maternal cardiovascular health, animal experiments could be performed 
in which the effects of increased concentrations of circulating TNFα, ATP or disulfide HMGB1 
or overexpression of the miR-574-5p or miR-1972 on the maternal cardiovascular system are 
studied during pregnancy but also in the non-pregnant situation. The effects of extracellular 
ATP during pregnancy have already been investigated in rat, and indeed a preeclampsia-like 
syndrome developed, characterized with proteinuria, placental ischemia, inhibited trophoblast 
invasion, remodeling of the spiral artery, and an altered immune response84,85.
Since our results showed that potassium channels might play an important role in the vascular 
and cardiac changes during preeclampsia, these potassium channels might be interesting 
therapeutic targets. So far, most research concerning potassium channels in relation to blood 
pressure control, investigated potassium blockers and activators. The potassium channel 
activator diazoxide for example, is known to decrease blood pressure. However, during 
pregnancy this drug is advised to be avoided since it increases the risk of a dangerously low blood 
pressure86. Perhaps targeting potassium channels with new methods like gene therapy might 
provide novel opportunities for reducing vascular dysfunction (and thereby reducing blood 
pressure) during preeclampsia. We found increased vascular gene expression of potassium 
channels during experimental preeclampsia in our rat model as well as increased potassium 
channel gene expression in human endothelial cells after incubation in vitro with plasma from 
preeclamptic pregnancy, while upregulation of potassium channels in the vasculature is often 
associated with vasodilation21. Therefore we suggest that the increase in gene expression 
of potassium channels found by us is an (insufficient) compensatory mechanism, related to 
hypertension induced by other mechanisms, such as a decreased bioavailability of NO27 and 
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sympathetic activation28. It might be interesting to even further increase the expression of 
potassium channel subunits to even further stimulate this compensatory mechanism.
Other potentially interesting therapeutic targets during preeclampsia are extracellular ATP, 
disulfide HMGB1 and pro-inflammatory molecules like TNFα. Targeting these compounds 
can be done by antagonizing receptors, which normally are bound by TNFα, ATP or disulfide 
HMGB1 to inhibit the signaling cascades. Other novel therapeutic opportunities to reduce 
endothelial dysfunction during preeclampsia might include silencing of miR-574-5p and miR-
1972 to reduce the detrimental effects of these microRNAs on endothelial cell function. At this 
moment the possibilities of such microRNA therapeutics are under extensive investigation and 
a small number of microRNA therapeutics are already at the stage of clinical trials87,88. Since, 
however, during preeclampsia many factors are out of balance, the maternal syndrome would 
probably not be entirely resolved by targeting only one of the factors mentioned above. An ideal 
therapeutic intervention would target multiple factors. Since the concentrations of TNFα, ATP, 
disulfide HMGB1 and microRNAs (and factors which were previously already known to affect 
endothelial cell function such as sFlt-1 and soluble endoglin) might vary between preeclamptic 
patients, personalized medicine might be required to decide which factors should be included 
in the ideal therapeutic intervention. This way an optimal target profile will be generated 
for each patient individually. It would also be interesting to investigate if a reduction of the 
maternal syndrome during preeclampsia also reduces the cardiovascular risks in later life. 
This can first be studied with long-term animal studies, in which experimental preeclampsia 
is induced and then treated to reduce the maternal syndrome during preeclampsia. These 
animals could be examined three months postpartum and compared to formerly experimental 
preeclamptic animals without further treatment.
We also clearly showed that on a molecular level, fetal endothelial cells differ between sexes. 
Therefore, we would like to stress the importance of taking sex-differences into account 
into future research and in treatment strategies. Of course this concerns research related to 
cardiovascular diseases, but possibly also in other research. To our opinion, sex-differences 
are, at this moment, underestimated.

Taken together, we showed that experimental preeclampsia (without pre-existing factors) 
affects the maternal cardiovascular system in terms of gene expression differences. We 
proposed multiple and potentially detrimental mechanisms (e.g. increased circulating TNFα, 
ATP, disulfide HMGB1, miR-574-5p and miR-1972) in which preeclampsia affects the maternal 
cardiovascular system but also possible intrinsic compensatory mechanisms (e.g. increased 
potassium channels) during preeclampsia which could be further exploited. Future studies 
should determine if (and how) these mechanisms during preeclampsia affect long-term 
cardiovascular function. Insight into these mechanisms might provide novel therapeutic 
opportunities for preventing the development of CVD specifically in women.
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Summary

Healthy pregnancy requires many adaptations, among which adaptations of the cardiovascular 
system to maintain maternal health and support fetal growth and development. During 
preeclampsia these adaptations are not well established. Preeclampsia is characterized by its 
main symptoms in the second half of pregnancy: new-onset hypertension and in most cases 
also proteinuria. Diagnosis of preeclampsia, however, does not require proteinuria per se. 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 preeclampsia. 
Other features of preeclampsia are generalized systemic inflammation, an insufficient drop 
of vascular resistance as compared to healthy pregnancy, increased arterial stiffness, and 
disturbed concentrations of vasoactive factors (i.e., nitric oxide, prostaglandins, endothelium-
derived hyperpolarization factor and endothelin-1). 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 gestation. 
