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Background
Preeclampsia (PE) is an enigmatic and complex disorder affecting seemingly healthy 
pregnant women, commonly in their first pregnancies and carries substantial health 
risks to both mother and baby. PE is characterized by generalized maternal endothe-
lial dysfunction during the second half of pregnancy, diagnosed by the development 
of hypertension after the 20th week of gestation. Despite significant research, PE 
continues to affect 10 million pregnant women and kills 76,000 mothers and 500,000 
babies per year worldwide (1). The broad clinical picture of this complication causes 
a delayed diagnosis, increasing the risk for complications for mother and child. PE 
is associated with impaired perfusion of the placenta, predisposing the placenta to 
hypoxia-reoxygenation, which is a potent inducer for placental oxidative stress and 
many of the changes observed in PE (2-4). PE causes short and long term conse-
quences related to future metabolic and cardiovascular events for the mother and 
child (5). A delay in diagnosis and access to appropriate care is a core cause of the 
PE-related severe morbidity and mortality worldwide and is the main reason for the 
lack of curative options besides preterm delivery of the fetus. The ability to predict, 
prevent, and cure PE is hindered by the lack of understanding of the molecular mech-
anisms involved in the early causes of the disease and its unknown clinical subtypes. 
This thesis details the search for reliable histological and molecular parameters as-
sociating PE and placental hypoxia with mitochondrial dysfunction and oxidative 
stress within the placenta and its subsequent vascular consequences. Our findings 
may serve as a tool in the identification of PE subtypes and developing prediction 
strategies, early prevention options, and new directions for a possible cure for this 
devastating disease. 

Normal placental development, anatomy and remodeling spiral 
arteries
The Placenta (Greek, plakuos= flat cake) is named on the base of its gross anatom-
ical appearance. The development of the placenta begins upon implantation of the 
blastocyst into the maternal endometrium and is eventually giving rise to placental 
villi (6). The outer layer of the blastocyst becomes the trophoblast, forming the outer 
layer of the placenta, which serves as a barrier for the placenta. This trophoblast 
layer can be divided into two sublayers: the inner cytotrophoblast layer and the outer 
syncytiotrophoblast. The syncytiotrophoblast layer, a multinucleated continuous cell 
layer covers the surface of the placenta and is a result of fusion and differentiation of 
the cytotrophoblast cells, a process also known as trophoblast turn-over (Figure1). 
The placental villi carry the structure of a branching tree, which originates from 
anchoring villi that are attaching to the basal plate at the maternal side and stabilize 
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the mechanical integrity of the placental-maternal interface. The mother provides 
oxygenated nutrient-rich blood into the intervillous space via maternal spiral arter-
ies. The exchange of oxygen, nutrients and waste products between the maternal 
and fetal circulation is mainly facilitated by the terminal villi of the placenta, as they 
mainly consist out of large coils of fetal vessels (6, 7). 

Figure 1. Schematic overview of the villous trophoblast turn-over. Proliferative cytotrophoblast 
stem cells fuse and differentiate, eventually forming the multinucleated syncytiotrophoblast layer and 
eventually exit the cell cycle via apoptotic syncytial knots (adapted from Reiter et al (8)).

Placental syndrome
While most pregnancies progress without complications and result in the delivery of 
a healthy neonate, a substantial number of pregnancies worldwide (15-25%) are com-
plicated with one or more disorder of placental development or function, collectively 
termed “the placental syndrome”. The term placental syndrome is gaining popularity 
above previously used terms such as placental insufficiency and placental bed dis-
orders in modern literature (9). The placental syndrome encompasses a spectrum of 
pregnancy complications including the two classical phenotypes: Preeclampsia (PE) 
and fetal growth restrictions (FGR), in addition to gestational hypertension, HELLP 
syndrome (Hemolysis, Elevated Liver enzymes and Low Platelet count), sponta-
neous preterm labor, late spontaneous abortion and placental abruption (10). The 
placental syndrome has been recently associated with disorders of deep placentation 
starting early in pregnancy with impaired or defective spiral artery remodeling (2, 
10-12). PE, the multisystem pregnancy-specific disorder, is considered the prototype 
of the placental syndrome and is therefore the leading cause of fetal and maternal 
morbidity and mortality (13).
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Clinical implications of PE
PE is defined as gestational hypertension (≥140/90 mmHg) with proteinuria 
(≥300mg/24 h) and there are two sub-types of PE: early- and late-onset PE, with 
others almost certainly yet to be identified (14). Early-onset PE, occurring before 34 
weeks of pregnancy, is typically a more severe form of PE and is widely acknowl-
edged to have a primarily defect in deep placentation, while late-onset PE may cen-
ter around interactions between senescence of the placenta and a maternal genetic 
predisposition to cardiovascular and metabolic diseases (14). Numerous predispos-
ing factors have been considered to be related to PE including maternal age, poor 
nutritional habits, obesity, diabetes and chronic hypertension (15, 16). PE is not sim-
ply de novo onset of hypertension and proteinuria after 20 weeks of gestation, but 
rather a syndrome involving multiple organs resulting in end-organ damage in terms 
of cardiovascular, respiratory, central nervous, renal, and hepatic systems (17, 18).

Normal uterine spiral artery remodeling
As PE presumably originates from early maldevelopment of the placenta, we need 
to understand how placental vascularization and remodeling takes place, in order 
to have insight into the pathophysiology of PE. The main uterine arteries give off 
branches, which extend inward for about a third of the thickness of the myometri-
um and then subdivide into an arcuate wreath encircling the uterus (19). From this 
arterial network, smaller radial branches arise in the inner third of the myometrium, 
better known as uterine spiral arteries (19). During the first trimester of pregnan-
cy, fetal endovascular trophoblasts originating from the blastocyst-stage invade into 
maternal spiral arteries as deep as the inner third of the myometrium, accumulate 
and form plugs in the terminal ends of the maternal spiral arteries. Before 9 weeks of 
gestation, these trophoblastic plugs only allow blood plasma to seep through when 
placental perfusion is still minimal (20, 21). Before this time, the fetus is engaged in 
organogenesis and is especially vulnerable to teratogenic damage from free radicals 
(21). After 9 weeks, the utero-placental arteries recanalize by invasive extra-villous 
trophoblasts, which initiates spiral artery remodeling by replacing the endothelium 
and intercalate within the smooth muscle cells of the tunica media (21, 22). As illus-
trated in Figure 2, the resulting 4-fold dilation (up to 2-3 mm in diameter) of the ter-
minal ends of the spiral arteries transform the arteries into low-resistance vessels and 
lowers the velocity of the blood flow into the intervillous space by approximately 
10-fold (2, 23). These changes allow high maternal blood flow into the intervillous 
space with a low blood pressure resulting in a continuous perfusion of the intervil-
lous space (19).
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Figure 2. Illustrative representation (not to scale) on the effect of spiral artery remodeling on 
maternal blood flow into the intervillous space and on lobule architecture predicted by model-
ing. Dilation of the terminal ends of the spiral arteries in normal pregnancies will reduce the velocity 
of incoming blood into the central cavity of the placental lobule, from where it will disperse evenly 
through the villous tree. Transit time from the spiral artery back to the uterine vein is estimated to be 
in the order of 25-30 s, which allows optimal oxygen exchange. The pressure of the maternal blood is 
indicated. In the preeclamptic condition, where no or very limited spiral artery remodeling occurs, the 
maternal blood will enter the intervillous space with a similar pressure, but at a greater velocity. The 
increased velocity is suggested to rupture the anchoring villi (*) and displaces others to form echogenic 
cystic lesions lined by thrombus. In the preeclamptic condition, transit time will be reduced resulting in 
increased oxygen concentrations in the blood leaving the uterine vein (adapted from Burton et al. (2)).

Hypoxia and abnormal uterine spiral artery remodeling in PE
Hypoxia is a condition in which the body or a region of the body is deprived of 
adequate oxygen supply. This condition can be classified as either generalized hy-
poxia, where it affects the whole body, or local hypoxia, affecting a region of the 
body. Although variations in arterial oxygen concentrations can be part of normal 
physiology, hypoxia is often a pathological condition (24). A considerable portion 
of the current literature related to PE implicates impaired oxygen supply to the pla-
centa, which compromises placental function and triggers the release of toxic factors 
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that subsequently affects maternal and fetal physiology (25). Research on placental 
hypoxic stress in the PE field is mainly focusing on a defect in spiral arterial re-
modeling in the first trimester of pregnancy that in turn is caused by perturbation of 
immunological interactions in the decidua (2). It is well-established that defective 
trophoblast invasion and failure to convert the spiral arteries are associated with 
early-onset PE and fetal growth restriction (2, 26-29). Consequently, maternal blood 
will enter the intervillous space at a greater velocity, which on an ultrasound appears 
as jet-like streams, supporting the idea of a non-continuous blood flow into the in-
tervillous space. The resulting force is sufficient to drive apart the villous branches, 
rupture of the anchoring villi and form intervillous lakes, also known as echogenic 
cystic lesions, which are of prognostic significance by artery Doppler for PE (2, 30). 
The rupture of the anchoring villi will further interrupt invasion of the extra-villous 
trophoblast and thus also spiral artery modification (Figure 2). As a result of the 
non-continious blood flow, maternal-fetal oxygen exchange will be impaired, which 
is in line with the higher oxygen level in the uterine venous blood as reported in cas-
es of fetal growth restriction (31). The resulting intermittent perfusion predisposes 
the placenta to hypoxia-reoxygenation, which is a potent inducer for placental oxi-
dative stress and many of the changes observed in early-onset PE (2-4). Pregnancy 
complications related to utero-placental hypoxia have been linked already to the PE 
phenotype and are known to affect fetal growth (7, 21).

Placental maturity in PE
Since the placenta mediates nutrient and oxygen transport to the fetus, the function-
ality of its structures plays a fundamental role in fetal growth and development (32). 
In order to meet the demand of the fast-growing fetus, placental morphology chang-
es as pregnancy progresses. The majority of the fetal portion of the placenta consists 
of chorionic villous (6). As the placenta matures, the proportion of syncytial knots as 
a result of the trophoblast turn-over (Figure 1), the number of terminal villi and the 
diffusion distance between the fetal capillaries and the maternal blood decrease. In-
deed, morphologic analysis has revealed that in the early stage of gestation, placen-
tal villi are relatively large (approximately 170 µm diameter), which progressively 
decreases in diameter during pregnancy, finally reaching an average diameter of ap-
proximately 40 µm (19). However, placental maturity may be influenced resulting in 
a delayed or an accelerated placental maturity. Proper characterization of placental 
adaptations related to placental maturity, may serve as a diagnostic tool to identify 
more subtypes of PE for the development of a better/earlier clinical management and 
may help in the prevention of recurrence of PE during a next pregnancy (Chapter 
2). 
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Placental mitochondrial dynamics
It is well-known that disturbed placental perfusion, as observed in patients suffering 
from PE, can trigger the production of reactive oxygen species (ROS), consequently 
resulting in the placental release of cytotoxic factors into the maternal circulation 
(33-35). Recently, mitochondria, a main intracellular source of ROS, have gained 
more interest as a key player in the hypoxia-induced oxidative stress in PE. In the 
placenta, disorders related to impaired perfusion including IUGR and PE have re-
cently been shown to be associated with changes in mitochondrial content (36). Be-
sides changes in mitochondrial content, several human studies showed a significant 
reduction of adenosine triphosphate (ATP) levels in PE placentae (37-39), indicating 
impaired functioning of the mitochondrial metabolic pathways including the elec-
tron transport chain (ETC). Impaired functioning of the ETC is generally associated 
with excessive mitochondrial ROS formation (40, 41). However, whether mitochon-
drial dysfunction is present in PE placentae or upon placental hypoxic stress and how 
this contributes to the development of oxidative stress, and the pathophysiology of 
this disease remains unclear (Chapter 3 and 4). The mitochondria, coined by Carl 
Benda in 1898 is a double-membrane-bound organelle and can be found back in 
most eukaryotic organisms and are commonly between 0.75 and 3 µm in area (42). 
Much evidence supports the conclusion that the mitochondria originate from the (eu)
bacterial domain of life and engulfed by endocytosis (43). Today, mitochondria still 
contain their own DNA (mtDNA), which consists of 37 genes. Not all proteins need-
ed for mitochondrial function are encoded by the mitochondrial genome; most are 
coded by nuclear DNA, where corresponding genes are imported into the mitochon-
drion (44). In order to coordinate transcription of both the mtDNA and nuclear DNA, 
the peroxisome proliferator-activated receptor-gamma coactivator family (PPAR-γ) 
acts as mitochondrial biogenesis master regulator (45). Mitochondrial morphology 
is highly dynamic. These changes are mediated through mitochondrial fission and 
fusion events. The fusion process is critical for the maintenance of mitochondri-
al function, as interruption of this process results in a loss of inner mitochondrial 
membrane potential (46). Many of the key regulators involved in fission and fusion 
events have been identified in yeast screens, and most are conserved in mammals. 
These key regulators include fission mediators dynamin-related 1 (Drp1), and fission 
1 (Fis1), as well as the fusion mediators including mitofusin 1/2 (Mfn1/2), which 
regulate fusion of the outer mitochondrial membrane and optic atrophy protein 1 
(Opa1), which promotes fusion of the inner membrane (46-48). Due to the selective 
regulation of these processes, mitochondria in one cell can be highly heterogeneous 
in size, function, morphology and mtDNA copy number (49). It has been previous-
ly discussed that fusion is involved in the dilution of damaged DNA or proteins in 
large mitochondrial networks to enable mitochondrial damage repair (49). To ensure 
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overall mitochondrial health, the mitochondrial network is able to direct damaged 
mtDNA and proteins into a specific mitochondrial area, which can then be separated 
from the main network via mitochondrial fission and broken down via mitopha-
gy (50). There are three different mechanisms for clearing mitochondrial content. 
First, there is formation and off-budding of small mitochondrial-derived vesicles, 
which are subsequently cleared via lysosomal breakdown (49). Secondly, there is a 
mitochondrial ubiquitin-proteasome system, where specific (damaged) proteins are 
targeted for destruction without altering mitochondrial function (51). Lastly, there is 
mitochondrial autophagy (mitophagy), which clears complete or large pieces of mi-
tochondria, and is therefore, an important regulator of mitochondrial quantity (49).

Mitophagy 
As extensively reviewed, two main pathways are involved in the initiation of mito-
phagy (45, 53-55) and although often separately described, a crosstalk between these 
pathways is described (56) (Figure3). The first pathway is the receptor-mediated 
mitophagy pathway, which selectively targets specific mitochondria by post-transla-
tional activation of outer mitochondrial membrane-bound mitophagy receptor pro-
teins (49). Upon activation of these proteins e.g. BCL2/adenovirus E1B 19 kDa pro-
tein-interacting protein 3 (BNIP3), BNIP3L or FUN14 domain-containing protein 1 
(FUNDC1), binding of these receptor proteins to an autophagosomal-specific protein 
of the microtubule-associated protein 1A/1B-light chain 3 (LC3) or γ-aminobutyric 
acid receptor-associated protein (GABARAP) family is facilitated (49). Subsequent-
ly, autophagosomal engulfment and lysosomal degradation are initiated (49, 55). 
The second pathway is specific for mitochondria with a dysfunctional membrane 
potential (57) and includes the phosphatase and tensin homologue-induced kinase 1 
(PINK1)/E3 ubiquitin-protein ligase parkin (Parkin) pathway. In healthy mitochon-
dria, PINK1 is continuously imported into the inner mitochondrial membrane space 
where it is broken down by the proteasome (49). When the mitochondrial membrane 
potential is impaired, the import of PINK1 into the inner mitochondrial membrane 
space is compromised resulting in an accumulation of PINK1 in the outer mito-
chondrial membrane. Consequently, there it attracts and activates several mitopha-
gy-related proteins of which Parkin has been best described and optineurin (OPTN), 
which is recruited independently of Parkin as well (58). Furthermore, activated par-
kin subsequently ubiquitinates several outer mitochondrial membrane-bound pro-
teins, which serve as a docking station for sequestosome 1 (SQSTM1). SQSTM1, 
is an autophagy receptor, which like the mitophagy receptor proteins as described 
in the first receptor-mediated mitophagy pathway, is able to bind a member of the 
autophagosomal-specific protein family, subsequently initiating autophagosomal en-
gulfment and lysosomal degradation (45, 49, 53, 54) (Figure 3).
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Figure 3. Mitophagy-initiation pathway. Healthy mitochondria will undergo fusion mediated by 
mitofusin-1/2, which regulates fusion of the outer mitochondrial membrane and optic atrophy pro-
tein 1 (Opa1), which promotes fusion of the inner membrane. Damaged mitochondria undergo fission 
(Fis1)- and dynamin-related protein 1 (Drp1)-mediated fission before mitophagy leaving either parts 
or complete mitochondria for breakdown. Subsequently, mitochondria are primed for autophagosomal 
engulfment by GABARAP/LC3B recruitment. GABARAP/LC3B either binds the activated receptor 
proteins BNIP3/L, or FUNDC1, or in case of a dysfunctional mitochondrial membrane potential to 
PINK1-recruited Parkin/SQSTM1, or OPTN. Ultimately, GABARAP/LC3B mediates autophagosomal 
formation around the mitochondrion and subsequent lysosomal breakdown. PINK1: PTEN-induced 
kinase 1, PARK2: E3 ubiquitin-protein ligase Parkin, FUNDC1: FUN14 domain containing 1, BNIP3: 
BCL2/adenovirus E1B 19 kDa protein-interacting protein 3, BNIP3L: BCL2/adenovirus E1B 19 kDa 
protein-interacting protein 3-like, SQSTM1: Sequestosome 1, GABARAPL1: GABA Type A Receptor 
Associated Protein Like 1, LC3B: Microtubule-associated protein 1 light chain 3 beta I/II, OPTN: Opti-
neurin, LC3A: Microtubule-associated protein 1 light chain 3 alpha, DNM1L: Dynamin-1-like protein, 
Fis-1: Fission 1 protein, Mfn1: Mitofusin-1, Mfn2: Mitofusin-2 and Opa1: Optic atrophy protein 1 
(adapted from Leermakers et al. (49).

Considering the signs for increased oxidative stress and mitochondrial dysfunction 
found in PE and hypoxia exposed placentae, and the notion that the mitochondria are 
the main intracellular site for cellular O2 consumption, it is feasible that mitochon-
dria are a significant source for the increased production of placental ROS in PE. De-
tailed insights into specific mitochondrial abnormalities in PE and hypoxic placentae 
and its role in oxidative stress will improve our understanding on the trigger for 
alterations found in the placental secretome in PE. It may also open new perspectives 
in a new group directing at mitochondrially targeted therapeutics for PE.
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Maternal vascular consequences of PE
In early-onset PE pathophysiology, impaired uterine spiral artery remodeling is be-
lieved to lead to repeated periods of placental hypoxia and reperfusion injury. The 
resulting oxidative stress is believed to trigger the production of placental factors 
such as soluble fms-like tyrosine kinase 1 (sFlit1), soluble endoglin (sEng), agonis-
tic auto-antibodies to the angiotensin II type 1 receptor (AT1-AA) and inflammatory 
cytokines (59-62). It has been proposed that these placental secreted factors affect 
endothelial function and activate the endothelial release of endothelin 1 (ET-1) in the 
whole maternal circulation, resulting in vasoconstriction and an increase in the con-
tractile responsiveness of the vasculature to vasopressors. In women with a history 
of PE, these vascular effects have been demonstrated to persist after delivery and are 
suggested to contribute to an increased risk for cardiovascular diseases in later life 
(63-65) (Chapter 5 and 6). 

ETs are a family of three 21-aminoacid peptides (ET-1, ET-2, and ET-3), of the fam-
ily, ET-1 is the most prominent member. It is synthesized and secreted by a range 
of cells, including endothelial cells and the placental syncytiotrophoblast (66). ET 
secretion occurs constitutively and upon activation of the Weibel-Palade bodies, 
which are stores of ET in endothelial cells (66, 67). Several factors that have been 
previously linked to PE including angiotensin II, norepinephrine, cytokines, growth 
factors, hypoxia, ROS but also ET-1 itself, have been reported to induce endothelial 
ET-1 release (66, 68). ET-1 is released towards the basolateral side of endothelial 
cells, acting primarily as a paracrine or autocrine peptide (69). It is postulated that 
in severe PE, ET-1 production is so augmented (two- to three-fold) that it loses its 
paracrine directionality and leads to increased circulating levels and together with 
AT1-AA induce the local and systemic release of oxidant substances (66, 70-72). ETs 
elicit their effect by binding to the cell-membrane G-protein-coupled ET type A and 
B (ETA and ETB) receptors, which can be differentiated pharmacologically based 
on their affinity for the ETs (73). The majority of the ETA receptors are located on 
vascular smooth muscle cells (VSMC), whereas the ETB receptors are located on 
endothelial cells, VSMC and epithelial cells (74, 75). Activation of ETA and ETB 
receptors on VSMC induce not only vasoconstriction, but also cell proliferation. The 
ETB receptor on endothelial cells on the other hand, mediates vascular relaxation 
by triggering the release of nitric oxide (NO) and prostacyclin (76, 77). The ETB 
receptor is also involved in the clearance of ET-1 by mediating the uptake of ET-1 in 
kidneys and lungs (78, 79). The blockade of ETA receptors like the antagonist Am-
brisentan, which is available for clinical use, shows clear potentials for the treatment 
for PE, but knowing that ET receptor antagonism is teratogenic, underlines the need 
for other therapeutic options.
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As recently recognized by Burton et al., the synergistic effect of placental factors 
upon impaired perfusion may explain why understanding the interplay between a hy-
poxic placenta and vascular abnormalities is so hard, as it is likely that the peripheral 
aspects of the syndrome are caused by a complex mix of factors rather than any one 
mediator alone (14). The difficulty to perform mechanistic studies on the complex 
role of the placenta and the maternal vascular system in pregnant women suffering 
from PE underlines the need for an in vitro model to test the effect of an altered pla-
cental secretome on vascular function and morphology. Next to the placental mor-
phologic adaptations of PE, a better understanding of how a hypoxic placenta results 
in an altered secretome and its subsequent effects on maternal vascular function and 
morphology could help in the design of new diagnostic approaches for better predic-
tion and management of PE. Furthermore, it will also pave the way for identifying 
the long-lasting cardiovascular effects of women after PE and may help in a more 
directed follow up of these women in later life. 

Outline of the thesis
Aim of part 1 – To assess compensatory accelerated histological villous matura-
tion (AVM) in placentae complicated with PE. Since alterations in the placental 
secretome in PE is associated with accelerated trophoblast aging of the placenta, we 
comprehensively asses multiple morphological parameters related to placental hyper 
maturity. In Chapter 2, preterm placentae complicated by chorioamnionitis or PE 
were compared to idiopathic preterm placentae and term controls. AVM was ana-
lyzed by means of counting numbers of cross-sections of all villi, terminal villi and 
vasculo-syncytial membranes per villous in CD31-stained sections. Furthermore, the 
area covered by terminal villi and the proportion of their circumference covered by 
VSM as well as the area covered by fetal capillaries in terminal villi was measured. 
In addition, the numbers of syncytial bridges, syncytial apoptotic knots and shed 
syncytiotrophoblast were counted. 

Aim of part 2 – To identify the contribution of mitochondria in mediating pla-
cental oxidative stress in PE and hypoxic placentae. In Chapter 3, in preeclamp-
tic and control placentae, we comprehensively assessed multiple indices of placen-
tal antioxidant status, mitochondrial content, mitochondrial biogenesis, mitophagy, 
and mitochondrial fusion and fission. In addition, we also explored gene expression 
profiles related to inflammation and apoptosis. In Chapter 4, we explored whether 
abnormalities in mitochondrial metabolism contribute to hypoxia-induced placental 
oxidative stress by using both healthy term placentae as well as a trophoblast cell 
line exposed to hypoxia. Furthermore, we explored the therapeutic potential of the 
antioxidants MitoQ and quercetin in preventing hypoxia-induced placental oxidative 
stress.
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Aim of part 3 – To determine the effect of a hypoxic placenta on the acute 
and sustained vascular contractility, morphology, and endothelial integrity. 
In Chapter 5, Non-complicated human term placentae were collected. Placental 
explants were subjected to hypoxia and the conditioned media were subsequently 
added to chorionic arteries mounted into a myograph. Contractile responses of the 
hypoxic-conditioned media were determined, as well as effects on thromboxane-A2 
(U46619) induced contractility. To identify the vasoactive compounds present in 
the hypoxic-conditioned media, specific receptor antagonists were evaluated. In 
Chapter 6, Placental villous explants of non-complicated placentae and tropho-
blasts (BeWo cells) were subjected to hypoxia. The effect of hypoxic-conditioned 
placental medium on intraluminal-induced contraction and endothelial permeabil-
ity was investigated using pressure myography. Endothelial cells were exposed to 
hypoxic-conditioned medium and cell viability, reactive oxygen species formation, 
and inflammation were determined. Furthermore, morphologic alterations and con-
tractile responsiveness to U46619 in chorionic arteries incubated up to 7 days with 
hypoxic-conditioned placental medium were examined immunohistochemically and 
by using wire myography respectively.

Lastly, the results of our studies described in this thesis are discussed in a broader 
context in Chapter 7.
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Abstract 
Chorioamnionitis and preeclampsia account for the majority of preterm births world-
wide. Thus far, adequate methods for early detection or prevention of these diseases 
are lacking. In preeclampsia, accelerated villous maturation is believed to compen-
sate placental insufficiency. However, little is known about the effects of placental 
inflammation in chorioamnionitis on villous maturation. Therefore, we established 
a set of morphological parameters to evaluate histological villous maturity in preg-
nancies complicated by chorioamnionitis and preeclampsia. Preterm placentas com-
plicated by chorioamnionitis or preeclampsia were compared to idiopathic preterm 
placentas and term controls. Histological villous maturation was analyzed by means 
of 17 histological markers. Fourteen of these markers provided information on ab-
solute and relative numbers of the terminal villi (TV), the extent of their vascular-
ization (using CD31-stained sections) and their exchange capacity. In addition, the 
numbers of syncytial bridges, syncytial apoptotic knots and shed syncytiotropho-
blasts were counted. Accelerated villous maturation in preeclampsia was demon-
strated by means of histological villous remodeling and confirmed by 11 relevant 
markers. Chorioamnionitis, however, only showed increased area of fetal capillaries. 
In preeclampsia, placentas may transition from growth to maturation earlier than 
placentas in normal pregnancies, whereas in chorioamnionitis placental changes are 
more acute and therefore less elaborated at a structural level. Regression analysis 
suggests the number of all villi and the number of terminal villi as a percentage of all 
villi as parameters to evaluate histological villous maturity in preeclamptic placentas 
and to assist diagnosis. However, we would recommend to analyze all 11 relevant 
parameters to judge placental maturity in detail.
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Introduction

Pregnancy specific pathologies include hypertensive disorders like preeclampsia 
(PE) and inflammatory related complications such as chorioamnionitis, which af-
fect up to 8% and 4% of all pregnancies respectively (1, 2). PE is associated with 
histological abnormalities in the placenta but the exact pathophysiology is still 
largely unknown (3, 4). These pathologies are the primary cause of perinatal mor-
tality worldwide and surviving newborns may face life-long complications (5). 

PE and the syndrome of Hemolysis Elevated Liver Enzymes and Low Platelets 
(HELLP) generally occur after 20 weeks of gestation. The diseases are not sim-
ply de novo onset of hypertension and proteinuria, but rather a syndrome involving 
multiple organs. Their clinical severity ranges from relatively mild to life threaten-
ing, being a major cause of severe maternal morbidity and mortality (e.g., stroke, 
edema and liver rupture) (6-8). This suggests that the disorder has multiple etiol-
ogies and probably is multifactorial. The leading hypothesis considers disturbed 
placental development during the first trimester of pregnancy to be the main cause 
(6). Impaired remodeling of maternal spiral arteries due to compromised invasion 
of extra-villous trophoblast cells is thought to precede the development of PE (3, 
9, 10). As a first consequence, reduced trophoblastic plugs may be formed in the 
lumen of the spiral arteries leading to premature perfusion of the placenta in the 
first trimester of pregnancy, which may induce oxidative stress in both placental 
and embryonic cells (11, 12). Secondly, the preserved smooth muscle cells in the 
walls of the spiral arteries and their elastic lamina will reduce dilatation of the 
terminal ends at the time placental blood flow starts (11). This then leads to in-
creased vascular resistance and reduced local placental perfusion resulting in pla-
cental hypoxia and oxidative stress (13). As result of the increased blood pressure at 
the terminal ends of the spiral arteries, the velocity of the maternal blood reaching 
the intervillous space will be locally increased and may initiate mechanical dam-
age of the villous trees (11). The products of oxidative stress, such as lipid per-
oxides are intrinsically pro-inflammatory and initiate increased apoptosis (11, 14). 

Chorioamnionitis is defined as an acute inflammation of the placental mem-
branes and chorion, which may also include the cord, in which case it is called 
funisitis (15). The infection is typically due to an ascending poly-microbial bac-
terial infection in the setting of membrane rupture or very small fastidious geni-
tal mycoplasmas such as Ureaplasma species and Mycoplasma hominis when the 
membranes are still intact (16). Plasmodium vivax and/or probably also P. falci-
parum can cause pregnancy complications because they are able to induce syncy-
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tial damage and thus can enter the syncytiotrophoblast or even the placental villus 
(17, 18). In cases of clinical chorioamnionitis maternal fever, uterine fundal ten-
derness, turbid amniotic fluid and maternal/ fetal tachycardia can be found (19). 
Chorioamnionitis can result in stillbirth, neonatal sepsis, chronic lung diseases, 
brain injury and maternal postpartum infections and sepsis (20). Symptomatic clin-
ical management is mainly directed to delay preterm birth and limit fetal and ma-
ternal morbidity and mortality (6). Histological chorioamnionitis is diagnosed in 
the placenta after birth by diffuse infiltration of neutrophils in different placental 
sites. Intra-amniotic infection is generally considered to be the main cause of acute 
chorioamnionitis and funisitis. Nonetheless, a “sterile” intra-amniotic inflamma-
tion can occur in the absence of evidence of colonization by microorganisms (21). 

Currently, little is known about histological villous maturation in chorioamniotic 
placentas. As the recurrence risk of preeclampsia and especially preterm birth with 
histological chorioamnionitis is high (22), it is mandatory to be able to identify pla-
cental aberrations and to make a definitive diagnosis of the underlying pathology.

The morphology of the placenta changes as pregnancy progresses in order to in-
crease the efficiency of the exchange of nutritional compounds and O2/CO2 be-
tween mother and child. Placental maturation is generally associated with an 
increase in diffusion surface and a decrease of the diffusion distance (4). The de-
gree of differentiation of terminal villi (TV) accounts for the placental efficien-
cy as they contain large coils of fetal vessels. Their vascular endothelial bas-
al membrane is partially fused to the basal membrane of the syncytiotrophoblast 
forming the so-called vasculo-syncytial membranes (VSM). The number and 
length of these VSM as well as number and circumference of the fetal capillar-
ies are useful parameters to assess placental efficiency (Figure 1) (3, 6, 8, 11).

In addition to the markers mentioned above which focus on the efficiency of pla-
cental exchange, syncytial knotting is widely accepted as a reflection of placental 
maturation and accelerated histological villous maturation (AVM) (23-26). Syncy-
tial knotting has been attributed to pathologically increased compensatory villous 
branching (25, 27, 28). It represents the extent of tangential sectioning of syncy-
tiotrophoblast (and therefore probably the extent of villous branching) as well as 
the number of syncytial apoptotic knots (AK) as the final event of the trophoblast 
turnover cascade. Therefore, syncytial knotting is an important characteristic of ma-
ture placentas (29). AK eventually are shed into the maternal circulation (25, 27, 28).
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Figure 1. Schematic example of a cross-section of a terminal villi including all investigated pa-
rameters. An example of a Syncytial bridge (A), Apoptotic knot (B) and Shed part of syncytiotropho-
blast (C), all indicated with arrows.

It is already suggested that adverse pregnancy and fetal outcome are linked to pla-
cental senescence (30-33). Changes in histological villous maturation may be a pla-
cental adaptation in response to the pathology e.g. maternal vascular mal-perfusion 
(26, 34). Histological maturation in placentas of adverse pregnancy outcomes such 
as preterm birth after PE or chorioamnionitis have not been analyzed in detail in 
the context of the underlying pathology. However, detailed analysis of histological 
villous maturation may reveal the pathophysiology. Knowledge of what happens to 
the placenta during pregnancy may improve follow up of both the mother and child 
and reduce recurrence risk.

The present study therefore aims to increase the knowledge of specific placental ab-
errations/adaptations by evaluating a set of parameters of TV maturation that can be 
used to assess placental maturity and link changes in histological villous maturation 
to a specific pathology. 
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Materials and methods
Placental specimen
Preterm placentas from a total of 306 singleton pregnancies were recruited from the 
public hospital Máxima Medical Center in Veldhoven, The Netherlands between 
January 1st 2009 and December 31st 2010. PE was diagnosed as new onset hy-
pertension (blood pressure >140/90 mmHg or mean arterial pressure >105 mmHg 
recorded on at least two separate occasions) after 20 weeks gestation accompanied 
by proteinuria (>300 mg/24h) (35). As suggested by the Amniotic Fluid Infection 
Nosology Committee, placental and umbilical cord samples were assessed for signs 
of histological chorioamnionitis by determining the presence of polymorphonuclear 
cells present in the chorionic plate or membranous chorionic connective tissue and/
or the amnion. The diagnosis of histologic chorioamnionitis with funisitis includ-
ed any of the following features: chorionic vasculitis, umbilical phlebitis, umbilical 
(pan) vasculitis, (sub-acute) necrotizing funisitis, or concentric umbilical perivascu-
litis (1, 36). Spontaneous idiopathic preterm pregnancies, used as preterm control, 
were defined as pre-term birth with no known clinical abnormalities. For this study a 
cohort of 100 preterm placentas from pregnancies complicated by chorioamnionitis 
(+/- funisitis) (29 ± 2 weeks), early onset PE (+/- HELLP) (30 ± 2 weeks) and spon-
taneous idiopathic preterm pregnancies (30 ± 2 weeks) could be included. Exclusion 
criteria were: missing of relevant clinical data, multiples, presence of other patholo-
gies, insufficient amount of suitable tissue or poor morphological quality. For accu-
rate morphometric analysis of TV, the assessment of the quality of the samples used 
for detailed morphometric analysis was stricter in comparison with the assessment 
of syncytial knotting. Therefore, only 70 samples were suitable for detailed histolog-
ical analysis of TV. In addition to the preterm cohort, a group of 15 singleton term 
placentas (39 ± 1.2 weeks) from singleton pregnancies was collected at Maastricht 
University Medical Center, 2015-2016 as a positive control for normal complete 
maturation (see table 1 for clinical data). Placentas of both cohorts were collected 
immediately after each delivery and fixed for 24–48 hours. The placenta was cut in 
slices of 1–2 cm to determine the presence of macroscopic lesions. Three blocks of 
normal placental parenchyma (sampled from the central area of the placenta) were 
embedded in paraffin, processed and stained with hematoxylin and eosin (1). Blocks 
showing the best tissue morphology were used for further analysis. 
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Table 1. Characteristics of the patients

PE: Preeclampsia, HELLP: Hemolysis, Elevated Liver enzymes and Low Platelets, ND: Normal distributed, 1p-val-
ue including the idiopathic preterm control, the chorioamnionitis (+/- funisitis) and the PE (+/- HELLP) groups, 
2p-value including all groups, SGA: Small for gestational age.

Ethical aspects
The collection of the placentas and the use of the placental specimens were done ac-
cording to Dutch law. The use of placentas from patients of Máxima Medical Center, 
Veldhoven, was approved by the local Medical Ethical Committee of the Máxima 
Medical Center, considering that retrospective and anonymous data collection was 
performed (reference number 20.12.2011). The collection of the 15 term placentas 
were approved by the Medical Ethics Committee Academic Hospital Maastricht and 
Maastricht University (METC 16-4-047).

Analysis of the placental weight adjusted for gestational age
To examine whether preterm placentas show differences in weight between the three 
preterm groups and to validate our idiopathic preterm control group. Data reported 
by Kaufmann P, extrapolated from Boyd & Hamilton and O’Rahilly on the correla-
tion between placental weight and gestational age was used to correlate placental 
weight in our cohort to the expected placental weight (37, 38).

Immunohistochemistry
To visualize blood vessels, sections were stained for CD-31 PECAM1 (platelet and 
endothelial cell adhesion molecule 1). Placental sections were first deparaffinized 
with absolute Xylene and hydrated via graded ethanol series (100%-50%-DMEM-
PBS (Dulbecco's Modified Eagle's Medium-Phosphate Buffered Saline)). Sections 
were boiled in a sodium citrate solution (10 mM, pH 6.0) for 5 minutes and washed 
twice in DMEM and PBS to unmask relevant epitopes. Endogenous peroxidase was 
blocked in 0.3% H2O2/ Methanol for 30 minutes and 5% normal goat serum (NGS) 
was used to minimize nonspecific antibody binding. After the blocking procedure, 
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placental sections were incubated with CD31 PECAM1 (DAKO clone JC70A, Dako 
Denmark, 1:200 in PBST (Phosphate Buffered Saline with Tween 20)/5% NGS) 
overnight at 4°C. After washing, a secondary antibody: goat anti-mouse (GAM-bi-
otin Vector BA9200; 1:1000 in PBST/5% NGS) was allowed to bind for 30 min-
utes at room temperature. HRP coupled Avidin/Streptavidin-biotin complex (ABC 
(Avidin-biotin-complex) kit Elite, Vectastain PK6100, Vector Laboratories Inc., 30 
Ingold Road, Burlingama, CA 94010) was used to amplify the signal and incubated 
for 30 min at room temperature. Sections were then incubated with the substrate 
3,3’-diaminobenzindine (DAB). Staining was stopped with water and sections were 
counter-stained using hematoxylin. Finally, placental sections were dehydrated via a 
graded alcohol series (70%, 90%, 96%, 2x 100%) and covered with Entellan (Merck 
KGaA, 64271 Darmstadt, Germany). For negative controls, the first antibody was 
replaced by buffer.

