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In this thesis we attempted to contribute to the knowledge of molecular pathways significant 
for the  development of one of the most serious syndromes in obstetrical care, preeclampsia. As 
can be expected when investigating a complex disorder, a single gene or factor explaining the 
disease for all patients is unlikely to be found. This is even more true for gestational diseases as 
also the interaction between mother, fetus and placenta can contribute to the disease 

Additionally, the aberrant placentation in the first and early second trimester that is considered 
causal to the development of preeclampsia occurs at a period in pregnancy when the placenta 
is rarely available for investigation in the laboratory, thus hampering investigations on the 
causal organ at the time the disease originated. During pregnancy only maternal blood is easily 
available and apart from studying placental specific proteins, there is recent evidence that also 
placental RNA can be isolated from the maternal circulation thus opening the possibility to 
study placenta development and function during ongoing pregnancy1. 

The validity of placental RNA sequencing in the maternal circulation is currently still a matter 
of debate and the technique was not available when we started the research described in 
this thesis. We studied material obtained from the delivered placenta and focused on the 
transcriptome of this organ unique to pregnancy with Serial Analysis of Gene Expression that 
at that time, in contrast to RNA micro-array, was relatively unbiased in the transcripts studied2.

The aim of this thesis was to gain further understanding of placental molecular mechanisms in 
general and preeclamptic disorders in particular, and to discover novel biomarkers. 

In Chapter 2 we reviewed the literature on the complex aetiology of preeclampsia and HELLP 
syndrome  and summarized the approaches described to define the underlying genetic 
cause. Not an easy endeavour as the pathophysiology depends not only on periconceptional 
conditions, immunology at the fetal-maternal interface and the fetal and placental genotype, 
but also on the capability of the individual maternal system to deal with pregnancy.

In Chapter 3 we investigated and disputed the role of the substitution of amino acid 153 from 
the wild type tyrosine to the mutant histidine in the STOX1 protein in the pathogenesis of 
preeclampsia. Subsequent reports also questioned the role of the amino acid substitution within 
the STOX1 protein in preeclampsia3,4. Since then, it has been demonstrated that overexpression 
of the wild type STOX1 protein in choriocarcinoma cells mimics a preeclamptic RNA expression 
profile5. This contradicts the initial report where increased methylation of the Y153H allele 
subsequently reduced expression of the STOX1 protein with the development of preeclampsia 
as a consequence6. Interestingly a mouse model mating wild type females with STOX1 transgenic 
males shows the development of hypertension and proteinuria in the female mice even before 
proper implantation has occurred7, highlighting that overexpression rather than a decrease of 
STOX1 might play a role in the pathogenesis of preeclampsia. From the animal model it seems 
that the fetal-paternal and not the maternal genotype determines the maternal phenotype in 
pregnancy for this gene, again in contrast to the initial STOX1 report8.

Soluble fms-like thyrosine kinase 1 (sFLT1) has been identified as a protein abundantly 
present before and during the clinical presence of preeclampsia. sFLT1 was first implicated in 
the pathophysiology of preeclampsia in 20039. A rat model substantiated the involvement of 
this factor where administration of sFLT1 in pregnant animals resulted in hypertension and 

proteinuria9. sFLT1 most likely affects the maternal endothelial function by sequestering VEGF10. 
Administration of anti-VEGF medication in cancer treatment in human subjects can result in 
side effects including hypertension and proteinuria11. Although the involvement of sFLT1 in the 
pathophysiology of PE is undisputed its use in diagnostic or prognostic models is still limited12. 
In 2009 it became clear that the role of sFLT1 in preeclampsia was more complicated by the 
discoveries of a second13 (sFLT1_v2), a third (sFLT1_v3) and a fourth (sFLT1_v4) isoform of sFLT14-17.

As we have shown in Chapter 4, sFLT1_v1 is not placenta specific and in the human placenta 
over 80% of sFLT1 comprises the second (sFLT1_v2) and not the first isoform. Although in 
preeclamptic pregnancies and pregnancies complicated by growth restriction sFLT1_v1 becomes 
more prevalent relative to the other transcript variants, when compared to normotensive 
pregnancies, this may be the explanation for the poor test characteristics of prognostic models 
using an antibody that recognizes all four different sFLT1 isoforms. Since in preeclamptic 
placentas the ratio between sFLT1_v1 and sFLT1_v2 is altered compared to normotensive 
placenta a diagnostic test or prognostic model using two antibodies and calculating ratios 
between these isoforms may further improve the performance of these tests and models. While 
we have published our results of these findings in 201118 and a sFLT1_v2 specific antibody has 
been described in literature19 currently no commercially available antibody specifically targeting 
sFLT1_v2 has been presented. 