Interestingly, later in life, formerly preeclamptic women have an increased risk for developing 
cardiovascular diseases (CVD). Recently, it became clear that CVD differ between women and 
men in incidence and pathogenesis. Women are, for example, more susceptible for heart failure 
with preserved ejection fraction than men, while men are more susceptible for heart failure 
with reduced ejection fraction. Women also develop acute coronary syndromes at an older age 
as compared with men. The exact mechanism behind these differences remain unclear. 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. 
It is well accepted that pre-pregnancy risk factors (e.g., obesity and increased blood pressure) 
contribute to the increased cardiovascular risks of preeclamptic women. However, these risk 
factors could only explain approximately 50% of the association between preeclampsia and 
the development of CVD. We hypothesized that preeclampsia itself also affects the maternal 
cardiovascular system, which increases the sensitivity for developing cardiovascular diseases in 
later life. Therefore, in this thesis, the direct as well as the long-term effects of preeclampsia on 
the maternal cardiovascular system were studied in models without pre-existing factors. This 
was done by investigating cardiovascular tissues of experimental preeclamptic animals and 
cell culture experiments. The animal model used was the low-dose LPS induced preeclampsia 
model in rat. 

To elucidate the direct effects of preeclampsia on the vasculature, we examined aortic tissue 
of our preeclamptic rat model, healthy pregnant rats and never pregnant female rats (chapter 
2). With the use of whole genome gene expression analysis we revealed that over 600 genes 
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were differentially expressed in the aorta between the healthy pregnant and never pregnant 
female animals. The most notable changes were seen in genes associated with the immune 
system, such as the twelve-fold upregulation of Cxcl13 in the aorta of healthy pregnant animals 
as compared with never pregnant female animals. Cxcl13 encodes for a B-cell-attracting 
chemokine. Such signalling proteins in the endothelium may play an important role in the 
immune system and could be related to important changes in the immune system necessary 
for a healthy pregnancy. When we compared experimental preeclamptic with healthy pregnant 
animals, the gene sets “(voltage gated) potassium channels”, “(striated) muscle contraction” 
and “neuronal system” were highly upregulated in experimental preeclampsia. These 
potassium channel genes upregulated included Kcna6, Kcnh8, Hcn4 and Kcnj3. In parallel, the 
potassium chloride-induced contractile response of experimental preeclamptic aorta rings was 
significantly decreased compared to the response to potassium chloride of healthy pregnant 
animals. Further studies are needed to show the role of the increased expression of potassium 
channel genes in the decreased response to potassium in the aortas of rats with experimental 
preeclampsia. Potassium channels regulate the endothelial cell membrane potential and 
are involved in the production and release of endothelial derived vasoactive factors, such as 
nitric oxide, prostaglandins and endothelium-derived hyperpolarization factor. Furthermore, 
potassium channels are important for the depolarization/repolarization state of cells, which 
affects the contractility of vascular smooth muscle cells. Since upregulation of potassium 
channels is often associated with vasodilation, we speculated that the increased potassium 
channels could be a compensatory mechanism (which is insufficient in the present model), 
related to hypertension induced by other mechanisms, such as sympathetic activation. 
The gene which was the highest upregulated in aortic tissue of experimental preeclampsia vs. 
healthy pregnancy encodes for Titin. The titin protein is important for muscle organization. It 
might be possible that Titin influenced the structural integrity and passive elasticity of smooth 
muscle tissues in our preeclamptic model, which might have contributed to increased blood 
pressure.
Another potentially interesting gene for its possible role in vascular function, Esm1 (endothelial 
cell specific molecule 1), was found decreased in the experimental preeclamptic aortic tissue 
as compared with healthy pregnancy aortic tissue. The protein encoded by this gene is Esm1, 
which is known to be involved in cellular processes like angiogenesis, proliferation and vascular 
permeability. Esm1 is known to be increased in the circulation during preeclampsia as compared 
with healthy pregnancy. Although in our animal study this gene is downregulated during 
experimental preeclampsia, and in human preeclampsia the protein is found upregulated in 
the circulation, it does indicate a possible important role for this gene in vascular (dys)function 
during preeclampsia.
 
Since we found apparent gene expression changes in the aorta of preeclamptic rats vs. healthy 
pregnant rats, we wondered if preeclampsia also induced long-term effects on the vasculature. 
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Therefore, in chapter 3, we focused on long-term effects (9 weeks after pregnancy) on the 
heart after experimental preeclampsia. The same animal model was used as in chapter 2. 
We compared healthy pregnant, preeclamptic animals and never pregnant female animals. 
We examined cardiac gene expression levels of genes important in cardiac function and 
remodeling. The investigated genes also included genes previously found upregulated in the 
aorta during experimental preeclampsia in chapter 2 (e.g., potassium channel genes [Kcnj3 
and Hcn4] and Ttn, encoding for titin). Increased expression was found in cardiac tissue for 
the potassium channel gene Kcnj3 in both formerly experimental preeclampsia and formerly 
healthy pregnancy as compared with never pregnant animals and increased Hcn4 in formerly 
healthy pregnant as compared with formerly experimental preeclamptic and never pregnant 
animals. This indicates that potassium channels might be altered after either a healthy 
pregnancy or preeclampsia as compared with never pregnant animals. 
To investigate possible cardiac remodelling, genes encoding collagens were investigated. 