Analysis of the placental sections
Sections were examined with a light microscope (Leica DMRXA, Leica Microsys-
tems GmbH, Ernst-Leitz-Strasse 17-37, 35578 Wetzlar, Germany).

Before the analysis, three different areas of each section were systematically random-
ly sampled. This was done by selecting 3 adequate regions at a 10x magnification 
including 2 peripheral (left and right corner) and one central region of the placental 
specimen. Then from each region a random picture was made at a 20x magnification, 
which was used for our analysis. First, the mean number of all villi and TV cross sec-
tions was counted giving a first indication of the degree of villous branching. From 
these data, the relative amount (%) of TV were calculated. Based on the definition of 
Kaufmann et al. 1976, a villus was defined as TV if at least 30% of its cross sectional 
surface was covered by fetal capillaries and if it contained at least two VSM (Figure 
1) (37). Villous cross sections fulfilling the criteria of a TV and being fully located 
in the high power field were included in further evaluation routines including area, 
circumference and distance measurements, using the Leica-QWin standard software. 
For each TV cross section, the number of fetal capillaries was counted and their 
cross sectional area was measured. This allows the calculation of the area of the high 
power field covered by TV and percentage of area occupied by fetal capillaries. In 
addition, per TV, the number of VSM was counted and their length was measured. 
Using these data and the measurement of the circumference of the TV cross section 
allowed us to calculate the percentage of the TV circumference that was covered by 
VSM (Figure 1, Table 2). The mean diffusion distance per TV represents the average 
of the shortest distance between the fetal capillaries and the TV membrane (Figure 
1).
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Table 2. Morphometric analysis of the terminal villi

PE: Preeclampsia, HELLP: Hemolysis, Elevated Liver enzymes and Low Platelet, TV: Terminal villi, FC: Fetal 
capillary, VSM: Vasculo-syncytial membrane, DD: Diffusion distance, ND: Normal distributed, 1p-value including 
the idiopathic preterm control, the chorioamnionitis (+/- funisitis) and the PE (+/- HELLP) groups, 2p-value in-
cluding all groups.

In addition to the detailed structure of the TV, syncytial knotting as a maturation 
characteristic of the syncytiotrophoblast was analyzed. Syncytial knots were defined 
as aggregates of syncytial nuclei at the surface of terminal villi (25, 39). Syncytial 
bridges appear as inter-villous bridges and tangential flat sectioning according to 
Jones et al. (Figure 1A) (40). True AK were defined as isolated round or elliptic 
structures containing at least 10 strong accumulated syncytiotrophoblast pyknotic 
nuclei projected from the cross sectional villous surface and showing densely packed 
chromatin according to Johyansen et al. (Figure 1B) (41). If the syncytial/apoptotic 
knot could not be clearly assigned to a villus (at least one fetal capillary has to be 
present in the villus) it was classified as a shed syncytiotrophoblast according to 
Askelund et al. (Figure 1C) (42). Syncytial knots, syncytial bridges, AK and shed 
parts of the syncytiotrophoblast all together represent syncytial knotting (see Figure 
1 and 2 for examples).
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Figure 2. Representative part of the high power field of each group. Idiopathic preterm control (A), 
Chorioamnionitis (+/- funisitis (B), Preeclampsia (+/- HELLP) (C) and Non-complicated term control 
(D). 

Subclasses of syncytial knotting were characterized by two independent blinded in-
vestigators to minimize bias. Values of the Intraclass Correlation Coefficient calcu-
lated to evaluate inter-observer agreement were: 0.92 for the shed parts of the syncy-
tiotrophoblast, 0.87 for the AK and 0.78 for the syncytial bridging. Landis and Koch 
classify scale values of 0 as “no agreement”, 0-0.20 as “slight agreement”, 0.21-0.40 
as “fair agreement”, 0.41-0.60 as “moderate agreement”, 0.61-0.80 as “substantial 
agreement” and 0.81-1 as “perfect agreement” (43). In this rating scheme, the in-
ter-observer variability of the present study is at the edge of “substantial agreement” 
to “perfect agreement”.
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In addition to the TV analysis, immature intermediate villi were counted as well 
(Figure 3).

Figure 3. Mean number of immature intermediate villi, fully located in the high power. Data are 
presented as median with SEM. Ns: p > 0.05, *p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001. P-values given 
include all 3 groups.

Statistical analyses
When the D’agrostino and Pearson omnibus normality test did not find a departure 
from a Gaussian distribution, the ANOVA one-way analysis of the variance was used 
followed by the multiple comparison Tukey post-hoc test. If not, the Kruskal-Wal-
lis test was used followed by the Dunn’s multiple comparison post-hoc test using 
GraphPad Prism 6 for Windows, GraphPad Software, La Jolla California USA. A 
p-value <0.05 was considered as significantly different and was presented as follows: 
Ns: p >0.05, *p ≤0.05, **p ≤0.01, ***p ≤0.001. Inter-observer agreement was tested 
by the Intraclass Correlation Coefficient test. Correlates of PE and chorioamnion-
itis, including all markers for AVM and the clinical parameters used in our study 
were subjected to multivariate analysis. These correlates were weighted by means 
of binary stepwise forward logistic regression against each other and only those 
that demonstrated independence from each other were retained in the model using 
SPSS (IBM Corp. Released 2016. IBM SPSS Statistics for Windows, Version 24.0. 
Armonk, NY: IBM Corp).
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Results
Clinical characteristics of the patients
Basic parameters of the 4 test groups: the idiopathic preterm group (preterm control), 
the chorioamnionitis group, the PE group and the non-pathological term group (term 
control, gestational age >37 weeks) were tested for several clinical parameters. All 
data are presented as means and standard deviation (Table 1). There were no signif-
icant differences in clinical characteristics found between all the preterm groups. 
In the term group gestational age, placental and birth weight were increased as ex-
pected (Table 1). Being small for gestational age in all groups did not correlate with 
chorioamnionitis (p= 0.477) or PE (p= 0.428) and was tested by logistic regression. 
In PE AVM has previously been shown. Therefore, the PE group served as internal 
validation of our scoring system.

Analysis of the placental weight adjusted for gestational age
The actual placental weight of the included placentas was compared to reference data 
of a control cohort (37, 38). Placentas of the idiopathic preterm group did not show 
significant differences compared to the reference data of the control cohort. Reduced 
placental weight (19%, p<0.001) was found in the PE group, and increased placental 
weight (15%, p=0.002) in the chorioamnionitis group (Figure 4 and Table 3). 

Table 3. Comparison between placental weight in the cohorts and their expect-
ed weight

PE: Preeclampsia, HELLP: Hemolysis, Elevated Liver enzymes and Low Platelets.
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Figure 4. The mean placental weight per gestational age for each preterm group plotted against 
their expected placental weight.

Analysis of the parameters for histological villous maturation

1.  Idiopathic preterm vs. fully maturated
As expected, by comparing the fully maturated term group to the idiopathic preterm 
group, all markers for TV maturation were found to be increased. However, the 
number of all villi, number of TV and the number of syncytial knots (shedded or not 
shedded) were not increased significantly in the term group compared to the idio-
pathic preterm control (Figure 5 and 6 and Table 2 and 4).

Table 4. Mean number AK, syncytial bridges and STB per high power field

PE: Preeclampsia, HELLP: Hemolysis, Elevated Liver enzymes and Low Platelets, ND: Normal distributed, AK: 
Apoptotic knots, STB: Shed parts of syncytiotrophoblast, 1p-value including the idiopathic preterm control, the 
chorioamnionitis (+/- funisitis) and the PE (+/- HELLP) groups, 2p-value including all groups.
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Figure 5. Number of all villi (A), Number of terminal villi (B), % Terminal villi (C), % Surface area 
covered by terminal villi (D), Number of vasculo-syncytial membranes per TV (E), Length of vascu-
lo-syncytial membranes per TV (F), Percentage  of circumference of TV covered by vasculo-syncytial 
membranes (G) and Area fetal capillaries per terminal villi (H), Villi were only counted if fully located 
in the high power field. Data are presented as mean with SEM. Ns: p > 0.05, *p ≤ 0.05, ** p ≤ 0.01, *** 
p ≤ 0.001. P-values given include the 3 preterm groups.
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2.  All preterm groups
Comparing the subgroups PE and PE + HELLP, revealed no differences for all pa-
rameters included in this study (separate data not shown). The subgroups chorioam-
nionitis and chorioamnionitis + funisitis also did not show differences for all param-
eters included in this study (separate data not shown). Therefore, the samples were 
analyzed as one PE +/- HELLP group and chorioamnionitis +/- funisitis group. As 
it is considered that clinical and histological chorioamnionitis may show differenc-
es in villous maturity, we compared 6 samples diagnosed as clinical + histological 
chorioamnionitis to samples with chorioamniotic histological “only”. There were no 
differences found for all parameters included in this study (data not shown). There-
fore, all samples were analyzed as one chorioamnionitis group. Except for the length 
of the VSMs per TV, all parameters showed a significant difference between the 3 
preterm groups (Figure 5 and 6 and Table 2 and 4).

Figure 6. Mean number of total Syncytial bridges (A), Syncytial apoptotic knots (B) and Shed part of 
syncytiotrophoblasts (C), fully located in the high power field. Data are presented as mean with SEM. 
Ns: p > 0.05, *p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001. P-values given include the 3 preterm groups.

3.  Preeclampsia
When comparing the PE group to the preterm control group, the total number of villi 
was increased and there were more TV (absolute and relative to all villi) present. 
Furthermore, TV covered a larger area and showed more VSM covering an increased 
percentage of the TV circumference. The area covered by fetal capillaries was not 
changed. Numbers of syncytial knots and syncytial bridges were strongly increased. 
Numbers of all villi per view, as well as number, percentage of TV and the number 
of AK and shed parts of the syncytiotrophoblast were even higher in the PE group 
compared to the term control by 1, 34, 17, 57 and 69% respectively, however not sta-
tistically significant except for the number of shed parts of the syncytiotrophoblast 
(Figure 5 and 6).
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4.  Chorioamnionitis
There was a significant increase in the area covered by fetal capillaries and a signif-
icant decrease in syncytial bridges (Figure 5 and 6). 

Based on the binary step forward logistic regression analysis the significant parame-
ters including the clinical parameters were weighted against each other. The number 
of all villi and the percentage of TV were found to be independent parameters in 
the prediction model of histological villous maturation (including only idiopathic 
preterm controls and cases of preeclampsia (+/-HELLP)) and were able to correctly 
predict 80% of the cases of PE within the cohort with a sensitivity of 0.82 and a spec-
ificity of 0.78. The number of syncytial bridges and shed parts of the syncytiotro-
phoblast were able to correctly predict 80% of the cases of chorioamnionitis within 
the cohort including only idiopathic preterm controls and cases of chorioamnionitis 
(+/-funisitis) with a sensitivity of 0.83 and specificity of 0.75 (Table 5 and 6).

Table 5. Binary step forward logistic regression of significant parameters of his-
tological villus maturation of preeclampsia (+/-HELLP) complicated placentas

HELLP: Hemolysis, Elevated Liver enzymes and Low Platelet, TV: Terminal villi.

Table 6. Binary step forward logistic regression of significant parameters of 
histological villus maturation of chorioamnionitis (+/-funisitis) complicated pla-
centas

STB: Shed parts of syncytiotrophoblast.
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Discussion
By using our placental parameters, we could show that:

1.  While the number of all villi and TV, as well as syncytial knotting were not signifi-
cantly different between term and preterm placentas, all other parameters accounting 
for histological villous maturation were increased in term placentas compared to the 
preterm control. This may suggest that in preterm samples (30 ± 2 weeks) branching 
of the placenta should be nearly completed, and histological villous maturation is 
then further increasing placental efficiency.

2.  Concerning the PE group, all maturation markers were significantly increased 
compared to the preterm control group. The number of shed parts of the syncytiotro-
phoblast were even higher compared to the term control. This confirms that the PE 
group shows AVM in order to increase placental efficiency to compensate for com-
promised blood supply. 

3.  No differences between clinical and histological chorioamnionitis were found 
for all parameters included in this study. Furthermore, the chorioamnionitis group, 
including both subgroups, did not show any sign of AVM. However, the area covered 
by fetal capillaries was significantly increased. This may suggest that chorioamniotic 
placentas try to adapt to increase exchange capacity by dilation of fetal capillaries 
in response to the acute infection instead of developing histological AVM. This was 
supported by the fact that syncytial bridging was significantly decreased compared 
to the control group (44-46).

The number of villi, TV, percentage TV and the total length of VSM progressively 
increases towards the third trimester of pregnancy to ensure optimal gas exchange 
and nutritional supply between mother and fetus (4, 46). Inadequate levels of VSM 
and TV in the placenta can be associated with a higher incidence of neonatal asphyx-
ia and fetal distress (47, 48).

Our data show that in cases complicated with PE, several maturation markers for 
villous characteristics are closer to the term than to the idiopathic preterm group, or 
even exceeded that of the term group, suggesting placental hyper maturation.

The increase in the number of villi, TV and VSM/TV in the PE group suggests 
an early effort to increase the efficiency of the placenta for the diffusion of gases 
and nutritional compounds by AVM and increased branching of the villi in PE (49). 
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These data illustrate how a placenta, complicated with PE may compensate for the 
compromised blood supply, initiated by impaired remodeling of the spiral arteries 
(11). In line with our findings, earlier studies linked AVM (diagnosed as increased 
numbers of placental villi), to hypoxic conditions in utero, maternal vascular malp-
erfusion, placental insufficiency and severe case of fetal growth restriction (26, 50, 
51). Recently, increased vascularization was described in PE placentas (52). This 
may increase efficiency of the placenta and is in line with the increase of VSM we 
found in our PE group.

In addition, we found a decrease in weight of placentas complicated with PE. This 
suggests that the switch from placental growth to an increase in efficiency via matu-
ration takes place earlier in gestation. This may be realized via earlier differentiation 
of mature intermediate villi and TV from immature intermediate villi. Indeed, we 
found a significantly reduced number of immature intermediate villi in PE placentas 
(Figure 3). The resulting lower number of large stem villi might also contribute to 
the lower placental volume (53).

Syncytial knotting and syncytial bridging were found to be increased in the PE 
group. This may indicate a reaction of the placenta to the known placental hypoxic 
stress in PE. In agreement with our data, hypoxia as a result of venous insufficiency, 
was already found to be responsible for increased numbers of syncytial knots and 
syncytial bridges and the changes in the remodeling state of placental villi (51, 54). 
This also may be an explanation for the higher amount of cellular debris around the 
villi found earlier (11, 55-60).

In agreement with recent findings (34), placentas complicated with chorioamnion-
itis did not show such an AVM, but the area of fetal capillaries was increased per 
TV. Thus, placental inflammation is not reflected in placental maturation. Probably, 
increasing the volume of the fetal capillaries and thus the exchange volume in the 
placenta, may be an acute reaction to an acute infection. This may also explain the 
increased placental weight which might be due to extensive villous edema and fi-
brous connective tissue formation in response the placental inflammation, and/or to 
the increase in villous macrophages (Hofbauer cells) (61-63). These acute changes 
may explain why in most cases chorioamnionitis is not detected before birth and 
does not give rise to maternal symptoms and does not impair fetal growth but may 
induce preterm labour. Probably, the clinical symptoms are only elicited from bacte-
ria reaching the maternal circulation in a very advanced stage.
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The gold standard of placental analysis would be a three-dimensional (3D) recon-
struction of the placental villous tree. The study showed that the current gold stan-
dard using 2D-histologic identification of villous types is still valid but needs to be 
used with caution (64). This underlines the need for adequate markers for 2D cross 
section analysis. Furthermore, the interpretation of the morphology of villous matu-
ration is subjective. Recent studies suggest that the interpretation of maturation dis-
orders might be improved and objectified by immunohistochemistry and molecular 
analysis (26).

By looking at AVM, we identified a unique combination of 11 different parameters, 
which may assist in the analysis of villous maturation in order to diagnose placen-
tas complicated by PE, chorioamnionitis or preterm birth. In our scoring model, 
we minimized the subjective steps by strict criteria and the implemented software. 
Moreover, the wide combination of detailed morphological parameters for placental 
development allowed us to:

 a)  show which histological adaptations take place in the placenta over ges 
      tation
 b)  identify independent parameters needed for the analysis of histological       
      villous maturation for different preterm pregnancy-related complications
 c)  link changes to the pathophysiology of the pathological placenta

The number of all villi and the percentage of TV were identified as independent pa-
rameters and entered the model, which was able to correctly predict 80% of the PE 
cases. However, when examining complicated placentas with a well-defined clinical 
complication, we would recommend to analyze all 11 parameters that proved AVM 
in the PE group, because they are useful to judge maturity in a born placenta in de-
tail and may provide pathologists with a tool to histologically underpin the clinical 
diagnosis of PE. As the recurrence risk of PE and chorioamnionitis is high (65-67), 
it is useful to increase the knowledge of specific placental aberrations/adaptations 
to prevent recurrence of the pathology during a next pregnancy or develop a better/
earlier clinical management.
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Abstract
Introduction
Preeclampsia complicates 5-8% of all pregnancies worldwide and, although its patho-
physiology remains obscure, placental oxidative stress and mitochondrial abnormal-
ities are considered to play a key role. Mitochondrial abnormalities in preeclamptic 
placentae have been described but the extent to which mitochondrial content and the 
molecular pathways controlling this (mitochondrial biogenesis and mitophagy) are 
affected in preeclamptic placentae is unknown.

Methods
Therefore, in preeclamptic (n=12) and control (n=11) placentae, we comprehensive-
ly assessed multiple indices of placental antioxidant status, mitochondrial content, 
mitochondrial biogenesis, mitophagy and mitochondrial fusion and fission. In addi-
tion, we also explored gene expression profiles related to inflammation and apopto-
sis.

Results
Preeclamptic placentae were characterized by higher levels of oxidized glutathione, a 
higher total antioxidant capacity and higher mRNA levels of the mitochondrial-locat-
ed antioxidant enzyme manganese-dependent superoxide dismutase 2 compared to 
controls. Furthermore, mitochondrial content was significantly lower in preeclamp-
tic placentae, which was accompanied by an increased abundance of key constitu-
ents of glycolysis. Moreover, mRNA and protein levels of key molecules involved 
in the regulation of mitochondrial biogenesis were lower in preeclamptic placentae 
while the abundance of constituents of the mitophagy, autophagy and mitochondrial 
fission machinery was higher compared to controls. In addition, we found evidence 
for activation of apoptosis and inflammation in preeclamptic placentae.

Conclusion
This study is the first to comprehensively demonstrate abnormalities at the level of 
the mitochondrion and the molecular pathways controlling mitochondrial content/
function in preeclamptic placentae. These aberrations may well contribute to the 
pathophysiology of preeclampsia by upregulating placental inflammation, oxidative 
stress and apoptosis.
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Introduction
Preeclampsia (PE) is a pregnancy disorder that occurs in 5-8% of all pregnancies 
and has potentially devastating consequences for both mother and fetus. The clinical 
spectrum of PE ranges from relatively mild to life-threatening and PE is estimated 
to be responsible for 70,000-80,000 maternal deaths and 500,000 perinatal deaths 
worldwide every year (1). PE is not simply de novo onset of hypertension and pro-
teinuria after 20 weeks of gestation, but rather a syndrome involving multiple or-
gans resulting in end-organ damage in terms of cardiovascular, respiratory, central 
nervous, renal, and hepatic systems (2, 3). Pre-term delivery is often the only defi-
nite treatment for PE, which is associated with adverse short- and long-term health 
outcomes in the offspring including a high prevalence of subsequent endocrine and 
metabolic diseases in children (4, 5). The pathophysiology of PE remains enigmatic 
and except for delivery, no curative treatment currently exists. There is substantial 
evidence that poor invasion of extra-villous trophoblasts into the uterine wall and 
spiral arteries leads to a perturbed utero-placental circulation. Although the underly-
ing cellular and molecular mechanisms involved remain unknown, it is believed that, 
as pregnancy progresses, this aberrant placental perfusion induces further damage 
and elicits oxidative stress in the placenta, which contributes to the ongoing devel-
opment of the disease (6-8).

It is well-known that disturbed placental perfusion, as observed in patients suffering 
from PE, can trigger the production of reactive oxygen species (ROS) (9, 10). Cel-
lular responses in the placenta to ROS and ROS-induced damage in PE includes the 
activation/ upregulation of several antioxidant systems (e.g. superoxide dismutase 
(SOD) and catalase), as well as apoptosis of trophoblasts (11). Importantly, oxidative 
stress does not only trigger trophoblast cell death, but also accelerates trophoblast 
turnover and its secretome into the maternal circulation. These changes in the tro-
phoblast secretome include an increased release of vasoactive factors activating the 
angiotensin-I and endothelin-1 receptor as well as an enhanced release of inflamma-
tory cytokines and chemokines (2, 12-14). Alterations in secretion of these placental 
factors into the maternal circulation induce inflammation, endothelial dysfunction, 
and PE-like symptoms including hypertension (2). Although the presence of placen-
tal oxidative stress and its contribution to the PE pathophysiology are commonly ac-
knowledged, the sources of ROS and the exact underlying processes of its formation 
remain obscure. Clinical trials using vitamin C and E for the treatment of PE have 
been unsuccessful, illustrating that systemically acting antioxidants to restore redox 
imbalance have no clinical relevance (15). Similar to observations in other clinical 
fields, research is directed nowadays into finding more specific redox-targets with 
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the purpose of combating oxidative stress in a more selective way, as for instance in 
the field of respiratory diseases (16).

Recently, mitochondria, a main intracellular source of ROS, have gained more inter-
est as a potential novel therapeutic target in PE. In a recent study, administration of 
MitoQ, a mitochondrially targeted antioxidant, improved foetal outcomes, including 
birth weight and developmental programming of cardiovascular diseases, in a rodent 
model (chronic placental hypoxia) for PE (17-20). However, whether mitochondrial 
dysfunction is present in PE placentae and how this contributes to the development 
of oxidative stress, and the pathophysiology of this disease is still unknown. 

Therefore, in this study, using PE and control placentae, we comprehensively as-
sessed not only the presence of oxidative stress and the status of well-known cel-
lular antioxidant systems, but also investigated, in detail, multiple indices of mito-
chondrial health. This included key constituents of metabolic pathways including 
oxidative phosphorylation, fatty acid β-oxidation and glycolysis. Furthermore, to 
portray molecular mechanisms that control mitochondrial content and function, we 
also assessed key regulators of mitochondrial biogenesis, as well as constituents of 
the mitophagy/autophagy, and mitochondrial fusion and fission machinery.
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Materials and Methods
Clinical subject characteristics
Approval was obtained from the Medical Ethics Committee Maastricht University 
Medical Center+ and all procedures on placentae were performed in accordance with 
the guidelines for experiments on human material (Maastricht University Medical 
Center+, Maastricht, the Netherlands, No. 16-4-047). Oral informed consent was 
obtained from participants prior to the inclusion of the placenta.

Human term placentae (n= 11) and PE-complicated placentae (n= 12) were collect-
ed from in total 23 women by the Department of Obstetrics and Gynecology at the 
Maastricht University Medical Center+. PE was diagnosed based on the Interna-
tional Society for the Study of Hypertension in Pregnancy (ISSHP) criteria as de 
novo hypertension with a systolic blood pressure ≥140 mm Hg and/or diastolic blood 
pressure ≥90 mm Hg in 2 repeated measurements (at least 6 hours apart) and the 
co-occurrence of proteinuria (≥0.3 g/24 h or ≥2+ on dipstick analysis) occurring 
>20 weeks of gestation in previously normotensive women or when proteinuria de-
veloped >20 weeks of gestation in women with pre-existing hypertension. Exclu-
sion criteria for control pregnancies were hypertension (pre-existing or onset during 
pregnancy) and/ or proteinuria, also as defined by ISSHP, chromosomal anomalies, 
multiple gestation and autoimmune diseases. Intra uterine growth restriction (IUGR) 
was defined as neonatal birthweight below the 10th centile according Dutch perina-
tal registry curves. Clinical subject characteristics are presented in Table 1.

Table 1: Clinical subject characteristics

Data presented as mean ± standard deviation. BMI: Body mass index, IUGR: Intrauterine growth restriction, CS: 
Caesarean section, Ns: Non-significant. Ns: p > 0.05, ** p ≤ 0.01, *** p ≤ 0.001.
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Tissue collection
Placental biopsies (<1 cm2) were collected immediately after delivery from the para-
central region of the placenta at the maternal side. The basal plate of the specimen 
was removed and the remaining tissue was rinsed in a HEPES solution (NaCl 143.3 
mM, KCl 4.7 mM, MgSO4 1.2 mM, KH2PO4 1.2 mM, CaCl2 2.5 mM, Glucose 5.5 
mM, and HEPES 15 mM), snap-frozen in liquid nitrogen, crushed by a mortar while 
frozen and stored at -80 ºC until use.

Preparation of the lysates
Approximately 40 mg of powdered placental tissue was homogenized for 10 sec 
at maximal speed with a hand held PRO Scientific Bio-Gen PRO200 homogenizer 
in 800 μl KPE lysis buffer (13 mM KH2PO4, 68 mM K2HPO4, 9 mM EDTA, and 
1% Triton X-100) for antioxidant enzyme activity assays or in 800 μl SET buffer 
(250 mM sucrose, 2 mM EDTA, 10 mM Tris, pH 7.4) for metabolic enzyme activ-
ity assays. KPE homogenates were subsequently centrifuged at 20,000 x g for 10 
min at 4 ºC. Subsequently, lysates (300 μl) were stored at -80 ºC for assessment of 
Trolox Equivalent Antioxidant Capacity (TEAC). The remaining lysate was mixed 
with 2.6% bovine serum albumin (BSA) (1:1) and stored at -80 ºC for determination 
of glutathione disulfide/glutathione (GSSG/GSH) levels. SET homogenates were 
snap-frozen in liquid nitrogen, defrosted, incubated on ice for 30 min and subse-
quently centrifuged at 20,000 x g for 2 min at 4 ºC. 5% BSA was added to the lysate 
(1:4) and stored at -80 ºC for the assessment of citrate synthase (CS), β-hydroxy-
acyl-CoA dehydrogenase (HADH) and phosphofructokinase (PFK) activity. For 
DNA and RNA isolation, 40 mg of powdered placental tissue was homogenized in 
1 ml Trizol reagent (Invitrogen Corp.) and further processed according to the manu-
facturer’s protocol (Catalog Number 15596026 and 15596018, Invitrogen™, USA). 
For generation of whole cell lysates (for western blot analysis), 40 mg of powdered 
placental tissue was homogenized in 800 μl IP lysis buffer (50 mM Tris, 150 mM 
NaCl, 10% glycerol, 0.5% Nonidet P40, 1 mM EDTA, 1 mM Na3VO4, 5 mM NaF, 
10 mM β-glycerophasphate, 1 mM Na4O7P2, 1 mM DTT, 10 μg/μl leupeptin, 1% ap-
ropeptin, 1 mM PMSF, pH 7.4) using the homogenizer for 20 sec at maximal speed. 
Lysates were incubated for 30 min on ice and centrifuged at 20,000 x g for 30 min at 
4 ºC. Lysates  were aliquoted (1 μg/μl) in Laemmli buffer buffer (0.25 M Tris-HCl, 
8% (w/v) SDS, 40% (v/v) glycerol, 0.4 M DTT, 0.04% (w/v) Bromphenol Blue, pH 
6.8) and boiled for 5 min at 95 °C. Protein concentrations of whole cell lysates and 
enzyme activity lysates were determined using the PierceTM BCA Protein Assay kit 
according to the manufacturer’s protocol (Pierce Chemical Co., Rockford, IL).
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Glutathione disulfide/glutathione (GSSG/GSH) levels
The GSH-assay was performed for the determination of the levels of GSH + GSSG 
and GSSG. First, GSH (0.1-10 μM) and GSSG (0.1-5 μM) standards were prepared 
in a KPE buffer and 1.3% 5-sulfosalicylic acid. GSSG standards and samples were 
diluted 1:10 with 2-vinylpyridine, incubated and mixed for 1 h to form a stable com-
plex with GSH, preventing it from participating in the enzymatic recycling reaction 
with glutathione reductase. Reactions were set up in a 96 well plate and 50 μl of 
sample was loaded in duplicate. Reactions were initiated by adding 100 μl 0.8 mM 
NADPH/0.6 mM DTNB 1:1 and 4 U/ml GSSG reductase to the samples. Color de-
velopment of samples and standards was recorded kinetically for 3 min in 9 reads at 
412 nM resulting in GSH + GSSG and GSH slope values. Activity was corrected for 
total protein content of the samples and expressed in nM/mg protein/ min.

Trolox Equivalent Antioxidant Capacity (TEAC)
First, a 5 mM 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) solu-
tion was prepared in 145 mM sodium phosphate buffer (pH 7.4). Then, an (ABTS•−) 
solution was prepared by adding 10 μl 1/100 horseradish peroxidase (HRP) and 10 
μl of 2 mM H2O2 solution and diluted in an ABTS solution to a final absorbance of 
0.70 ± 0.02 at 734 nm at 37 ºC. Deproteinization of samples was performed by add-
ing 10% trichloroacetic acid (TCA) (1:1) to the samples. For measuring antioxidant 
capacity, 50 μl of the lysate was mixed with 950 μl ABTS•− solution at 37 ºC for 5 
min and absorbance was measured at 734 nm and compared to the absorbance of an 
ABTS•− solution without sample. Absorbance was corrected for total protein content.

Citrate synthase (CS) activity
As previously described (CS; EC 2.3.3.1) (21), a reaction mix was set up in a 96 well 
plate in duplicate containing 5 μl undiluted sample, 200 μl reagent containing Tris 
(100 mM), DTNB (0.1 mM), acetyl-coenzym A (0.3 mM). The reaction was started 
with 5 μl start reagent containing oxaloacetic acid (25 mM). Enzyme activity was 
monitored at 412 nm (37 °C) and corrected for total protein content. 

β-hydroxyacyl-CoA dehydrogenase (HADH) activity
As previously described (HADH; EC 1.1.1.35) (22), a reaction mix was set up in a 
96 well plate in duplicate containing 10 μl undiluted sample, 100 μl reagent contain-
ing NADH (1.1 mM), tetrapotassium pyrophosphate (100 mM). The reaction was 
started with 10 μl acetoacetyl-CoA (2.4 mM). Enzyme activity was kinetically-mon-
itored at 340 nm (37 °C) and corrected for total protein content.
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Phosphofructokinase (PFK) activity
A reaction mix was set up in a 96 well plate in duplicate containing 20 μl undiluted 
sample, 100 μl reagent containing Tris Base (49.6 mM), MgCl2.6H2O (7.4 mM), 
KCl (3.2 mM), KCN (384.6 μM), ATP (3.0 mM), DTT (1.5 mM), NADH (0.3 mM), 
aldolase (0.019 U), glycerol-3-phosphate dehydrogynase (0.019 U) and triose phos-
phate, isomerase (0.019 U), pH 8.0. The reaction was started with fructose-6-phos-
phate (35.9 mM) in Tris buffer (49.6 mM), pH 8.0. Enzyme activity was monitored 
at 340 nm (37 °C) and corrected for total protein content.

Quantitive real-time PCR
4.4 μl of 1:50 diluted cDNA was used for quantitative PCR amplification using target 
specific primers (Supplementary Table 1) and 2X SensimixTM SYBER® & Flu-
orescein mix (Bioline, Alphen aan de Rijn, the Netherlands) on a LightCycler480 
384-wells PCR machine (Roche, Almere, the Netherlands). Specificity of PCR am-
plification was checked by melt curve analysis. Expression levels of genes of interest 
were corrected using a normalization factor calculated based on the expression of 
2 different housekeeping genes (Cyclophilin A and Ribosomal Protein L13a (RP-
L13A)), which were found to be most stable from a selection of 3 genes by using 
the GeNorm software (Primerdesign, Southamton, USA). The list of primers can be 
found in Supplementary Table 1. 

Mitochondrial DNA (mtDNA) copy number
4.4 μl of 1:25 diluted DNA was used for qPCR as described above, using mitochon-
drial DNA (mtDNA, cytochrome C oxidase subunit 2 (COXII)) and genomic DNA 
(gDNA, RPL13A) – specific primers (Supplementary Table 1). mtDNA/gDNA ratio 
was determined by dividing the relative quantity of mtDNA by the relative quantity 
of gDNA.

Western Blotting
10 µg of protein was run through a Criterion XT 4-12 or 12% Bis-Tris gel (Bio-Rad, 
Veenendaal, the Netherlands) in 1x MES running buffer (Bio-Rad, Veenendaal, the 
Netherlands) at 100 volts, and was subsequently blotted on a Nitrocellulose mem-
brane (Bio-Rad Laboratories B.V., Veenendaal, the Netherlands) by electroblotting. 
At least two protein ladders were loaded on each gel (Precision Plus Protein™ All 
Blue Standards #161-0373, Bio-Rad Laboratories, Veenendaal, the Netherlands). 
Membranes were stained with 0.2% PonceauS in 1% acetic acid (Sigma-Aldrich, 
Zwijndrecht, the Netherlands) for 5 min, washed with milliQ and imaged using the 
Amersham™ Imager 600 (GE Healthcare, Eindhoven, the Netherlands) to quantify 
total protein content as correction for gel-loading. Membranes were blocked for 1 h 
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with Tween20 Tris-buffered saline (TBST; 20 mM Tris, 137 mM NaCl, 0.1% (vol/
vol) Tween20, pH 7.6) containing 3% (w/v) non-fat dry milk (Campina, Eindhoven, 
the Netherlands), washed, and incubated overnight at 4 °C with a target-specific 
primary antibody (Supplementary Table 2) diluted 1:1,000-1:10,000 in TBST with 
3% (w/v) BSA or non-fat dry milk at 4 °C. Subsequently, membranes were washed 
and incubated with a HRP-conjugated secondary antibody (#BA-9200, #BA-1000, 
Vector Laboratories, Amsterdam, the Netherlands), diluted 1:10,000 in 3% (w/v) 
non-fat dry milk in TBST for 1 h at room temperature.  Thereafter, membranes were 
washed, incubated for 5 min with 0.5x SuperSignal West PICO or 0.25x West Femto 
Chemiluminescent Substrate (Thermo Scientific, Landsmeer, the Netherlands), and 
imaged using the Amersham™ Imager 600. Original unaltered images were quanti-
fied with Image Quant software (GE Healthcare, Eindhoven, the Netherlands). Mea-
sured protein quantity was corrected for total protein content. Images included in 
the figures of this manuscript have been adjusted for brightness and contrast equally 
throughout the picture.

Statistical analysis
Data is depicted as bar graphs indicating the mean and SEM as fold change com-
pared to the control. For each comparison, the D’agrostino and Pearson omnibus 
normality test was used to test normality and subsequently either an unpaired t-test 
or Mann Whitney test was used accordingly (GraphPad Software, La Jolla California 
USA). A p-value <0.05 was considered as significantly different from the control 
group and was presented as follows: Ns: p >0.05, *p ≤0.05, **p ≤0.01, ***p ≤0.001.
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Results
 
Increased oxidative stress in PE placentae
To determine the impact of PE on known ROS-generating processes and on cel-
lular antioxidant defence systems, mRNA abundance and enzymatic activity of 
key constituents of these pathways were assessed. As shown in Figure 1, TEAC as 
well as the GSSG/GSH ratio were significantly higher in PE placentae compared 
to controls (Figure 1A-B). In addition, in PE placentae, transcript levels of catalase 
1 (CAT1) were lower while mRNA expression levels of SOD1 and mitochondrial 
manganese-dependent superoxide dismutase 2 (MnSOD2) were respectively un-
changed and significantly higher compared to controls (Figure 1C). No differences 
were observed for transcript abundance of xanthine oxidase (XO), NADPH oxi-
dase 2 (NOX2) or NOX4 (Supplementary Figure 1A). In addition to these indicators 
of oxidative stress in PE placentae, both the expression of tumor necrosis factor-α 
(TNF-α) as well as the ratio of pro-apoptotic Bcl-2-associated X protein / anti-apop-
totic B-cell lymphoma 2 (BAX/BCL-2) mRNA expression levels were significantly 
higher in PE placentae compared to controls (Supplementary Figure 1B-C). 

Figure 1. Oxidative stress in PE placentae. TEAC (A) and GSSG/GSH ratio (B) as well as transcript 
levels of CAT1 and SOD1 and MnSOD2 (C) were assessed in PE as well as control placentae. Data 
is presented as fold change compared to the control placentae and as mean with SEM from n= 9 (con-
trols), n= 8 (preeclampsia) for assessment of TEAC and GSSG/GSH ratio and n= 11 (controls), n= 12 
(preeclampsia) for assessment of mRNA levels. *p ≤ 0.05, ** p ≤ 0.01. TEAC: Trolox equivalent an-
tioxidant capacity, GSSG: oxidized glutathione, GSH: Reduced glutathione, Cat1: Catalase-1, SOD1: 
Superoxide dismutase 1 and MnSOD2: Manganese-dependent superoxide dismutase.
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Lower mitochondrial content and higher activity and abundance 
of key constituents of glycolysis in placentae of PE patients com-
pared to controls
As mitochondria are known drivers of apoptosis and inflammation (23), and are a 
well-known source of ROS, and ROS are known to be able to damage mitochondria 
and impair mitochondrial function (23), we next investigated whether PE affected 
placental mitochondrial content and mitochondrial (and non-mitochondrial) meta-
bolic processes. Mitochondrial content was significantly lower in PE placentae com-
pared to controls, which was evidenced by a lower mitochondrial DNA (mtDNA) 
copy number (Figure 2A) and lower total enzyme activity of CS (Figure 2B), two 
well-described indicators of mitochondrial content (24). No changes were observed 
in mRNA transcript levels of CS (Supplementary Figure 2A). To investigate if the 
lower mitochondrial content that we observed in PE placentae was associated with 
changes in (mitochondrial- and non-mitochondrial) metabolic processes, we next 
assessed the abundance and activity of key constituents of the electron transport 
chain (ETC), fatty acid-β oxidation (FAO) and glycolysis. Interestingly, while no 
differences were found in activity or mRNA expression levels of the rate-limiting en-
zyme of the FAO pathway (Supplementary Figure 2B-C) or in transcript and protein 
abundance of nuclear-encoded sub-units of ETC complexes (Supplementary Figure 
2D-E), we did observe that mRNA transcript levels of the mitochondrial-encoded 
sub-unit COXII of complex IV of the ETC were significantly lower in PE placentae 
compared to controls (Figure 2C). Moreover, the PFK activity as well as protein and 
mRNA abundance of hexokinase II (HKII), two key enzymes involved in glycolysis, 
were 2-3 fold higher in PE placentae compared to controls (Figure 3A-C). This was 
also associated with higher transcript levels of the glucose transporter 1 (GLUT-1) 
in PE placentae (Figure 3D). 