Elaborating on the description of a HELLP-specific signature by Buimer et al. in 200720, we set out 
to develop a preeclampsia specific signature based on placenta specific genes not previously 
reported in relation to preeclampsia at that time. In Chapter 5 we describe how we selected 
glucosidase beta acid (GBA) from 26 genes tested in placentas from a large population of both 
preeclamptic and normal pregnancies. Overexpression of GBA in relation to human disease is 
a novel finding. Despite the fact that in 403 out of 500 runs GBA is selected and both median 
GBA mRNA and median GBA protein are increased in our preeclamptic population, usage of 
GBA alone in future diagnostic tests is unlikely given the substantial overlap of ranges in the 
normal and preeclamptic patients but remains to be established in combination with other 
prognostic markers. The lack of correlation in expression between GBA and FLT1 expression 
in our micro-array data suggests that apart from the hypoxia setting of sFLT1 expression, 
other pathways contributing to the pathogenesis of preeclampsia might be relevant. As we 
have shown, GBA expression negatively correlates with BMP4 (bone morphogenetic protein 
4) expression in human placenta.  After treatment with BMP4, human embryonic stem cells 
differentiate into trophoblast cells and demonstrate invasive properties and, over time, produce 
extensive amounts of human chorionic gonadotropin, progesterone, placental growth factor, 
and placental lactogen21. This suggests that increased GBA expression might affect proper 
placentation through decreased BMP4 signaling. 

Finally we encountered one clear example of ‘bycatch’ (described in Chapter 5) that is worth 
pursuing in relation to preeclampsia research. We explored regulation of GBA by transcription 
factor TFEB in placenta. Strikingly TFEB negatively correlates with GBA expression in our micro-
array data involving the 20 most diverging GBA1 expression samples in both preeclamptic 
placentas (n=10) and normotensive placentas (n=10). In a post-hoc analysis TFEB expression 
in preeclamptic placentas trended towards a decreased expression (p=0.06) (data not shown).  
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From a mouse model it is known that Tfeb -/- mice fetuses die mid pregnancy and display severe 
defects in placental vascularization. Pathway analysis linked this transcription factor to the 
VEGF pathway22 and we now introduce GBA as a putative factor relating to TFEB expression and 
placental vascularization. 

In Chapter 6 we describe how we identified four patients with the previously unreported 
combination of HELLP syndrome preceded by Intrahepatic Cholestasis of Pregnancy (ICP). 
Analogous to the mechanism where an LCHAD deficient baby and placenta cause acute 
fatty liver of pregnancy and HELLP syndrome in their heterozygous mothers23, we studied if 
heterozygous changes in the genes reported after routine clinical genetic analysis related to the 
specific genotype in placenta and the occurrence of maternal disease.  We found no evidence 
for the ‘LCHAD model of disease’ in our HELLP/ICP patients.  

As expression levels of ABCB11, the main bile acid transporter in liver, are negligible in human 
placenta we decided to investigate levels of ABCG2, a gene recently attributed bile acid transport 
capacity24. In Chapter 7 we established that ABCG2 is highly expressed in human placenta, 
over 1000 fold more compared to ABCB11. Furthermore we describe that ABCG2 expression is 
reduced in pregnancies where preeclampsia is further complicated by HELLP  syndrome. Both 
in normotensive and in preeclamptic pregnancies, total bile acid (TBA) levels in the maternal 
compartment are higher compared to the fetal compartment. This effect is more pronounced in 
preeclamptic pregnancies. ABCG2 expression in human placenta is not correlated with maternal 
or umbilical cord TBA levels suggesting that placental ABCG2 expression is not causal to the 
increased maternal TBA levels.

It is tempting to speculate that bile acids contribute to maternal endothelial dysfunction as 
they are able to cause hepatic cell damage in cholestatic liver disease25. In patients with primary 
biliary cirrhosis, which is characterized by cholestatic liver dysfunction, nephrotic syndrome has 
been reported (as reviewed in26). 

As we describe that higher levels of TBA are present in the maternal, but not umbilical cord blood 
of preeclamptic pregnancies, it is worth investigating if a dose-response relationship between 
TBA and maternal endothelial cell damage can be established in an experimental setting. From 
older literature we know that serum of preeclamptic patients is cytotoxic to cultured endothelial 
cells27,28 harvested from the umbilical vein and therefore of fetal origin. The use of maternal 
blood vessels from the omentum with biopsies taken during caesarean delivery29 would allow 
similar studies on maternal endothelial cells. If a dose-response relationship between TBA and 
endothelial damage can be established one might consider a controlled trial in patients with 
early onset preeclampsia or PE/HELLP randomizing between treatment with ursodeoxycholic 
acid (UDCA, a tertiary bile salt) or placebo. At early gestational ages, even 1 or 2 weeks 
prolongation of pregnancy could mean a clinical important difference for fetal wellbeing. From 
ICP literature it is known that UDCA can be safely used after the first trimester of pregnancy30 
and is able to change the contribution of the different bile acids and salts in de total pool 
and replaces potentially toxic primary bile salts for less toxic tertiary bile salts31. Furthermore 
UDCA treatment is known to improve placental morphology and function in ICP32,33. In ICP 
placenta increased syncytial knotting of placental villi is observed32. Syncytial knotting is also 

a morphological hallmark of the preeclamptic placenta34. If syncytial knotting with subsequent 
release of placental debris in the maternal circulation is cause and not consequence in the 
molecular sequence of events in the pathogenesis of preeclampsia treatment with UDCA seems 
a logical option to explore. 