Collagens are important components in the formation of the extracellular matrix. Collagen 1 
forms thick fibers and is mainly known for its strength, while collagen 3 forms thinner fibers and 
is mainly known for its elasticity. Our data revealed an increased ratio of Col1a1/col3a1 in both 
formerly experimental preeclamptic rats and formerly healthy pregnant rats as compared with 
never pregnant rats. This might indicate increased myocardial stiffness after pregnancy with 
or without experimental preeclampsia as compared to never pregnant animals. Interestingly, 
Myh7 (known as the myosin heavy-chain gene of the ventricles) was found increased in 
formerly pregnant as compared with formerly experimental preeclamptic animals. It was also 
found that the promoter region of Myh7 had a different DNA methylation pattern in formerly 
experimental preeclamptic animals as compared to formerly healthy pregnant animals. 
Together, these data indicate that, in our model, cardiac tissue is differently epigenetically 
reprogrammed after experimental preeclampsia as compared with healthy pregnancy. Further 
research is necessary to determine if these findings also occur in humans and if so, whether 
they might contribute to an increased sensitivity to cardiovascular diseases in later life.

To translate our vascular gene expression data of rats with experimental preeclampsia 
in chapter 2 to human preeclampsia, cell cultures of human endothelial cells and vascular 
smooth muscle cells were incubated with plasma from early-onset preeclamptic, healthy 
pregnant and non-pregnant women (chapter 4). Afterwards, gene expression analysis was 
performed. We analysed genes which were found to be differently expressed in the aortas of 
rats with experimental preeclampsia as compared with healthy pregnancy (including KCNA6, 
ESM1, ACTC1). We showed that the potassium channel gene KCNA6, which contributed the 
most to the enrichment of the potassium channel gene set in the preeclamptic rat aortas, was 
also increased in human endothelial cells after plasma incubation from preeclamptic patients 
as compared with plasma incubation of healthy pregnant women. Also, ESM1 expression was 
detected as significantly increased in endothelial cells after preeclamptic plasma incubation 
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compared to healthy pregnancy plasma incubation. Even though the expression of Esm1 in the 
aorta of our animal model decreased and in our human cell culture experiment the expression 
increased, it does suggest that the targets found in the aorta of our animal model might also 
relate to preeclampsia in humans. Thus, KCNA6 as well as ESM1 might play important roles in 
the pathogenesis of endothelial dysfunction during preeclampsia. We also showed increased 
CXCL8 expression (encoding the pro-inflammatory cytokine CXCL8, also known as IL-8) after 
preeclamptic plasma incubation, which was also shown by others. Therefore, CXCL8 might play 
a role in the pro-inflammatory environment during preeclampsia.
Many circulating factors are out of balance during preeclampsia. Preeclampsia is, for example, 
associated with increased levels of TNFα, sFlt-1, ATP and HMGB1. We examined which of these 
factors in preeclamptic plasma contributed to the changes in gene expression (KCNA6, ESM1). 
We demonstrated that extracellular ATP and TNFα both activate endothelial cells, and that 
ATP affects the expression of KCNA6 and ESM1 and TNFα affects the expression of ESM1 and 
CXCL8. This indicates that increased extracellular ATP and pro-inflammatory cytokines like 
TNFα might be important factors in the preeclamptic plasma which significantly contribute to 
the effects of the plasma on endothelial cells.
In chapter 2, aortic tissue was examined. Besides endothelial cells, vascular smooth muscle 
cells (VSMC) are also part of the aortic wall and play a key role in the function of the aorta. 
Therefore, human aortic VSMC were also incubated with plasma from preeclamptic and healthy 
pregnancies. Afterwards, gene expression analysis was performed of genes differentially 
expressed in preeclamptic aorta tissue of chapter 2 and known to be expressed in muscle 
tissue. This revealed increased expression of ACTC1 after preeclamptic plasma incubation 
vs. healthy pregnancy plasma incubation. ACTC1 encodes cardiac muscle alpha actin. Actins 
are important cytoskeleton proteins and form, together with myosin, the basis of muscle 
contraction. Expression of this gene was also found increased in the aorta of our preeclamptic 
animal model of chapter 2. We subsequently measured the expression of genes encoding 
other actins and myosins (even though these genes were not differentially expressed in the 
aorta tissue of our preeclamptic animal model). We demonstrated that MYL6 (Myosin Light 
Chain 6), ACTG2 (Actin Gamma 2, Smooth Muscle) and ACTA2 (Actin Alpha 2, Smooth Muscle) 
were upregulated in human VSMC after preeclamptic plasma incubation as compared with 
non-pregnancy plasma incubation. The altered contractile machinery in these VSMC might be 
an important contributor to vascular dysfunction and hypertension during preeclampsia.
To investigate regulatory mechanisms, the DNA methylation patterns of the promoter region 
of the genes that were significantly affected by preeclamptic plasma in endothelial cells or 
VSMC were investigated. No differences in DNA methylation were detected. This indicates that 
the different expression of these genes is not regulated by DNA methylation. 