Figure 2. Lower mitochondrial content in PE placentae. Mitochondrial DNA copy number (A), 
Citrate synthase activity (B) and mRNA transcript levels of COXII (C) were assessed in PE as well as 
control placentae. Data is presented as fold change compared to the control placentae and as mean with 
SEM from n= 11 (controls), n= 12 (preeclampsia) for assessment of mRNA levels and n= 9 (controls), 
n= 8 (preeclampsia) for the assessment of CS activity and mtDNA copy number. *p ≤ 0.05 and ** p ≤ 
0.01. mtDNA: Mitochondrial DNA, CS: Citrate synthase and COXII: Cytochrome c oxidase subunit II.
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Figure 3. Increased expression and activity of key glycolytic enzymes in PE placentae. PFK en-
zyme activity (A), HKII protein level (B), mRNA expression levels of HKII (C) and Glut-1 (D) were 
assessed in PE as well as control placentae. Representative immunoblots are shown and Western blots 
were corrected for total protein loading assessed by Ponceau S Staining with adjusted contrast equally 
applied to the whole photograph. Black boxes around the representative pictures indicate that they were 
cut from the same Western blot. Data is presented as fold change compared to the control placentae and 
as mean with SEM from n= 11 (controls), n= 12 (preeclampsia) for assessment of mRNA levels and n= 
9 (C: controls), n= 8 (PE: preeclampsia) for assessment of the PFK activity and HKII protein levels. Ns: 
p > 0.05, *p ≤ 0.05, ** p ≤ 0.01. PFK: Phosphofructokinase, HKII: Hexokinase and GLUT-1: Glucose 
transporter 1.

Alterations in the molecular regulation of mitochondrial biogen-
esis in PE placentae
In light of the reductions in mitochondrial content and indications for a metabolic 
shift away from oxidative metabolism in PE placentae, we next explored whether PE 
impacts the peroxisome proliferator-activated receptor gamma coactivator 1 (PGC-
1) signaling network, a key regulatory network controlling mitochondrial biogenesis 
and mitochondrial oxidative substrate metabolism through the coordinated action of 
a variety of transcription factors and co-activator molecules (25). As depicted in Fig-
ure 4, while protein levels of PGC-1α were significantly lower in PE placentae, no 
changes in PGC-1α transcript levels were observed compared to controls. Placental 
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mRNA levels of PGC-1β, however were significantly lower in PE. With regard to 
transcription factors specifically controlling mitochondrial biogenesis, protein levels 
of nuclear respiratory factor 1 (NRF1) were higher and mRNA expression of NRF1 
was lower in PE placentae vs controls. Placental NRF2α mRNA levels on the other 
hand were not affected by PE. Additionally, although mitochondrial transcription 
factor A (Tfam) transcript abundance was lower in PE, no significant differences in 
Tfam protein levels were observed between both groups. Furthermore, estrogen-re-
lated receptor alpha (ERRα) protein levels were higher in PE while its mRNA levels 
were lower. Transcript abundance of both peroxisome proliferator-activated receptor 
(PPAR)-α and PPAR-δ showed no significant differences between both groups (Fig-
ure 4A-B). Collectively, these data indicate significant alterations in the molecular 
regulation of mitochondrial biogenesis and oxidative substrate metabolism in PE 
compared to controls. 

Figure 4. Alterations in the molecular regulation of mitochondrial biogenesis in PE placentae. 
Protein levels of PGC-1α, NRF1, Tfam and ERRα, (A) and mRNA transcript levels of PGC-1α, PGC-
1β, NRF1, NRF2α, Tfam, ERRα, PPARα and PPARδ (B) were assessed in PE as well as control placen-
tae. Representative immunoblots are shown and Western blots were corrected for total protein loading 
assessed by Ponceau S Staining with adjusted contrast equally applied to the whole photograph. Black 
boxes around the representative pictures indicate that they were cut from the same Western blot. Data 
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is presented as fold change compared to the control placentae and as mean with SEM from n= 11 (con-
trols), n= 12 (preeclampsia). *p ≤ 0.05, ** p ≤ 0.01. PGC-1α: Peroxisome proliferator-activated recep-
tor gamma coactivator 1-alpha, NRF1: Nuclear respiratory factor 1, Tfam: Mitochondrial transcription 
factor A, ERRα: Estrogen-related receptor alpha, PGC-1β: Peroxisome proliferator-activated receptor 
gamma coactivator 1-beta, NRF2α: Nuclear respiratory factor 2 alpha, PPARα: Peroxisome prolifera-
tor-activated receptor alpha, PPARδ: Peroxisome proliferator-activated receptor delta. ETC: Electron 
transport chain and FAO: Fatty acid β-oxidation.

Expression of key constituents of the mitophagy machinery are 
altered in PE placentae
As mitochondrial content is not only controlled by the biogenesis of new organ-
elles but is also influenced by breakdown of mitochondria through mitophagy (e.g. 
mitochondrial-specific autophagy), we next assessed the impact of PE on key con-
stituents of the mitophagy machinery. Moreover, as mitophagy requires several 
general autophagy-related proteins for generating the autophagosomal membrane 
and priming the autophagosome to the mitochondria, these proteins were studied 
as well. As depicted in Figure 5A, in PE placentae, protein levels of BCL2/adeno-
virus E1B 19 kDa protein-interacting protein 3 (BNIP3) and BCL2/adenovirus E1B 
19 kDa protein-interacting protein 3-like (BNIP3L) were significantly higher while 
abundance of FUN14 domain containing 1 (FUNDC1), the PTEN-induced kinase 
1 (PINK1) and E3 ubiquitin-protein ligase Parkin (PARK2) proteins were similar 
compared to controls. mRNA expression levels of these mitophagy-associated pro-
teins were unaltered in PE placentae compared to the controls with the exception of 
FUNDC1 transcript levels, which were lower in PE (Figure 5B). In addition, protein 
and mRNA transcript levels of all general autophagy-associated proteins investigat-
ed were not significantly different in PE vs controls. Sequestosome 1 (SQSTM1) 
protein levels, however, were significantly higher and mRNA transcript levels of 
optineurin (OPTN) were significantly lower in PE placentae compared to controls 
(Figure 5C-D). Collectively, these data indicate that proteins specifically involved 
in receptor-mediated mitophagy (BNIP3, BNIP3L), rather than ubiquitin-mediated 
mitophagy (PINK1, PARK2), are higher in PE placentae compared to controls.
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Figure 5. Expression of key constituents of the mitophagy machinery are altered in PE placentae. 
Mitophagy-associated protein levels of PINK1, PARK2, FUNDC1, BNIP3 and BNIP3L (A), mitoph-
agy-associated mRNA transcript levels of PINK1, PARK2, FUNDC1, BNIP3, BNIP3L (B), autopha-
gy-associated protein levels of SQSTM1, GABARAPL1, LC3BI and LC3BII (C) and autophagy-asso-
ciated mRNA transcript levels of SQSTM1, GABARAPL1, OPTN and LC3A/B (D) were assessed in 
PE as well as control placentae. Representative immunoblots are shown and Western blots were correct-
ed for total protein loading assessed by Ponceau S Staining with adjusted contrast equally applied to the 
whole photograph. Black boxes around the representative pictures indicate that they were cut from the 
same Western blot. Data is presented as fold change compared to the control placentae and as mean with 
SEM from n= 11 (controls), n= 12 (preeclampsia). *p ≤ 0.05. PINK1: PTEN-induced kinase 1, PARK2: 
E3 ubiquitin-protein ligase Parkin, FUNDC1: FUN14 domain containing 1, BNIP3: BCL2/adenovirus 
E1B 19 kDa protein-interacting protein 3, BNIP3L: BCL2/adenovirus E1B 19 kDa protein-interacting 
protein 3-like, SQSTM1: Sequestosome 1, GABARAPL1: GABA Type A Receptor Associated Protein 
Like 1, LC3B: Microtubule-associated protein 1 light chain 3 beta I/II, OPTN: Optineurin and LC3A: 
Microtubule-associated protein 1 light chain 3 alpha.

Increased abundance of mitochondrial fission proteins in PE 
placentae
As mitochondrial fission and fusion are key events in the processes of mitochondrial 
biogenesis as well as mitophagy and are essential in maintaining normal mitochon-
drial homeostasis (26), mRNA and protein levels of several mitochondrial fusion 
and fission proteins were investigated. Protein levels of dynamin-1-like protein (DN-
M1L), a key protein involved in mitochondrial fission, was significantly higher in PE 
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placentae (Supplementary Figure 3A). Furthermore, mitochondrial fission-related 
mRNA transcript levels of DNM1L were also significantly higher in PE while fission 
1 (Fis-1) transcript levels were unaltered compared to controls (Supplementary Fig-
ure 3B). With regard to mediators of mitochondrial fusion, mRNA transcript levels 
of mitofusin-1 and 2 (Mfn1 and Mfn2) and mitochondrial Optic atrophy protein 1 
(Opa1) were not significantly different in PE placentae compared to controls (Sup-
plementary Figure 3C), indicating that specifically mitochondrial fission constitu-
ents are higher in PE placentae compared to controls.
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Discussion
Principal Findings
In the current study, we show that PE placentae are not only characterized by the 
presence of oxidative stress but also by a profound reduction in mitochondrial con-
tent and an increased abundance of key glycolytic enzymes suggestive of a greater 
reliance on glycolytic metabolism. Moreover, we show for the first time that these 
changes are associated with significant alterations in the molecular pathways gov-
erning control over mitochondrial biogenesis and changes in key constituents of the 
machinery controlling mitophagy and mitochondrial fission events. Taken together, 
our findings suggest significant alterations at the level of the mitochondrion in pla-
centae from women with PE, which may well contribute to PE pathophysiology.

The presence of oxidative stress and associated changes in several intracellular an-
tioxidant systems is well described in PE (10). For example, PE has been associated 
with decreased activity levels of the anti-oxidant enzymes catalase and superoxide 
dismutase, increased lipid peroxidation by-products, reduced GSH production, im-
paired GSSG to GSH conversion and reduced levels of non-enzymatic antioxidants 
such as thiols, ascorbic acid, α-tocopherol and carotenoids in the placenta (27-29). 
Collectively, these observations are in line with our data. Also, total antioxidant ca-
pacity in our study was markedly higher in PE placentae, suggestive of a compen-
satory response to increased oxidative stress in PE placentae (27, 28). Interestingly, 
we observed no changes in expression levels of NOX 2/4 and XO isoforms, two 
well-known sources of intracellular ROS, as well as increased transcript levels of 
the mitochondrial-located MnSOD2. Considering the signs for increased oxidative 
stress, elevated mitochondrial-specific antioxidant expression in PE placentae and 
the notion that the mitochondria are the main intracellular site for cellular O2 con-
sumption, these data suggest that mitochondria likely are a significant source for 
ROS and oxidative stress in PE.  

Increased placental mitochondrial ROS may directly damage mtDNA and disrupt 
mitochondrial metabolic function and mitochondrial biogenesis (30). In this con-
text, we found evidence for significant reductions in mitochondrial content in PE 
placentae compared to controls, which was illustrated by reductions in mtDNA copy 
number and reduced citrate synthase activity, both well-established markers of mi-
tochondrial content (24). In the placenta, disorders related to impaired perfusion 
including IUGR and PE have recently been shown to be associated with changes 
in mitochondrial content (31). In addition, a recent study using transmission elec-
tron microscopy revealed swelling, increased mitochondrial lumen and irregular ar-
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rangement of mitochondrial cristae in early-onset PE placentae (29). The majority of 
studies investigating mitochondrial content in PE-complicated placentae used whole 
placental tissue homogenates. However, mitochondria within different cell lineages 
in the placentae often have distinct functions, different antioxidant capacity and do 
respond differently to environmental stimuli (31). Indeed, Mando et al. found in-
creased mitochondrial content in whole placental tissue but decreased content in cy-
totrophoblast cells, which are in direct contact with maternal blood and therefore ex-
pected to be most affected by impaired placenta perfusion in PE (32). Furthermore, 
PE placentae show increased numbers of mitochondria in cytotrophoblast cells, but 
with reduced size (33, 34). which is suggestive for increased mitochondrial fission. 
In light of these findings, it remains to be established in which cell types of the pla-
centa mitochondrial content is affected.

Besides changes in mitochondrial content, several human studies showed a signifi-
cant reduction of adenosine triphosphate (ATP) levels in PE placentae (35-37), in-
dicating impaired functioning of the mitochondrial metabolic pathways including 
the ETC. In line with this, a PE rat model of reduced uterine perfusion pressure, 
showed lower complex I and complex IV activity in the placenta (38). Our PE pla-
centae showed signs for a decrease in the abundance of complex III of the mito-
chondrial ETC. This is in line with previous work, which showed reductions in the 
abundance of COXII and impaired electron flow through complex IV, which these 
authors suggested to be contributing to excessive mitochondrial ROS formation (39, 
40). In contrast to previous studies (35, 41, 42), which in general found a decrease 
in the expression and activity of metabolic enzymes involved in the initial step of 
the β-oxidation pathway, no difference was found in the activity of HADH in our PE 
placentae compared to the controls. Collectively, our data, in concert with available 
literature, suggest abnormalities in mitochondrial content and function in PE. 

In line with this notion, we show for the first time that mitochondrial abnormalities 
in PE placentae were associated with increases in the abundance and activity of key 
glycolytic enzymes, indicating an increased relative contribution of glycolysis in PE. 
In accordance with these results, a significant increase in the glycolytic intermediate 
2-phosphoenolpyruvate was found in severe PE-complicated placentae in humans 
(35). Furthermore, increased glycolysis upon hypoxic stress, a well know stress fac-
tor in PE, has been observed in placental trophoblast cells (43). 

In line with the decreased mitochondrial content found in our PE placentae, we ob-
served decreased mRNA and protein levels of PGC-1 co-activator molecules, which 
are master regulators of mitochondrial biogenesis. Moreover, mRNA expression of 
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NRF1 and Tfam, both known to be down-stream of PGC-1 in the induction of mito-
chondrial biogenesis, was found to be decreased suggesting diminution of mitochon-
drial biogenesis in PE placentae. Although available evidence is scarce, other studies 
are in line with these results and showed that in PE placentae, where mitochondrial 
content was decreased, mRNA expression levels of PGC1-α and NRF1 were also 
decreased (44, 45). Moreover, placental tissue from a reduced uterine perfusion rat 
model also showed reductions in PGC-1α protein levels (46), suggesting that im-
paired placental perfusion may well be linked to mitochondrial adaptations in PE. 
However, in our study NRF1 and ERRα protein levels were significantly higher in 
PE placentae compared to controls suggesting a potential compensatory cellular re-
sponse to increased mitochondrial biogenesis. In this regard, although its regulatory 
pathways are clearly impacted, it remains to be established whether mitochondrial 
biogenesis is down- or upregulated in PE.

In addition to mitochondrial biogenesis, selective autophagy of mitochondria (i.e. 
mitophagy) contributes to the regulation of cellular mitochondrial content. We ob-
served higher levels of the receptor-mediated mitophagy-related proteins BNIP3 and 
BNIP3L as well as the general autophagy-related protein SQSTM1 in PE placentae 
compared to controls. Interestingly, these proteins have been shown to be upregu-
lated upon hypoxic stress in the placenta in previous studies (47, 48). In contrast, 
abundance of constituents of the Pink/Park pathway, another key regulatory pathway 
controlling (ubiquitin-mediated) mitophagy, were not affected by PE in our study 
indicating that specific mitophagy pathways may be involved in the pathogenesis of 
PE. 

Both mitochondrial biogenesis and mitophagy require mitochondrial fusion and fis-
sion events. ROS production regulates mitochondrial fission and fusion in healthy 
cells, providing a mechanism that regulates mitochondrial morphology and function, 
which is dependent on the redox state (49). Both mitochondrial fission and fusion are 
important mechanisms in the maintenance of mitochondrial health, and changes in 
these processes could therefore have a large impact on mitochondrial function (50). 
In this context, we now show increased fission-related DNM1L protein and mRNA 
transcript levels in placentae complicated with PE, while the expression of mito-
chondrial fusion genes was unaltered. Therefore, the balance between mitochondrial 
fusion and fission may be tilted towards increased mitochondrial fission in PE, which 
can contribute to aberrant mitochondrial morphology and function in PE-complicat-
ed placentae.



Chapter 3

74

3

Collectively, our data show extensive abnormalities at the level of the mitochondrion 
and the regulatory pathways controlling mitochondrial content and function in PE 
placentae. This suggests a large-scale mitochondrial dysfunction in PE placentae, 
which may well contribute to the pathogenesis of PE. Indeed, dysfunctional mito-
chondria are not only closely linked to excessive ROS formation, but also to inflam-
mation as well as apoptosis, both of which have been essentially implicated in the 
pathogenesis of PE (33, 51, 52). Indeed, levels of many apoptotic proteins as well 
as in intracellular Ca2+ are altered in PE placentae (53, 54). In agreement with this 
data, we found increased mRNA transcript levels of the BAX/BCL-2 ratio in our PE 
placentae. Moreover, it has been shown that increased expression levels of BNIP3, 
as observed in our study, led to a decreased mitochondrial membrane potential, and 
triggers cells apoptosis or autophagy by the activation of the Bax/Bak or LC‐3/Beclin 
1 signaling pathway (29). In addition to a prominent role in the control of apoptosis, 
earlier studies found activation of the NF-κB pathway and increased abundance of 
pro-inflammatory cytokines in placentae and syncytiotrophoblast, respectively, in 
women with early PE (1, 55), which is in line with the increased pro-inflammatory 
mRNA transcript levels of TNF-α found in our PE placentae.

Clinical Implications
PE is generally associated with placental oxidative stress, which is believed to play 
a key role in the pathophysiology of the disease. The underlying molecular mecha-
nisms for the excessive production of placental ROS, however, remain unclear (10). 
Considering the signs for increased oxidative stress and mitochondrial dysfunction 
found in our PE placenta, and the notion that the mitochondria are the main intracel-
lular site for cellular O2 consumption, it is feasible that mitochondria are a significant 
source for the increased production of placental ROS in PE. This may open up new 
avenues for new treatment options of PE. Illustrative of the clinical relevance of our 
findings, in a rodent model for PE (chronic placental hypoxia) administration of the 
mitochondrially targeted antioxidant MitoQ, improved foetal outcomes, including 
birth weight and developmental programming of cardiovascular diseases (17-20). 
Whether or not this therapeutic strategy has potential for the treatment of PE in 
humans, remains to be established. As observed in our study, increased placental 
mitochondrial ROS may directly damage mtDNA, inhibit mitochondrial biogenesis 
and promote mitophagy. The increased reliance on glycolysis in PE placentae may 
be a consequence of the decreased mitochondrial content and impaired functioning 
of the ETC. This shift to anaerobic respiration may be a protective response of the 
placenta to the impaired placental perfusion in PE and so sparing O2 for the growing 
foetus. Our study now provides valuable new insights into the pathophysiology of 
PE and more specifically, into how specific mitochondrial abnormalities in PE pla-
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centae may well be linked to the development of oxidative stress, inflammation and 
apoptosis thereby adding to our understanding how mitochondrially targeted thera-
peutics may be beneficial for the treatment of PE.

Research Implications
This study is the first to comprehensively characterize and assess mitochondrial 
content and the regulatory pathways controlling mitochondrial content and function 
in PE placentas. Moreover, our study may help to explain why despite the strong 
association of PE with oxidative stress, human studies using systematically acting 
antioxidants as a treatment for PE are generally unsuccessful (15), and mitochon-
drially targeted antioxidants my serve as a better therapeutic target. In addition, our 
study provides evidence that suggests that abnormalities at the level of the mitochon-
drion may well be central to key aspects of PE pathophysiology as it is currently 
well-known that besides their traditional role in energy production, mitochondria are 
known regulators of apoptosis, oxidative stress and inflammation, all of which have 
been heavily implicated in PE pathophysiology. Collectively, this opens up a new 
avenue of research into the contribution of mitochondrial dysfunction to PE patho-
physiology. More research is necessary to unravel which PE-associated factors (e.g. 
hypoxia) trigger mitochondrial abnormalities in the placenta, in which cell types this 
is apparent and to what extent this contributes to PE pathophysiology. In addition, 
whether or not mitochondrially targeted strategies have therapeutic potential in the 
treatment of PE remains to be discovered in more detail.

Strengths and Limitations
Our study is the first one that provides a detailed overview of mitochondrial abnor-
malities and the pathways controlling mitochondrial function and content in PE, 
which is considered a strength of our study. One obvious limitation, however, is 
that in our study, we used whole placental tissue homogenates so it remains to be 
established in which cell types of the placenta mitochondrial content is affected. 
Furthermore, a well-recognized difficulty is the lack of non-laboured, healthy pre-
term control placental samples, as caesarean sections are rarely performed in ob-
stetrically normal pregnancies at gestational age equivalent to those in early onset 
pre-eclampsia. Despite the mean gestational age in the PE group of 33 weeks, the 
group contains also cases of late onset PE. Due to the relative small group and the 
variation of the parameters tested in this study, it was not possible to divide the group 
into two sub groups (early and late onset PE). Based on the findings of Holland et 
al (1), the alterations in mitochondria found in our study may even be an underesti-
mation of the presence of mitochondrial abnormalities in early onset PE placentas. 
In addition, as mitophagy is a flux, changes in protein and mRNA expression levels 
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of these molecules that we assessed in our study are not per se indicative of active 
or inhibited mitophagy but rather are to be taken as indications of potential changes 
in the process of mitophagy. The same concept holds true for the process of mito-
chondrial biogenesis. Moreover, we did not directly assess mitochondrial function 
by means of respirometry, which prevents hard conclusions regarding (changes in) 
mitochondrial functionality in PE. Therefore, future studies including measurements 
of mitochondrial respiration, and assessment of actual mitophagy and mitochondrial 
biogenesis including electron microscopy and recently developed assays for mea-
suring mitophagy (56), e.g. MitoTimer, mt-Keima, and Mito-QC, would provide 
beneficial knowledge.

Conclusions
In conclusion, this study demonstrates that PE is associated with significant abnor-
malities at the level of the mitochondrion in the placenta, and that these abnormal-
ities may well be linked to the development of oxidative stress. This implies that 
mitochondrially targeted antioxidant-based intervention aimed at preventing mito-
chondrial dysfunction and excessive ROS formation may have therapeutic potential 
in pregnancy complications like PE.
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Supplementary information
Supplementary Figures

Increased inflammation and apoptosis in PE placentae
mRNA abundance of key constituents of xanthine oxidase and NADPH oxidases 
were not significantly different in PE placentae compared to controls (Supplementa-
ry Figure 1A). In addition, expression of tumor necrosis factor-α (TNF-α) was higher 
in PE placental tissue (Supplementary Figure 1B). As mitochondrial processes are 
closely linked to the coordination of apoptosis, mRNA transcript levels of pro-apop-
totic Bcl-2-associated X protein (BAX) and the anti-apoptotic B-cell lymphoma 2 
(BCL2) were measured. An increase in the pro-apoptotic BAX/BCL2 mRNA ratio 
was observed in PE placentae compared to controls (Supplementary Figure 1C). 

Supplementary Figure 1. Increased inflammation and apoptosis in PE placentae. Transcript levels 
of XO, NOX2 and NOX4 (A), TNF-α (B) and ratio of BAX/BCL2 transcript levels (C) were assessed 
in PE as well as control placentae. Data is presented as fold change compared to the control placentae 
and as mean with SEM from n= 11 (controls), n= 12 (preeclampsia). *p ≤ 0.05, ** p ≤ 0.01. XO: Xan-
thine oxidase, NOX2: NADPH oxidase 2, NOX4: NADPH oxidase 4, TNF-α: Tumor necrosis factor α, 
BAX: Pro-apoptotic Bcl-2-associated X protein and BCL: Anti-apoptotic B-cell lymphoma 2.

Expression of key constituents of mitochondrial metabolic processes in PE 
placentae.
TCA cycle-related mRNA transcript levels of CS, activity and mRNA expression 
levels of the rate-limiting enzyme of the FAO pathway (HADH) were not signifi-
cantly different in PE placentae compared to controls (Supplementary Figure 2A-C). 
Protein as well as mRNA transcript abundance of key constituents of the electron 
transport chain (nuclear-encoded OXPHOS sub-units) were not different in PE com-
pared to controls (Supplementary Figure 2D-E). 
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Supplementary Figure 2. Expression of key constituents of mitochondrial metabolic processes in 
PE placentae. mRNA transcript levels of CS (A), HADH enzyme activity (B), mRNA transcript levels 
of HADH (C) and protein levels of nuclear-encoded OXPHOS sub-units (Ndufb8, Sdhb, UQCRC2 and 
ATP5A respectively Complex I, II, III and V) (D) and mRNA transcript levels of nuclear-encoded OX-
PHOS sub-units (Ndufb, Cycl-1 and COXIV respectively Complex I, III and IV) (E) were assessed in 
PE as well as control placentae. Representative immunoblots are shown and Western blots were correct-
ed for total protein loading assessed by Ponceau S Staining with adjusted contrast equally applied to the 
whole photograph. Black boxes around the representative pictures indicate that they were cut from the 
same Western blot. Data is presented as fold change compared to the control placentae and as mean with 
SEM from n= 11 (controls), n= 12 (preeclampsia) for the mRNA experiments and n= 9 (C: controls), 
n= 8 (PE: preeclampsia) for the HADH activity assay. Ns: p > 0.05, *p ≤ 0.05. CS: Citrate synthase, 
HADH: 3-hydroxyacyl-CoA dehydrogenase, Ndufb3: NADH dehydrogenase [ubiquinone] 1 beta sub-
complex subunit 3, Sdhb: Succinate dehydrogenase [ubiquinone] iron-sulfur subunit, UQCRC2: Cyto-
chrome b-c1 complex subunit 2, ATP5A: ATP synthase F1 subunit alpha, Cyc1: Cytochrome C1, and 
COXIV: Cytochrome c oxidase subunit IV.

Increased abundance of mitochondrial fission proteins in PE placentae
Protein levels of dynamin-1-like protein (DNM1L), a key protein involved in mito-
chondrial fission, was significantly higher in PE placentae (Supplementary Figure 
3A). Furthermore, mitochondrial fission-related mRNA transcript levels of DNM1L 
were also significantly higher in PE while fission 1 (Fis-1) transcript levels were 
unaltered compared to controls (Supplementary Figure 3B). With regard to medi-
ators of mitochondrial fusion, mRNA transcript levels of mitofusin-1 and 2 (Mfn1 
and Mfn2) and mitochondrial Optic atrophy protein 1 (Opa1) were not significantly 
different in PE placentae compared to controls (Supplementary Figure 3C), indicat-
ing that specifically mitochondrial fission constituents are higher in PE placentae 
compared to controls.
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Supplementary Figure3. Increased abundance of mitochondrial fission proteins in PE placentae. 
Fission-related protein levels of DNM1L (A), fission-related mRNA transcript levels of Fis-1 and DN-
M1L (B) and fusion-related mRNA transcript levels of Mfn1, Mfn2 and Opa1 (C) were assessed in PE 
as well as control placentae. Representative immunoblots are shown and Western blots were corrected 
for total protein loading assessed by Ponceau S Staining with adjusted contrast equally applied to the 
whole photograph. Black boxes around the representative pictures indicate that they were cut from the 
same Western blot. Data is presented as fold change compared to the control placentae and as mean with 
SEM from n= 11 (controls), n= 12 (preeclampsia. *p ≤ 0.05. DNM1L: Dynamin-1-like protein, Fis-1: 
Fission 1 protein, Mfn1: Mitofusin-1, Mfn2: Mitofusin-2 and Opa1: Optic atrophy protein 1.
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Supplementary Tables

Supplementary Table 1. Primers used for qPCR

Cat1: Catalase-1, XO: Xanthine oxidase, NOX2: NADPH oxidase 2, NOX4: NADPH oxidase 4, SOD1: Super-
oxide dismutase 1, MnSOD2: Manganese-dependent superoxide dismutase, TNF-α: Tumornecrosefactor α, BAX: 
Pro-apoptotic Bcl-2-associated X protein,  BCL: Anti-apoptotic B-cell lymphoma 2, RPL13A: Ribosomal Protein 
L13a, COXII: Cytochrome c oxidase subunit II, CS: Citrate synthase, HADH: 3-hydroxyacyl-CoA dehydrogenase, 
HKII: Hexokinase, GLUT1: Glucose transporter 1, Cyc1: Cytochrome C1, COXIV: Cytochrome c oxidase subunit 
IV, PGC-1α: Peroxisome proliferator-activated receptor gamma coactivator 1-alpha, PGC-1β: Peroxisome prolifer-
ator-activated receptor gamma coactivator 1-beta, NRF1: Nuclear respiratory factor 1, ERRα: Estrogen-related re-
ceptor alpha, Tfam: Transcription factor A, PPARα: Peroxisome proliferator-activated receptor alpha, PPARδ: Per-
oxisome proliferator-activated receptor delta, SQSTM1: Sequestosome 1, PINK1: PTEN-induced kinase 1, PARK2: 
Parkin, FUNDC1: FUN14 domain containing 1, BNIP3: BCL2/adenovirus E1B 19 kDa protein-interacting protein 
3, BNIP3L: BCL2/adenovirus E1B 19 kDa protein-interacting protein 3-like and OPTN: Optineurin, GABARAPL1: 
GABA Type A Receptor Associated Protein Like 1, LC3A: Microtubule-associated protein 1 light chain 3 alpha, 
LC3B: Microtubule-associated protein 1 light chain 3 beta, Fis-1: Fission 1 protein, DNM1L: Dynamin-related 
protein 1, Mfn1: Mitofusin-1, Mfn2: Mitofusin-2, Opa1: optic atrophy protein 1 and Ndufb3: NADH oxidoreductase 
subunit B3.
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Supplementary Table 2. Antibodies used for western blot

HKII: Hexokinase II, OXPHOS: Oxidative phosphorylation, antibody cocktail (containing NADH: Ubiquinone ox-
idoreductase subunit B8 (NDUFB8), Succinate dehydrogenase complex, subunit B (SDHB), ubiquinol cytochrome c 
reductase core protein 2 (UQCRC2), Mitochondrially encoded cytochrome c oxidase I (mt-COI), ATP synthase, H+ 
transporting, mitochondrial F1 complex, alpha (ATP5A)), PGC-1α: Proliferative activated receptor gamma, coact-
ivator 1 alpha, NRF1: Nuclear respiratory factor 1, ERRα: Estrogen Related Receptor alpha, Tfam: Mitochondrial 
transcription factor A, SQSTM1: Sequestosome 1, PINK1: PTEN-induced kinase 1, PARK2: Parkin, FUNDC1: 
FUN14 domain-containing protein 1, BNIP3: BCL2/Adenovirus E1B 19 kDa protein-interacting protein 3, GABAR-
APL1: γ-aminobutiric acid receptor-associated protein-like 1, LC3B: Microtubule associated protein 1A/1B-light 
chain 3 beta and DNM1L: Dynamin 1 Like.
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Abstract
Introduction
Impaired utero-placental perfusion is a well-known feature of early preeclampsia and 
is associated with placental hypoxia and oxidative stress. Although aberrations at the 
level of the mitochondrion have been implicated in PE pathophysiology, whether or 
not hypoxia-induced mitochondrial abnormalities contribute to placental oxidative 
stress is unknown.

Methods
We explored whether abnormalities in mitochondrial metabolism contribute to hy-
poxia-induced placental oxidative stress by using both healthy term placentae as 
well as a trophoblast cell line (BeWo cells) exposed to hypoxia. Furthermore, we 
explored the therapeutic potential of the antioxidants MitoQ and quercetin in pre-
venting hypoxia-induced placental oxidative stress.

Results
Placental hypoxia was associated with increased oxidative stress, inflammation, and 
apoptosis. Moreover, experiments with MitoQ revealed that hypoxia-induced reac-
tive oxygen species originated from the mitochondria in the trophoblasts. Also, in 
both placental explants as well as BeWo cells, hypoxia resulted in reductions in 
mitochondrial content, decreased abundance of key molecules involved in the elec-
tron transport chain and increased expression and activity of glycolytic enzymes. 
Furthermore, expression levels of key regulators of mitochondrial biogenesis were 
decreased while the abundance of constituents of the mitophagy, autophagy and mi-
tochondrial fission machinery was increased in response to hypoxia.  

Conclusion
This study is the first to demonstrate that placental hypoxia is associated with mito-
chondrial-generated reactive oxygen species and significant alterations in the molec-
ular pathways controlling mitochondrial content and function. Furthermore, our data 
indicate that targeting mitochondrial oxidative stress may have therapeutic benefit in 
the management of pathologies related to placental hypoxia.
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Introduction
Preeclampsia (PE) is a progressive multisystem pregnancy disorder that affects 2% 
to 8% of all pregnancies (1). PE is mainly characterized by new onset of hyperten-
sion and proteinuria, caused by placental dysfunction. Although systemic patholog-
ical changes usually resolve following delivery of the placenta, it still predisposes 
mothers to cardiovascular, renal, and chorionic hypertensive disease in later life (1, 
2). Currently, there is no treatment and management of PE predominantly involves 
stabilization of the mother and fetus with timely delivery to prevent deterioration 
of the condition and subsequently limit morbidity and mortality as a result of the 
disorder (2).

Although the pathogenesis of PE remains poorly understood, the current paradigm 
revolves around oxidative stress in the trophoblast, the cell type that forms the epi-
thelial lining of the placental villi that are in direct contact with the maternal blood 
(3, 4). Oxidative stress has been shown to induce apoptosis in trophoblasts, accel-
erate trophoblast turn-over and promote excessive release of placental cytotoxic 
factors including e.g. pro-inflammatory cytokines and vasoactive compounds in the 
maternal circulatory system (5). These cytotoxic factors subsequently drive PE-like 
symptoms including endothelial dysfunction, systemic hypertension and end-organ 
hypo-perfusion (5, 6). Different stressors can lead to perturbation of placental endo-
crine actions of which the predominant one in PE is utero-placental malperfusion 
secondary to abnormal remodeling of the uterine spiral arteries (7, 8).

Disturbed delivery of blood, causing local hypoxia, is known to cause damage to 
the mitochondrial electron transport chain (ETC) which, as the ETC is the main site 
for intracellular oxygen consumption in the cell, can lead to increased production of 
reactive oxygen species (ROS) (2, 5). Interestingly, recent evidence suggests abnor-
malities at the level of the mitochondrion in PE-complicated placentae (9). However, 
whether or not hypoxia triggers these abnormalities and if this is linked to the devel-
opment of oxidative stress in the placenta remains unclear.

Key mechanisms controlling mitochondrial function and content include biogenesis 
of new organelles (mitochondrial biogenesis), selective autophagy-mediated deg-
radation of mitochondria (mitophagy) as well as mitochondrial fusion and fission 
events (10, 11). Mitochondrial biogenesis is essentially controlled by the peroxisome 
proliferator-activated receptor (PPAR) gamma coactivator 1 (PGC-1) molecules 
that co-activate different nuclear proteins with transcriptional activity such as es-
trogen-related receptors (ERRs), PPARs, and nuclear respiratory factor 1/2α (NRF-
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1/2α), and mitochondrial transcription factor A (Tfam). These proteins collectively 
drive the expression of mitochondrial proteins and replication of mitochondrial DNA 
(mtDNA) (12). Mitophagy can be divided in receptor-mediated and ubiquitin-medi-
ated mitophagy. During receptor-mediated mitophagy, mitochondrial-based receptor 
proteins e.g. FUND14 domain containing 1 (FUNDC1), BCL2/adenovirus E1B 19 
kDa protein interacting protein 3 (BNIP3) or BNIP3 like (BNIP3L), are activated. 
Subsequently, these activated receptor proteins recruit and bind a mammalian homo-
logue of yeast autophagy-related protein 8, including microtubule-associated protein 
1 light chain 3 beta (LC3B) and gamma-aminobutyric acid type A receptor associated 
protein like 1 (GABARAPL1) and so predestines the organelle for authophagic deg-
radation. The ubiquitin-mediated mitophagy pathway is initiated by accumulation of 
PTEN induced putative kinase 1 (PINK1) on the mitochondrial membrane, where 
they recruit E3 ubiquitin-protein ligase Parkin (PARK2) and/or several autophagy 
receptors (e.g. optineurin (OPTN)). When activated, PARK2 is able to ubiquitinate 
several different mitochondrial substrates, including mitofusin 1 (Mfn1) and Mfn2, 
which in turn recruit the LIR-containing autophagy adaptor protein sequestome-1 
(SQSTM1) and LC3B resulting in degradation of the organelle.

