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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.
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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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