Bedsides the factors (TNFα, sFlt-1, ATP and HMGB1) mentioned above, other potentially 
interesting plasma components of preeclampsia are microRNAs. MiRNAs are small (~22 
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nucleotides) non-coding RNAs responsible for post-transcriptional regulation of gene expression 
by targeting mRNAs for cleavage or inhibiting their translation. MicroRNAs are known to 
play important roles in cellular processes like differentiation, proliferation, migration and 
apoptosis. In chapter 5, (precursor) miRNA concentrations were measured in plasma samples 
of pregnant women with early-onset preeclampsia, healthy pregnant and non-pregnant 
women by microarray. No significant differences were found in miRNA plasma concentrations 
between healthy pregnant and non-pregnant women. During preeclampsia, however, a total 
of 26 (precursor)microRNAs were dysregulated as compared to healthy pregnancy such as 
miR-574-5p, miR-1972 and miR-4793-3p. Subsequently we transfected endothelial cells to 
overexpress the miRNAs which were highly increased during preeclampsia as compared with 
healthy pregnancy. We demonstrated that (miR-574-5p and miR-1972), affected endothelial 
cell function in vitro. The third miRNA tested, miR-4793-3p, did not have significant effects 
on endothelial cell function in vitro. The data revealed that overexpression of miR-1972 in 
endothelial cells attenuated tube formation and overexpression of miR-574-5p negatively 
affected wound healing and tended to reduce proliferation of endothelial cells and suppressed 
the expression of the proliferation marker MKI67. This indicates an anti-angiogenic potential 
of these upregulated miRNAs during preeclampsia. So, preeclampsia is characterized with 
the dysregulation of microRNAs, and highly increased miRNAs negatively affect endothelial 
angiogenic function in vitro. MiRNAs may therefore also contribute to the pathogenesis of 
preeclampsia, by affecting endothelial angiogenic cell function.

CVD differ between sexes in incidence and pathogenesis, resulting in different symptoms of 
CVD and a different age at which CVD develop in women as compared with men. Women are, 
for example, more susceptible for heart failure with preserved ejection fraction than men, 
while men are more susceptible for heart failure with reduced ejection fraction. Women also 
develop acute coronary syndromes at an older age as compared with men. Endothelial cells 
play an important role in cardiovascular function. To examine differences between women and 
men, we investigated in chapter 6 if sex-specific differences can already be found in ‘young’ 
(fetal) endothelial cells. To do so we examined the gene expression pattern of female vs. male 
fetal human umbilical vein endothelial cells by whole-genome microarray analysis. We showed 
that on the gene expression level most differences found were of genes located on the X- 
or Y-chromosomes. Regarding genes which are not located on sex-specific chromosomes, we 
showed that MMP12 (matrix metallopeptidase 12) and COL6A1 (collagen type VI alpha 1) 
were increased in expression in female endothelial cells as compared with male endothelial 
cells. Since both MMP12 and COL6A1 are important for the establishment/degradation of 
the extracellular matrix, it might be possible that the extracellular matrix surrounding the 
vasculature in early-life differs between sexes.  If these differences are also present in adult life, 
they might contribute to the differences found between women and men in the incidence and 
pathogenesis of CVD. TRIM6 (tripartite motif containing protein 6) was decreased in female 
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endothelial cells as compared with male endothelial cells. The protein TRIM6 is a ubiquitin 
ligase and it has been shown that this protein is important for maintaining the pluripotency 
of embryonic stem cells. The function of TRIM6 in endothelial cells remains to be established. 
Interestingly, the percentage of DNA methylation in the promoter region of TRIM6 was 
increased in female vs. male endothelial cells. This suggests that the DNA methylation might be 
the main regulating mechanisms behind the differences in expression of TRIM6. The fact that 
we discovered epigenetic differences in female vs. male endothelial cells implicates sex-specific 
programming of endothelial cells. We hypothesize that these early sex-specific differences in 
endothelial cells might contribute to the sex-specific development of cardiovascular diseases.

In conclusion, we clearly demonstrated that experimental preeclampsia directly affects gene 
expression in the vasculature. To translate this to humans, we used human cell cultures 
and found gene expression differences (of targets identified before in the animal model) 
in endothelial and vascular smooth muscle cells after preeclamptic plasma incubation. 
Furthermore, we showed that circulating factors during preeclampsia affect endothelial cell 
gene expression and function in vitro. We also showed that experimental preeclampsia as well 
as a healthy pregnancy have long-term effects on the gene expression of the heart, which for 
some genes might be regulated by changes in the DNA methylation pattern. Lastly, we revealed 
that sex-specific differences exist in fetal endothelial cells, which for some genes might also be 
regulated by sex-specific differences in the DNA methylation pattern. 
We propose multiple and potentially detrimental mechanisms (e.g., increased circulating 
TNFα, ATP, miR-574-5p and miR-1972) in which preeclampsia affects the maternal 
cardiovascular system. These might also contribute to the long-term effects of preeclampsia 
on the increased incidence of cardiovascular diseases in later life. We also propose possible 
intrinsic compensatory mechanisms (e.g., increased expression of potassium channels) during 
preeclampsia which could be further exploited. Insight into these mechanisms might provide 
novel therapeutic opportunities for preventing the development of CVD specifically in women.
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Een gezonde zwangerschap vergt vele aanpassingen van het maternale hart- en vaatstelsel om 
de moeder gezond te houden en ervoor te zorgen dat de foetus zich optimaal kan ontwikkelen. 
Tijdens preeclampsie (zwangerschapsvergiftiging) is het maternale hart- en vaatstelsel niet 
voldoende aangepast. Preeclampsie is gekenmerkt door hypertensie (een hoge bloeddruk) en 
de meeste patiënten hebben ook een verhoogde hoeveelheid eiwitten in hun urine. 