Unravelling the relationship between hypoxia, the regulatory pathways controlling 
mitochondrial content and function, and oxidative stress in the trophoblast will en-
hance our insight into the complex pathogenesis of PE and may pave the way for 
new treatment modalities. Therefore, in this study, we exposed placental villous ex-
plants from non-complicated pregnancies as well as a trophoblast cell line (BeWo 
cells) to hypoxia and comprehensively assessed multiple indices of mitochondrial 
health, cellular oxidative stress, and antioxidant systems. Parameters related to (the 
molecular regulation of) mitochondrial health included assessment of transcript and 
protein abundance as well as activity levels of constituents of mitochondrial meta-
bolic pathways and key regulators of mitochondrial biogenesis, mitophagy, and the 
mitochondrial fusion and fission machinery. In addition, the potential of the flavo-
noid quercetin (13) as well as the mitochondrial-targeted antioxidant MitoQ to limit 
oxidative stress in BeWo cells was investigated.
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Materials and methods
Clinical subject characteristics
Human term (>38 weeks gestational age) placentae were collected from caesare-
an deliveries performed by the Department of Obstetrics and Gynaecology at the 
Maastricht University medical Center+. For this study, three placentae were used. 
Exclusion criteria were hypertension (pre-existing or onset during pregnancy) and/
or proteinuria as defined by the International Society for the study of Hypertension 
in Pregnancy (ISSHP). Approval was obtained from the Medical Ethics Commit-
tee Maastricht University Medical Center+ and all procedures on placentae were 
performed in accordance with the guidelines for experiments on human material 
(Maastricht University Medical Center+, Maastricht, the Netherlands, No. 16-4-
047). Oral informed consent was obtained from participants prior to the inclusion 
of the placenta.

Villous explant isolation 
As described earlier by Vangrieken et al. (14), three placental villous explants from 
non-complicated caesarean deliveries were processed directly after delivery. Villous 
explants were collected from the central region of the placentae at the maternal side. 
The basal plate of the specimens was removed and the remaining tissue was rinsed 
in a HEPES solution (NaCl 143.3 mM, KCl 4.7 mM, MgSO4 1.2 mM, KH2PO4 
1.2 mM, CaCl2 2.5 mM, glucose 5.5 mM, and HEPES 15 mM). Subsequently, per 
placenta, two villous explants of 30 g were collected and transferred into a 200 ml 
pre-warmed (37 °C) HEPES buffer, kept in a warm water bath (37 °C) and aerated 
under a standard culture condition (21% O2) or a hypoxic condition (1% O2) for 3 h. 
Tissue was collected and snap-frozen in liquid nitrogen, crushed by a mortar while 
frozen and stored at -80 ºC until use. 

Cell culture
BeWo cells, a trophoblast cell line (ECACC, Porton Down, Salisbury, UK, No 
86082803) were cultured according to the manufacture’s protocol. Briefly, BeWo 
cells were cultured in Ham's F12 (Kaighn’s) growth medium (Glutamine 2 mM and 
D-Glucose 7 mM, GIBCO, Carlsbad, CA, USA) enriched with 10% (vol/vol) foetal 
bovine serum (FBS) (SIGMA, St. Louis, MO, USA) and antibiotics (50 U/ml pen-
icillin and 50 μg/ml streptomycin; both from GIBCO). Cells were routinely main-
tained in 175-cm2 falcon flasks at pH 7.4 under 5% CO2 and 95% humidity at 37 °C 
and passaged when reaching confluency of 70-80%. For enzyme activity assays and 
RNA/DNA isolation, 24 h after cell seeding in 6-wells plates (3x105 cells/well in 2 
ml growth medium), cells were cultured for 24 h under a normoxic (control) condi-
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tion (21% O2, /5% CO2) +/- quercetin (3 μM, Sigma, St. Louis, MO, USA) or MitoQ 
(mitoquinone mesylate) (1, 4 or 8 μM, MedChemExpress, New Jersey, USA) or a 
hypoxic condition (1% O2 /5% CO2) +/- quercetin (3 μM) or MitoQ (1, 4 or 8 μM). 
For detection of intracellular ROS levels, 72 h after cell seeding, cells were cultured 
for 24 h in black and clear bottom-96-wells plates (Costar/sigma Aldrich) (1.5x104 
cells/well in 200 μl growth medium) under a normoxic (control) condition (21% O2, 
/5% CO2) +/- quercetin (3 μM) or MitoQ (1, 4 or 8 μM), or a hypoxic condition (1% 
O2 /5% CO2) +/- quercetin (3 μM), MitoQ (1, 4 or 8 μM) or H2O2 (100 μl, positive 
control).

Villous explant and BeWo viability
Lactate dehydrogenase (LDH) activity, as an indicator of cell/tissue viability was 
measured in supernatant of both the cultured villous explants isolated from all 3 
placentae and BeWo cells of the standard culture and the hypoxic condition using 
the cytotoxicity detection kit (Cat. No.11644793001, Roche, Mannheim, Germany). 

Preparation of the lysates
Approximately 40 mg of powdered placental tissue was homogenized for 10 sec at 
maximal speed with a hand-held PRO Scientific Bio-Gen PRO200 homogenizer in 
800 μl KPE lysis buffer (13 mM KH2PO4, 68 mM K2HPO4, 9 mM EDTA, and 1% 
Triton X-100) for antioxidant enzyme activity assays or in 800 μl SET buffer (250 
mM sucrose, 2 mM EDTA, 10 mM Tris, pH 7.4) for metabolic enzyme activity as-
says. For the generation of BeWo lysates, cells were washed twice with pre-cooled 
1X Hank’s balanced salt solution (HBSS), incubated for 15 min on ice in 500 μl KPE 
lysis buffer or in 100 μl SET buffer and collected using a rubber policeman. Subse-
quently, samples were homogenized for 10 sec at maximal speed with a handheld 
PRO Scientific Bio-Gen PRO200 homogenizer. KPE homogenates were centrifuged 
at 20,000 x g for 10 min at 4 ºC. Subsequently, lysates (300 μl) were stored at -80 ºC 
for the assessment of Trolox Equivalent Antioxidant Capacity (TEAC). The remain-
ing lysate was mixed with 2.6% bovine serum albumin (BSA) (1:1) and stored at -80 
ºC for the determination of glutathione disulfide/glutathione (GSSG/GSH) levels. 
SET homogenates were snap-frozen in liquid nitrogen, defrosted, incubated on ice 
for 30 min and subsequently centrifuged at 20,000 x g for 2 min at 4 ºC. 5% BSA was 
added to the lysate (1:4) and stored at -80 ºC for the assessment of the citrate syn-
thase (CS), β-hydroxyacyl-CoA dehydrogenase (HADH) and phosphofructokinase 
(PFK) activity. For DNA and RNA isolation, BeWo cells were washed twice with 
pre-cooled 1X HBSS, incubated for 15 min on ice in 500 μl Trizol reagent and fur-
ther processed according to the manufacturer’s protocol (Catalog Number 15596026 
and 15596018, Invitrogen™, USA). For generation of whole cell lysates (for western 
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blot analysis), BeWo cells were washed twice with pre-cooled 1X HBSS, incubated 
for 30 min on ice in 100 μl IP lysis buffer (50 mM Tris, 150 mM NaCl, 10% glycer-
ol, 0.5% Nonidet P40, 1 mM EDTA, 1 mM Na3VO4, 5 mM NaF, 10 mM β-glycer-
ophasphate, 1 mM Na4O7P2, 1 mM DTT, 10 μg/μl leupeptin, 1% apropeptin, 1 mM 
PMSF, pH 7.4) and collected using a rubber policeman. Subsequently, samples were 
homogenized for 20 sec at maximal speed using the homogenizer. Lysates were in-
cubated for 30 min on ice and centrifuged at 20,000 x g for 30 min at 4 ºC. Lysates  
were aliquoted (1 μg/μl) in Laemmli buffer (0.25 M Tris-HCl, 8% (w/v) SDS, 40% 
(v/v) glycerol, 0.4 M DTT, 0.04% (w/v) Bromphenol Blue, pH 6.8) and boiled for 
5 min at 95 °C. Protein concentrations of whole cell lysates and enzyme activity 
lysates were determined using the PierceTM BCA Protein Assay kit according to the 
manufacturer’s protocol (Pierce Chemical Co., Rockford, IL).

Citrate synthase (CS) activity
As previously described (CS; EC 2.3.3.1) (15), a reaction mix was set up in 96 well 
plates in duplicate containing 5 μl undiluted sample, 200 μl reagent containing Tris 
(100 mM), DNTB (0.1 mM) and acetyl-coenzym A (0.3 mM). The reaction was 
started with 5 μl start reagent containing oxaloacetic acid (25 mM). Enzyme activity 
was monitored at 412 nm (37 °C) and corrected for total protein concentration. 

β-hydroxyacyl-CoA dehydrogenase (HADH) activity
As previously described (HADH; EC 1.1.1.35) (16), a reaction mix was set up in 
a 96 well plate in duplicate containing 10 μl undiluted sample, 100 μl reagent con-
taining NADH (1.1 mM), tetrapotassium pyrophosphate (100 mM). The reaction 
was started with 10 μl acetyl-coenzym A (2.4 mM). Enzyme activity was kinetical-
ly-monitored at 340 nm (37 °C) and corrected for total protein concentration.

Phosphofructokinase (PFK) activity
A reaction mix was set up in a 96 well plate in duplicate containing 20 μl undiluted 
sample, 100 μl reagent containing Tris Base (49.6 mM), MgCl2.6H2O (7.4 mM), KCl 
(3.2 mM), KCN (384.6 μM), ATP (3.0 mM), DTT (1.5 mM), NADH (0.3 mM), aldo-
lase (0.019 U), glycerol-3-phosphate dehydrogenase (0.019 U) and triose phosphate, 
isomerase (0.019 U), pH 8.0. The reaction was started with fructose-6-phosphate 
(35.9 mM) in Tris buffer (49.6 mM), pH 8.0. Enzyme activity was monitored at 340 
nm (37 °C) and corrected for total protein concentration.

Quantitative real-time PCR
cDNA was synthesized from 400 ng RNA using the iScriptTM cDNA synthesis kit 
(Bio-Rad, Laboratories, Hercules, CA, USA) according to the manufacturer’s proto-
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col. 4.4 μl of 1:50 diluted cDNA was used for quantitative PCR amplification using 
target-specific primers (Supplementary Table 1) and 2X SensimixTM SYBER® & 
Fluorescein mix (Bioline, Alphen aan de Rijn, the Netherlands) on a LightCycler480 
384-wells PCR machine (Roche, Almere, the Netherlands). Specificity of PCR am-
plification was checked by melt curve analysis. Expression levels of genes of interest 
were corrected using normalization factor calculated based on the expression of 2 
different housekeeping genes (Cyclophilin A and RPL13A), which were found to be 
most stable from a selection of 3 genes by using the GeNorm software (Primerde-
sign, Southamton, USA). The list of primers can be found in Supplementary Table 1. 

Mitochondrial DNA (mtDNA) copy number
An amount of 4.4 μl of 1:25 diluted DNA was used for qPCR as described above, 
using mitochondrial DNA (mtDNA, Cytochrome c oxidase subunit II (COXII)) and 
genomic DNA (gDNA, Ribosomal Protein L13a (RPL13A)) – specific primers (Sup-
plementary Table 1). mtDNA/gDNA ratio was determined by dividing the relative 
quantity of mtDNA by the relative quantity of gDNA.

Western Blotting
As described earlier by Leermakers et al. (17), 10 µg of protein was run through a 
Criterion XT 4-12 or 12% Bis-Tris gel (Bio-Rad, Veenendaal, the Netherlands) in 
1x MES running buffer (Bio-Rad, Veenendaal, the Netherlands) at 100 volts, and 
was subsequently blotted on a Nitrocellulose membrane (Bio-Rad Laboratories 
B.V., Veenendaal, the Netherlands) by electroblotting. At least two protein ladders 
were loaded on each gel (Precision Plus Protein™ All Blue Standards #161-0373, 
Bio-Rad Laboratories, Veenendaal, the Netherlands). Membranes were stained with 
0.2% PonceauS in 1% acetic acid (Sigma-Aldrich, Zwijndrecht, the Netherlands) 
for 5 min, washed with milliQ and imaged using the Amersham™ Imager 600 (GE 
Healthcare, Eindhoven, the Netherlands) to quantify total protein content as correc-
tion for gel-loading. Membranes were blocked for 1 h with Tween20 Tris-buffered 
saline (TBST; 20 mM Tris, 137 mM NaCl, 0.1% (vol/vol) Tween20, pH 7.6) contain-
ing 3% (w/v) non-fat dry milk (Campina, Eindhoven, the Netherlands), washed, and 
incubated overnight at 4 °C with a target-specific primary antibody (Supplementary 
Table 2) diluted 1:1,000-1:10,000 in TBST with 3% (w/v) BSA or non-fat dry milk 
at 4 °C. Subsequently, membranes were washed and incubated with a HRP-conju-
gated secondary antibody (#BA-9200, #BA-1000, Vector Laboratories, Amsterdam, 
the Netherlands), diluted 1:10,000 in 3% (w/v) non-fat dry milk in TBST for 1 h at 
room temperature.  Membranes were then washed, incubated for 5 min with 0.5x 
SuperSignal West PICO or 0.25x West Femto Chemiluminescent Substrate (Thermo 
Scientific, Landsmeer, the Netherlands) and imaged using the Amersham™ Imag-
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er 600. Original unaltered images were quantified with Image Quant software (GE 
Healthcare, Eindhoven, the Netherlands). Measured protein quantity was corrected 
for total protein content. Images included in the figures of this manuscript have been 
adjusted for brightness and contrast equally throughout the picture.

Glutathione disulfide/glutathione (GSSG/GSH) levels 
GSH (0.1-10 μM) and GSSG (0.1-5 μM) standards were prepared in KPE buffer and 
1.3% 5-sulfosalicylic acid. GSSG standards and samples were diluted 1:10 with neat 
2-vinylpyridine, incubated and mixed for 1 h to form a stable complex with GSH, 
preventing it from participating in the enzymatic recycling reaction with glutathi-
one reductase. Reactions were set up in a 96 well plate and 50 μl of the sample was 
loaded in duplicate. Reactions were initiated by adding 100 μl 0.8 mM NADPH/0.6 
mM DTNB 1:1 and 4 U/ml GSSG reductase to the samples. Color development of 
the samples and standards was recorded kinetically for 3 min in 9 reads at 412 nM 
resulting in GSH + GSSG and GSH slope values. Activity was corrected for protein 
content of the samples and expressed in nM/mg protein/min.

Trolox Equivalent Antioxidant Capacity (TEAC)
First, a 5 mM 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) solu-
tion was prepared in 145 mM sodium phosphate buffer (pH 7.4). Then, an ABTS•− 

solution was prepared by adding 10 μl 1/100 horseradish peroxidase (HRP) and 10 μl 
of 2 mM H2O2 solution and diluted in an ABTS solution to a final absorbance of 0.70 
± 0.02 at 734 nm at 37 ºC. Deproteinization of the samples was performed by add-
ing 10% trichloroacetic acid (TCA) (1:1) to the samples. For measuring antioxidant 
capacity, 50 μl of the lysate was mixed with 950 μl ABTS•− solution at 37 ºC for 5 
min and absorbance was measured at 734 nm and compared to the absorbance of an 
ABTS•− solution without sample. Absorbance was corrected for total protein content.

Intracellular ROS levels
Intracellular ROS levels were quantified using the 2’,7’-dichlorodihydrofluorescein 
diacetate (DCFH-DA)-assay. 72 h after cell seeding, cells were washed twice with 
150 μl HBSS, incubated for 1 h with 100 μl H2DCFH-DA (50 μM) and washed 
twice again with 150 μl HBSS. After 24 h culture under the different conditions in 
duplicate as described above, DCF was measured at λ excitation= 485 nm and λ 
emission= 525 nm and corrected for total protein content.
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Statistical analysis
Data are depicted as bar graphs indicating the mean and SEM as fold change com-
pared to the control. For each comparison, the D’agrostino and Pearson omnibus 
normality test was used to test normality and subsequently either an unpaired t-test 
or Mann Whitney test was used accordingly (GraphPad Software, La Jolla California 
USA). A p-value <0.05 was considered as significantly different from the control 
group and was presented as follows: Ns: p >0.05, *p ≤0.05, **p ≤0.01, ***p ≤0.001. 
For each assay, three independent experiments were performed in which each exper-
imental condition contained 3-12 biological replicates. For subsequent data analysis, 
replicates were expressed as fold change compared to the control and were subse-
quently pooled. 
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Results
Villous explant and BeWo viability
No significant differences (p= 0.4610) were found for LDH activity between the 
control- and hypoxic-conditioned villous explant medium indicating that viability 
of the placental villous explants was comparable between the two conditions after 
3 h of incubation. Furthermore, when BeWo cells were cultured for 6 h, 24 h and 
48 h under a normoxic or hypoxic condition, only at 48 h a significant increase  (p= 
0.004) in LDH activity was observed in cell supernatant of BeWo cells exposed to 
hypoxia compared to the control condition (data not shown).

Increased oxidative stress levels in placental villous explants and 
BeWo cells upon hypoxia
We first determined the impact of hypoxia (1% O2) on oxidative stress levels and 
known cellular antioxidant defense systems in placental villous explants as well as 
in cultured BeWo cells. As depicted in Figure 1, both the glutathione disulfide/glu-
tathione (GSSG/GSH) ratio as well as the trolox equivalent antioxidant capacity 
(TEAC) increased significantly in both placental villous explants and BeWo cells 
exposed to hypoxia (3 h and 24 h respectively). Also, although placental villous ex-
plants exposed to hypoxia did not show alterations in mRNA abundance of known 
antioxidant enzymes, in BeWo cells exposed to hypoxia mRNA transcript levels of 
catalase 1 (Cat1) and mitochondrial manganese-dependent superoxide dismutase 2 
(MnSOD2) significantly increased while transcript levels of superoxide dismutase 1 
(SOD1) significantly decreased. (Figure 1A-F).

As mitochondria are the main site for cellular oxygen consumption and the main 
source of cellular ROS production, we next investigated whether or not hypoxia-in-
duced changes in ROS levels and antioxidant status originated from the mitochon-
dria. Therefore, we used the mitochondrial-targeted antioxidant MitoQ in cultured 
BeWo cells during exposure to hypoxia. Intracellular ROS levels, as well as ox-
idized glutathione levels increased more than two-fold in BeWo cells exposed to 
hypoxia compared to normoxia-exposed BeWo cells, and MitoQ normalized both 
hypoxia-induced increases in intracellular ROS formation and oxidized glutathione 
levels in BeWo cells in a concentration-dependent manner (Fig 1G-H). In addition, 
as shown in Supplementary Figure 1, the antioxidant quercetin, did not reduce hy-
poxia-induced intracellular ROS formation. However, interestingly, the combination 
of the lowest concentration of MitoQ (1 μM) and quercetin (3 μM) significantly 
decreased hypoxia-induced intracellular ROS production and levels of oxidized glu-
tathione to levels similar as in the normoxia-exposed BeWo cells.
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Figure 1. Increased oxidative stress levels in placentae and trophoblasts upon hypoxia. GSSG/
GSH ratio (A), TEAC (B) and transcript levels of CAT1, SOD1, XO and MnSOD2 (C) assessed in 
placental villous explants exposed to normoxia (control) or hypoxia for 3 h (n= 3) and GSSG/GSH ratio 
(D), TEAC (E) and transcript levels of CAT1, SOD1, XO and MnSOD2 (F) assessed in trophoblasts 
exposed to hypoxia or normoxia (control) for 24h. Intracellular ROS levels using DCFH-DA (G) and 
GSSG/GSH ratio (H) were assessed in trophoblasts exposed to normoxia (control), hypoxia or hypoxia 
+ MitoQ (1, 4 or 8 μM) (DCFH-DA-assay: n= 6-12/experimental condition (n= 3 experiments), GSSG/
GSH-assay: n= 2-6 experimental condition (n= 3 experiments)). Data are presented as fold change 
compared to the control and as mean with SEM. *p ≤ 0.05, **p ≤ 0.01 and ***p ≤ 0.001. GSSG: Ox-
idized glutathione, GSH: Reduced glutathione, TEAC: Trolox equivalent antioxidant capacity, Cat1: 
Catalase-1, SOD1: Superoxide dismutase 1, XO: Xanthine oxidase, MnSOD2: Manganese-dependent 
superoxide dismutase and DCFH-DA: 2’,7’-Dichlorodihydrofluorescein diacetate.

In addition to these indicators of oxidative stress, mRNA transcript levels of tumor 
necrosis factor alpha (TNF-α), interleukin 6 (IL-6) and interleukin 8 (IL-8) as well as 
the pro-apoptotic mRNA transcript ratio of Bcl-2associated X protein / anti-apoptot-
ic B-cell lymphoma 2 (BAX/BCL-2) were all significantly increased in BeWo cells 
in response to 24 h of hypoxia but were unaltered in placental villous explants after 
a 3 h exposure to hypoxia (Supplementary Figure 2A-D).
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Hypoxia-induced decrease in mitochondrial content in placental 
villous explants and BeWo cells 
Having established that hypoxia exposure, in BeWo cells, results in mitochondrial 
ROS production and considering the fact that ROS can damage mtDNA (18), we next 
assessed indices of mitochondrial content in placental villous explants as well as in 
cultured BeWo cells exposed to hypoxia. As shown in Figure 2, hypoxia-induced a 
profound reduction in mitochondrial content in both placental villous explants as 
well as in cultured BeWo cells. This was evidenced by a reduction in mtDNA copy 
number and a decrease in the enzyme activity of citrate synthase (CS) (Figure 2A-
D), two well-described indicators of mitochondrial content (19). Moreover, the com-
bination MitoQ and quercetin, in concentrations that completely normalized hypox-
ia-induced ROS formation and oxidized glutathione levels (Supplementary Figure 
1A-B), ameliorated hypoxia-induced reductions in mtDNA copy number in BeWo 
cells (Figure 2E).

Figure 2. Lower mitochondrial content in placental villous explants and trophoblasts upon hy-
poxia. mtDNA copy number (A) and CS activity (B) assessed in placental villous explants exposed to 
hypoxia or normoxia (control) for 3 h (n= 3 in duplicate) and mtDNA copy number (C) and CS activity 
(D) assessed in trophoblasts exposed to normoxia (control) or hypoxia for 24 h. mtDNA copy number 
(E) was assessed in trophoblasts exposed to normoxia (control), hypoxia, hypoxia + MitoQ (1, 4 or 8 
μM), quercetin (3 μM) or MitoQ (1 μM) + quercetin (3 μM) for 24 h (n= 3-6/experimental condition 
(n= 3 experiments)). Data are presented as fold change compared to the control and as mean with SEM. 
*p ≤ 0.05, **p ≤ 0.01 and ***p ≤ 0.001. mtDNA: Mitochondrial DNA and CS: Citrate synthase.
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Increased abundance and activity of glycolytic constituents in 
placental cells in response to hypoxia 
Next, we investigated whether the decrease in mitochondrial content observed in 
placental villous explants and in BeWo cells exposed to hypoxia was associated with 
changes in (mitochondrial- and non-mitochondrial) metabolic processes. Therefore, 
we assessed the abundance and activity levels of key constituents of the ETC, fat-
ty acid-β oxidation (FAO) and glycolysis. mRNA abundance as well as enzymatic 
activity of β-hydroxyacyl-CoA dehydrogenase (HADH), a key enzyme involved in 
mitochondrial FAO, were unaltered in response to hypoxia in both placental villous 
explants as well as in BeWo cells (Supplementary Figure 3A-D). Interestingly, while 
in placental villous explants exposed to hypoxia for 3 h transcript and protein abun-
dance of both nuclear- or mitochondrial-encoded sub-units of ETC complexes were 
unaltered (Supplementary Figure 4A-C), protein levels of ubiquinol cytochrome c 
reductase core protein 2 (UQCRC2, complex III) as well as mRNA transcript levels 
of all investigated sub-units, including mitochondrial-encoded COXII, were signifi-
cantly decreased in BeWo cells after 24 h exposure to hypoxia (Supplementary Fig-
ure 4D-F).

When assessing activity levels of phosphofructokinase (PFK), a key enzyme in-
volved in glycolysis, we observed that hypoxia resulted in a significant increase in 
PFK activity in both placental villous explants as well as in BeWo cells. Moreover, 
in BeWo cells, but not placental villous explants, this was associated with a signifi-
cant increase in protein and mRNA transcript levels of hexokinase II (HKII) as well 
as transcript levels of the glucose transporter 1 (GLUT1) (Figure 3A-F).

Figure 3. Increased expression and activity of key glycolytic enzymes in placentae and tropho-
blasts upon hypoxia. PFK enzyme activity (A), HKII protein level (B), mRNA expression levels of 
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HKII and Glut-1 (C), assessed in placental villous explants exposed to normoxia (control) or hypoxia 
for 3 h (n= 3 in duplicate (PFK assay) or (n= 3 (protein and mRNA)) and PFK enzyme activity (D), 
HKII protein level (E), mRNA expression levels of HKII and Glut-1 (F), assessed in trophoblasts ex-
posed to normoxia (control) or hypoxia for 24 h (n= 3-6/experimental condition (n= 3 experiments)). 
Representative immunoblots are shown and Western blots were corrected for total protein loading as-
sessed by Ponceau S Staining with adjusted contrast equally applied to the whole photograph. Black 
boxes around the representative pictures indicate that they were cut from the same Western blot. Data 
are presented as fold change compared to the control and as mean with SEM. *p ≤ 0.05 and ***p ≤ 
0.001. PFK: Phosphofructokinase, HKII: Hexokinase and GLUT1: Glucose transporter 1.

Alterations in the molecular regulation of mitochondrial biogen-
esis in BeWo cells upon hypoxia
Considering the reductions in mitochondrial content in placental cells upon ex-
posure to hypoxia, we next explored whether hypoxia affected the molecu-
lar regulation of mitochondrial biogenesis by the PGC-1 signaling network. As 
shown in Figure 4, while no differences were observed in the abundance of key 
regulators of mitochondrial biogenesis in placental villous explants exposed 
to hypoxia for 3h (Figure 4A-B), protein levels of Tfam and ERRα were sig-
nificantly decreased in response to 24 h of hypoxia in BeWo cells. Furthermore, 
mRNA transcript levels of PGC-1β, NRF2α, Tfam, and ERRα were significant-
ly decreased in BeWo cells upon 24 h of exposure to hypoxia (Figure 4C-D).

Figure 4. Alterations in the molecular regulation of mitochondrial biogenesis in trophoblasts 
upon hypoxia. Protein levels of PGC-1α, NRF1, Tfam and ERRα (A) and mRNA transcript levels of 
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PGC-1α, PGC-1β, NRF1, NRF2α, Tfam, ERRα, PPARα and PPARδ (B) assessed in placental villous 
explants exposed to normoxia (control) or hypoxia for 3 h (n= 3) and protein levels of PGC-1α, NRF1, 
Tfam and ERRα (C) and mRNA transcript levels of PGC-1α, PGC-1β, NRF1, NRF2α, Tfam, ERRα, 
PPARα and PPARδ (D) assessed in trophoblasts exposed to normoxia (control) or hypoxia for 24h (n= 
3-6/experimental condition (n= 3 experiments)). Representative immunoblots are shown and Western 
blots were corrected for total protein loading assessed by Ponceau S Staining with adjusted contrast 
equally applied to the whole photograph. Black boxes around the representative pictures indicate that 
they were cut from the same Western blot. Data are presented as fold change compared to the control 
and as mean with SEM. *p ≤ 0.05 and ***p ≤ 0.001. PGC-1α: Peroxisome proliferator-activated recep-
tor gamma coactivator 1-alpha, NRF1: Nuclear respiratory factor 1, Tfam: Mitochondrial transcription 
factor A, ERRα: Estrogen-related receptor alpha, PGC-1β: Peroxisome proliferator-activated receptor 
gamma coactivator 1-beta, NRF2α: Nuclear respiratory factor 2 alpha, PPARα: Peroxisome prolifera-
tor-activated receptor alpha and PPARδ: Peroxisome proliferator-activated receptor delta.

Expression of key constituents of the mitophagy machinery is 
altered in BeWo cells upon hypoxia
As mitochondrial content is determined by the balance between mitochondrial bio-
genesis and breakdown through mitophagy (e.g. mitochondrial-specific autophagy), 
we next assessed the impact of hypoxia on key constituents of the mitophagy ma-
chinery in placental villous explants and BeWo cells. As mitophagy requires several 
general autophagy-related proteins for generating the autophagosomal membrane 
and priming the autophagosome to the mitochondria, these proteins were studied as 
well.

All investigated constituents of the autophagy- (Supplementary Figure 5A-B) and 
mitophagy machinery (Figure 5A-B) were unaltered in placental villous explants 
exposed for 3h to hypoxia compared to the control condition. In contrast, in BeWo 
cells exposed for 24 h to hypoxia, mitophagy-related protein levels of PINK1 and 
FUNDC1, as well as mRNA transcript levels of FUNDC1, were significantly de-
creased in response to hypoxia while both protein and mRNA transcript levels of 
BNIP3 and BNIP3L were potently increased. In addition, while PARK2 protein lev-
els were not affected in BeWo cells exposed to hypoxia, mRNA transcript levels of 
PARK2 were significantly increased in response to hypoxia (Figure 5C-D). Also, in 
cultured BeWo cells, 24 h of hypoxia resulted in a significant decrease in autopha-
gy-associated LC3BI and LC3BII protein levels while the ratio of LC3BII/LC3BI 
was significantly increased compared to the normoxic condition. In addition, while 
both protein as well as mRNA levels of GABARAPL were increased in response 
to hypoxia, protein levels of SQSTM1 were decreased and its transcript levels in-
creased upon hypoxia (Supplementary Figure 5C-D). OPTN mRNA levels increased 
2-fold in response to hypoxia (Supplementary Figure 5D).
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Figure 5. Expression of key constituents of the mitophagy machinery is altered in trophoblasts 
upon hypoxia. Mitophagy-associated protein levels of PINK1, PARK2, FUNDC1, BNIP3 and BNIP3L 
(A) and mRNA transcript levels of PINK1, PARK2, FUNDC1, BNIP3 and BNIP3L (B) assessed in pla-
cental villous explants exposed to normoxia (control) or hypoxia for 3 h (n= 3) and mitophagy-associ-
ated protein levels of PINK1, PARK2, FUNDC1, BNIP3 and BNIP3L (C) and mRNA transcript levels 
of PINK1, PARK2, FUNDC1, BNIP3 and BNIP3L (D) assessed in trophoblasts exposed to normoxia 
(control) or hypoxia for 24 h (n= 3-6/experimental condition (n= 3 experiments)). Representative im-
munoblots are shown and Western blots were corrected for total protein loading assessed by Ponceau 
S Staining with adjusted contrast equally applied to the whole photograph. Black boxes around the 
representative pictures indicate that they were cut from the same Western blot. Data are presented as 
fold change compared to the control and as mean with SEM. *p ≤ 0.05, **p ≤ 0.01 and ***p ≤ 0.001. 
PINK1: PTEN-induced kinase 1, PARK2: E3 ubiquitin-protein ligase Parkin, FUNDC1: FUN14 do-
main containing 1, BNIP3: BCL2/adenovirus E1B 19 kDa protein-interacting protein 3 and BNIP3L: 
BCL2/adenovirus E1B 19 kDa protein-interacting protein 3-like.

Alterations of key constituents of mitochondrial fission and fu-
sion in BeWo cells upon hypoxia
As mitochondrial fission and fusion are key events in the processes of mitophagy 
and mitochondrial biogenesis and are essential in maintaining normal mitochondrial 
homeostasis, mRNA and protein levels of mitochondrial fission and fusion proteins 
were investigated both in placental villous explants as well as BeWo cells exposed 
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to hypoxia. As depicted in Figure 6A-B, no alterations were found in fission and 
fusion-related proteins and mRNA transcript levels in placental villous explants ex-
posed for 3 h to hypoxia. In BeWo cells, fission related protein levels of dynamin-
1-like protein (DNM1L), a key protein involved in mitochondrial fission (20), was 
significantly decreased after 24 h exposure to hypoxia. In addition, fission-related 
mRNA transcript levels of fission 1 (Fis1) and DNM1L were significantly increased 
after exposure to hypoxia, while mRNA expression of fusion-related transcript lev-
els of mitofusin-1 (Mfn1) and Mfn2 were reduced in BeWo cells upon exposure to 
hypoxia (Figure 6C-D). 

Figure 6. Alterations of key constituents of mitochondrial fission and fusion in trophoblasts upon 
hypoxia. Fission-related protein levels of DNM1L (A), fission-related mRNA transcript levels of Fis-
1 and DNM1L and fusion-related mRNA transcript levels of Mfn1, Mfn2 and Opa1 (B) assessed in 
placentae exposed to normoxia (control) or hypoxia for 3 h (n= 3) and fission-related protein levels of 
DNM1L (C), fission-related mRNA transcript levels of Fis-1 and DNM1L and fusion-related mRNA 
transcript levels of Mfn1, Mfn2 and Opa1 (D) assessed in trophoblasts exposed to normoxia (control) 
or hypoxia for 24 h (n= 3-6/experimental condition (n= 3 experiments)). Representative immunoblots 
are shown and Western blots were corrected for total protein loading assessed by Ponceau S Staining 
with adjusted contrast equally applied to the whole photograph. Black boxes around the representative 
pictures indicate that they were cut from the same Western blot. Data are presented as fold change 
compared to the control and as mean with SEM. **p ≤ 0.01 and ***p ≤ 0.001. DNM1L: Dynamin-1-
like protein, Fis-1: Fission 1 protein, Mfn1: Mitofusin-1, Mfn2: Mitofusin-2 and Opa1: Optic atrophy 
protein 1.
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Discussion
In the current study, we show that hypoxia triggers placental oxidative stress, which 
likely resulted from ROS formation and alterations in antioxidant status in BeWo 
cells. Moreover, we show for the first time that, in BeWo cells exposed to hypoxia, 
mitochondria are a major source of ROS and that hypoxia triggers a profound loss 
of mitochondrial content. Furthermore, in response to hypoxia, the abundance and 
activity of key constituents of glycolysis rapidly increased which, upon prolonged 
exposure to hypoxia, was also associated with significant reductions in the abun-
dance of subunits of the electron transport chain and changes in the expression of 
key regulatory molecules controlling mitochondrial biogenesis, mitophagy and mi-
tochondrial fission and fusion events.  

Placental villous explants were exposed to hypoxia for up to 3 h since previous stud-
ies using  placental villous explants ex vivo showed that viability of first and third 
trimester tissue in culture could only be maintained  for 4 h (21). Longer exposure 
times lead to pronounced tissue deterioration and massive apoptosis of the tropho-
blasts in placental villous explants, indicating that it is only suitable to study acute 
effects (22). To study the effects of long-term exposure to hypoxia and to determine 
if changes are trophoblast-specific, BeWo cells were used. Since LDH viability be-
tween the control and hypoxic condition was significantly different after 48 h cultur-
ing, 24 h exposure to hypoxia was used in this study. 

The presence of placental oxidative stress and the link with PE pathophysiology is 
well-established. Indeed, there is abundant evidence that placental oxidative stress 
triggers the release of cytotoxic and vasoactive factors as well as pro-inflammatory 
cytokines into the maternal circulation driving PE symptoms like maternal endothe-
lial dysfunction and hypertension (2). One of the key triggers of placental oxidative 
stress that has been proposed in PE is hypoxia (5, 23). In support of this notion, 
stabilization of hypoxia-inducible factor 1-alpha (HIF-1α) has been reported in PE 
and hypoxia-exposed placentae (24-26). Furthermore, both in hypoxia-exposed tro-
phoblasts as well as in a prenatal hypoxia rat model for PE, increased oxidative stress 
has been reported (5, 23, 27). In line with these observations, the GSSG/GSH ratio 
and intracellular ROS levels in our study were significantly increased in placental 
cells in response to hypoxia. Furthermore, hypoxia markedly increased total antiox-
idant capacity in placental cells compared to the control group in our study, which 
may be a compensatory response to increased oxidative stress (28, 29). The fact that 
mitochondrial superoxide concentration is tightly controlled by the mitochondrial 
antioxidant MnSOD2 (30), combined with the notion that hypoxia in our study re-
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sulted in a 4-fold increase in transcript levels of MnSOD2 suggested mitochondria to 
be a significant source of ROS. In agreement with this observation, the mitochondri-
al-targeted antioxidant MitoQ concentration-dependently reduced intracellular ROS 
levels and lowered the GSSG/GSH ratio in BeWo cells during hypoxia in our study. 
This is in line with previous finding by Aljunaidy et al. (23), who showed not only a 
normalization of oxidative stress levels by MitoQ in a hypoxic rat model of reduced 
placental perfusion, but also protection against sex- and age-dependent alterations in 
cardiac and vascular health of offspring later in life. In addition to oxidative stress, 
hypoxia in our study resulted in increased expression of inflammatory mediators in 
BeWo cells as well as an increased BAX/BCL-2 ratio, indicative of activation of 
apoptosis. In line with this, it is well-established that both inflammation and apop-
tosis of placental cells are induced by hypoxia and are implicated in PE pathophys-
iology. Indeed, women with PE show higher plasma levels of TNF-α and elevated 
TNF-α protein and mRNA levels in their placentae compared to normal pregnant 
women, (30). Furthermore, TNF-α is known to be a potent stimulus for endothelin 1 
secretion, which is known to be a major vasoactive compound released by the pla-
centa under hypoxia, contributing to maternal hypertension (14, 31, 32). With regard 
to apoptosis, an increased BAX/BCL-2 ratio was also associated with an increased 
abundance of BNIP3 proteins, which act as an activator for hypoxia-induced cell 
apoptosis and autophagy by triggering the BAX/Bak or LC-3/Beclin 1 signalling 
pathway (33, 34). Several Bcl-2 family members including BAX, have been shown 
to be directly regulated by a lack of oxygen via stabilization of HIF-1 (35). 