Whether total bile acids in normal pregnancy are higher in the fetal or maternal compartment is 
a matter of debate with conflicting reports. As reviewed in35 the current concept is that in normal 
pregnancy fetal levels of TBA exceed that of the levels in the maternal compartment. The authors 
based their conclusion on a single report36 describing 56 legal abortions performed by dilation 
and curettage. From this material it seems almost impossible to properly discern the maternal 
from the fetal compartment. We found significantly lower levels in the fetal compartment in 
both normal (n=52) as well as preeclamptic pregnancies (n=31).  

Furthermore we found that TBA levels in arterial and venous UCB from 22 normotensive 
pregnancies are not statistically different A recent report in 15 normotensive, non-ICP term 
controls using a highly sensitive HPLC-Ms/Ms method on fasting samples found lower level in 
the maternal compartment37. In this latest report they substantiated our finding that TBA levels 
do not differ between the umbilical cord and umbilical vein. 

As we argued in Chapter 5, increased placental GBA expression in preeclamptic placenta 
probably reflects increased cell turnover since enrichment analysis of the 158 genes co-
expressing with GBA using KEGG pathway is consistent with lysosomal function. 

Glucocerebrosidase is the enzyme involved in the penultimate step in degradation of 
glycosylceramide to ceramide and glucose in lysosomes38. In vitro, forced GBA expression in 
MCF-7 cells results in increased ceramide levels39.  Ceramide might therefore be an additional 
candidate in search for factors  in the maternal circulation contributing to the maternal 
endothelial dysfunction40 since it has been shown that ceramide is involved in apoptosis41. 

However GBA is able to perform  a mechanism called ‘transglycosylation’  where in order to 
minimalize usage of cellular energetic resources, the by-product from one enzymatic reaction 
(in this case glucose after degredation of glycosylceramide to glucose and ceramide) is directly 
used in another enzymatic reaction without need for extra energy. In the case of GBA it is 
known that overexpression in human fibroblasts leads to an increased cholesterol glycosylation 
activity42. This was confirmed by using a cell line generated from type 2 Gaucher patients where 
cholesterol glycosylation activity was very low and they found that GBA overexpression in these 
cells restored that activity42. 

Since bile acids are molecules synthesized from cholesterol one can hypothesize that also bile 
acids and salts may act as a substrate in this phenomenon of transglycosylation. 

There is limited evidence suggesting that bile salts are transglycosylated by GBA, rendering 
them less toxic. Some 30 years ago a glycosyltransferase with a calculated molecular weight 
of about 56 kD was described responsible for the glucoside conjugation pathway of bile acids 
in human43. The subunit molecular weight of GBA is 59 kD.  No reports in literature could be 
retrieved describing the subcellular localization of bile acids in placenta, nevertheless in rat 
hepatocytes bile acid glucosyltransferase activity has been localized within purified lysosomes44. 
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We show that GBA in placental trophoblast is lysosomally localized based on GBA staining in 
a cytoplasmic punctate pattern.  So perhaps it is GBA that glycosylates bile acids in placenta 
rendering them less toxic and enhancing their excretion. 

If this mechanism of lysosomal transglycosylation of bile acids by GBA occurs in human placenta 
this would be an alternative mechanism in the processing of placental bile acids and salts  
explaining why placental ABCG2 levels do not correlate with TBA levels in either the maternal or 
fetal circulation. We feel it is worth investigating whether transglycosylation of toxic primary bile 
acids and salts by GBA occurs in human placenta. Increased GBA expression in the preeclamptic 
placenta may then reflect a compensatory mechanism of the placenta facing increased maternal 
bile acid levels in the preeclamptic state. The subsequent expected increase in ceramide levels 
may be well dealt with since ceramide homeostasis is tightly regulated45 but at some point 
the system may become overloaded with ceramide shed from the placenta having a potential 
detrimental remote effect on the maternal endothelial system with the clinical syndrome of 
preeclampsia as a result. 

In conclusion, elaborating on the work presented in the present thesis future research efforts 
should focus on the function of GBA in placenta, the presence of ceramide in the preeclamptic 
maternal circulation and the effects of ceramide and bile salts on maternal endothelial cells in 
order to clarify mechanisms of endothelial dysfunction in preeclamptic patients. A next step 
could be the conduction of a randomized clinical trial with UDCA trying to “safely” prolong a 
preeclamptic pregnancy when deemed necessary in order to substantiate the translational 
research presented in this thesis. 
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