Op latere leeftijd hebben voormalig preeclampsie patiënten een verhoogd risico op hart- en 
vaatziektes (HVZ). Recentelijk is het ook duidelijk geworden dat HVZ zich anders ontwikkelen bij 
vrouwen vergeleken met mannen. Vrouwen zijn bijvoorbeeld gevoeliger voor hartfalen met een 
behouden ejectiefractie, terwijl mannen gevoeliger zijn voor hartfalen met een verminderde 
ejectiefractie. Vrouwen ontwikkelen ook pas op een latere leeftijd acute coronaire syndromen 
in vergelijking met mannen. Het exacte mechanisme achter deze verschillen blijft vooralsnog 
onduidelijk. Inzicht in de effecten van preeclampsie op het hart- en vaatstelsel van de moeder 
kan een belangrijke bijdrage leveren over onze kennis over de ontwikkeling van HVZ, specifiek 
bij vrouwen. 
Risicofactoren voor HVZ die vóór de zwangerschap al bestaan, zoals bijv. obesitas en verhoogde 
bloeddruk, zouden ook kunnen bijdragen aan de verhoogde kans op HVZ na preeclampsie. Deze 
risicofactoren kunnen echter slechts ongeveer 50% van de associatie tussen preeclampsie en 
de ontwikkeling van HVZ verklaren. Wij hypothetiseren dan ook dat preeclampsie zelf ook van 
invloed is op het maternale hart- en vaatstelsel wat de kans voor het ontwikkelen van HVZ 
op latere leeftijd verhoogt. In dit proefschrift worden zowel de directe als de lange-termijn 
effecten van preeclampsie op het maternale hart- en vaatstelsel bestudeerd. Dit werd gedaan 
in experimentele modellen zonder reeds bestaande risicofactoren. Zo werden cardiovasculaire 
weefsels van experimentele preeclamptische dieren onderzocht en celkweek experimenten 
uitgevoerd.
Om de directe effecten van preeclampsie op het vaatstelsel op te helderen, hebben we aorta-
weefsel onderzocht van ratten waarbij we experimentele preeclampsie geïnduceerd hadden, 
van ratten met een gezonde zwangerschap en van vrouwelijke ratten die nooit zwanger zijn 
geweest (hoofdstuk 2). Door middel van genexpressie analyse van het hele genoom van de 
aorta hebben we aangetoond dat meer dan 600 genen anders tot expressie kwamen in de 
aorta van gezond zwangere dieren in vergelijking met de aorta van dieren die nooit zwanger 
zijn geweest. De meest opvallende veranderingen werden gevonden in genen die geassocieerd 
zijn met het immuunsysteem, zoals de twaalfvoudige op-regulatie van Cxcl13 in the aorta van 
gezond zwangere dieren vergeleken met dieren die nooit zwanger zijn geweest. Cxcl13 codeert 
voor een B-cel aantrekkende chemokine. Dergelijke signaaleiwitten in het endotheel kunnen 
een belangrijke rol spelen in het immuunsysteem en kunnen verband houden met belangrijke 
veranderingen in het immuunsysteem, die nodig zijn voor een gezonde zwangerschap. Wanneer 
we experimentele preeclampsie vergeleken met gezonde zwangere dieren, zagen we dat 
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genen belangrijk voor de “(voltage gated) potassium channels”, “(striated) muscle contraction” 
en “neuronal system” sterk verhoogd tot expressie kwamen in experimentele preeclampsie. 
De kaliumkanaalgenen die verhoogd tot expressie kwamen zijn onder andere Kcna6, Kcnh8, 
Hcn4 en Kcnj3. Ook zagen we dat de kaliumchloride geïnduceerde contractiele respons van 
experimentele preeclamptische aorta-ringen significant verlaagd was ten opzichte van de 
respons op kaliumchloride bij gezond zwangere dieren. Verdere studies zijn nodig om de rol van 
de verhoogde expressie van kaliumkanaalgenen in de verminderde respons op kaliumchloride 
in de aorta’s van ratten met experimentele preeclampsie aan te tonen. Kaliumkanalen 
zijn betrokken bij de productie en afgifte van vasoactieve factoren geproduceerd door het 
endotheel, welke de vasculaire tonus kunnen beïnvloeden. Bovendien kunnen kaliumkanalen 
de contractiliteit van vasculaire gladde spiercellen beïnvloeden. Aangezien de verhoogde 
expressie van kaliumkanalen vaak wordt geassocieerd met vaatverwijding, is het mogelijk dat 
de verhoging in kaliumkanalen een compensatiemechanisme is (welke onvoldoende is in het 
huidige model), gerelateerd aan hypertensie veroorzaakt door andere mechanismen, zoals 
sympathische activering.
Het gen dat het sterkst verhoogd tot expressie kwam in aorta-weefsel van experimentele 
preeclampsie in vergelijking met gezonde zwangerschap codeert voor titine. Titine is belangrijk 
voor de organisatie van spierweefsel. Het is mogelijk dat titine de structurele integriteit en 
passieve elasticiteit van de gladde spieren beïnvloedt in ons preeclampsie model, wat mogelijk 
bijdraagt aan een verhoogde bloeddruk.