Interestingly, besides their traditional role in cellular energy metabolism, mitochon-
dria are important mediators of oxidative stress, inflammation, and apoptosis. More-
over, evidence is emerging that PE is associated with abnormalities at the levels of 
the mitochondrion in the placenta (36, 37). Indeed, besides alterations in placental 
mitochondrial content in PE (38), several human studies showed significant reduc-
tions in adenosine triphosphate (ATP) levels in PE placentae, which is suggestive of 
impaired mitochondrial functioning (39-41). Indicative of a role for hypoxia in me-
diating these changes, exposure of mice to lower oxygen (13% instead of 21% O2) 
led to an overall reduction in placental mitochondrial oxidative capacity (42) which 
could be beneficial to keep O2 transfer to the foetus constant (43). This is in line with 
our findings as we reported evidence for significant reductions in mitochondrial con-
tent in both healthy placentae and BeWo cells exposed to hypoxia. Furthermore, ex-
pression of complex III of the ETC, which is the major source of mitochondrial pro-
duction ROS in hypoxic conditions (44), as well as transcript levels of complex I and 
IV including mitochondrial-encoded COXII were decreased in BeWo cells exposed 
to hypoxia, which is in concert with earlier studies (45, 46). In addition, hypoxia in 
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placental cells was associated with increased key glycolytic enzyme activity in our 
study, which together with the above-described data are suggestive for a shift from 
oxidative to glycolytic energy metabolism. In agreement with these findings, expo-
sure to low oxygen led to an increased trans-placental transfer of glucose and amino 
acids in mice (47). Moreover, oxidative stress during hypoxia is known to activate 
HIF which is known to increase transcription of glycolytic enzymes and promote 
anaerobic glycolysis to maintain ATP synthesis under low oxygen conditions (48). 
In accordance with our results, showing increased transcription of GLUT1 upon 
hypoxia, GLUT1 is known to be activated upon binding of HIF-1α to the hypoxia-re-
sponsive element in the GLUT-1 promotor, which has been observed earlier in both 
hypoxia-exposed and PE placentae (5, 49). Collectively, our data, in concert with 
available literature suggest that in response to hypoxia, BeWo cells quickly develop 
mitochondrial-generated oxidative stress, display an acute increase in glycolysis fol-
lowed by a decrease in expression of key components of the ETC. 

Reductions in oxidative respiration in hypoxic tissues are generally associated with 
decreased mitochondrial biogenesis (50-52). In line with this and with decreased 
mitochondrial content in placental cells in response to hypoxia, we observed signif-
icant reductions in expression levels of key regulators of mitochondrial biogenesis, 
which is in accordance with recent studies (34). Besides mitochondrial biogenesis, 
selective autophagy of mitochondria (i.e. mitophagy) is involved in the regulation 
of mitochondrial content in cells. Enhanced mitophagy is suggested to be an adap-
tive response to reduce the levels of ROS and protect cell integrity during hypoxia. 
It has previously been found that 1% O2 can lower mitochondrial mass up to 75% 
through the initiation of the HIF1-dependent expression of BNIP3, a mitochondrial 
protein that competes with Bcl2 and thereby freeing beclin1 to trigger autophagy 
(53). In our study, BeWo cells exposed to hypoxia showed an increased abundance 
of receptor-mediated mitophagy-related proteins BNIP3 and BNIP3L, which is in 
agreement with a previous study by Knyazev et al. (34). In line with the literature, 
hypoxia-induced increases in protein levels of BNIP3 and BNIP3L in BeWo cells 
were indeed associated with an increased abundance of general autophagy-relat-
ed GABARAPL1 and an increased ratio of LC3BII/LC3BI protein levels, which 
are known to predispose mitochondria for degradation (54, 55). In addition, abun-
dance of receptor-mediated mitophagy-related protein FUNDC1 was significantly 
decreased in BeWo cells in response to hypoxia, which is in line with the hypox-
ia-mediated degradation of FUNDC1 as described by Chen et al. (56). Collectively, 
our data indicate that receptor-mediated mitophagy in placentae is activated upon 
hypoxia and may well contribute to the loss of mitochondrial content that we ob-
served. In addition, mitochondrial biogenesis and mitophagy are highly integrated 
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with fusion and fission events. Increased mitochondrial fission has been implicated 
in the pathogenesis of several diseases and is often linked with the increased pres-
ence of oxidative stress and apoptosis (57-60). In this regard, increased levels of 
fission-related Fis-1 and DMN1L transcripts and decreased levels of fusion-related 
Mfn1 and Mfn2 transcripts indicate that the balance between fusion and fission may 
be tilted towards increased mitochondrial fission in response to hypoxia in our study. 
Collectively, with regard to the time-course of hypoxia-induced changes, our data 
show that oxidative stress in cells of the placenta develops rapidly in response to 
hypoxia, which is associated with profound reductions in mitochondrial content and 
increased activity of glycolytic enzymes. Alterations in the molecular mechanisms 
controlling mitochondrial content and function (mitochondrial biogenesis vs mito-
phagy), however, only become apparent after prolonged exposure to hypoxia (24h).

Interestingly, although MitoQ and quercetin together initiated complete normaliza-
tion of intracellular ROS formation during hypoxia, MitoQ alone did not completely 
prevent intracellular ROS formation suggesting that other cellular ROS-generating 
systems contribute to hypoxia-induced oxidative stress in placental cells. In agree-
ment with this, xanthine oxidase has been shown to be implicated in PE pathophysi-
ology and has been suggested to contribute to (hypoxia-induced) placental oxidative 
stress (61, 62). 

Conclusion
Our results show hypoxia-induced abnormalities at the level of the mitochondri-
on and the molecular pathways controlling mitochondrial content and function in 
placentae and oxidative stress, which may contribute to PE pathogenesis or other 
hypoxia-related pregnancy disorders like intrauterine growth restriction (IUGR). Al-
though the concept of hypoxia-induced mitochondrial abnormalities in cells of the 
placenta is not new (63), our study is the first to show that hypoxia-induced oxidative 
stress mainly originates from the mitochondria and is unique in comprehensively 
assessing not only indices of mitochondrial content but also multiple constituents 
of mitochondrial biogenesis and mitophagy in cells of the placenta in response to 
hypoxia.
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Supplementary information
Supplementary Figures

To confirm whether mitochondria are a significant source for ROS in placentae upon 
hypoxia, the effect of the mitochondrially targeted antioxidant MitoQ and the sys-
temically acting antioxidant quercetin on ROS formation and oxidative status was 
tested. Intracellular ROS levels increased more than two-fold in trophoblasts exposed 
for 24 h to hypoxia compared to normoxia-exposed trophoblasts (Supplementary 
Figure 1A). Moreover, the mitochondrially targeted antioxidant MitoQ (4 and 8 μM) 
ameliorated hypoxia-induced intracellular ROS formation in trophoblasts in a con-
centration-dependent manner. The systemically acting antioxidant quercetin (3 μM), 
did not indiced significant reductions in intracellular ROS formation during expo-
sure to hypoxia. Interestingly, the combination of the lowest concentration of MitoQ 
(1 μM) and quercetin (3 μM) significantly decreased intracellular ROS production 
upon 24 h exposure to hypoxia and was the only condition that was not significantly 
different from the normoxic condition (Supplementary Figure 1A). In agreement, the 
hypoxia-induced increase of the GSSG/GSH ratio, could be normalized by MitoQ (4 
and 8 μM) and quercetin (3 μM), but were still significantly different compared to the 
control condition (Supplementary Figure 1B). Interestingly, the combination of the 
lowest concentration of MitoQ (1 μM) and quercetin (3 μM), normalized the GSSG/
GSH ratio during exposure to hypoxia (Supplementary Figure 1B). 

Supplementary Figure 1. Antioxidant intervention prevented hypoxia-induced oxidative stress in 
trophoblasts. Intracellular ROS levels using DCFH-DA (A) and GSSG/GSH ratio (B) were assessed 
in trophoblasts exposed to normoxia (control), hypoxia, hypoxia + MitoQ (1, 4 or 8 μM), quercetin (3 
μM) or MitoQ (1 μM) + quercetin (3 μM) for 3 h (DCFH-DA-assay: n= 6-12/experimental condition 
(n= 3 experiments) and GSSG/GSH-assay: n=6, 2 and 2/experimental condition (n= 3 experiments)). 
Data are presented as fold change compared to the control and as mean with SEM. *p ≤ 0.05, **p ≤ 
0.01 and ***p ≤ 0.001. DCFH-DA: 2’,7’-Dichlorodihydrofluorescein diacetate and GSSG: Glutathione 
disulfide and GSH: Glutathione.
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While placentae exposed to hypoxia did not show alterations in proinflammatory 
and apoptotic-related mRNA transcripts, mRNA levels of tumor necrosis factor-α 
(TNF-α), interleukin 6 (IL-6) and interleukin 8 (IL-8) as well as the pro-apoptotic ra-
tio of Bcl-2associated X protein / anti-apoptotic B-cell lymphoma 2 (BAX/BCL-2), 
were significantly increased in trophoblasts exposed for 24 h to hypoxia compared 
to the control condition (Supplementary Figure 2C-D).

Supplementary Figure 2. Increased inflammation and apoptosis in trophoblasts upon hypoxia. 
mRNA transcript levels of TNF-α, IL-6 and IL-8 (A) and ratio of BAX/BCL2 transcript levels (B) as-
sessed in placental villous explants exposed to hypoxia or normoxia (control) for 3 h (n= 3) and mRNA 
transcript levels of TNF-α, IL-6 and IL-8 (C) and ratio of BAX/BCL2 transcript levels (D) assessed in 
trophoblasts exposed to normoxia (control) or hypoxia for 24 h (n= 3-6/experimental condition (n= 3 
experiments)). Data are presented as fold change compared to the control and as mean with SEM. *p 
≤ 0.05, **p ≤ 0.01 and ***p ≤ 0.001. TNF-α: Tumor necrosis factor α, IL-6: Interleukin 6, IL-8: Inter-
leukin 8, BAX: pro-apoptotic Bcl-2-associated X protein and BCL: anti-apoptotic B-cell lymphoma 2.

In contrast to the increased reliance on glycolysis in placental cells upon hypoxia, no 
differences were observed in activity and mRNA expression levels of the rate-limit-
ing enzyme HADH of the FAO pathway in both placental villous explants and tro-
phoblasts exposed to hypoxia compared to the control group (Supplementary Figure 
3A-D).
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Supplementary Figure 3. Mitochondrial FAO unaltered in placental cells upon hypoxia. HADH 
enzyme activity (A) and mRNA transcript levels of HADH (B) assessed in placental villous explants 
exposed to hypoxia or normoxia (control) for 3 h (n= 3) and HADH enzyme activity (C) and mRNA 
transcript levels of HADH (D) assessed in trophoblasts exposed to normoxia (control) or hypoxia for 
24 h (n= 3, 6 and 6/experimental condition (n= 3 experiments)). Data are presented as fold change com-
pared to the control and as mean with SEM. HADH: 3-hydroxyacyl-CoA dehydrogenase.

Protein levels of nuclear-encoded sub-units of the ETC including Ndufb8, Sdhb, 
UQCR2 and ATP5A of respectively complex I, II, III and V, were not affected in 
placental villous explants exposed for 3 h to hypoxia (Supplementary Figure 4A). 
Also related mRNA transcript levels of Ndufb3, Cycl-1, COXIV and COXII of re-
spectively complex I, III, IV and IV, were not affected in placental villous explants 
after exposure to hypoxia (Supplementary Figure 4B). Protein levels of UQCRC2 
(complex III) as well as mRNA transcript levels of all investigated sub-units includ-
ing mitochondrial encoded COXII were significantly decreased in trophoblasts upon 
24h exposed to hypoxia (Supplementary Figure 4D-F).
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Protein levels of nuclear-encoded sub-units of the ETC including Ndufb8, Sdhb, 
UQCR2 and ATP5A of respectively complex I, II, III and V, were not affected in 
placental villous explants exposed for 3 h to hypoxia (Supplementary Figure 4A). 
Also related mRNA transcript levels of Ndufb3, Cycl-1, COXIV and COXII of re-
spectively complex I, III, IV and IV, were not affected in placental villous explants 
after exposure to hypoxia (Supplementary Figure 4B). Protein levels of UQCRC2 
(complex III) as well as mRNA transcript levels of all investigated sub-units includ-
ing mitochondrial encoded COXII were significantly decreased in trophoblasts upon 
24h exposed to hypoxia (Supplementary Figure 4D-F).

Supplementary Figure 4. Alterations in nuclear-encoded OXPHOS sub-units in trophoblasts upon 
hypoxia. Protein levels of nuclear-encoded OXPHOS sub-units (Ndufb8, Sdhb, UQCRC2 and ATP5A 
respectively Complex I, II, III and V) (A) and mRNA transcript levels of nuclear-encoded OXPHOS 
sub-units (Ndufb, Cycl-1, COXIV and COXII respectively Complex I, III, IV and IV) (B) assessed in 
placental villous explants exposed to normoxia (control) or hypoxia for 3 h (n= 3) and protein levels 
of nuclear-encoded OXPHOS sub-units (Ndufb8, Sdhb, UQCRC2 and ATP5A respectively Complex I, 
II, III and V) (C) and mRNA transcript levels of nuclear-encoded OXPHOS sub-units (Ndufb, Cycl-1, 
COXIV and COXII respectively Complex I, III, IV and IV) (D) assessed in trophoblasts exposed to 
normoxia (control) or hypoxia for 24 h (n= 3-6/experimental condition (n= 3 experiments)). Represen-
tative immunoblots are shown and Western blots were corrected for total protein loading assessed by 
Ponceau S Staining with adjusted contrast equally applied to the whole photograph. Black boxes around 
the representative pictures indicate that they were cut from the same Western blot. Data are presented as 
fold change compared to the control and as mean with SEM. Ndufb3: NADH dehydrogenase [ubiqui-
none] 1 beta subcomplex subunit 3, Sdhb: Succinate dehydrogenase [ubiquinone] iron-sulfur subunit, 
UQCRC2: Cytochrome b-c1 complex subunit 2, ATP5A: ATP synthase F1 subunit alpha, Cyc1: Cyto-
chrome C1, COXIV: Cytochrome c oxidase subunit IV and COXII: Cytochrome c oxidase subunit II.
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All investigated constituents of the autophagy in our study, were unaltered in pla-
cental villous explants exposed for 3h to hypoxia compared to the control condi-
tion (Supplementary Figure 5A-B). In cultured trophoblasts, 24 h hypoxia result-
ed in a significant decrease in autophagy-associated LC3BI and LC3BII protein 
levels while the ratio of LC3BI/LC3BII was significantly increased compared to 
the normoxic condition. In addition, while both protein as well as mRNA levels 
of GABA Type A Receptor Associated Protein Like 1 (GABARAPL1) were in-
creased in response to hypoxia, protein levels of SQSTM1 were decreased and 
its transcript levels increased upon hypoxia (Supplementary Figure 5C-D). OPTN 
mRNA levels increased 2-fold in response to hypoxia (Supplementary Figure 5D).

Supplementary Figure 5. Expression of key constituents of the autophagy machinery is altered in 
trophoblast upon hypoxia. Autophagy-associated protein levels of SQSTM1, GABARAPL1, LC3BI, 
LC3BII and LC3BII / LC3BI ratio (A) and mRNA transcript levels of SQSTM1, GABARAPL1, OPTN 
and LC3B (B) assessed in placental villous explants exposed to normoxia (control) or hypoxia for 3 h 
(n= 3) and autophagy-associated protein levels of SQSTM1, GABARAPL1, LC3BI and LC3BII (C) 
and mRNA transcript levels of SQSTM1, GABARAPL1, OPTN and MAP1LC3A/B (D) assessed in 
trophoblasts exposed to normoxia (control) or hypoxia for 24 h (n= 3-6/experimental condition (n= 
3 experiments)). Representative immunoblots are shown and Western blots were corrected for total 
protein loading assessed by Ponceau S Staining with adjusted contrast equally applied to the whole 
photograph. Black boxes around the representative pictures indicate that they were cut from the same 
Western blot. Data are presented as fold change compared to the control and as mean with SEM. *p ≤ 
0.05 and ***p ≤ 0.001. SQSTM1: Sequestosome 1, GABARAPL1: GABA Type A Receptor Associat-
ed Protein Like 1, LC3B: Microtubule-associated protein 1 light chain 3 beta, OPTN: Optineurin and 
LC3A: Microtubule-associated protein 1 light chain 3 alpha.
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Supplementary Tables

Supplementary Table 1. Primers used for qPCR

Cat1: Catalase-1, XO: Xanthine oxidase, SOD1: Superoxide dismutase 1, MnSOD2: Manganese-dependent super-
oxide dismutase, TNF-α: Tumornecrosefactor α, BAX: Pro-apoptotic Bcl-2-associated X protein,  BCL: Anti-apop-
totic B-cell lymphoma 2, RPL13A: Ribosomal Protein L13a, COXII: Cyclo-oxygenase 2, CS: Citrate synthase, 
HADH: 3-hydroxyacyl-CoA dehydrogenase, HKII: Hexokinase, GLUT1: Glucose transporter 1, Cyc1: Cytochrome 
C1, COXIV: Cytochrome c oxidase subunit IV, PGC-1α: Peroxisome proliferator-activated receptor gamma coact-
ivator 1-alpha, PGC-1β: Peroxisome proliferator-activated receptor gamma coactivator 1-beta, NRF1: Nuclear 
respiratory factor 1, ERRα: Estrogen-related receptor alpha, Tfam: Transcription factor A, PPARα: Peroxisome 
proliferator-activated receptor alpha, PPARδ: Peroxisome proliferator-activated receptor delta, SQSTM1: Seques-
tosome 1, PINK1: PTEN-induced kinase 1, PARK2: Parkin, FUNDC1: FUN14 domain containing 1, BNIP3: BCL2/
adenovirus E1B 19 kDa protein-interacting protein 3, BNIP3L: BCL2/adenovirus E1B 19 kDa protein-interacting 
protein 3-like, OPTN: Optineurin, GABARAPL1: GABA Type A Receptor Associated Protein Like 1, LC3A: Micro-
tubule-associated protein 1 light chain 3 alpha, LC3B: Microtubule-associated protein 1 light chain 3 beta, Fis-1: 
Fission 1 protein, DNM1L: Dynamin-related protein 1, Mfn1: Mitofusin-1, Mfn2: Mitofusin-2, OPA1: Optic atrophy 
protein 1. IL-6: Interleukin 6, IL-8: Interleukin 8 and Ndufb3: NADH oxidoreductase subunit B3.
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Supplementary Table 2. Antibodies used for western blot

HKII: Hexokinase II, OXPHOS: Oxidative phosphorylation, antibody cocktail (containing NADH: Ubiquinone ox-
idoreductase subunit B8 (NDUFB8), Succinate dehydrogenase complex, subunit B (SDHB), ubiquinol cytochrome c 
reductase core protein 2 (UQCRC2), Mitochondrially encoded cytochrome c oxidase I (mt-COI), ATP synthase, H+ 
transporting, mitochondrial F1 complex, alpha (ATP5A)), PGC-1α: Proliferative activated receptor gamma, coact-
ivator 1 alpha, NRF1: Nuclear respiratory factor 1, ERRα: Estrogen Related Receptor alpha, Tfam: Mitochondrial 
transcription factor A, SQSTM1: Sequestosome 1, PINK1: PTEN-induced kinase 1, PARK2: Parkin, FUNDC1: 
FUN14 domain-containing protein 1, BNIP3: BCL2/Adenovirus E1B 19 kDa protein-interacting protein 3, GABAR-
APL1: γ-aminobutiric acid receptor-associated protein-like 1, LC3B: Microtubule associated protein 1A/1B-light 
chain 3 beta and DNM1L: Dynamin 1 Like.
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Abstract
Introduction
Preeclampsia is a major health problem in human pregnancy, severely complicating 
5-8% of all pregnancies. The emerging molecular mechanism is that conditions like 
hypoxic stress trigger the release of placental messengers into the maternal circula-
tion, which causes preeclampsia. Our objective was to develop an in vitro model, 
which can be used to further elucidate the molecular mechanisms of preeclampsia 
and which might be used to find a remedy. 

Methods
Human non-complicated term placentae were collected. Placental explants were 
subjected to severe hypoxia and the conditioned media were added to chorionic ar-
teries that were mounted into a myograph. Contractile responses of the conditioned 
media were determined, as well as effects on thromboxane-A2 (U46619) induced 
contractility. To identify the vasoactive compounds present in the conditioned me-
dia, specific receptor antagonists were evaluated. 

Results
Factors released by placental explants generated under severe hypoxia induced an 
increased vasoconstriction and vascular contractility to thromboxane-A2. It was 
found that agonists for the angiotensin-I and endothelin-1 receptor released by pla-
cental tissue under severe hypoxia provoke vasoconstriction. The dietary antioxidant 
quercetin could partially prevent the acute and sustained vascular effects in a concen-
tration-dependent manner. 

Conclusion
Both the acute vasoconstriction, as well as the increased contractility to U46619 
are in line with the clinical vascular complications observed in preeclampsia. Data 
obtained with quercetin supports that our model opens avenues for e.g. nutritional 
interventions aimed at treating or preventing preeclampsia. 
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Introduction
Preeclampsia (PE) is the most frequently encountered severe complication during 
pregnancy with a clinical spectrum ranging from relatively mild to life-threatening 
(1, 2). It is not simply de novo onset of hypertension and proteinuria, but rather a 
syndrome involving multiple organs, which results in end-organ dysfunction (3). 

The etiology of PE is enigmatic and except for delivery no treatment exists, which is 
associated with iatrogenic prematurity and lifelong disabilities for mother and child 
(4, 5). Prevention and solid prediction are still not possible, and symptomatic clinical 
management is mainly directed at preventing maternal morbidity and mortality (3). 

The leading hypothesis considers disturbed placental development during the first 
trimester of pregnancy to be the main cause (3). Impaired remodelling of maternal 
spiral arteries is considered to be crucial in the onset of PE. During PE there is an 
impaired invasion of trophoblast cells into the inner third of the myometrium (6, 
7). As a consequence, no trophoblastic plugs are formed in the ends of the spiral 
arteries, which is associated with early perfusion of the placenta in de first trimester 
of pregnancy and impaired remodelling of the spiral arteries in the second and third 
trimester (8, 9). Consequently, maternal blood enters the intervillous space at greater 
velocity creating relatively high fluctuations in placental perfusion and subsequently 
to placental hypoxia and reoxygenation (8, 10).

Evidence is accumulating, that oxidative stress by excessive production of ROS 
in PE increases trophoblast turnover, resulting in an accelerated differentiation of 
trophoblast cells followed by the release of specific placenta-secreted messengers 
(PSMs) into the maternal circulation that induce endothelial dysfunction, vasocon-
striction, increased blood coagulation and inflammation (11-16). The exact nature of 
the PSMs and their specific interaction with maternal cells is still enigmatic.

As Davage et al. discussed, PE is unlikely the result of a single factor/molecular 
pathway. It involves various circulating factors acting on the maternal vascular wall 
that disturb the balance between vasodilatory and vasoconstrictor mechanisms (17). 
The diversity in the nature of potential instigators and their sources in PE, as well 
as the complex interactions with maternal targets, underlines the need for further 
investigation of the common converging pathways that link placental dysfunction 
with systemic maternal vascular pathology (17).
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Redman et al. showed that PE is not only an endothelial disease but also a disor-
der where the inflammatory changes of a normal pregnancy are exaggerated. These 
changes involve the endothelium, but also other components of the inflammatory 
network, including inflammatory leukocytes. This resulting systemic inflammation 
is not only associated with changes of the acute phase response like fever, increased 
CRP and angiotensinogen levels, but also with metabolic responses such as insulin 
resistance (16, 18). Furthermore, a list of bioactive circulating factors released by 
syncytiotrophoblasts, which are altered in PE was presented (16). This list includes 
corticotrophin-releasing hormone (CRH) that is known to have both peripheral and 
central actions. Its peripheral actions are mediated by the CRH-R1/2 receptors, both 
expressed on the endothelium. The CRH-R2 is known to stimulate endothelium re-
lease of endothelin-1 (ET-1), a pro-inflammatory factor, which is also known to be 
involved in the genesis of preeclamptic hypertension (16, 19). Besides changes in 
the ET-1 signaling pathways, alterations in vascular angiotensin signaling pathways 
have been observed in many models of many vascular beds and have previously 
been linked to preeclamptic hypertension (5).

The major ethical barrier for studying the pathophysiology of PE and testing ther-
apeutic interventions in pregnant woman underline the need for a human in vitro 
model for PE (20, 21). 

This prompted us to develop an in vitro model for PE, which was used to subject 
placental explants to severe hypoxia to mimic the stress condition in PE and to col-
lect PSMs. Furthermore, the acute and sustained vascular functional potencies of 
PSMs generated under severe hypoxia were determined on chorionic arteries since 
these arteries do not have an autonomic nerve supply and are depending on the lo-
cal release of vasoactive compounds, which in fact permits investigation of direct 
actions of PSMs. To identify the vasoactive compounds in PSMs, specific receptor 
antagonists were tested. The food derived quercetin was tested in our in vitro model 
of PE to determine whether a dietary intervention could prevent a disturbed release 
of PSMs in response to hypoxic stress (22). 
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Methods
Patient characteristics
Human term placentae (>38 weeks gestational age) were collected from normal vag-
inal or caesarean deliveries performed by the Department of Obstetrics, Gynaecolo-
gy at the Academic Hospital of Maastricht (azM). For this study, a total of 52 placen-
tae were used within one hour after delivery. All experiments were approved by the 
Medical Ethics Committee Academic Hospital Maastricht and Maastricht University 
(METC 16-4-047). A total of 52 women were included in the study. 

Chemicals
Acetylcholine (ACh), bradykinin (BK), sodium nitroprusside (SNP), carbachol 
(Car), angiotensin II (AngII), endothelin 1 (ET-1), serotonin (5-HT, 5-hydroxy-
triptamine), losartan (Los), bosentan (Bos) and ketanserin (Ket) (Sigma Chemical 
Co., St Louis, MO, USA). U46619, a thromboxane-A2 (TXA2) agonist analogue 
(Enzo Life sciences, USA). HEPES buffer containing (in mM): NaCl 143.3, KCl 4.7, 
MgSO4 1.2, KH2PO4 1.2, CaCl2 2.5, glucose 5.5 and HEPES 15 (pH= 7.4). Krebs 
Ringer bicarbonate buffer (KRB) containing (in mM): NaCl 118.3, KCl 4.7, CaCl2 
2.5, MgSO4 1.2, KH2PO4 1.2, NaHCO3 25.0 and glucose 11.1 (pH= 7.4). 

Villous explant isolation and PSMs collection
Three placentae from non-complicated caesarean deliveries were processed directly 
after delivery. Specimens were collected from the central region of the placentae at 
the maternal side. The basal plate of the specimens was removed and the remaining 
tissue was rinsed in an HEPES solution. Two times 30 g minced tissue of each pla-
centa was transferred into 200 ml pre-warmed (37°C) HEPES buffer. This ratio was 
based on reference values for total maternal blood volume and placental weight (23, 
24). Subsequently, 6 bottles were placed in a water bath at 37°C for 3 hours were 3 
bottles were constantly aerated with room air (21% O2) as standard culture condition 
and three bottles at 100% N2 to expose the placental cells to severe hypoxia (Figure 
1A). After these exposures, the solutions were centrifuged at 500 g for 10 minutes 
at 4°C. The resulting conditioned medium was stored in aliquots of 3 ml at -80 °C 
until use.
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Figure 1. In vitro model for PE and testing the vascular effect of PSMs. Schematic overview of the 
In vitro model for PE where placental explants are exposed to hypoxia and PSMs are tested on chori-
onic arteries. Differences in contractile response are used as read-out (A) and a schematic overview for 
measuring the acute (ΔI) and sustained (ΔII) vascular effect of PSMs (B).

Chorionic artery isolation and mounting into a myograph
Placental areas from the chorion plate containing chorionic arteries were macroscop-
ically selected and excised from both vaginal and caesarean deliveries. The speci-
men was immediately immersed in HEPES solution (4°C) and pinned in a Sylgaard 
dish with the foetal side orientated upwards. Second and third order branches of 
the chorionic arteries were dissected. Arterial segments of 2 mm were mounted in 
a myograph for recording of isometric tension development (DMT, Aarhus, Den-
mark). The organ chamber was filled with HEPES-buffer that was maintained at 
37°C. All arterial preparations were stretched to the diameter at which their individ-
ual mechanical performance was maximal. To achieve this, the arterial diameter was 
stepwise increased and the preparations were intermittently exposed to 65.5 mM 
potassium-HEPES until maximal contractile responses were obtained. The value of 
these KCl-contractions was presented as K+65.5 mM. The 175 blood vessel seg-
ments used for this study had a diameter of 549 ± 61 µm. 

Functional characterization of chorionic arteries
For the characterisation of the chorionic arteries, the following drugs were used: for 
vasodilatation ACh, BK, SNP and Car and for vasoconstriction: AngII, ET-1, 5-HT 
and U46619. Drug solutions were prepared daily and protected from light until use. 
All drugs were dissolved and diluted in miliQ, except for U46619, which was dis-
solved in ethanol absolute. Relaxation responses were expressed as a percentage of 
the maximal contraction achieved by either 65.5 mM KCl or 30 nM U46619. 
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Tissue viability
Placental tissue used for the PSM collection was evaluated for viability for both the 
standard culture (21% O2) and the severe hypoxic condition by studying lactate de-
hydrogenase (LDH) activity using cytotoxicity detection kit (Cat. No.11644793001, 
Roche, Mannheim, Germany). LDH levels, which are indicative of cell death were 
measured in the conditioned medium from both conditions for all three placentae. 

Vasoactive responses to PSMs
Chorionic arteries were first pre-contracted by U46619 (30 nM). After washing and 
complete relaxation (±30 minutes), 3 ml of the thawed conditioned media containing 
PSMs of either the standard culture (21% O2) or the severe hypoxic condition, was 
added to the organ bath containing 4 ml of HEPES buffer. After 1 hour the PSM in-
duced vasocontraction was measured, followed by a washing step (Figure 1B, I). Af-
ter complete relaxation (±30 minutes), the blood vessels were pre-contracted again 
by U46619 (30 nM). Differences between the vascular contractile response of the 
2nd and 1st pre-contraction were calculated (Figure 1B, II). 

Characterisation of vasoactive PSMs released under hypoxia
The vascular contractile response induced by conditioned media containing PSMs 
released under severe hypoxia was tested when the blood vessels were pre-incubated 
with the following antagonists: 30 µM Los, 30 µM Bos, 30 µM Ket (AT-1, ET-1 and 
5-HT2-receptor blockers) or 30 µM Bos + Los. 

Effects of quercetin on the release of PSMs under hypoxia
At the start of the PSMs generation procedure, quercetin (0.3, 1, 3, 10 and 20 µM) 
was added to 200 ml pre-warmed HEPES buffer (37°C) containing 30 g placental 
tissue. This was again followed by 3 hours 100% N2 aeration. Differences in vascular 
contractile response to these generated PSMs as well as changes in sustained respon-
siveness to U46619 were tested. 

Data analysis
Results are expressed as mean ± SEM and n refers to the number of placentae from 
which blood vessels were isolated. Contractile responses are expressed as a per-
centage of the maximal contractile response to KCl 65.5 mM. By using GraphPad 
Software inc. La Jolla, CA, USA), the maximal contractile response (Emax) and 
the logarithm of the half maximal effective concentration (pEC50) of various com-
pounds were calculated. For the viability test, a nonparametric Mann-Whitney test 
was used. For the analysis of the vascular contractile effect to PSMs, ET-1, or AngII 
and the characterisation of the placental vessels, a two-way ANOVA followed by a 
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Bonferroni posthoc test and a nonparametric Mann-Whitney test were used. To de-
termine the consistency of the of PSMs and the effect of quercetin on the release of 
PSMs under hypoxia, a two-way ANOVA followed by a Bonferroni posthoc test and 
a nonparametric Kruskal-Wallis test followed by a Dunn’s multiple comparison test 
were used. A p-value < 0.05 was considered as significant difference and presented 
as follows: Ns: P > 0.05, *P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001. 
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Results
Functional characterisation chorionic arteries

Vasodilation
The NO donor sodium nitroprusside (SNP, 30 µM) induced vasorelaxation up to 76 
± 23%, indicating that chorionic arteries are NO-sensitive. No clear vascular relax-
ation was induced by ACh, BK or Car after pre-contraction (65.5 mM KCl). How-
ever, after contraction by U46619 (30 nM), BK (3 µM) induced vasodilation up to 
40 ± 20%. The results indicate that Ach, BK or Car are not able to activate eNOS to 
induce a relevant NO-dependent relaxation. A pEC50 could be calculated from the 
concentration-dependent relaxation curves for Ach (7.9 ± 0.8), SNP (6.7 ± 0.5) and 
BK (7.2 ± 1.1) pre-contracted by U46619 (30 nM) (Figure 2).

Figure 2. Vasodilation of chorionic arteries. Concentration-dependent relaxation of placental cho-
rionic arteries induced by ACh (n=6) (A), BK (n=3) (B), Car (n=3) (C) or SNP (n=5) (D), after a 
pre-contraction induced by KCl 65.5 mM, except for BK, which was after a pre-contraction by U46619 
(n=4) (E).
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Vasoconstriction
Dose-dependent vasoconstriction of chorionic arteries was tested for U46619, An-
gII, ET-1, 5-HT and BK. The maximal response related to the 65.5 mM KCl induced 
contraction was: 183 ± 71, 54 ± 17, 45 ± 8 and 66 ± 20% respectively. BK (1 nM – 3 
µM, n=3), had no effect on baseline wall-tension. A pD2 could be calculated from 
the concentration-dependent relaxation curves for U46619 (7.9 ± 0.4), AngII (7.8 ± 
0.7), ET (6.2 ± 0.9), 5-HT (6.9 ± 0.4) (Figure 3).

Figure 3. Vasoconstriction of chorionic arteries. Concentration-dependent contractions of placental 
chorionic arteries induced by U46619 (n=3) (A), AngII (n=3) (B), ET-1 (n=4) (C), or 5-HT (n=6) (D), 
compared to a pre-contraction induced by KCl 65.5 mM.

Tissue viability
LDH levels of the conditioned medium of both the standard culture (21% O2) and the 
severe hypoxic condition were compared. No significant difference (p= 0.1000) was 
found for LDH levels in the conditioned medium between the two conditions. This 
indicates that tissue viability was comparable between the two conditions after the 3 
hours PSM collection procedure.

Vasoactive responses of chorionic arteries to PSMs
PSMs released under severe hypoxia resulted in a significant (p= 0.0002) time-de-
pendent increased contraction of 78 ± 33% compared to the standard culture con-
dition (20 ± 9%) (n=8) after 1 hour (Figure 4A/B). To test the sustained effects on 
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vascular contractility to U46619, the contraction induced by U46619 (30 nM) be-
fore and after exposure to PSMs was determined (Figure 4C). PSMs released under 
severe hypoxic conditions induced an increased response to U46619 (64 ± 30%) 
compared to those produced by standard culture (21% O2) conditions (2 ± 8%; p= 
0.0002) (Figure 4).

Figure 4. Vasoactive responses of chorionic arteries to PSMs. The vascular contractile response over 
time (60 min) induced by PSMs released during exposure to room air (control) (n=8) or hypoxia (n=8) 
(A). The maximum response after 60 min (n=8) (B) and differences in vascular contractility to U46619 
before and after exposure to PSMs for both conditions (n=8) (C).

Characterisation of vasoactive PSMs released under hypoxia
PSMs released under severe hypoxia were added to chorionic arteries for 1 hour 
after a 15 min pre-incubation with the following antagonists: Bos, Los, Ket or Bos 
+ Los. A 72 ± 1% decrease (p= 0.0121) in vascular contractile response to PSMs 
was evoked when vessels were pre-incubated with Bos (30 µM), a competitive ET-1 
(A/B) receptor antagonist (Figure 5A and E). Los (30 µM), a competitive AT-1 re-
ceptor antagonist decreased (p= 0.0242) the PSMs induced contraction by 61 ± 8% 
(Figure 5B and E). The combination losartan and bosentan (30 µM) showed a de-
crease (p= 0.0121) of 87 ± 2% (Figure 5D and E). The contractile response was not 
affected (p= 0.9212) by Ket (30 µM), a competitive serotonin (5-HT2) antagonist 
(Figure 5C and E).
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Figure 5. Characterization of vasoactive PSMs released under hypoxia. The vascular contractile 
response over time (60 min) induced by PSMs released under hypoxia in combination with a 15 min 
pre-incubation with either 30 µM Bos (n=3) (A), or 30 µM Ket (n=3) (B), or 30 µM Los (n=3) (C), 
or 30 µM Bos + Los (n=3) (D). The maximum response to PSMs released under hypoxia after 60 min 
(n=3) (E).

Vascular contractile effects of ET-1 and AngII in isolation
AngII (3 µM), ET-I (3 µM) or the combination, induced vasoconstriction of 53 ± 19, 
45 ± 8 and 112 ± 31% respectively, related to the contractile response of 65.5 mM 
KCl. The combination of ET-1 and AngII induced more vasoconstriction compared 
to the components in isolation, indicating that the pathways activated, are partially 
independent (n=4) (data not shown).
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Consistency of the extraction procedure for PSMs
To test the reproducibility of our experimental setting the coefficient of the variance 
within one and between three extraction procedures was determined. PSMs released 
under severe hypoxia from one placenta, induced a similar vascular contraction in 
chorionic arteries isolated from 3 different placentae (CV= 4.5%). PSMs released 
under severe hypoxia form 3 different placentae also resulted in a similar (CV= 
0.5%) vascular contraction in chorionic arteries isolated from three different placen-
tae.