Een ander interessant gen voor zijn mogelijke rol in de vaatfunctie is Esm1 (endotheelcel-
specifieke molecuul 1). Dit gen kwam in de aorta van het experimentele preeclampsie 
model verhoogd tot expressie in vergelijking met de aorta van gezond zwangere dieren. 
Esm1 is betrokken bij cellulaire processen zoals de vorming van nieuwe bloedvaten en de 
vermenigvuldiging van endotheel cellen. Het was al bekend dat het eiwit Esm1 verhoogd in 
de circulatie voorkomt tijdens preeclampsie in vergelijking met een gezonde zwangerschap. 
Hoewel in onze dierstudie dit gen verlaagd tot expressie kwam, en tijdens preeclampsie in 
mensen dit eiwit verhoogd in de circulatie aanwezig is, wijst het op een mogelijk belangrijke 
rol voor dit gen in de vasculaire (dys)functie tijdens preeclampsie.

Aangezien we directe effecten vonden in aorta-weefsel van preeclampsie ratten vergeleken 
met gezond zwangere ratten, vroegen we ons af of preeclampsie ook lange-termijn effecten 
veroorzaakt (9 weken postpartum). Om dit te onderzoeken hebben we ons in hoofdstuk 3 
gericht op lange-termijn effecten na experimentele preeclampsie op het hart. Hiervoor werd 
hetzelfde diermodel gebruikt als in hoofdstuk 2. Deze keer werden de dieren echter pas 9 
weken na de bevalling onderzocht en vergeleken met voormalig gezond zwangere dieren 
en vrouwelijke dieren die nooit zwanger zijn geweest. We onderzochten de expressie van 
genen die belangrijk zijn voor de hartfunctie en structurele aanpassingen binnen het hart. 
We onderzochten ook genen die eerder verhoogd tot expressie kwamen in de aorta tijdens 
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experimentele preeclampsie in hoofdstuk 2 (bijv. kaliumkanaalgenen [Kcnj3 en Hcn4] en Ttn, 
coderend voor titine). We vonden een verhoogde expressie van Kcnj3 zowel na experimentele 
preeclampsie als na gezonde zwangerschap in vergelijking met dieren die nooit zwanger 
zijn geweest en verhoogde Hcn4 na gezonde zwangerschap in vergelijking met dieren die 
experimentele preeclampsie gehad hadden en dieren die nooit zwanger zijn geweest. Dit 
geeft aan dat de kaliumkanalen kunnen veranderen, zowel na een gezonde zwangerschap 
of na preeclampsie in vergelijking met dieren die nooit zwanger zijn geweest. Om mogelijke 
structurele aanpassingen binnen het hart te onderzoeken, werden ook genen die coderen 
voor collageen onderzocht. Collageen is een belangrijk eiwit dat zorgt voor stevigheid van de 
extracellulaire omgeving. Collageen 1 staat bekend om zijn sterkte/kracht, terwijl collageen 
3 vooral bekend staat om zijn elasticiteit. Wij lieten een verhoogde verhouding van Col1a1/
Col3a1 zien zowel na experimentele preeclampsie als na gezonde zwangerschap in vergelijking 
met dieren die nooit zwanger zijn geweest. Dit kan wijzen op verhoogde stijfheid van het 
hart na zwangerschap ongeacht of het om een gezonde zwangerschap gaat of experimentele 
preeclampsie. Noemenswaardig is dat expressie van Myh7 (bekent als het myosine zware 
keten gen van de ventrikels) verhoogd was in het hart na gezonde zwangerschap in vergelijking 
met na preeclampsie en dat tevens het promotorgebied van dit specifieke gen een ander 
DNA-methyleringspatroon na gezonde zwangerschap in vergelijking met na experimentele 
preeclampsie had. Onze resultaten geven aan dat hartweefsel na experimentele preeclampsie, 
er epigenetisch anders uit ziet dan na een gezonde zwangerschap. Verder onderzoek is nodig 
om te bepalen of deze bevindingen ook bij mensen voorkomen en of deze bevindingen kunnen 
bijdragen aan een verhoogde gevoeligheid voor HVZ op latere leeftijd.

Om de resultaten uit de dierexperimenten te vertalen naar preeclampsie bij vrouwen, hebben 
we ons onderzoek vervolgd op cellulair niveau. Humane endotheelcellen en vasculaire gladde 
spiercellen werden geïncubeerd met plasma van patiënten met preeclampsie, plasma van 
vrouwen met een gezonde zwangerschap en plasma van niet-zwangere vrouwen (hoofdstuk 
4). Hierna werd gen expressie onderzocht van de geincubeerde cellen. We analyseerden 
genen, waarvan we eerder hebben gezien dat ze verschillend tot expressie kwamen in the 
aortas van ratten met experimentele preeclampsie vergeleken met ratten met een gezonde 
zwangerschap (incl. KCNA6, ESM1, ACTC1). We toonden aan dat het kaliumkanaal-gen 
KCNA6, dat sterk verhoogd was in de aorta’s van preeclampsie dieren, ook was verhoogd in 
endotheelcellen na plasma incubatie van preeclampsie patiënten in vergelijking met plasma 
incubatie van gezond zwangere vrouwen. Ook was de expressie van ESM1 sterk verhoogd in 
endotheelcellen na preeclamptische plasma-incubatie in vergelijking met plasma incubatie 
van gezond zwangere vrouwen. Zowel KCNA6 als ESM1 zouden dus een belangrijke rol kunnen 
spelen in de endotheel dysfunctie tijdens preeclampsie. We toonden ook een verhoogde 
expressie van CXCL8 (coderend voor het pro-inflammatoire cytokine CXCL8, ook bekend als IL-
8) na preeclamptische plasma-incubatie aan, wat ook door anderen is aangetoond. CXCL8 kan 
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dus een rol spelen in de pro-inflammatoire omgeving tijdens preeclampsie.