Effects of quercetin on the release of PSMs under hypoxia
Quercetin (0.3, 1, 3, 10 or 20 µM) added to 200 ml pre-warmed HEPES buffer (37°C) 
containing 30 g placental tissue followed by 3 hours 100% N2 aeration resulted in a 
concentration-dependent decreased vasoconstriction of 4 ± 28, 43 ± 25, 58 ± 29, 73 
± 25 and 91 ± 12% respectively induced by the released PSMs (Figure 6A). Further-
more, a concentration-dependent decreased reactivity to U46619 of 23 ± 12, 30 ± 15, 
36 ± 9, 52 ± 7 and 61 ± 17% was found (Figure 6B).

Figure 6. Effects of quercetin on the release of PSMs under hypoxia. The maximum vascular con-
tractile response after 60 min induced by PSMs released under hypoxia (control) (n=27), hypoxia in 
combination with 0.3, 1, 3, 10 or 20 µM quercetin (n=8) (A) and the difference in vascular contractility 
to U46619 before and after exposure to the PSMs for each condition (B).
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Discussion
In this study, an in vitro model is presented for PE using placental villous explants 
of non-complicated term placentae and chorionic arteries. This model can be used to 
study the production of PSMs by the placenta that induce the acute vasoconstriction 
and sustained increased contractility observed in PE.
 
The vascular reactivity of chorionic arteries was characterised using various vasoac-
tive compounds. Car was used to confirm that the absence of ACh-induced vasore-
laxation was not due to the breakdown of ACh by cholinesterase. It was found that 
BK only induces vasorelaxation after a pre-contraction by U46619 (-40 ± 20%) and 
not after a pre-contraction by KCl, which is known to inhibit the release of endo-
thelium-derived hyperpolarizing factor (EDHF) (25, 26). It was therefore suggested 
that the vasorelaxation was induced by the released EDHF in response to BK (27). 
Since BK did not induced vasoconstriction as previously observed in umbilical ar-
teries, it was concluded that no TXA2 was produced in response to BK, which could 
have masked the BK-induced vasorelaxation (28, 29) . The endothelial independent 
vasorelaxator SNP induced a relaxation up to 76 ± 23% in KCl pre-contracted arteria 
and was thereby the most potent vasorelaxator. Even though Ach and BK did not 
induce a NO-dependent vasorelaxation, SNP proved that the vessels used for our 
further experiments are NO-sensitive. Concentration-dependent vasoconstrictions 
were induced by U46619, AngII, ET-1, 5-HT with a maximal response related to 
the contractile response of 65.5 mM KCl of 183 ± 71, 54 ± 17, 45 ± 8 and 66 ± 20% 
respectively. This shows that arteries contained functional active AT-1, ET-1 and 
5-HT2 receptors.

In our in vitro model, we found that PSMs released under severe hypoxia induced a 
58% increase in vascular contraction compared to the PSMs obtained from the stan-
dard culture (21% O2) condition. Beside altered vasoconstriction, the PSMs released 
under severe hypoxia also caused a 64% sustained increase in vascular contractility 
to U46619. With the use of specific receptor antagonists, the AT-1 and ET-1 recep-
tors were identified as the main contributors to the direct vasoconstrictive activity 
of the PSMs. These results obtained in our model are in line with the paradigm that 
stress factors, like hypoxia, in placental tissue lead to the release of PSMs causing 
acute high blood pressure and increased risk for high blood pressure in later life of 
the mother (5). 

Khalil et al. already suggested that bioactive factors like AT-1-agonistic autoantibod-
ies released by the placenta could cause severe vasoconstriction. Previously it has 
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been proposed that besides activating the AT-1 receptor, increased levels of placen-
tal AT-1-agonistic autoantibodies may stimulate endothelial cells to produce ET-1, 
which may further trigger the genesis of preeclamptic hypertension (30).

The increased contractility of arteries after 1 hour pre-incubation with PSMs cor-
responds to a similar increased vascular contractility to TXA2, AngII and ET-1 of 
omental arteries observed in women suffering from PE (31-33). Therefore, it will be 
one of the goals of our model to test the vascular effect of PSMs on omental arteries, 
which will further unravel the complex pathophysiological process of PE.  

Although the exact mechanism of PE is still enigmatic, there is a growing body 
of evidence that vasoactive PSMs obtained under hypoxia promote a TXA2 and 
prostaglandins disbalance and that this is pivotal in the development of PE-induced 
hypertension (33). It can explain the increased maternal vascular contractility to va-
soactive compounds after a PE-complicated pregnancy (34). Our data indicate that 
hypoxia is one of the triggers that lead to the release of vasoactive PSMs into the 
maternal circulation and forming the culprit of the acute increase in blood pressure 
during pregnancy as well as the increased risk for high blood pressure in later life of 
the mother.

The low inter- and intra-coefficient of the variance of the PSM extraction procedure 
of 4.5 and 0.5% respectively indicates the applicability of the PSM generation pro-
cedure under severe hypoxia and its induced vaso-reactivity in chorionic arteries.

Knowing key players of PE like oxidative and inflammatory stress are known as 
powerful stimuli for altered protein expression (35). A better understanding of the 
changes in protein expression will allow the development of novel biomarkers for 
the prediction and diagnosis and potential treatment targeting key aspects of the 
pathophysiology (35). The experiment with the dietary bioactive compound querce-
tin underlines the potential of our in vitro model. When quercetin, the most abundant 
flavonoid in our diet, was added to the HEPES buffer containing the placental tissue 
before exposure to severe hypoxia, the direct vasocontraction and increased vascular 
contractility to U46619 induced by the released PSMs was concentration-dependent-
ly reduced. Although the exact mode of action of quercetin needs to be elucidated, 
this indicates that bioactive compounds in our diet might be useful in targeting the 
different elements of PE. 

Further experiments can include exposure of placental tissue to inflammatory stress 
factors like TNF-α (Tumor necrosis factor-alpha) to determine whether only hy-
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poxia triggers the release of vasoactive compounds by syncytiotrophoblasts cells. 
Previous studies showed evidence that HIF-1α (Hypoxia-inducible factor 1-alpha), 
considered as the master transcriptional regulator of the cellular and developmental 
response to hypoxia itself can be stimulated and stabilized by inflammatory stimuli 
like lipopolysaccharide (LPS) under normoxic conditions. This shows a potential 
overlap between inflammatory and hypoxic responses in preeclampsia (16, 36, 37). 
Besides changes in vascular reaction, specific inflammatory cytokines and vesicles 
characteristics could be determined in the conditioned medium. Redman et al. spec-
ulated, that in PE due to oxidative and inflammatory stress, syncytiotrophoblast cells 
are activated to release larger microvesicles that exhibit proteins, which have pro-in-
flammatory, anti-angiogenic and procoagulant activity that could contribute to exag-
gerated systemic inflammation in PE (38). It is now recognized that the exact nature 
and composition of syncytiotropoblast microvesicles has yet to be defined. However, 
ex vivo studies have shown that these microvesicles play a key role in normal mater-
nal immunomodulation that results in the regulation of the T-helper cells and may be 
thus responsible for the Th1 skewness in PE (39, 40).

Conclusion
An in vitro model for PE was set up using healthy term placentae and chorionic ar-
teries to investigate the direct and sustained vascular consequences of PSMs released 
under hypoxic stress conditions in the placenta as observed in PE. The model is also 
suitable to test the potential beneficial effects of food compounds like quercetin to 
prevent the vascular consequences of PE and to elucidate their mechanism of action. 
Our in vitro model opens avenues to develop interventions aimed at treating or even 
preventing preterm birth in PE.
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Abstract
Preeclampsia is a pregnancy-related disorder characterized by hypertension and pro-
teinuria afflicting 3-10% of all pregnancies. Although its pathophysiology remains 
obscure, placental hypoxia-induced oxidative stress and alterations in vascular func-
tion, morphology, and endothelial barrier integrity are considered to play a key role 
in the development of preeclampsia. Placental villous explants of non-complicated 
placentae and BeWo cells were subjected to hypoxia. The effect of placental hypox-
ic-conditioned medium (HCM) on intraluminal-induced contraction and endothelial 
barrier integrity in chorionic arteries was investigated using pressure myography. 
The impact of BeWo cell HCM on endothelial cell viability, reactive oxygen spe-
cies formation and inflammation was determined. Alterations in arterial morpholo-
gy and contractile responsiveness to the thromboxane A2 analogue (U46619) after 
exposure to placental HCM were examined immunohistochemically and by wire 
myography, respectively. Intraluminal administration of placental HCM induced 
vasoconstriction and increased endothelial permeability for KCl, which could be 
concentration-dependently prevented by quercetin. Placental and BeWo cell HCM 
decreased endothelial cell viability, increased the production of reactive oxygen spe-
cies and enhanced the secretion of IL-6 and IL-8. Cross-sectional area of the arterial 
media was increased upon exposure to placental HCM, which was associated with 
increased vascular proliferation and contractile responsiveness to U46619, which all 
could be prevented by the anti-oxidants quercetin and RRR-α-tocopherol. This study 
is the first to comprehensively demonstrate the link between factors secreted by pla-
cental cells in response to hypoxia and vascular abnormalities and paves the way for 
new diagnostic approaches and therapies to better protect the maternal vasculature 
during and after a preeclamptic-complicated pregnancy.
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Introduction
Preeclampsia (PE) is a pregnancy-related disorder afflicting an estimated 3-10% of 
all pregnancies worldwide. PE is often associated with fetal intrauterine growth re-
striction and remains a leading cause of maternal death and perinatal morbidity (1). 
As its etiology and pathophysiology are not fully understood, aside from the delivery 
of the fetus, currently there is no available treatment.

One of the pathophysiological hallmarks of PE is severe maternal hypertension, 
which is occasionally associated with proteinuria and edema in the late second or 
third trimester (1). Importantly, there are two sub-types of PE: early- and late-onset 
PE. Early-onset PE, also known as severe PE, is widely acknowledged to have a de-
fect in placentation, while late-onset PE may center around interactions between se-
nescence of the placenta and a maternal genetic predisposition to cardiovascular and 
metabolic diseases (2). The pathophysiological processes that have been proposed to 
underlie early-onset PE include defective placentation and apoptosis of invasive cy-
totrophoblasts causing inadequate remodeling of spiral arteries leading to a decrease 
in blood flow to the placenta (3-5). Subsequent placental ischemia/hypoxia leading 
to oxidative stress (4) is believed to result in the production of a variety of placental 
secreted factors that collectively have profound effects on blood flow and arterial 
pressure regulation. These include pro- and anti-angiogenic factors such as soluble 
fms-like tyrosine kinase-1 (sFlt-1; an endogenous inhibitor of vascular endothelial 
growth factor (VEGF)) and pro-inflammatory cytokines including tumor necrosis 
factor alpha (TNF-α) and interleukin 6 (IL-6), and vascular contractile compounds 
like angiotensin II type 1 receptor agonistic autoantibody (AT1-AA) (1, 6-10). In 
animal studies, reduced uterine perfusion (as demonstrated in PE) has been shown 
to induce hypertension (11-13). In line with these studies, we previously demon-
strated that factors released by a hypoxic placenta increase vasoconstriction via the 
Angiotensin II receptor type 1 (AT1) and endothelin 1 (ET-1) receptor and increased 
vascular contractility to a thromboxane-A2 (TXA2) agonist analogue (U46619) in 
chorionic arteries mounted in a wire myograph. When the exposure of placental 
explants to hypoxia was combined with the flavonoid quercetin, the acute and sus-
tained vascular effects could be prevented in a concentration-dependent manner (6). 
Whether or not these effects on vascular contractility were endothelial-dependent 
remains to be elucidated, since the myograph setting as used in our previous work is 
not intraluminal-specific (6). 

Quercetin was selected for this study, since it is the most abundant flavonoid found in 
our diet. To confirm if the protective effect of quercetin is due to its antioxidant prop-
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erties, RRR-α-tocopherol, was tested in our study, which is the naturally occurring 
and most active form and which have already been used as a fertility enhancement and 
to improve uterine artery blood flow (14-16). The parameters used in our study may 
serve as a tool to explore the benefits of dietary compounds on specific targets central 
to the pathogenesis of PE. There is growing attention in dietary-directed prevention 
of diseases and consumption with diet appears to be save (17, 18). RRR-α-tocopher-
ol is a fat-soluble nutrient that is extremely important during from time of conception 
to the postnatal development of the infant. The mechanisms involved in its placental 
uptake appear to be allowed by the presence of lipoprotein receptors (LDL-receptor, 
VLDL-receptor, scavenger receptor class B type I) together with lipoprotein lipase 
at the placental barriers (19). The ingestion of colostrum which contains very high 
levels of RRR-α-tocopherol is therefore of utmost importance to supply the newborn 
with an essential defense against oxygen toxicity (19). The use of RRR-α-tocopherol 
as a therapeutic agent in PE, has been discussed in numerous papers (19). Our data 
will help in the selection of effective bioactives and subsequently establish dietary 
recommendations to treat/prevent vascular consequences of PE. 

Besides the direct effects on contractility of the vessels during pregnancy, resulting 
in maternal hypertension, a preeclamptic pregnancy may also irreversibly modify 
the maternal vascular system, leaving the mother at increased risk for cardiovascular 
diseases in later life. Indeed, strikingly, women who have experienced PE are twice 
as likely to succumb to cardiovascular-related events in later life compared to those 
that have had normal pregnancies (20), the reason for this remains unclear (21). 
Using laser Doppler and iontophoresis, impaired function of the endothelium and 
smooth muscle of the skin microvasculature in women which experienced PE was 
demonstrated 15-25 years postpartum (22). In the major blood vessel of the upper 
arm (brachial artery), endothelial function was found to be impaired in women in 
their early postpartum period (median, 3 years), which could be ameliorated using a 
systemically acting antioxidant ascorbic acid (23).

Understanding the link between a hypoxic placenta and its resulting vascular abnor-
malities could help in the identification of new serum biomarkers for the prediction 
of PE and in the design of new diagnostic approaches for a better clinical manage-
ment. It will also improve our knowledge on the sustained maternal vascular con-
sequences opening new postpartum treatment and follow-up strategies. Because of 
the difficulty to perform mechanistic studies on the complex interplay between the 
placenta and the maternal vascular system in pregnant women, an in vitro setting 
using human placentae and chorionic arteries as used in our study served as a physi-
ological relevant tool. As recently recognized by Burton et al., the synergistic effect 
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of placental secreted factors may explain why PE has proved so hard to treat, as it 
is likely that the peripheral aspects of the syndrome are caused by a complex mix of 
factors rather than any one mediator alone (2). 

The aim of the present study, therefore, was to examine the effect of placental hy-
poxic-conditioned medium (HCM) on vascular function, morphology, and endothe-
lial barrier integrity. To investigate if the alterations on endothelial barrier integrity 
found were trophoblast specific, the effect of both placental and BeWo cells HCM on 
endothelial viability, inflammation, and oxidative stress was tested.
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Materials and methods 
Clinical subject characteristics
For the generation of placental-conditioned medium (CM), 3 term placentae were 
collected from caesarean deliveries by the Department of Obstetrics and Gynaecol-
ogy at Maastricht University Medical Center+. Exclusion criteria were hypertension 
(pre-existing or onset during pregnancy) with or without proteinuria as defined by 
the International Society for the study of Hypertension in Pregnancy (ISSHP), fetal 
chromosomal anomalies, multiple gestation, obesity and (pre)gestational diabetes. 
In addition, 66 placentae were used for the isolation of chorionic arteries. Chorionic 
arteries were chosen, since they contain AT-1, ET-1, serotonin (5-HT) and TXA2 
receptors and thus are relevant in respect of identifying vasoactive compounds relat-
ed to PE 24. The umbilical-placental vessels have the particular property of lacking 
autonomic innervation, which in fact permits investigation of direct actions of va-
soactive compounds and drugs 24. All experiments were approved by the Medical 
Ethics Committee Academic Hospital Maastricht and Maastricht University (METC 
16-4-047). 

Villous explant isolation and collection placental of CM
As described earlier by Vangrieken et al. (6), three placentae from non-complicated 
caesarean deliveries were processed directly after delivery. Per placenta, five villous 
explants of 30 g were collected from the central region of the placenta at the maternal 
side. Subsequently, the basal plate of the specimens was removed and the remaining 
tissue was rinsed in a HEPES solution (NaCl 143.3 mM, KCl 4.7 mM, MgSO4 1.2 
mM, KH2PO4 1.2 mM, CaCl2 2.5 mM, glucose 5.5 mM, and HEPES 15 mM). Spec-
imens (15 in total) were then separately transferred into a bottle containing 200 ml 
pre-warmed (37 °C) HEPES buffer, kept in a warm water bath (37 °C) and aerated 
under a standard culture condition (21% O2, referred as the control condition) or 
under a hypoxic condition (1% O2) in the presence/absence of 3 or 10 µM quercetin 
(which is comparable with plasma levels of quercetin found in mice upon nutrition-
al supplementation (25)) or 20 µM RRR-α-tocopherol (the relevant physiological 
plasm concentration upon nutritional supplementation of the naturally occurring and 
most active α-tocopherol stereoisomer (26)) for 3 h. Solutions were then centrifuged 
at 500 g for 10 min at 4 °C. Resulting placental CM was stored in aliquots of 3 ml 
at -80 °C until use.  

Mounting of chorionic arteries into a pressure myograph 
For pressure myography, freshly isolated chorionic arteries of 100-400 µm width 
and ≥ 1 cm length were used. A stainless steel wire (diameter of 40 µm) was lead 
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through the lumen of the arterial segment. The isolated artery was cleaned by cut-
ting away the connective perivascular tissue and stored in a HEPES buffer (4 ºC) 
and used within 24 h after isolation. Subsequently, a dual vessel chamber (CH-2, 
Living Systems Instrumentation, Vermont, USA) was used. The vessel chamber was 
filled with 7 ml HEPES buffer and kept at 37 ºC by a temperature controller for dual 
chamber (TC-09D Living Systems Instrumentation). The isolated artery was then 
mounted onto two glass cannulas of the vessel chamber. The artery was secured 
using two double knotted strings on both cannulas. Simultaneously, a pressure servo 
controller with a peristaltic pump (PS-200, Living Systems Instrumentations) was 
connected to the cannulas. The pressure pump was infused with HEPES buffer at 10 
mmHg and subsequently, increased to an intraluminal pressure of 50 mmHg, which 
was kept constant during the experiments. To infuse solutions of interest, a flow con-
trol peristaltic pump (FC, Living Systems Instrumentation) was used at a flow rate of 
210 µl/min. A video camera (TVC, Living Systems Instrumentation), on the inverted 
microscope, visualized the artery in the vessel chamber. A video dimension analyzer 
(VDA-10, Living Systems Instrumentation) connected to the monitor, measured the 
lumen diameter. The diameter change was expressed as the delta diameter change 
(µm). Data measured by the VDA were transferred (Data acquisition transformer, 
Living System Instrumentation) and analyzed with the use of Wintech data acquisi-
tion (ASUS).

Testing vascular contractile responsiveness and endothelial bar-
rier integrity upon intraluminal exposure to placental CM
To determine the maximal contraction, chorionic arteries were first extraluminally 
pre-contracted by KCl (62.5 mM). Subsequently, after complete relaxation, chorion-
ic arteries were intraluminally exposed to KCl (62.5 mM) and flushed with HEPES 
for baseline conditions. Next, chorionic arteries were infused intraluminally for 2 h 
with undiluted placental CM of the control culture condition (21% O2, control-con-
ditioned medium: CCM), the hypoxic condition (1% O2, hypoxic-conditioned me-
dium: HCM) or the CM of placenta exposed to hypoxia in the presence of 3 or 10 
µM quercetin (n= 8 for each condition). To determine the vascular contractile effect 
of placental CM, arterial diameter was recorded after 2 h. Chorionic arteries were 
subsequently flushed again with HEPES for baseline conditions. Finally, chorionic 
arteries were again intraluminally exposed to KCl (62.5 mM). Differences between 
the intraluminally KCl-induced contraction before and after exposure to the placen-
tal CM was used as a parameter for endothelial barrier integrity.

Chorionic artery isolation and culture exposure to placental CM
Areas from the chorionic plate containing chorionic arteries were macroscopically 
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selected and excised in placentae from both vaginal and caesarean deliveries. The dis-
sected specimens were immediately immersed in HEPES solution (4 °C) and pinned 
in a Sylgaard dish with the fetal side orientated upwards. Chorionic arteries (second 
and third-order branches of the umbilical cord) were dissected under a microscope. 
From each placenta, one isolated artery was cut into arterial segments of 2 mm. Ar-
terial segments were first pre-warmed (37 °C) in basal Dulbecco’s Modified Eagle 
Medium (DMEM; D-glucose and L-glutamine 1 g/L and HEPES and pyruvate 25 
mM, GIBCO, Carlsbad, CA, USA) containing antibiotics (1000 U/ml penicillin and 
1000 μg/ml streptomycin; both from GIBCO) for 2 x 5 min at 37 °C. Subsequently, 
arterial segments were cultured under a humidified atmosphere containing 21% O2, 
5% CO2 at 37 °C for 1, 3 or 7 days in a 24-wells plate containing 400 µl placental 
CM and 600 µl basal medium containing antibiotics (50 U/ml penicillin and 50 μg/
ml streptomycin) (40 % (vol/vol)). The diluted placental CM was refreshed daily.

Mounting and examining of cultured arterial segments in a wire 
myograph
Cultured arterial segments of 2 mm were mounted in a myograph for the recording 
of isometric tension development (DMT, Aarhus, Denmark). The organ chamber 
was filled with Krebs Ringer bicarbonate buffer (KRB) containing (in mM): NaCl 
118.3, KCl 4.7, CaCl2 2.5, MgSO4 1.2, KH2PO4 1.2, NaHCO3 25.0 and glucose 11.1 
(pH= 7.4) and aerated with 95 % O2 and 5 % CO2. Two stainless steel wires (diame-
ter of 40 µm) were inserted in the lumen of the arterial segments and were connected 
to a displacement device and an isometric force transducer. All arterial preparations 
were stretched to a diameter at which their individual mechanical performance was 
maximal. To achieve this, the arterial diameter was stepwise increased and prepara-
tions were intermittently exposed to 65.5 mM potassium-KRB until maximal con-
tractile responses were obtained. Contractile responses were expressed as the in-
crease in wall tension (increase in force/twice the segment length; N/m) relative to 
the response to the maximal concentration of the thromboxane-A2 (TXA2) agonist 
analogue (U46619, Enzo Life sciences, USA) of the control condition.

Testing vascular contractile responsiveness to U46619 after ex-
posure to placental CM
Cultured arterial segments were contracted by U46619 in logarithmically increasing 
doses 0.1 nM – 1 µM. After washing and equilibration (±30 min), chorionic arteries 
were pre-contracted by U46619 (30 nM). Subsequently, vasodilation was induced 
by logarithmically increasing doses of sodium nitroprusside (0.01 nM – 30 µM, 
SNP, Sigma Aldrich, Zwijndrecht, the Netherlands). After the experiments, arterial 
segments were formalin-fixed for paraffin-embedding. 
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Immunohistochemistry on chorionic arteries exposed to placen-
tal CM
To identify the proliferative activity of the chorionic arteries exposed to the placen-
tal CM, following the myograph experiments, cultured arterial segments were im-
munohistochemically analyzed using commercially-available antibodies following 
standard manual protocols on formalin-fixed, paraffin-embedded (FFPE) tissue. The 
slides were incubated with antibodies for mindbomb E3 ubiquitin protein ligase 1 
(MIB-1, Ki-67, Dako, catalogue no. M7240) (Agilent Technologies, Glostrup, Den-
mark), according to routine protocols. Briefly, 5 µm sections of paraffin-embedded 
tissue were first deparaffinized with absolute Xylene and endogenous peroxidase 
was blocked in 0.3% H2O2/ methanol for 10 min. Sections were subsequently hydrat-
ed via graded ethanol series (100%-50% PBS (Phosphate Buffered Saline)). Arterial 
sections were boiled in a sodium citrate solution (10 mM, pH 6.0) for 30 min, cooled 
at room temperature and washed 3 times in PBS. All subsequent steps were per-
formed at room temperature. Sections were then incubated with PBST (Phosphate 
buffer with Tween 20) /0.5% BSA (bovine serum albumin) for 30 min to minimize 
nonspecific antibody binding. Sections were incubated with Ki-67 1:40 in PBST 
/5% BSA) for 4 h. After washing 3 times with PBST, a secondary antibody: goat 
anti-mouse (GAM-biotin Vector BA9200; 1:500 in PBST) was allowed to bind for 
30 min at room temperature, followed by 3 washes in PBST. HRP coupled Avi-
din/Streptavidin-biotin complex (ABC (Avidin-biotin-complex) kit Elite, Vectastain 
PK6100, Vector Laboratories Inc., 30 Ingold Road, Burlingama, CA 94010) was 
used to amplify the signal and incubated for 30 min at room temperature, followed 
by 3 washes in PBST. Sections were then incubated with the substrate 3,3’-diam-
inobenzindine (DAB). Staining was stopped with water. In parallel, for the same 
placental chorionic arteries, a second 5 µm arterial section of the same artery was 
subjected to a hematoxylin staining for the measurement of the cross-sectional area 
of the lumen, media, and adventitia. Finally, sections were dehydrated via a graded 
alcohol series (70%, 90%, 96%, 2x 100%) and covered with Entellan (Merck KGaA, 
64271 Darmstadt, Germany). For negative controls, the first antibody was replaced 
by a buffer.

Histological analysis of cultured chorionic arteries exposed to 
placental CM
All arterial cross-sections were examined at a magnification of 10 x using a light 
microscope (Leica DM4 B, Leica Microsystems GmbH, Ernst-Leitz-Strasse 17-37, 
35578 Wetzlar, Germany). Ki-67-positive nuclei were counted in Ki-67 stained ar-
terial cross-sections and area of the lumen, media and adventitia were measured in 
hematoxylin stained arterial cross-sections using Leica-QWin standard software.
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Cell culture of BeWo cells and collection of CM
BeWo cells, a trophoblast cell line (ECACC, Porton Down, Salisbury, UK, No 
86082803) were cultured according to the manufacture’s protocol. Briefly, BeWo 
cells were cultured in Ham's F12 (Kaighn’s) growth medium (glutamine 2 mM and 
D-glucose 7 mM, GIBCO, Carlsbad, CA, USA) enriched with 10% (vol/vol) fetal 
bovine serum (FBS, SIGMA, St. Louis, MO, USA) and antibiotics (50 U/ml penicil-
lin and 50 μg/ml streptomycin; both from GIBCO). Cells were routinely maintained 
in 175-cm2 falcon flasks at pH 7.4 under 5% CO2 and 95% humidity at 37 °C and 
passaged when reaching confluency of 70-80%. For medium transfer experiments, 
24 h after cell seeding in 6-wells plates (3x105 cells/well in 2 ml growth medium), 
cells were cultured for 24 h under a standard culture (control) condition (21% O2, 
5% CO2) or a hypoxic condition (1% O2, 5% CO2), whereafter CM was collected and 
stored at -80 ºC until use. 

Exposure of EA.hy926 cells to placental or BeWo cell CM
EA.hy926 cells, a vascular endothelial cell line derived by fusing primary human 
umbilical vein endothelial cells (HUVEC) with a thioguanine-resistant clone of 
A549 (ATCC CRL-2922, Manassa, Virginia, USA) were cultured according to the 
manufacture’s protocol. Briefly, cells were cultured in DMEM (Dulbecco's Modified 
Eagle Medium, 4 mM L-glutamine, 4500 mg/L glucose, 1 mM sodium pyruvate, 
and 1500 mg/L bicarbonate enriched with 10% (vol/vol) FBS, antibiotics (50 U/ml 
penicillin and 50 μg/ml streptomycin; both from GIBCO) and 1X HAT supplements 
(GIBCO). Cells were routinely maintained in 175 cm2 falcon flasks at pH 7.4 under 
5% CO2 and 95% humidity at 37 °C and passaged when reaching confluency of 70-
80%. Medium was refreshed every two days. For the CM exposure of EA.hy926 
cells, CM of the control (CCM) and hypoxic condition (HCM) was first diluted 40% 
(vol/vol) with DMEM basal medium. Subsequently, 24 h after EA.hy926 cell seed-
ing in 6-wells plates (1x105 cells/well in 2 ml growth medium), medium was re-
placed by the diluted placental or BeWo CCM or HCM and incubated for 24 h.

EA.hy926 cell viability upon exposure to placental or BeWo cell 
CM
Cell viability was assessed using the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphen-
yltetrazolium bromide) assay. After 24 h exposure of EA.hy926 cells to DMEM 
basal medium, which was used as positive control or placental or BeWo CCM or 
HCM, supernatant was removed and 150 µl of MTT solution (0.5 mg/ml in DPBS) 
was added to the cells after which the plate was incubated in the dark at 37 ºC for 
1 h. After 1 h, the MTT solution was removed from the wells and 150 µl of DMSO 
(dimethylsulfoxide) was added to each well. After 10 min incubation at room tem-
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perature, absorbance was measured at λ = 540 nm.

Quantification of IL 6 and IL 8 secretion by EA.hy926 cells ex-
posed to placental or BeWo cell CM
After 24 h exposure of EA.hy926 cells to placental or BeWo cell CCM or HCM, su-
pernatant was removed and replaced by DMEM basal medium, which was collected 
after 24 h for cytokine detection. Human IL-8 (DY208) and human IL-6 (DY206) 
DuoSet ELISA kits (R&D Systems, Abingdon, UK) were used and the analyses were 
carried out in accordance with the manufacturer’s instructions.

Intracellular ROS levels in EA.hy926 cells exposed to placental 
or BeWo cell CM
Intracellular reactive oxygen species (ROS) levels were quantified using the 2’,7’-di-
chlorodihydrofluorescein diacetate (DCFH-DA)-assay. 72 h after cell seeding in 
black and clear bottom 96-wells plates (Costar/sigma Aldrich) (1x105 cells/well in 
200 μl growth medium), cells were washed twice with 150 μl HBSS, incubated for 
1 h with 100 μl H2DCFH-DA (50 μM) and washed twice again with 150 μl HBSS. 
Subsequently, cells were incubated with 200 μl of the diluted (40% (vol/vol)) pla-
cental or BeWo cell CCM or HCM for 24 h or with 100 µM H2O2, which was used 
as a positive control. Fluorescence intensity levels of DCF was measured at λ exci-
tation= 485 nm and λ emission= 525 nm and corrected for total protein content and 
expressed as percentage relative to the maximal (100 %) intracellular ROS forma-
tion of the positive control group.

Statistical analysis
Results are expressed as mean ± SEM and n refers to the number of placentae from 
which blood vessels were isolated or the number of independent cell culture exper-
iments. By using GraphPad Prism 8 Software inc. La Jolla, CA, USA, the maximal 
contractile response (Emax) and the negative logarithm of the half-maximal effec-
tive concentration (EC50) of various conditions were calculated. For each compari-
son, the D’agrostino and Pearson omnibus normality test was used to test normality. 
Subsequently, to compare the outcome of the control and hypoxic condition, either 
an unpaired t-test or Mann Whitney test was used accordingly. To compare of the 
intervention conditions (quercetin or tocopherol) with the hypoxic condition, the 
ANOVA one-way analysis of the variance was used followed by the multiple com-
parison Tukey post-hoc test. If not normally distributed, the Kruskal-Wallis test was 
used followed by the Dunn’s multiple comparison post-hoc. A p-value < 0.05 was 
considered as significant difference and presented as follows: Ns: P > 0.05, *P ≤ 
0.05, ** P ≤ 0.01, *** P ≤ 0.001.
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Results
Intraluminal administration of placental HCM induces vaso-
constriction 
As depicted in Figure 1, intraluminal administration of placental HCM, significantly 
increased vascular contraction (+9753 ± 1183%, p<0.001, n=8) after 2 h, compared 
to the placental CCM (n=8). Furthermore, when quercetin (3 or 10 µM) was present 
during the 3 h exposure of placental explants to hypoxia, the CM-induced vascular 
contraction showed a concentration-dependent reduction (-55 ± 13%, p< 0.001 and 
-131 ± 28%, p< 0.001, n=8, respectively) compared to HCM condition (Figure 1).

Figure 1. Intraluminal administration of placental HCM induces vasoconstriction. The vascular 
contractile response (-Δ diameter (µm)) after 2 h exposure to placental CCM, HCM, hypoxic-quercetin 
(3 or 10 µM) CM of placental chorionic arteries. Data are presented as mean with SEM. Conditions in 
the black square are compared to the HCM condition. ***p ≤ 0.001. CCM: Control-conditioned medi-
um, CM: Conditioned medium and HCM: Hypoxic-conditioned medium.

Intraluminal administration of placental HCM increased endo-
thelial permeability for KCl
To assess endothelial barrier integrity, intraluminal KCl-induced vascular contraction 
was tested before and after a 2 h intraluminal exposure to placental CCM or HCM. 
As presented in figure 2, 2 h intraluminal placental CCM did not change endothelial 
permeability for KCl, since it did not induce a significant vascular contraction (+35 
± 75%, p= 0.2241, n=8). After intraluminal exposure to placental HCM, intralumi-
nal KCl induced a significant vascular contraction (+1089 ± 276%, p< 0.001, n=8), 
compared to the CCM condition, indicating increased endothelial permeability for 
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KCl. Furthermore, when quercetin (3 or 10 µM) was present during the 3 h exposure 
of placental explants to hypoxia, the CM significantly reduced intraluminal KCl-in-
duced vascular contraction in a concentration-dependent manner (-30 ± 38%, p= 
0.024 and -91 ± 21%, p< 0.001, n=8, respectively) compared to the HCM condition.

Figure 2. Intraluminal administration of placental HCM increases endothelial permeability for 
KCl. Extraluminal KCl (62.5 mM) induced vascular contraction (-Δ diameter (µm)) and intralumi-
nal KCl (62.5 mM) induced contraction before and after 2 h intraluminal exposure to CCM, HCM, 
hypoxic-quercetin (3 or 10 µM) or tocopherol (20 µM) CM of placental chorionic arteries. Data are 
expressed as difference in vascular diameter (µm) and are presented as mean with SEM. Conditions in 
the black square are compared to the HCM condition. *p ≤ 0.05, **p ≤ 0.01 and ***p ≤ 0.001. CCM: 
Control-conditioned medium, CM: Conditioned medium and HCM: Hypoxic-conditioned medium.

Placental HCM decreases endothelial cell viability and increases 
intracellular ROS formation and inflammation
To determine the effect of placental CM on endothelial cell viability, ROS formation, 
and inflammatory status, EA.hy926 endothelial cells were incubated for 24 h with 
placental CCM or HCM. After 24 h exposure to placental HCM, endothelial cell vi-
ability was significantly decreased (-68 ± 46%, p= 0.029, n=3), whereas intracellular 
ROS formation was significantly increased (+493 ± 199%, p= 0.024, n=3) compared 
to the CCM condition. Furthermore, 24 h after exposure of EA.hy926 endothelial 
cells to the placental HCM both IL-6 (+470 ± 41%, p< 0.001, n=3) and IL-8 (+566 
± 162%, p= 0.005, n=3) levels in the replaced blank medium were significantly in-
creased compared to the placental CCM condition (Figure 3A-D). 
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Figure 3. Placental and BeWo cell HCM decreases endothelial cell viability and increases intra-
cellular ROS formation and inflammation. Endothelial cell viability (A), intracellular ROS levels 
using DCFH-DA (B), cytokine levels of IL-6 (C) and IL-8 (D), assessed in EA.hy926 cells exposed for 
24h to placental CCM or HCM and endothelial cell viability (E), intracellular ROS levels using DCFH-
DA (F), cytokine levels of IL-6 (G) and IL-8 (H), assessed in EA.hy926 cells exposed for 24h to BeWo 
cell CCM or HCM. Data are expressed as percentage compared to the positive control (A, E (DMEM) 
and B, F (100 µM H2O2)) or as pg cytokine per µg protein (C, D, G, and H) and are presented as mean 
with SEM. *p ≤ 0.05, **p ≤ 0.01 and ***p ≤ 0.001. CCM: Control-conditioned medium, CM: Condi-
tioned medium, HCM: Hypoxic-conditioned medium and ROS: reactive oxygen species.

BeWo cell HCM decreases endothelial cell viability and increas-
es intracellular ROS formation and inflammation
To determine if trophoblast cells play a significant role in the endothelial response 
to placental CM, EA.hy926 cells were incubated for 24 h with CCM or HCM from 
BeWo cells. In line with data obtained with placental HCM, 24 h exposure to BeWo 
HCM significantly decreases endothelial cell viability (-72 ± 30%, p= 0.027, n=3) 
and increases intracellular ROS formation (+89 ± 27%, p= 0.029, n=3) in cultured 
endothelial cells compared to the BeWo CCM. Furthermore, 24 h after exposure of 
EA.hy926 endothelial cells to the BeWo HCM both IL-6 (+100 ± 26%, p= 0.005, 
n=3) and IL-8 (+393 ± 28%, p< 0.001, n=3) levels in the replaced blank medium 
were significantly increased compared to the BeWol CCM condition (Figure 3E-H).
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Placental HCM increases vascular cross-sectional area of the 
media 
To determine if placental HCM affects arterial cross-sectional area, placental cho-
rionic arteries were exposed to placental CCM or HCM up to 7 days after which 
the cross-sectional area of the lumen, media, and adventitia were assessed. Only 
the cross-sectional area of the media was significantly increased after 3 and 7 days 
exposure to placental HCM (+44 ± 72%, p< 0.040, n=10 and +65 ± 75%, p< 0.010, 
n=10, respectively) compared to the placental CCM condition (n=17 and n=18, re-
spectively) (Figure 4 and supplementary Figure 1). Furthermore, when 10 µM quer-
cetin was present during the 3 h exposure of placental explants to hypoxia, from day 
3, the cross-sectional area of the media of chorionic arteries exposed to the CM was 
significantly lower (-44 ± 50%, p< 0.030, n=9) compared to the placental HCM con-
dition.  After 7 days exposure to the placental CM, the 3 µM and 10 µM and 20 µM 
RRR-α-tocopherol condition resulted in a significant smaller cross-sectional area of 
the media (-43 ± 44%, p< 0.032, n=12, -64 ± 56%, p< 0.041, n=8 and -44 ± 45%, 
p< 0.004, n=15, respectively), compared to the placental HCM condition (Figure 
4). No changes in cross-sectional area of the lumen and adventitia were found after 
exposure to placental CM between the placental CCM and HCM condition (Supple-
mentary Figure 1).