Tijdens preeclampsie zijn er veel circulerende factoren in het bloed uit balans. Preeclampsie 
wordt bijvoorbeeld gekenmerkt door verhoogde concentraties van TNFα, sFlt-1, ATP en 
HMGB1. Wij onderzochten of deze factoren zouden kunnen bijgedragen aan de veranderingen 
in genexpressie (KCNA6, ESM1) van de endotheelcellen. Hier hebben we laten zien dat ATP 
en TNFα beide endotheelcellen activeren, dat ATP de expressie van zowel KCNA6 als ESM1 
beïnvloedt en dat TNFα de expressie van ESM1 en CXCL8 beïnvloedt. Dit geeft aan dat ATP 
en pro-inflammatoire cytokines zoals TNFα in het plasma van preeclampsie patiënten kunnen 
bijdragen aan de effecten van het plasma op endotheelcellen.
In hoofdstuk 2 werd aorta weefsel onderzocht. Naast endotheelcellen zijn vasculaire gladde 
spieren (VSMC) ook belangrijke cellen in de aorta. Hierom werden ook VSMC afkomstig van 
de humane aorta geïncubeerd met plasma van patiënten met preeclampsie en plasma van 
vrouwen met een gezonde zwangerschap. Daarna werd de genexpressie geanalyseerd van 
genen die verschillend tot expressie kwamen in het aorta weefsel van ons experimentele 
preeclampsie model in hoofdstuk 2 en waarvan bekend is dat deze genen tot expressie 
komen in spierfweefsel. We vonden een verhoogde expressie van ACTC1 na preeclampsie 
plasma-incubatie versus gezonde zwangerschap-plasma-incubatie. ACTC1 codeert voor alfa-
actine in de hartspier. Actine is een belangrijke cytoskelet-eiwit en vormt samen met myosine 
de basis van spiercontractie. Expressie van dit gen was ook verhoogd in de aorta van onze 
experimentele preeclampsie dieren in hoofdstuk 2. Vervolgens hebben we ook de expressie 
gemeten van genen die coderen voor andere vormen van actine en myosine. We lieten zien 
dat MYL6, ACTG2 en ACTA2 na preeclampsie plasma-incubatie in VSMC verhoogd tot expressie 
kwamen in vergelijking met incubatie met plasma van niet-zwangere vrouwen. De veranderde 
contractiele machinerie in deze VSMC kan een belangrijke bijdrage leveren aan vasculaire 
dysfunctie en hypertensie tijdens preeclampsie.
Om potentiële onderliggende mechanismes van veranderde gen expressie te onderzoeken, 
bekeken we de DNA-methyleringspatronen van het promotorgebied van de genen waarvan 
de expressie beïnvloed werd door het plasma van preeclampsie patiënten in endotheelcellen 
en VSMC. Er werden echter geen verschillen in DNA-methylering gevonden. De verschillende 
expressies van deze genen wordt dus niet gereguleerd door veranderingen in DNA-methylering. 

Naast de hierboven genoemde factoren (TNFα, sFlt-1, ATP en HMGB1) zijn er nog andere 
potentieel interessante componenten in het plasma van preeclampsie patiënten die het 
vaatstelsel kunnen beïnvloeden. In hoofdstuk 5 focussen we ons daarom op microRNAs. 
MicroRNA’s zijn kleine (~22 nucleotiden) niet coderende RNA’s die gen expressie kunnen 
verlagen. MicroRNA’s spelen een belangrijke rol in vele cellulaire processen. In hoofdstuk 
5 werden (precursor) microRNA-concentraties gemeten in plasma van vrouwen met 
preeclampsie, plasma van gezonde zwangere en van niet-zwangere vrouwen. Er werden geen 
verschillen gevonden in microRNA concentraties tussen gezonde zwangere en niet-zwangere 
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vrouwen. In plasma van vrouwen met preeclampsie waren er 26 (precursor) microRNA’s 
ontregeld in vergelijking met gezonde zwangerschap zoals miR-574-5p, miR-1972 and miR-
4793-3p. Vervolgens hebben we de miRNA’s die sterk waren toegenomen in concentratie 
tijdens preeclampsie verhoogd tot expressie laten komen in endotheelcellen. We toonden 
aan dat (miR-574-5p en miR-1972) de functie van endotheelcellen in vitro beïnvloeden. Het 
derde geteste miRNA, miR-4793-3p, had in vitro geen significante effecten op de functie 
van endoheelcellen. Onze data liet zien dat overexpressie van miR-1972 in endotheelcellen 
de vorming bloedvaten remt en overexpressie van miR-574-5p de wondgenezing negatief 
beïnvloedde en de proliferatie van endotheelcellen verminderde. Ook onderdrukte miR-
574-5p de expressie van de proliferatiemarker MKI67. Dit wijst op een anti-angiogeen 
potentieel van zowel miR-574-5p and miR-1972. Preeclampsie wordt dus gekenmerkt door de 
ontregeling van plasma microRNA’s, terwijl de sterk verhoogde miRNA’s tijdens preeclampsie 
een negatief effect hebben op de angiogene functie van endotheelcellen in vitro. MiRNA’s 
kunnen dus bijdragen aan de pathogenese van preeclampsie, door de angiogene functie van 
endotheelcellen te beïnvloeden.