Figure 4. Placental HCM increases vascular cross-sectional area of the media. Cross-sectional area 
of the media assessed in placental chorionic arteries after 1, 3 or 7 days exposure to placental CCM, 
HCM, hypoxic-quercetin (3 or 10 µM) or tocopherol (20 µM) CM. Data are expressed as µm2 and are 
presented as mean with SEM. Conditions in the black square are compared to the HCM condition. **p 
≤ 0.01. CCM: Control-conditioned medium, CM: Conditioned medium and HCM: Hypoxic-condi-
tioned medium.
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Placental HCM increases vascular proliferation
To determine whether the increased cross-sectional area of the media after exposure 
to placental HCM was a result of hyperplasia, vascular proliferation was assessed by 
KI-67 staining. As presented in figure 5, after 1, 3 and 7 days exposure to placental 
HCM, increased proliferating nuclei were found (+130 ± 110%, p= 0.010, n=10, 131 
± 71%, p= 0.005, n=11 and +114 ± 79%, p< 0.001, n=13, respectively) compared 
to the placental CCM condition (n=27, n=17 and n=30, respectively) (Figure 5). 
Furthermore, when quercetin (3 µM) and RRR-α-tocopherol (20 µM) was present 
during the 3 h placental exposure to hypoxia, after 1 day exposure, the resulting 
CM significantly reduced proliferating nuclei (-42 ± 44%, p= 0.028, n=14 and -55 
± 48%, p= 0.003, n=15, respectively), compared to the placental HCM condition. 
When quercetin (10 µM) was present during the 3 h placental exposure to hypoxia, 
after 3 days exposure, the resulting CM significantly reduced numbers of proliferat-
ing nuclei (-42 ± 27%, p= 0.027, n=13), compared to the placental HCM condition. 
After 7 days exposure, all three intervention conditions (quercetin 3 and 10 µM and 
RRR-α-tocopherol 20 µM) reduced numbers of proliferating nuclei (-43 ± 38%, p= 
0.003, n=19, -41 ± 50%, p= 0.004, n=11 and -49 ± 37%, p< 0.001, n=18, respec-
tively), compared to the placental HCM condition. See supplementary figure 2, for 
a representative example of the light microscopy images of the Ki-67 immunohisto-
chemistry-stained arterial cross-sections of placental chorionic arteries after 7 days 
exposure to CCM or HCM. 

Figure 5. Placental HCM increases vascular proliferation. Proliferating cells assessed in placental 
chorionic arteries direct after isolation (acute) or after 1, 3 or 7 days exposure to placental CCM, HCM, 
hypoxic-quercetin (3 or 10 µM) or tocopherol (20 µM) CM. Data are expressed as number of prolif-
erating cells and are presented as mean with SEM. Conditions in the black square are compared to the 
HCM condition. *p ≤ 0.05, **p ≤ 0.01 and ***p ≤ 0.001. CCM: Control-conditioned medium, CM: 
Conditioned medium and HCM: Hypoxic-conditioned medium.
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Placental HCM increases vascular contractile responsiveness to 
U46619
Ultimately, it was tested if the increased cross-sectional area found in placental cho-
rionic arteries exposed to placental HCM resulted in a different vascular contractile 
responsiveness to U46619. No differences were found for the LogEC50 calculated 
from the concentration-dependent contraction curves for U46619 (0.1 nM – 1 µM) 
between the different conditions for each day (Supplementary Figure 3). U46619 (1 
µM), however, induced a significant increased vascular contraction (+34 ± 20%, p= 
0.003, n=10) in placental chorionic arteries exposed to placental HCM for 3 days, 
compared to the placental CCM condition (n=21). Furthermore, after 3 days expo-
sure, the placental CM, which was produced in the presence of quercetin 3 or 10 µM 
induced a significant lower vascular contraction against U46619 (1 µM) (-30 ± 22%, 
p= 0.018, n=11 and -35 ± 31%, p= 0.016, n=10, respectively), compared to the pla-
cental HCM condition (n=10) (Figure 6). Placental CM did not affect the pEC50 of 
the concentration-dependent relaxation curves for the NO donor sodium nitroprus-
side (0.01 nM – 30 µM) pre-contracted by U46619 (30 nM) between the conditions 
(Supplementary Figure 4).

Figure 6. Placental HCM increases vascular contractile responsiveness to U46619. Vascular con-
tractility against U46619 (1 µM) after 1, 3 or 7 days exposure to placental CCM, HCM, hypoxic-quer-
cetin (3 or 10 µM) or tocopherol (20 µM) CM in placental chorionic arteries. Data are expressed as 
percentage compared to the vascular contraction in response to U46619 (1 µM) in the control condition 
and are presented as mean with SEM. Conditions in the black square are compared to the HCM con-
dition. *p ≤ 0.05 and **p ≤ 0.01. CCM: Control-conditioned medium, CM: Conditioned medium and 
HCM: Hypoxic-conditioned medium.
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Discussion
In the current study, we show for the first time, that intraluminal administration of 
placental HCM induces vasoconstriction and increased endothelial permeability for 
KCl in chorionic arteries. When the most abundant dietary flavonoid quercetin was 
present during the placental exposure to hypoxia, these effects could be concentra-
tion-dependently prevented. Moreover, we show that exposure of cultured EA.hy926 
endothelial cells to placental or BeWo HCM decreases cell viability and increas-
es endothelial production of ROS and pro-inflammatory cytokines IL-6 and IL-8. 
Furthermore, we observed that the cross-sectional area of the arterial media was 
increased after 3 days of exposure to placental HCM, which was associated with 
increased vascular proliferation and could be concentration-dependently prevented 
by the presence of quercetin as well as RRR-α-tocopherol during the placental ex-
posure to hypoxia. Besides the effect of placental HCM on vascular contraction and 
morphology, vascular contractile responsiveness to U46619 was increased after 3 
days of exposure, which also could be prevented by the presence of quercetin during 
the placental exposure to hypoxia.  

In PE pathophysiology, impaired uterine spiral artery remodeling by extravillous tro-
phoblast cells is believed to lead to persistently hypoxic, dysfunctional placentae that 
release pathogenic molecules into the maternal circulation (27). It has been proposed 
that in response to oxygenation shortage, placental cells release factors that affect the 
endothelial function in the whole maternal circulation, induce vasoconstriction and 
increase the contractile responsiveness of the vasculature to vasopressors, which has 
been demonstrated to persist after delivery (28-30). These mechanisms have been 
suggested to contribute to an increased risk for cardiovascular disease in later life in 
women with a history of PE. While several studies support the role of reduction in 
uteroplacental perfusion pressure in PE, the factors released in response to reduction 
in uteroplacental perfusion pressure and its contribution in the development of gen-
eralized hypertension in PE pathogenesis are the subject of extensive research (10).

In previous work (6), where we mounted freshly isolated chorionic arteries into a 
wire myograph and used specific receptor antagonists, the AT1 and ET-1 receptors 
were identified as the main contributors to the acute vasoconstrictive activity of pla-
cental HCM. In this study, we show that in chorionic arteries mounted into a pressure 
myograph, intraluminal administration of placental HCM also induced vascular con-
traction, suggesting that the contractile response might be endothelium-dependent. 
Interestingly, angiotensin II type 1 receptor agonistic autoantibody (AT1-AA) that 
are involved in the hypertensive state in PE are known to be induced by placental 
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hypoxia and have been implicated as a major contributor to the activation of the 
AT1 receptor-mediated hypertension in PE (31). Granger et al. already proposed that 
besides activating the AT1 receptor, increased placental AT1-AA secretion upon hy-
poxia may stimulate endothelial cells to produce ET-1 explaining the significance of 
their receptors in the development of PE-induced hypertension (32). It is postulated 
that in severe PE, ET-1 production is increased that much that it loses its paracrine 
directionality and leads to increased circulating levels and together with AT1-AA 
inducing the local and systemic release of oxidant substances (32-34). Interestingly, 
administration of ascorbic acid increased the flow-mediated vasodilation in large 
arteries of former PE women, further demonstrating the role of oxidative stress in 
maintaining vascular function in PE (35). Supportive to this data, we were able to 
show that the presence of quercetin during the exposure of placental explants to 
hypoxia, concentration-dependently protected the vascular contraction induced by 
placental HCM. Interestingly, plasma levels of antioxidants that counterbalance the 
increased ROS production were found to be lower in women with PE (36,37) further 
supporting the role of oxidative stress in the release of vasoactive compounds induc-
ing hypertension in the pathogenesis of PE. 

Furthermore, animal studies on the PE phenotype, showed that anti-angiogenic fac-
tors like sFlt-1 released by the hypoxic placenta are associated with increased endo-
thelial cell permeability, which is causing proteinuria, cerebral edema and hyperten-
sion (27,31,38). Moreover, electron microscopic studies of myometrial vessels and 
arteries isolated from subcutaneous fat in women with PE have revealed disrupted 
and enlarged intracellular junctions between endothelial cells (39). In support of this 
data, we found that vascular permeability for KCl was increased after intraluminal 
exposure to placental HCM compared to CCM. In addition, HCM from both pla-
cental explants and BeWo cells decreased endothelial cell viability. TNF-α, a well-
known elevated pro-inflammatory cytokine in PE, modulates the immune response 
by increasing vascular permeability, lymphocyte activation, and IL-6 and IL-8 pro-
duction upon hypoxic placental stress (40-42). Consequently, these cytokines cause 
increased endothelial permeability by inducing the expression of adhesion mole-
cules e.g. E-selectin, intercellular adhesion molecule 1 (ICAM1) and vascular cell 
adhesion molecule 1 (VCAM1) (1,43). Furthermore, these cytokines are involved 
in the downregulation of endothelial nitric oxide synthase (eNOS), increased AT1-
AA production via e.g. T helper and B lymphocyte activation 44, and mitochondri-
al biogenesis all leading to mitochondrial dysfunction resulting in oxidative stress 
and increased ROS production (4,45). We found increased IL-6 and IL-8 cytokine 
expression and ROS production in endothelial cells exposed to HCM from both 
placental explants and BeWo cells. In accordance with the effect of placental HCM 
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on EA.hy926 endothelial cells found in our study, exposing endothelial cells to se-
rum from women suffering from PE has been shown to induce endothelial damage 
(27). Remarkably, it has been demonstrated that in the earliest passage of cultured 
endothelial cells derived from women with PE, there is an increased endothelial 
monolayer permeability that is associated with alterations in the junctional adhesion 
molecule vascular endothelial cadherin and tight junction protein occludin (39,46). 
These alterations normalized again when these endothelial cells were continuously 
cultured in vitro suggesting that the extracellular environment in PE contains factors 
that diminish endothelial barrier function in a reversible manner (39). Collectively, 
this may suggest that besides alterations found in endothelial cells upon exposure 
to placental HCM or blood plasma of women with PE, other vascular cell types are 
involved in the cardiovascular effects in PE.

By comparing cross-sectional areas of the lumen, media, and adventitia of chori-
onic arteries exposed to placental HCM for up to 7 days, the cross-sectional area 
of the media, containing the smooth muscle cells, was increased after 3 days expo-
sure compared to the control. To determine whether the increased cross-sectional 
area of the media was a result of hyperplasia, vascular proliferation was assessed in 
the same chorionic arteries, which was already significantly increased after 1 day 
exposure to placental HCM. Both effects were concentration-dependently avoided 
by the presence of quercetin or RRR-α-tocopherol during the placental exposure 
to hypoxia. AT1-AA in PE or upon placental hypoxia have not only proved to have 
a profound contribution to the increased vasoconstriction in PE, but is also known 
to promote smooth muscle growth upon AT1 receptor activation (3,47). Together 
with pro-inflammatory cytokines, AT1-AA is known to promote the endothelial re-
lease of vasoactive factors such as ET-1 and TXA2, which stimulates smooth muscle 
proliferation furthermore through the ETB and thromboxane receptor respectively 
(3,34,45). Together with our findings, this may suggest that not only endothelial 
cells, but alterations in smooth muscle cell morphology and/or function may contrib-
ute significantly to cardiovascular problems during PE.

3 days of exposure to placental HCM caused an sustained increase in vascular con-
tractile responsiveness to U46619. This finding is in line with a similar increase in 
vascular contractility to TXA2, angiotensin II (AngII) and ET-1 of omental arteries 
observed in women suffering from PE (48). In line with the protective effect on 
vascular morphology found, adding quercetin during the 3 h exposure of placental 
explants to hypoxia also normalized the increased vascular contractile responsive-
ness to U46619. A meta-analysis indicated a two-fold increase in cardiovascular risk 
in women with a history of PE (49). Also, infants of preeclamptic mothers have 
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higher blood pressure during young adulthood and an increased risk for stroke in 
later life (2). Furthermore, during pregnancy, the microvasculature of women com-
plicated with PE have a higher response to endothelial-dependent vasodilation (ace-
tylcholine) and show no differences in endothelial-independent vasodilation by SNP 
compared to non-preeclamptic women (50-52). In line with this study, no changes 
were found in the effect of smooth muscle dilator sodium nitroprusside on arterial 
relaxation after exposure to placental HCM up to 7 days. 

Limitations and future perspectives
Although the use of primary cells for this approach could be suggested, the endothe-
lial EA.hy926 cell line was used to minimize senescence processes, morphological 
and functional changes during the cell-cyles and to maximize potential for self-re-
newal of the cells. By preventing genetic variation among donors, the conditioned 
medium was tested under similar and stable culture conditions. Placental villous 
explants were exposed to hypoxia for up to 3 h since previous studies using placen-
tal villous explants ex vivo showed that viability of placental tissue in culture could 
only be maintained  for 4 h (53). Longer exposure times have been shown to lead 
to pronounced tissue deterioration and substantial apoptosis of trophoblast cells in 
placental villous explants, indicating that this model it is only suitable to study acute 
effects in culture (54). To study the effects of long-term exposure to hypoxia and 
to determine if placental conditioned-induced changes are trophoblast-specific, the 
BeWo cell line was used. As shown in figure 6, placental HCM only showed a signif-
icant increase in vascular contractile responsiveness to U46619 at day 3, indicating 
that this parameter is less preserved over time compared to the effect found for the 
related condition on cross-sectional area of the media and vascular proliferation in 
chorionic arteries. This finding together with the variation within the test conditions, 
might be an explanation for the controversial effect of the intervention and under-
lines the need for alternative assessment options to examine long-term functional 
changes related to vascular responsiveness.

To investigate the long term effects of placental HCM on vascular morphology, after 
exposing chorionic arteries, HCM could be replaced by placental CCM to investi-
gate the recovery potential of the arteries. Furthermore, it should be of great inter-
est to compare the proportion of the cross-sectional areal media in resistance blood 
vessels like omental blood vessels in women with PE compared to controls. Even 
though atmospheric 21% O2 is generally considered as a standard culture condition, 
determining dissolved O2 levels in culture medium and in cultured tissue remains 
difficult, since many factor including the volume of the media and metabolic activ-
ity of the tissue influence medium O2 levels. As recommended by Trenton et. al., 
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we constantly aerated our culture media and thereby improved equilibration time, 
stabilized pericellular oxygen tensions and prevened gradual oxygen diffusion (55). 
To improve O2 monitoring during culture, we recommend to measure O2 levels in 
the medium throughout the experiment, and to assess oxygen dependent enzymes 
including the HIF-PHDs, which are well known as the “oxygen sensors” in placental 
explants after culturing. For a better physiological approach, our experimental set-
ting can now serve as a tool where the cell lines used in our study can be replaced 
by freshly isolated trophoblast and HUVEC cells and the effect of blood plasma of 
PE women on alterations in vascular function, morphology and endothelial barrier 
integrity can be examined. 

Conclusion
This study shows that intraluminal administration of placental HCM induces vascu-
lar contraction and increases endothelial permeability. It also demonstrates that these 
placental factors induce endothelial cell death, ROS formation and inflammation, 
which are all known to be involved in the formation of vasoactive compounds like 
ET-1 and thus indirectly contributing to vascular contraction. The increased contrac-
tility, cross-sectional area and vascular proliferation of the media observed in chori-
onic arteries upon exposure to placental HCM implies that vascular smooth muscle 
cells undergo long-lasting adaptations, which may contribute to the cardiovascular 
effects associated with PE. A better understanding of the complex interplay between 
the stressed placenta in PE and the maternal cardiovascular system may help in the 
identification of new serum biomarkers for the prediction of PE and in the design 
of new diagnostic approaches for a better clinical management. Our work forms a 
first step to a better knowledge of the long-lasting maternal vascular consequences 
opening new postpartum treatment and follow-up strategies.
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Supplementary Figures
To determine if conditioned medium from placental explants exposed to hypoxia 
affects arterial cross-sectional area, placental chorionic arteries were exposed to pla-
cental conditioned medium up to 7 days after which the cross-sectional area of the 
lumen, media and adventitia were assessed. Cross sectional area of the lumen and 
adventitia was not affected by hypoxic-conditioned placental (HCM) medium com-
pared to the control condition.

Supplementary Figure 1: No changes in cross sectional area of the lumen and adventitia after 
exposure to conditioned media between the different conditions. Cross-sectional area of the lumen 
and adventitia assessed in placental chorionic arteries direct after isolation (acute) or after 1, 3 or 7 
days exposure to placental CCM, HCM, hypoxic-quercetin (3 or 10 µM) or tocopherol (20 µM) CM. 
Data are expressed as µm2 and are presented as mean with SEM. Conditions in the black square are 
compared to the HCM condition. **p ≤ 0.01. CCM: Control-conditioned medium, CM: Conditioned 
medium and HCM: Hypoxic-conditioned medium. 
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To determine whether the increased cross-sectional area of the media after exposure 
to placental HCM was a result of hyperplasia, vascular proliferation was assessed by 
KI-67 staining.

Supplementary Figure 2: Representative example of the light microscopy images of the Ki-67 
immunohistochemistry-stained arterial cross-sections of placental chorionic arteries after 7 days 
exposure to CCM or HCM. The arterial adventitia (1), arterial media (2) and arterial adventitia (3). 
For each condition, the singular arrow indicates a proliferating nucleus. CCM: Control-conditioned 
medium and HCM: Hypoxic-conditioned medium.

It was tested if the increased cross-sectional area found in placental chorionic arter-
ies exposed to placental HCM resulted in a different vascular contractile responsive-
ness to U46619.

Supplementary Figure 3: Placental HCM increases vascular contractile responsiveness to U46619. 
Concentration-dependent contractions of chorionic arteries induced by U46619 (0.1 nM – 1 µM) after 
1, 3 or 7 days exposure to placental CCM, HCM, hypoxic-quercetin (3 or 10 µM) or tocopherol (20 
µM) CM. Data are expressed as percentage compared to the vascular contraction in response to U46619 
in the control condition and are presented as mean with SEM. CCM: Control-conditioned medium, 
CM: Conditioned medium and HCM: Hypoxic-conditioned medium.
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Hypoxic-conditioned placental medium did not affect the pEC50 of the concentra-
tion-dependent relaxation curves for the NO donor sodium nitroprusside (0.01 nM 
– 30 µM) pre-contracted by U46619 (30 nM) between the conditions.

Supplementary Figure 4: Placental CM did not affect the pEC50 of the concentration-dependent 
relaxation curves for the NO donor sodium nitroprusside. Concentration-dependent relaxation of 
placental chorionic arteries induced by donor sodium nitroprusside (0.01 nM – 30 µM) pre-contracted 
by U46619 (30 nM) after 1, 3 or 7 days exposure to placental CCM, HCM, hypoxic-quercetin (3 or 
10 µM) or tocopherol (20 µM) CM. Data are expressed as percentage compared to the vascular con-
traction against U46619 (1 µM) in the control condition and are presented as mean with SEM. CCM: 
Control-conditioned medium, CM: Conditioned medium and HCM: Hypoxic-conditioned medium. 
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This thesis is focusing on how abnormal placental development and function is 
linked to the pathophysiology of preeclampsia (PE). It provides a set of identified 
parameters related to placental hyper maturity that can be used to identify more 
subtypes of PE, which subsequently will help in more directed clinical management 
and in the prevention of recurrence of PE during a next pregnancy (Chapter 2). 
Furthermore, this thesis provides new insights into the contribution of mitochondria 
in mediating placental oxidative stress in PE placentae and upon hypoxia (Chapter 
3 and 4). Moreover, we created a better understanding of the interplay between a 
hypoxic placenta and the vascular system in terms of acute and sustained vascular 
contractility, morphology and endothelial integrity (Chapter 5 and 6).

Histological adaptations of the placenta in the pathogenesis of 
PE
PE is the most common hypertensive disorders of pregnancy occurring in 5-8% of 
all pregnancies worldwide. It is the leading cause of morbidity and mortality for 
pregnant women in the developed world and has a significant economic burden on 
healthcare systems (1, 2). The only present “cure” for PE is delivery of the placen-
ta, often necessitating a premature delivery, with subsequent augmented short-term 
morbidity and mortality for the newborn (3). PE originates at the placental bed as a 
result of impaired trophoblast invasion of uterine spiral arteries located in the decid-
ua and myometrium. Trophoblasts (Greek, trophe= nutrition and –blast= a primor-
dial cell) forms the blastocyst outer trophectoderm layer during early development, 
which will generate all the extra-embryonic trophoblast cell types; cytotrophoblast, 
syncytiotrophoblast and extra-villous trophoblast cells. Trophoblast cells have an 
important contribution to adplacentation, implantation and endocrine support of 
pregnancy and eventually forms the first barrier between the maternal and fetal cir-
culation (4, 5). Normally, trophoblastic invasion takes place from 8 to 18 weeks of 
pregnancy and drives the physiological adaptation process of spiral arteries to ensure 
a continuous blood flow of maternal blood into the placental intervillous space. Mal-
adaptation of the spiral arteries leads to a persistent high‐resistance maternal-placen-
tal flow, generally increased vascular resistance, and attenuated blood flow (6, 7). 
These changes, in turn, result in rapidly cycling normoxic and hypoxic states in the 
placental intervillous space causing ischemia-reperfusion injury, which is character-
ized by the release of reactive oxygen species (ROS) and a failing antioxidant scav-
enging capacity. Of the potential ROS sources described to date, xantine oxidases, 
NADPH oxidase (Nox), mitochondria, and uncoupled nitric oxidase synthase are 
most likely the main contributors to reperfusion-induced oxidative stress and rep-
resents priority targets for therapeutic intervention (8). Although all four enzymatic 
sources are present in most tissues, priority and emphasis has been given to the mi-
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tochondria that are enriched in metabolically active organs such as the heart and the 
placenta (8). Increased ROS production and a failing antioxidant system are closely 
linked to inflammation, one of which can be easily induced by another (9). Further-
more, when the tissue is deprived of adequate oxygen supply, the formation of new 
blood vessels (angiogenesis) will be promoted. Hypoxia induces vessel growth by 
upregulating multiple pro-angiogenic pathways that mediate key aspects of stromal, 
endothelial, and vascular support cell biology. Interestingly, recent studies show that, 
besides vessel growth, hypoxia influences additional aspects of angiogenesis, in-
cluding vessel maturation, function, and patterning. Extensive research has proven 
the integral role of hypoxia and HIF signaling in human diseases such as PE (10-12). 
For instance, in chronic utero-placental hypoxia, the production of specific angio-
genic factors is activated including vascular endothelial growth factor-A (VEGF-A) 
and its receptors VEGF-R1 and VEGD-R2, which result in increased branching-an-
giogenesis of fetal capillaries in the placenta (13). Increased branching angiogenesis 
stimulates branching of the placental villi and results in a compensatory increased 
exchange surface between the placenta and the maternal blood, which corresponds 
to the histological image of accelerated villous maturation. In chapter 2, 11 markers 
of histological villous remodeling demonstrated accelerated villous maturation in PE 
placentae. Our findings indicated that placentae in PE shift from growth to matura-
tion earlier than placentae in normal pregnancies. The 11 parameters identified in our 
study as presented in chapter 2, not only allow us to study histological adaptations 
that take place in the placenta complicated with PE, but may also be used to correlate 
with clinical parameters of the mother and subsequently help in the identification of 
different clinical subtypes of PE. Advancing our understanding of the pathophysiol-
ogy underlying PE through the identification of clinically relevant disease subtypes 
would not only clarify the heterogeneity observed in this disorder, but will also help 
in the development and/or application of etiology-focused screening tools and ther-
apies for PE. These tools would direct the care of women and their offspring affect-
ed by PE towards an etiological-based intervention, which will expand the current 
symptomatic-focused intervention.

Heterogeneity of PE
PE is a heterogeneous syndrome, with a broad spectrum of clinical presentations, 
affecting multiple maternal organs, placental function and fetal growth (3, 14). The 
common denominator is considered to be defective spiral artery remodeling. Several 
factors are known to play a role in this defective remodeling including the mater-
nal immune system, the biology of the trophoblasts and trophoblast differentiation. 
These factors are acting in concert with factors beyond the placenta such as the 
susceptibility of the maternal cardiovascular system, the action of the macrophage 
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defense mechanism and impaired activation/ action of decidua natural killer (NK) 
cells, which regulates the invasion of extracellular trophoblasts (15). Two distinct 
subclasses of PE (early- and late-onset PE) are well recognized in literature (16). Al-
though these subclasses show overlap, there is now increasing evidence that they dif-
fer in pathophysiology (17-19). Moreover, these two subgroups of PE differ with re-
spect to a variety of biomarkers including the number of angiogenic, antiangiogenic, 
immunological, and oxidative factors (18). Until now, characterization of early and 
late-onset PE is only based on the gestational age at diagnosis. Early-onset PE de-
velops before 34 weeks of pregnancy and is generally considered as a feto-placental 
disorder. This subtype is associated with reduced placental volume and dysfunction, 
fetal growth restriction, abnormal umbilical and uterine artery Doppler evaluation, 
and adverse neonatal and maternal outcomes. Late-onset PE occurs after 34 weeks 
of gestation and is associated as a maternal-vascular disorder. It has less severe out-
comes and is mostly associated with normal fetal growth and Doppler evaluation 
(18). Some investigators have considered that besides early- and late-onset PE there 
might be separate pathological entities instead of being one fundamental process 
expressing varying degrees of clinical severity and that the two subtypes of PE rep-
resent more than one pathophysiologic process (20, 21). This variety of separate 
pathological entities are yet to be defined and may be an explanation for the failing 
population-based interventions in women at high risk for developing PE. Allocating 
all cases to one general PE group may explain why, despite the strong association 
of PE with oxidative stress, human studies using systematically acting antioxidants 
like vitamin C and E as a treatment for PE were generally unsuccessful (22). Fur-
thermore, the incidence of early-onset PE is much lower compared to late-onset PE 
and together with the differences in clinical outcomes, it is methodologically more 
difficult to perform a study with sufficient statistical power using separate subgroups 
of PE. The failing identification of PE subgroups based on its clinical presentation 
and its following limitations in current PE research underlines the need for a better 
understanding of the molecular mechanisms involved in the development of pla-
cental oxidative stress and subsequent alterations in its secretome, which drives the 
progression of PE. Improved knowledge in these fundamental mechanisms of its 
pathogenesis will provide researchers with a tool to allocate patients to specific PE 
subgroups and will help in better awareness of the diverse pathological image of PE.

Research and clinical implications of mitochondria in PE and 
upon placental hypoxia
It is well-known that disturbed placental perfusion, as observed in patients suffering 
from PE, can trigger the production of ROS [9, 10]. Interestingly, oxidative stress 
is not only known to trigger trophoblast cell death, but also to accelerate tropho-
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blast turnover promoting the release of placental secreted factors into the maternal 
circulation including shedding of microparticles and vesicles from the syncytiotro-
phoblast containing vasoactive/ pro-inflammatory substances, and oxidative stress 
mediators, which subsequently trigger the symptoms of PE (23). Although the pres-
ence of placental oxidative stress and its contribution to the PE pathophysiology is 
commonly acknowledged, the sources of ROS and the exact underlying processes 
of its formation remain obscure. As illustrated in figure 1, cellular hypoxia as a re-
sult of impaired placental perfusion leads to damage of the mitochondrial electron 
transport chain (ETC) which, as the ETC is the main site for intracellular oxygen 
consumption in the cell, results in increased production of ROS (24, 25). It is com-
monly acknowledged that mitochondrial dysfunction causes a reduction in oxygen 
consumption, increased mitophagy and an increase in superoxide production (26). 
Although oxidative stress is well-linked to PE pathophysiology, few studies have 
examined the connection between impaired oxygen supply to the placenta and mito-
chondrial dysfunction and ROS. 

In the current thesis (Chapter 3 and 4), we reported that preeclamptic placentae 
and placentae or BeWo trophoblasts exposed to hypoxia are characterized by higher 
levels of oxidized glutathione (GSSG), a higher total antioxidant capacity (Trolox 
equivalent antioxidant capacity, TEAC) and higher mRNA levels of the mitochon-
drial-located antioxidant enzyme manganese-dependent superoxide dismutase 2 
(MnSOD2) compared to their controls. Considering the increased oxidative stress, 
elevated mitochondrial-specific antioxidant expression in PE and hypoxia-exposed 
placenta and the notion that mitochondria are the main intracellular site for cellular 
O2 consumption, our data suggest that mitochondria are a significant source for ROS. 
In agreement with this observation, the mitochondrial-targeted antioxidant MitoQ 
concentration-dependently reduced intracellular ROS levels and proportionally low-
ered GSSG levels in BeWo cells during hypoxia in our study (Chapter 4). This is in 
line with previous finding by Aljunaidy et al. (27), who showed not only normaliza-
tion of oxidative stress levels by MitoQ in a hypoxic rat model of reduced placental 
perfusion, but also protection against sex- and age-dependent alterations in cardiac 
and vascular health of offspring later in life (24, 28-30). 

Moreover, our data in chapter 3 and 4, showed evidence for significant reductions 
in mitochondrial content in PE placentae and BeWo trophoblasts exposed to hypoxia 
compared to controls, which was illustrated by reductions in mtDNA copy number 
and reduced citrate synthase activity, both well-established markers of mitochon-
drial content (31). In addition, a recent study using transmission electron micros-
copy revealed swelling, increased mitochondrial lumen and irregular arrangement 



Chapter 7

182

7

of mitochondrial cristae in early-onset PE placentae (32). These reductions in mito-
chondrial content were accompanied by an increased abundance of key constituents 
of glycolysis and a decrease in the abundance of complex III of the mitochondrial 
ETC. Several human studies showed significant reductions in adenosine triphos-
phate (ATP) levels in PE placentae, which is suggestive of impaired mitochondrial 
functioning (33-35). Our data indicate that in response to PE or hypoxia, placental 
energy metabolism shifts from oxidative phosphorylation to glycolysis (Figure 1) as 
measured by gene and protein expression of hexokinase II and enzyme activity of 
phosphofructokinase. The increased reliance on glycolysis in PE placentae may be a 
consequence of lower O2 levels, the decreased mitochondrial content and impaired 
functioning of the ETC. This shift to anaerobic respiration may be a protective re-
sponse of the placenta to the impaired placental perfusion in PE and so saving O2 for 
the growing fetus (36). Moreover, dysfunctional mitochondria are not only gener-
ating excessive ROS, but also induce inflammation as well as apoptosis (Figure 1), 
both of which have been essentially implicated in the pathogenesis of PE (37-39). 
Increased placental mitochondrial ROS may directly damage mtDNA, inhibit mito-
chondrial biogenesis and promote mitophagy. In line with the decreased mitochon-
drial content, mRNA and protein levels of key molecules involved in the regulation 
of mitochondrial biogenesis were lower in preeclamptic placentae and placentae or 
BeWo trophoblasts exposed to hypoxia while the abundance of constituents of the 
mitophagy, autophagy and mitochondrial fission machinery was higher compared to 
controls. 

Our data in chapters 3 and 4 provides valuable new insights into the pathophysiolo-
gy of PE and more specifically, into how specific mitochondrial abnormalities in PE 
placentae may well be linked to the development of oxidative stress. These studies 
thereby add to our understanding of how mitochondrially targeted antioxidants may 
serve as a better therapeutic target for the treatment of PE. We comprehensively 
characterized and assessed mitochondrial content and the regulatory pathways con-
trolling mitochondrial content and function in PE placentae. In addition, whether or 
not mitochondrially targeted strategies have therapeutic potential in the treatment of 
PE remains to be discovered in more detail.
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Figure 1. Schematic representation of the proposed sequence of mitochondrial events upon pla-
cental hypoxia. Placental hypoxia impairs the function of the mitochondrial electron transport chain, 
which results in the formation of reactive oxygen species, which can be neutralized by the mitochon-
drially targeted antioxidant MitoQ. When the antioxidant scavenging capacity is failing, excessive re-
active oxygen species accumulation will damage mitochondrial DNA, which promotes inflammation, 
apoptosis, and mitochondrial fission and subsequent mitophagy. Due to the lower mitochondrial con-
tent, aerobic oxidative phosphorylation shifts to anaerobic glycolysis. ETC, Mitochondrial electron 
transport chain; ROS, Reactive oxygen species.

Future directions in mitochondrial research
Data in this thesis are the first one that provides a detailed overview of mitochondrial 
abnormalities and the pathways controlling mitochondrial function and content in 
PE, which is considered a strength of our study. One obvious limitation, however, is 
a well-recognized difficulty and is the lack of non-laboured, healthy pre-term control 
placental samples. The reason for this is that caesarean sections are rarely performed 
in obstetrically normal pregnancies at gestational age equivalent to those in early-on-
set PE (Chapter 3). Moreover, as mitophagy is a process evolving during time in 
fluxes, and therefore the assessed changes in protein and mRNA expression levels in 
our study are not per se indicative of active or inhibited mitophagy but rather are to 
be taken as indications of potential changes in the process of mitophagy. The same 
concept holds true for the process of mitochondrial biogenesis. Besides, we did not 



Chapter 7

184

7

directly assess mitochondrial function by means of respirometry, which prevents 
hard conclusions regarding alterations in mitochondrial functionality in PE or upon 
hypoxia (Chapter 3 and 4). Therefore, future studies including measurements of 
mitochondrial respiration, and assessment of actual mitophagy and mitochondrial 
biogenesis including electron microscopy and recently developed assays for mea-
suring mitophagy, e.g. MitoTimer, mt-Keima, and Mito-QC (40), would affirm our 
conclusion. 

Eventually, the specifically identified alterations related to mitochondrial function 
and oxidative stress may together with the histological adaptations in the placenta 
found in chapter 2, be linked to the clinical profile of the mother and serve as a 
tool to efficiently identify more subgroups of PE in larger cohorts. Moving forward, 
the use of a PE subtype paradigm may allow for more homogeneous patient pop-
ulation selection in study designs, leading to greater scientific contributions in the 
understanding of PE pathophysiology, the discovery of highly accurate predictive 
biomarkers, and targeted therapeutic interventions tailored to each disease subtype. 

Vascular consequences of and altered placental secretome and 
its medical implications
The pathophysiological processes that underlie early-onset PE prior to the alterations 
in vascular function include defective placentation and apoptosis of invasive cytotro-
phoblasts causing inadequate remodeling of spiral arteries leading to a decrease in 
blood flow to the placenta (41-43). Subsequent placental ischemia/hypoxia leading 
to oxidative stress (42) results in the production of a variety of placental secreted 
factors (secretome) that collectively have profound effects on blood flow and arterial 
pressure regulation. In animal studies, reduced uterine perfusion has been shown 
to subsequently induce hypertension (44-46). In line, data in this thesis (Chapter 
5) show that placental hypoxic-conditioned medium (HCM) increase vasoconstric-
tion via the Angiotensin II receptor type 1 (AT1) and (ET-1) receptor and increased 
vascular contractility to a thromboxane-A2 (TXA2) agonist analogue (U46619) in 
chorionic arteries mounted in a wire myograph compared to control conditioned 
medium (CCM) (Figure 2A). When the exposure of placental explants to hypoxia 
was combined with the flavonoid quercetin, the acute and sustained vascular effects 
to the resulting placental conditioned medium could be prevented in a concentra-
tion-dependent manner (47). Quercetin is a natural pigment present in many fruits, 
vegetables, and grains and one of the most abundant antioxidants in the diet and may 
help to reduce inflammation (48). To test whether the observed effects were endo-
thelial-mediated, the same conditions were tested in a pressure myograph (Figure 
2B), where the placental conditioned medium could be administrated intraluminally 
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(Chapter 6). In line, intraluminal administration of placental HCM also induced 
vascular contraction, suggesting that the contractile response might be endotheli-
um-dependent, which helps in the selections of new curative strategies.

Figure 2. Schematic representation of the pressure wire myograph (A) and pressure myograph 
(B) setting. For the myograph setting (A), two stainless steel wires were lead through the lumen of the 
artery (indicated in red) in HEPES buffer and were connected to a displacement device and an isometric 
force transducer. Contractile responses were expressed as the increase in wall tension (increase in force/
twice the segment length; N/m). For the pressure myograph setting (B), an isolated artery (indicated in 
red) was mounted onto two glass cannulas in HEPES buffer and connected to a pressure servo control-
ler with a peristaltic pump to ensure a controlled internal pressure and flow. A video dimension analyzer 
measured the lumen diameter (expressed as delta diameter change (µm). CM: conditioned medium.