Er zijn grote verschillen in zowel incidentie als ziektebeeld van HVZ tussen vrouwen en 
mannen. Deze verschillen resulteren in verschillende symptomen van HVZ en een andere 
leeftijd waarop HVZ ontstaan. Vrouwen zijn bijvoorbeeld gevoeliger voor hartfalen met een 
behouden ejectiefractie, terwijl mannen gevoeliger zijn voor hartfalen met een verminderde 
ejectiefractie. Vrouwen ontwikkelen ook pas op een latere leeftijd acute coronaire syndromen 
in vergelijking met mannen. Endotheelcellen spelen een belangrijke rol in de functie van 
het hart- en vaatstelsel. Om de verschillen tussen vrouwen en mannen te onderzoeken, 
bekeken we in hoofdstuk 6 of er al geslachts-specifieke verschillen gevonden kunnen worden 
in ‘jonge’ (foetale) endotheelcellen. Hiervoor hebben we de genexpressie van het hele 
genoom bestudeerd van zowel vrouwelijke als mannelijke humane foetale endotheelcellen. 
Deze endotheelcellen kwamen uit navelstrengen van gezonde zwangerschappen. De meeste 
verschillen in genexpressie tussen de geslachten betrof genen op de geslachtschromosomen (X- 
of Y-chromosoom). Met betrekking tot genen die zich niet op geslacht specifieke chromosomen 
bevinden, toonden we aan dat MMP12 (matrix metallopeptidase 12) en COL6A1 (collagen type 
VI alpha 1) in vrouwelijke endotheelcellen sterk verhoogd tot expressie kwamen. Aangezien 
zowel MMP12 als COL6A1 belangrijk zijn voor de vorming/afbraak van de extracellulaire 
matrix, is het mogelijk dat de extracellulaire matrix rond het vaatstelsel in het vroege leven 
verschilt tussen de geslachten. Als deze verschillen ook nog aanwezig zijn in het volwassen 
leven, kunnen ze bijdragen aan de verschillen tussen vrouwen en mannen in de incidentie 
en pathogenese van HVZ. Genexpressie van TRIM6 was juist verlaagd in vrouwelijke foetale 
endotheelcellen in vergelijking met mannelijke foetale endotheelcellen. De exacte functie 
van TRIM6 in endotheelcellen moet nog worden vastgesteld. Het bleek echter wel dat het 
percentage DNA-methylering in het promotorgebied van TRIM6 verhoogd was in vrouwelijke 
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versus mannelijke endotheelcellen. Dit suggereert dat de DNA-methylering mogelijk de 
belangrijkste regulerende mechanisme is achter de verschillen in expressie van TRIM6. Het feit 
dat we epigenetische verschillen tussen vrouwelijke en mannelijke endotheelcellen ontdekten, 
impliceert geslachts-specifieke programmering van endotheelcellen. We veronderstellen dat 
deze vroege geslacht-specifieke verschillen in endotheelcellen kunnen bijdragen aan de sekse-
specifieke ontwikkeling van HVZ.

In dit proefschrift hebben we duidelijk aangetoond dat experimentele preeclampsie invloed 
heeft op de vasculaire genexpressie. Om dit naar de mens te vertalen, onderzochten we 
humane endotheelcellen en vasculaire gladde spiercellen na incubatie met plasma afkomstig 
van patiënten met preeclampsie en vonden we verschillen in genexpressie van genen die we 
eerder al gevonden hadden in het diermodel. Verder hebben we aangetoond dat factoren 
in het plasma van preeclampsie patienten de genexpressie en functie van endotheelcellen 
kunnen beïnvloeden. We lieten zien dat zowel experimentele preeclampsie als een 
gezonde zwangerschap lange-termijn effecten hebben op de genexpressie van het hart, 
en dat dit voor sommige genen kan worden gereguleerd door veranderingen in het DNA-
methyleringspatroon. Ten slotte lieten we zien dat er geslachtsspecifieke verschillen bestaan   
in foetale endotheelcellen, die voor sommige genen ook kunnen worden gereguleerd door 
geslachtsspecifieke verschillen in het DNA-methyleringspatroon.
We stellen meerdere en potentieel schadelijke mechanismen voor (bijv. verhoogde 
circulerende concentraties TNFα, ATP, miR-574-5p en miR-1972) waarin preeclampsie het 
hart- en vaatstelsel van de moeder kan beïnvloeden. Mogelijk kan dit ook helpen te verklaren 
waarom preeclampsie een verhoogde kans geeft op HVZ op latere leeftijd. We stellen ook 
mogelijke intrinsieke compensatiemechanismen voor (bijv. verhoogde kaliumkanalen) tijdens 
preeclampsie die verder zouden kunnen worden benut. Meer inzicht in deze mechanismes 
zouden nieuwe therapeutische mogelijkheden kunnen bieden om de ontwikkeling van HVZ 
specifiek bij vrouwen te voorkomen.
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