Animal studies on the PE phenotype and on hypoxic placentae showed that anti-an-
giogenic factors like soluble fms-like tyrosine kinase-1 (sFlt-1) released by a hy-
poxic placenta, are associated with increased endothelial cell permeability, which is 
causing proteinuria, cerebral edema and hypertension (6, 49-52). Moreover, electron 
microscopic studies of myometrial vessels and arteries isolated from subcutaneous 
fat in women with PE have revealed disrupted and enlarged intracellular junctions 
between endothelial cells (53). As schematically represented in figure 3, plasma 
levels of sFlt-1 are constantly elevated in PE and upregulated in cytotrophoblast 
upon hypoxia and by sequestering circulating VEGF and placental like growth factor 
(PLGF) it prevents activation of their receptor, subsequently disturbs normal endo-
thelial function. Consequently, increased levels of soluble endoglin (sEng) block 
transforming growth factor beta 1 (TGFβ1) signaling, which inhibits vasodilation 
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in rats and leads to leaky capillaries (42). In support of this data, we found (Chap-
ter 6) that vascular permeability for potassium chloride (KCl) was increased after 
intraluminal exposure to placental HCM compared to CCM. In addition, HCM from 
both placental explants and BeWo cells decreased endothelial cell viability and in-
creased IL-6 and IL-8 cytokine expression and ROS production in endothelial cells. 
Tumor necrosis factor alpha (TNF-α), a well-known elevated pro-inflammatory cy-
tokine in PE, modulates the immune response by increasing vascular permeability, 
lymphocyte activation, and IL-6 and IL-8 production upon hypoxic placental stress 
(54-56). In PE, it is known that bioactive factors like angiotensin II Type 1 Re-
ceptor Agonistic Autoantibodies (AT1-AA) stimulates NADPH oxidase through the 
AT1 receptor and triggers trophoblast and vascular smooth muscle cells to produce 
ROS, activate nuclear factor kappa B (NF-kB) and elicit inflammation (57). In line 
with our findings in chapter 5, Khalil et al. already suggested AT1-AA released by 
the placenta could cause severe vasoconstriction. Previously it has been proposed 
that besides activating the AT-1 receptor, increased levels of placental AT1-AA may 
stimulate endothelial cells to produce ET-1, which may further trigger the genesis of 
preeclamptic hypertension (58). AT1-AA has shown to result in increased circulating 
sFlt-1 and sEng levels in pregnant rats, which are also known to stimulate the release 
of ET-1 in the maternal circulation (51). 

Figure 3. Schematic representation of the proposed sequence of vascular events upon placental 
hypoxia increasing endothelial permeability and hypertension and vascular proliferation based 
on the findings of this thesis. Placental ischemia/ hypoxia triggers an increase in HIF-1 followed by 
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the release of placental factors such as sFlt-1, sEng and AT1-AA, which cause the release of ROS via 
NADPH oxidase activation and TNF-α upon NFkB activation in placental and smooth muscle cells. Ex-
cessive sFlt-1 binds VEGF and PLGF and prevents their angiogenic effects mediated by VEGF receptor 
binding. Excessive sEng binds TGF-β and prevents its angiogenic effect mediated by TGF receptor 
binding. Decreased activation of the VEGF and TGF receptor disturbs normal endothelial function 
and increases endothelial permeability. Circulating TNF-α triggers leukocyte and endothelial cells to 
produce pro-inflammatory cytokines and initiate mitochondrial dysfunction resulting in the formation 
of ROS, together triggering increased endothelial permeability. Furthermore, sFlt-1, sEng and AT1-AA 
may also trigger endothelial production of the vascular contractile compounds TXA2 and ET-1 which 
then together with AT1-AA bind their receptor on smooth muscle cells and induce vascular contraction 
and proliferation. HIF-1, Hypoxia-inducible factor 1; sFlt-1, Soluble fms-like tyrosine kinase-1; sEng, 
Soluble endoglin; AT1-AA, Angiotensin II Type 1 Receptor Agonistic Autoantibody; ROS, Reactive ox-
ygen species; TNF-α, Tumor necrosis factor alpha; NF-kB, Nuclear factor kappa B; VEGF, Vascular en-
dothelial growth factor; PLGF, Placental like growth factor; TGF-β, Transforming growth factor beta 1. 

Besides the direct effects on contractility of the vessels during pregnancy, resulting 
in maternal hypertension, in chapter 6, we showed that placental HCM also irre-
versibly modified the vascular system, which is in line with the increased risk for 
cardiovascular diseases in later life of women who suffered from PE. By comparing 
cross-sectional areas of the lumen, media, and adventitia of arteries exposed to pla-
cental HCM, the cross-sectional area of the media, containing the smooth muscle 
cells, was increased compared to the control. To examine the cause for the increased 
cross-sectional area of the media, vascular proliferation was assessed in the same 
arteries, which was already significantly increased after 1 day exposure to placental 
HCM. Both the increased cross-sectional area and vascular proliferation were con-
centration-dependently avoided by the presence of dietary quercetin or RRR-α-to-
copherol during the placental exposure to hypoxia. To confirm if the protective effect 
of quercetin is due to its antioxidant properties, RRR-α-tocopherol was tested as 
well in our study. RRR-α-tocopherol is a naturally occurring and most active form 
and which have already been used as a fertility enhancement and to improve uterine 
artery blood flow (59-61). This indicated as well that oxidative stress is the main 
driver of the altered placental secretome upon hypoxia, which causes the vascular 
abnormalities observed in our study.

As illustrated in figure 3, AT1-AA in PE or upon placental hypoxia have not only 
proved to have a profound contribution to the increased vasoconstriction in PE, but 
is also known to promote smooth muscle growth upon AT1 receptor activation (41, 
62). Together with pro-inflammatory cytokines, AT1-AA promotes the endothelial 
release of vasoactive factors such as ET-1 and TXA2, which stimulates smooth mus-
cle proliferation furthermore through the ETB and thromboxane receptor respective-
ly (41, 63, 64). Placental HCM caused a sustained increase in vascular contractile 
responsiveness to U46619, which is in line with a similar increase in vascular con-
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tractility to TXA2, angiotensin II (AngII) and ET-1 of omental arteries observed in 
women suffering from PE (65).

The link of PE with future cardiovascular risks and pitfalls of 
epidemiological studies 
Epidemiological evidence showed a clear link between previous PE and future car-
diovascular risk (16). Besides predisposing women to PE, also hypertension, micro-
albuminuria, dyslipidemia, a pro-inflammatory phenotype, obesity, and insulin resis-
tance are observed in higher numbers in women in later life after a PE-complicated 
delivery (66). It cannot be ruled out that maternal adaptations to pregnancy lead to 
long-term metabolic, cardiovascular and inflammatory changes, and that PE leaves 
a permanent ‘scar’ (67). To better investigate whether these observations in later 
life are indeed caused by PE, prospective studies with pre-pregnancy risk factor as-
sessment are needed. However, because of the overall incidence of early PE, which 
is estimated to be less than 1 in 500 pregnancies, the inclusion of at least 100,000 
or more pregnancies should be included in the study to gain sufficient power (67). 
At present, such studies are hardly feasible and are not likely to be attempted in the 
near future. This limitation further underlines the need for a molecular mechanistic 
approach as used in this thesis, to study identify how a PE-complicated placenta con-
tributes to the long term consequences related to future metabolic and cardiovascular 
events in the mother.

Conclusion
PE is a hypertensive disorder of pregnancy that continues to affect 10 million preg-
nant women and kills 76,000 mothers and 500,000 babies per year worldwide (68). 
The lack of understanding of the molecular mechanisms involved in the early caus-
es of PE and its unknown clinical subtypes are the main reasons for the delay in 
diagnosis and access to appropriate care and the lack of curative options besides 
preterm delivery of the fetus. Better understanding of the molecular mechanisms of 
PE may serve as a tool in the identification of PE subtypes and developing prediction 
strategies, early prevention options, and new directions for a possible cure for this 
devastating disease. The outcomes of this thesis illustrate compensatory histological 
villous maturation in PE complicated placentae, which provide pathologists with 
a tool to histologically underpin the clinical diagnosis of PE. Besides the morpho-
logical consequences of PE, we comprehensively demonstrate increased oxidative 
stress, which mainly originates from mitochondria, decreased mitochondrial content 
and signs for reduced mitochondrial biogenesis, and increased mitophagy and mito-
chondrial fission in placentae complicated with PE or after exposure to hypoxia. Our 
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findings imply that mitochondrially targeted antioxidant-based intervention aimed 
at preventing mitochondrial dysfunction and excessive ROS formation may have 
therapeutic potential in pregnancy complications like PE. Being able to adequately 
identify and understand these distinct alterations in the placenta within the clinical 
setting is a critical first step in the generation of reliable predictive and diagnostic 
biomarkers, new therapeutic approaches, better clinical management, and identifi-
cation of PE subtypes. Furthermore, we found that placental oxidative stress upon 
placental hypoxia triggers the placental secretome resulting in vascular contraction 
mediated via the AT1 and ET-1 receptors, and increases endothelial permeability. In-
creased vascular responsiveness to contractile compounds like TXA2 was associated 
with increased vascular proliferation and subsequent increased arterial thickness of 
the media. A better understanding of the complex interplay between the stressed pla-
centa in PE and the maternal cardiovascular system may help in the identification of 
new serum biomarkers for the prediction of PE and in the design of new diagnostic 
approaches for better clinical management. It will also improve our knowledge of 
the long-lasting maternal vascular consequences opening new postpartum treatment 
and follow-up strategies.
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Dit proefschrift richt zich op de pathofysiologie van preeclampsie (PE), beter bekend 
als zwangerschapsvergiftiging. Het biedt een reeks van geïdentificeerde parameters 
aan die betrekking hebben op versnelde placentale ontwikkeling, die vervolgens geb-
ruikt kunnen worden om meer subtypes van PE te identificeren. Het onderscheiden 
van meer subtypes van PE zal vervolgens bijdrage aan een meer gerichte klinische 
behandeling en bij het voorkomen van herhaalde PE in een volgende zwangerschap 
(Hoofdstuk 2). Verder biedt dit proefschrift nieuwe inzichten in de bijdrage van mi-
tochondriën in het mediëren van placentale oxidatieve stress in PE-gecompliceerde 
placenta’s of na blootstelling aan hypoxie (verminderde zuurstof spanning) (Hoofd-
stuk 3 en 4). Bovendien creëert dit proefschrift een beter begrip in het samenspel 
tussen een placenta die blootgesteld is aan hypoxie en het vaatstelsel in termen van 
acute en aanhoudende vaatcontractiliteit, morfologie en endotheliale integriteit 
(Hoofdstuk 5 en 6). 

Bij PE wordt aangenomen dat een versnelde rijping van placentale villi (die het con-
tact oppervlakte vormen tussen het maternale bloed en de foetale circulatie) optreedt 
als compensatie voor een afwijkende bloedtoevoer naar de placenta. Echter is er 
nog steeds weinig bekend over deze specifieke morfologische aanpassingen van de 
placenta. Een gedetailleerde profilering van PE placenta's zal ons helpen in het typ-
eren van PE-suptypes en in het beter herkennen van deze structurele patronen, wat 
zal bijdragen aan het vroegtijdig opsporen van deze ziekte tijdens te zwangerschap. 
Daarom is in hoofdstuk 2 een reeks van morfologische parameters geïdentificeerd 
om histologische villus maturiteit te evalueren in placenta's gecompliceerd met PE. 
PE-gecompliceerde placenta's zijn vergeleken met controle placenta's die overeen-
komen met hun zwangerschapsduur als ook met volgroeide placenta's. Histologische 
villus rijping is gekarakteriseerd door middel van 17 histologische markers. Veertien 
van deze makers geven informatie over de potentiele capaciteit van de placenta om 
gassen, voedingsstoffen en afvalstoffen uit te wisselen tussen moeder en de foetus en 
11 van deze markers tonen versnelde histologische villus rijping aan in PE placenta’s 
in vergelijking met de controle groep. Data in dit proefschrift laat zien dat PE pla-
centa's sneller overgaan van groei naar rijping van de placentale villi in vergelijking 
met controle placenta's. 

Verder is het algemeen aangenomen dat oxidatieve stress een belangrijke rol speelt 
in de pathofysiologie van PE. Echter is het ontstaan van placentale oxidatieve stress 
in PE nog steeds onduidelijk. In dit proefschrift (Hoofdstuk 3 en 4), is aangetoond 
dat PE-gecompliceerde placenta's en placenta’s of BeWo trofoblast cellen (cellen 
die de eerste barrière vormen tussen het maternale en foetale circulatie) die bloot-
gesteld zijn aan hypoxie, gekenmerkt worden door hogere niveaus van geoxideerd 
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glutathion (GSSG), een hoger antioxidant vermogen en hogere mRNA-niveaus van 
het mitochondrieel gelokaliseerde antioxidant enzym mangaan-afhankelijk superode 
dismutase 2 (MnSOD2) in vergelijking met de controle groep. De toegenomen oxi-
datieve stress, verhoogde mitochondrieel-specifieke antioxidant expressie in PE, en 
het feit dat mitochondriën de belangrijkste intracellulaire plaats zijn voor cellulaire 
O2-consumptie, suggereert dat mitochondriën een belangrijke bron vormen voor re-
actieve zuurstofradicalen in PE-placenta’s of na blootstelling aan hypoxie. In over-
eenstemming met deze waarneming, zorgt het mitochondrieel-specifieke antioxidant 
MitoQ voor een concentratie-afhankelijke verlaging van de intracellulaire productie 
van reactieve zuurstofradicalen en een verhoudingsgewijsde verlaging van GSSG 
niveaus in BeWo tophoblasten tijdens de blootstelling aan hypoxie (Hoofdstuk 4). 
Bovendien zijn in hoofdstuk 3 en 4 aanwijzingen gevonden voor een significante 
verlagingen van het aantal mitochondriën in PE-placenta's en BeWo-trofoblasten die 
blootgesteld zijn aan hypoxie in vergelijking met de controles. Onze gegevens geven 
aan dat in reactie op PE of hypoxie het energiemetabolisme van de placenta ver-
schuift van oxidatieve fosforylering naar glycolyse. De verhoogde afhankelijkheid 
van de glycolyse in PE-placenta's kan een gevolg zijn van lagere O2-spiegels, een 
verminderde aantal mitochondriën en een verminderde werking van hun elektronen 
transport keten. Deze verschuiving naar anaerobe ademhaling (opwekken van en-
ergie zonder het gebruik van O2) kan een beschermende reactie van de placenta 
zijn voor de verminderde placentale perfusie bij PE om zo O2 te sparen voor de 
groeiende foetus. Bovendien veroorzaken disfunctionele mitochondriën niet alleen 
een overmatige productie van reactieve zuurstofradicalen, maar veroorzaken ze ook 
een ontstekingsreactie en apoptose (geprogrammeerde celdood), die beide gekend 
zijn om betrokken te zijn bij de pathogenese van PE. Een verhoogde productie van 
mitochondriale reactieve zuurstofradicalen in de placenta, kan mitochondriaal DNA 
direct beschadigen en zo de aanmaak van mitochondriën (biogenese) remmen en de 
afbraak (mitofagie) stimuleren. In overeenstemming met de verlaagde hoeveelheid 
mitochondriën, zijn de mRNA- en eiwitniveaus van de belangrijkste moleculen die 
betrokken zijn bij de regulering van de mitochondriale biogenese lager in PE-placen-
ta’s en placenta's of BeWo-trofoblasten die blootgesteld zijn aan hypoxie, terwijl die 
van de mitofagie verhoogd zijn in vergeleken met de controles.

De pathofysiologische processen die ten grondslag liggen aan de vroege aanvang 
van PE omvatten een afwijkende ontwikkeling van de placenta en apoptose van 
invasieve trofoblast cellen wat leidt tot onvoldoende aanpassing van spirale arteriën 
wat resulteert in onvoldoende bloedtoevoer naar de placenta. De daaropvolgende 
verlaagde en schommelende toevoer van O2 naar de placenta resulteert in oxidatieve 
stress en de productie van een verscheidenheid aan door de placenta uitgescheiden 
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factoren (secretoom) die gezamenlijk diepgaande effecten hebben op de bloeddruk-
regulatie van de moeder. In samenspraak met voorgaande studies tonen gegevens in 
dit proefschrift (Hoofdstuk 5) aan dat placenta-hypoxisch geconditioneerd medium 
(HCM) de vasoconstrictie via de Angiotensine II-receptor type 1 (AT1) en (ET-1) 
-receptor verhoogt en de vasculaire contractiliteit van een tromboxaan-A2 (TXA2) 
agonist analoog (U46619) verhoogd. Bij een gecombineerde blootstelling van de 
placenta aan hypoxie en het antioxidant quercetine, kunnen de acute en aanhoudende 
vasculaire effecten op het placenta-geconditioneerde medium op een concentratieaf-
hankelijke manier worden voorkomen. Quercetine is geselecteerd voor deze studie, 
omdat het de meest voorkomende flavonoïde is die in onze voeding voorkomt. Om 
te testen of deze effecten endotheel-gemedieerd zijn, zijn dezelfde condities ook 
intraluminaal getest (Hoofdstuk 6). Intraluminale toediening van hetzelfde HCM 
induceert ook vasculaire contractie, wat suggereert dat de contractiele respons door 
het HCM mogelijk endotheel-afhankelijk is, wat ons zal helpen bij de selectie van 
nieuwe therapeutische strategieën.

Ter ondersteuning van deze gegevens tonen onze gegevens in hoofdstuk 6 aan dat 
de vasculaire permeabiliteit voor kaliumchloride (KCl) toeneemt na intraluminale 
blootstelling aan HCM van de placenta in vergelijking met de controle. Bovendi-
en verminderd HCM van zowel de placenta als BeWo-cellen de levensvatbaarheid 
van endotheelcellen en verhoogd het de IL-6- en IL-8-cytokine-expressie en de pro-
ductie van reactieve zuurstofradicalen in endotheelcellen. Tumornecrosefactor alfa 
(TNF-α), een bekend verhoogd pro-inflammatoire cytokine in PE, moduleert het 
immuunrespons door de vasculaire permeabiliteit, lymfocytenactivatie en IL-6- en 
IL-8-productie te verhogen bij hypoxische stress in de placenta. Bij PE is het bekend 
dat bioactieve factoren zoals angiotensine II Type 1 Receptor Agonistic Autoanti-
bodies (AT1-AA), NADPH-oxidase stimuleert via de AT1-receptor en zo trofoblast 
cellen en vasculaire gladde spiercellen activeert om reactieve zuurstofradicalen te 
produceren, nucleaire factor kappa B (NF-kB) te activeren en vervolgens een ont-
stekingsreactie te initiëren. In lijn met onze bevindingen in hoofdstuk 5, suggereerde 
Khalil et al. dat AT1-AA, vrijgegeven door de placenta, ernstige vaatvernauwing kan 
veroorzaken. Eerder is voorgesteld dat, naast het activeren van de AT-1-receptor, 
verhoogde niveaus van AT1-AA van de placenta, endotheelcellen kan activeren om 
ET-1 te produceren, wat het ontstaan van PE hypertensie verder kan stimuleren.

Naast de directe effecten op de contractiliteit van bloedvaten tijdens de zwanger-
schap, resulterend in maternale hypertensie, laten we in hoofdstuk 6 zien dat HCM 
van de placenta ook het vaatstelsel onomkeerbaar veranderd, wat in lijn is met het 
verhoogd risico op hart- en vaatziekten op latere leeftijd bij vrouwen na PE. Door 
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dwarsdoorsnedeoppervlakken van het lumen, de media en de adventitia van arteriën 
die aan HCM van de placenta blootgesteld zijn te vergelijken, is de dwarsdoorsned-
eoppervlakte van de media, die de gladde spiercellen bevat, vergroot in vergelijking 
met die van de controle. Om de oorzaak van het vergrote dwarsdoorsnedeopper-
vlak van de media te onderzoeken, is de vasculaire celdeling beoordeeld in dezelfde 
arteriën, die significant toeneemt na 1 dag blootstelling aan het HCM van de pla-
centa. Zowel de toename in dwarsdoorsnedeoppervlak als de vasculaire proliferatie 
(celdeling) kunnen concentratieafhankelijk vermeden worden door de aanwezigheid 
van quercetine of RRR-α-tocoferol tijdens de placentale blootstelling aan hypoxie. 
Om te bevestigen of het beschermend effect van quercetine te danken is aan de anti-
oxiderende eigenschappen, is RRR-α-tocoferol ook getest in ons onderzoek. RRR-
α-tocoferol is een natuurlijk voorkomende en de meest actieve vorm en is al eerder 
gebruikt als vruchtbaarheidsverbetering ter verbetering van de doorbloeding van de 
baarmoederader. Deze bevindingen bevestigen opnieuw dat oxidatieve stress de be-
langrijkste motor is van het gewijzigde placentaire secretoom na blootstelling aan 
hypoxie, wat de afwijkingen in functie en morfologie van de vaten veroorzaakt.

Concluderend, PE is een hypertensieve zwangerschapscomplicatie die nog steeds 
10 miljoen zwangere vrouwen treft en wereldwijd resulteert in de sterfte van 76.000 
moeders en 500.000 baby’s. Het gebrek aan inzicht in de moleculaire mechanismen 
die betrokken zijn bij de vroege oorzaken van PE en de mogelijk ontbrekende klin-
ische subtypes ervan, zijn de belangrijkste redenen voor de vaak late diagnose en 
toegang tot passende zorg en het gebrek aan therapeutische opties naast een vroegtij-
dige bevalling van de foetus. Een beter begrip van de moleculaire mechanismen van 
PE zal helpen bij het identificeren van PE-subtypes en bij het ontwikkelen van voor-
spellingsstrategieën, opties voor vroegtijdige preventie en nieuwe mogelijkheden 
voor een genezing van deze ziekte. De resultaten van dit proefschrift illustreren een 
compenserende versnelde villus rijping aan in PE-placenta’s, die pathologen ver-
volgens een hulpmiddel kunnen bieden om de klinische diagnose van PE histolo-
gische te onderbouwen. Naast de morfologische gevolgen van PE, demonstreren 
we uitgebreid verhoogde oxidatieve stress, die voornamelijk veroorzaakt is door 
mitochondriën, een verminderde mitochondriale aanmaak, en verhoogde mitochon-
driële afbraak in PE-placenta’s of na blootstelling aan hypoxie. Onze bevindingen 
impliceren dat een mitochondrieel gericht, op antioxidanten gebaseerde interventie, 
met als doel het voorkomen van mitochondriale disfunctie en overmatige vorming 
van reactieve zuurstofradicalen, therapeutisch potentieel kan hebben bij zwanger-
schapscomplicaties zoals PE. Het kunnen identificeren en bergrijpen van deze ver-
schillende veranderingen in de placenta binnen een klinische setting, is een cruciale 
eerste stap in het genereren van betrouwbare voorspellende diagnostische biomark-
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ers, ontwikkelen van meer gerichte therapieën, en het identificeren van PE-subtypen. 
Verder hebben we ontdekt dat door oxidatieve stress in de placenta na blootstelling 
aan hypoxie, het placenta secretoom gestimuleerd wordt. Deze veranderde secretie 
van placentale factoren resulteert in een vasculaire contractie die gemedieerd wordt 
door de AT1- en ET-1 receptoren en een verhoogde permeabiliteit van het endotheel. 
Verder leiden deze placentale factoren tot een toegenomen vasculaire contractiliteit 
voor TXA2 en is dit geassocieerd met een verhoogde vasculaire celdeling gevolgd 
door een toegenomen verdikking van de arteriële media. Een beter begrip van het 
complexe samenspel tussen de gestreste placenta in PE en het maternale cardiovas-
culaire systeem, kan helpen bij de identificatie van nieuwe serum biomarkers voor 
de voorspelling van PE en bij het ontwerpen van nieuwe diagnostische benaderingen 
voor een beter klinische behandeling. Het zal ook onze kennis over langdurige vas-
culaire gevolgen in de moeder verbeteren, waardoor nieuwe postpartum behandelin-
gen en vervolgstrategieën mogelijk worden. 
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This chapter addresses the relevance and contribution of this thesis to society. The 
general aim of this project was to investigate the effect of preeclampsia (PE) on pla-
cental histological villous maturation and to set up a model for PE to examine the 
contribution of mitochondria in the generation of placental oxidative stress, its effect 
on the placental secretome and its subsequent role in acute and sustained vascular 
contractility, morphology, and endothelial integrity.

Valorization is the term used for the process of value-creation out of knowledge, by 
making this knowledge suitable and available for economic or societal utilization 
and to translate this into high-potential products, services, processes, or industrial 
activity.

First, in this valorization chapter, the current epidemiological data that describes the 
health status of adults and the economic burden of PE will be presented. Secondly, 
potential of our results for 
   •  better characterization of the disease subtype to improve diagnosis and subse    
      quent treatment.
   •  the prevention of PE associated with nutritional interventions via the consump 
      tion of identified diets.

Social and economic impact of PE and relevance of this study
There are half a million maternal pregnancy-related deaths worldwide of which 1% 
occurs in high-income countries (1). PE is an enigmatic and complex hypertensive 
disorder affecting seemingly healthy pregnant women and carries substantial health 
risks to both mother and baby. Despite significant research, PE continues to affect 
10 million pregnant women and kills 76,000 mothers and 500,000 babies per year 
worldwide (2). A large regional integrated health care system study in Pennsylvania, 
US used electronic health records and billing data to identify mother-singleton infant 
pairs. The final study population included 712 matched mother-infant pairs compar-
ing the medical costs related to uncomplicated pregnancies versus PE-complicated 
pregnancies. The mean combined maternal and infant medical cost of $41,790 were 
significantly higher than those for the uncomplicated cohort of $13,187 and was 
largely driven by the infant care cost, which was dominated by neonatal intensive 
care unit costs, which was almost 7 times higher compared to the control group (3). 
As PE is the leading cause of maternal mortality in the Netherlands, the prevalence 
of PE is comparable and high income and middle to low-income countries show 
similar proportions of maternal deaths related to PE, similar costs are expected in 
the Nederland’s (4). The broad clinical picture of this complication is the reason for 
a delayed diagnosis, increasing the risk for complications for mother and child and 
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it affects maternal health and child’s health and wellbeing, especially if the child is 
born prematurely. PE is a commonly sudden and a distressing life experience, partic-
ularly if women felt severely ill, gave birth too early, or if they lost their baby. With 
secondary neonatal intensive care necessity, PE strongly links to a post-traumatic 
stress disorder, and depression and women often find difficulties to reintegrate into 
society after giving birth further demonstrating the broad economic burden of PE.

PE causes not only short but also long term consequences related to future metabolic 
and cardiovascular events for the mother and child (5). A delay in diagnosis and ac-
cess to appropriate care is a core cause of PE-related severe morbidity and mortality 
worldwide and is the main reason for the lack of curative options besides preterm 
delivery of the fetus. Malformation and subsequent impaired function of the pla-
centa during PE play a pivotal role in the development of suboptimal cardiovascu-
lar adaptations during pregnancy leading to a hypertensive-complicated pregnancy. 
During the disease state, however, there are currently no curative treatment options 
available, but only symptomatic treatment to correct the underlying cardiovascular 
shortcomings, which includes optimizing blood-pressure and -flow and protection 
from possible imminent seizures. Better understanding of the abnormal adaptation 
processes of the placenta and the maternal vascular system during a PE-complicated 
pregnancy may result in better diagnostic tools, subsequent shortening of diagnosis, 
access to appropriate care, and the selection of more targeted therapies. Although 
several risk factors have been identified, it is difficult to develop effective strategies 
for the prevention and treatment of PE (6). Strategies applied nowadays are diverse 
and include antenatal surveillance, modification of lifestyle, dietary interventions, 
and symptomatic directed pharmacological therapy such as antihypertensive.

Until now, characterization of the two existing subclasses (early and late-onset PE) 
is only based on the gestational age at diagnosis. Some investigators have considered 
that the two subtypes of PE represent more than one pathophysiologic process (7, 
8). This variety of separate pathological entities are yet to be defined and might be 
an explanation for the failing population-based interventions in women at high risk 
for developing PE. Allocating all cases to one general PE group may explain why, 
despite the strong association of PE with oxidative stress, human studies using sys-
tematically acting antioxidants like vitamin C and E as a treatment for PE were gen-
erally unsuccessful (9). The Barker hypothesis suggests that nutritional exposure in 
utero has effects that even after birth may last a lifetime. Moreover, that gestational 
age, which is generally shortened by PE is predictive of heart disease in the offspring 
later in life, decades post-partum affecting maternal, foetal and newborn health (3). 
In addition to these potential long-term effects of PE, maternal diet and nutritional 
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status are known to have more immediate effects on maternal, fetal, and newborn 
health. Over the past 20 years, the importance of preventive nutrition in enhancing 
pregnancy outcomes has been a very valuable area of research tailoring at a reduc-
tion of major birth defects, prolonging pregnancy to term, and avoiding maternal 
complications. When these complications could be avoided, it not only results in cost 
savings but also in a reduction in linked emotional and psychological costs. At pres-
ent, there is still a major opportunity in optimizing pregnancy outcomes of preterm 
birth-related pregnancy complications like PE by implementing essential micronu-
trients such as vitamin C and E in the diet. Deficiencies in essential micronutrients 
have profound effects on the physical as well as the maternal capabilities of the 
offspring and significantly promotes maternal morbidity and mortality. A study by 
Chappell et al., included 283 pregnant women at risk for PE in a placebo-controlled 
trial and daily supplementation of vitamin C (1,000 mg) and vitamin E (400IU) re-
sulted in a 61% reduction in developing PE. However, other studies using a similar 
dose of vitamin C and E could not replicate the Chappell findings. Inconsistencies in 
the findings of these and similar studies suggest heterogeneity in population groups, 
different pre-existing conditions, and other factors independent of the basic research 
(10-12). The failing identification of PE subgroups based on its clinical presentation 
and its following limitations in current PE research underlines the need for a better 
understanding of the molecular mechanisms involved in the development of pla-
cental oxidative stress and subsequent alterations in its secretome, which drives the 
progression of PE. Improved knowledge as presented in this thesis presenting these 
fundamental mechanisms of PE pathogenesis will provide researchers with a tool to 
allocate patients to specific PE subgroups, and will help in the formation of homog-
enous PE test groups and will create better awareness of the diverse pathological 
image of PE.

As placental maldevelopment and failing adaptation are central to the pathogenesis 
of PE, in the first research chapter (Chapter 2), we identified 11 parameters of his-
tological villous remodeling, which demonstrate accelerated villous maturation in 
PE placentae. These identified parameters as presented in our study, not only allow 
us to study histological adaptations that take place in the placenta complicated with 
PE, but may also be used to correlate with clinical parameters of the mother and sub-
sequently help in the identification of different clinical subtypes of PE. Advancing 
our understanding of the pathophysiology underlying PE through the identification 
of clinically relevant disease subtypes would not only clarify the heterogeneity ob-
served in this disorder but will also help in the development and/or application of 
etiology-focused screening tools and therapies for PE. These tools would direct the 
care of women and their offspring affected by PE towards an etiological-based inter-
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vention, which will expand the current symptomatic-focused intervention.

Although mitochondria are forming the major source for ROS and are central to 
the regulation of cellular metabolism, redox state, and cell fate, few studies have 
examined the connection between impaired oxygen supply to the placenta and mi-
tochondrial dysfunction and ROS. In our study (Chapter 3 and 4) we now for the 
first time, comprehensively demonstrate increased oxidative stress, which mainly 
originates from mitochondria, decreased mitochondrial content, and signs for re-
duced mitochondrial biogenesis, and increased mitophagy and mitochondrial fission 
in placentae complicated with PE or after exposure to hypoxia. Our findings imply 
that mitochondrially targeted antioxidant-based intervention aimed at preventing mi-
tochondrial dysfunction and excessive ROS formation may have therapeutic poten-
tial in pregnancy complications like PE.

The specifically identified alterations related to mitochondrial function and oxidative 
stress may together with the histological adaptations in the placenta found in chap-
ter 2, be linked to the clinical profile of the mother and serve as a tool to efficiently 
identify more subgroups of PE in larger cohorts. Moving forward, the use of a PE 
subtype paradigm may allow for more homogeneous patient population selection in 
study designs, leading to greater scientific contributions in the understanding of PE 
pathophysiology, the discovery of highly accurate predictive biomarkers, and target-
ed therapeutic interventions tailored to each disease subtype. 

Placental ischemia/hypoxia leading to oxidative stress (13) results in the production 
of a variety of placental secreted factors (secretome) that collectively have profound 
effects on blood flow and arterial pressure regulation. Besides predisposing women 
to PE, also hypertension, microalbuminuria, dyslipidemia, a pro-inflammatory phe-
notype, obesity, and insulin resistance are observed in higher numbers in women in 
later life after a PE-complicated pregnancy (14). In this thesis, we show for the first 
time that placental oxidative stress upon placental hypoxia triggers the placental se-
cretome resulting in vascular contraction mediated via the AT1 and ET-1 receptors, 
and increases endothelial permeability. Increased vascular responsiveness to con-
tractile compounds like TXA2 was associated with increased vascular proliferation 
and subsequent increased arterial thickness of the media. A better understanding of 
the complex interplay between the stressed placenta in PE and the maternal car-
diovascular system may help in the identification of new serum biomarkers for the 
prediction of PE and in the design of new diagnostic approaches for better clinical 
management. It will also improve our knowledge of the long-lasting maternal vascu-
lar consequences opening new postpartum treatment and follow-up strategies.
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In conclusion, this thesis provides new insights into the etiology and progression of 
PE. New diagnostic approaches for better clinical management and early prevention 
or amelioration of the progression of the disease, will not only positively influence 
morbidity and mortality rates during pregnancy, but also reduce the risk of maternal 
and foetal complications in later life. Moreover, in this thesis we improved knowl-
edge on specific histological alterations found in the PE-placenta, comprehensively 
demonstrated mitochondrial impairments, and following oxidative stress-related al-
terations in the placental secretome, and its subsequent effect on the vascular system. 
This knowledge not only provides researchers with a tool that will help in identifying 
specific PE subgroups but also opens new perspectives in new efficient targeted ther-
apeutic interventions tailored to each disease subtype and well-directed postpartum 
treatment and follow-up strategies. 
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In dit dankwoord wil ik graag een aantal mensen in het bijzonder bedanken voor 
de steun en hun bijdrage aan deze bijzondere periode van mijn leven. Ook wil ik 
de NUTRIM GP commissie bedanken, voor het unieke programma dat zij 
hebben opgezet dat mij en al vele andere de kans heeft geboden om hun eigen project 
vorm te geven binnen een PhD project. 

Ger, vriend, ik kan niet anders dan met jou te beginnen. Ik kan me onze eerste ont-
moetingen nog herinneren als de dag van gisteren. Je kwam samen met Paul langs 
in het lab tijdens mijn master stage op de Toxicologie afdeling, omdat jullie hadden 
gehoord dat er een Belgische jonge in het lab bezig was om cellen te isoleren uit 
een placenta, waar naast cellen ook heel veel bloedvaten in zitten. Ik herinner me 
je enthousiasme om eens wat bloedvaten te isoleren uit deze placenta en om samen 
met Paul te kijken of ze geschikt waren voor experimenten uit te voeren met de 
myograaf (een toestel waar je bloedvaten in kunt monteren en vervolgens hun con-
tractie kan meten). Dan ging het vaak van, kijk Philippe, waaaaaw, hij doet het! 1, 
nee 2 wooooow 4 N/m!, dat is echt een SUPER bloedvat! Geweldig vond ik dat! Van 
een placenta kwamen er al gauw twee, drie... placenta’s en we waren vertrokken! 
De vele uren dat we samen in het lab bezig zijn geweest tot vaak in de late uurtjes, 
de vele “koffietjes” tussendoor en onze gesprekken, maakte van deze periode een 
onvergetelijke tijd!

Daarnaast wil ik ook zeker mijn promotieteam die vol vertrouwen achter mij stond 
bedanken. Salwan Al-Nasiry, ook ons eerste gesprek kan ik me nog heel goed 
voor de geest halen. Ik kwam langs voor een sollicitatiegesprek voor mijn junior 
master stage en al meteen voelde ik dat we een klik hadden. Je vertelde me over de 
onderzoekslijnen van jullie groep samen met Marc Spaanderman en dat jullie heel 
interessant “overschot materiaal” hadden, placenta’s. Tijdens deze stage, heb ik veel 
inspirerende gesprekken met je gehad die heel aanstekelijk waren en me heel enthou-
siast hebben gemaakt. Je gaf me ook de totale vrijheid, om mijn gang te gaan en zelf 
iets van deze stage te maken. In de daaropvolgende zomervakantie zijn we samen 
naar Cambridge gereden om daar een zomercursus over placenta’s bij te wonen, 
een fantastische tijd! Salwan, je was een inspiratiebron voor mij en de vrijheid en je 
vertrouwen in mij hebben me de ideale werkomgeving geboden waar ik alle kansen 
kon benutten. Paul Schiffers, al gauw tijdens de eerste experimenten die we 
met de placentale bloedvaten uitvoerde, werd je enthousiast en ontstond er tussen 
ons en Ger een heel fijne dynamiek. We hebben veel plezier gehad, kwamen soms 
niet bij van het lachen en ik kon op elke moment bij je terecht als ik een vraag had, 
of als er iets op mijn lever lag. Ik vond het dan ook geweldig dat ik je kon vragen of 
je mijn co-promotor wilde worden, toen ik mijn onderzoeksvoorstel voor mijn PhD 



Dankwoord

217

D

wilde indienen. Het was een waar genoegen met jou te mogen samenwerken! Aalt 
Bast, hoewel je kritische blik op mijn Vlaamse woordenschat vaak vanuit een on-
verwachte hoek binnen kwam sluipen, hebben we veel gezellige gesprekken gehad! 
Het was altijd fijn te voelen dat je enthousiast was over mijn project. Met je oog voor 
details en je doortastende vragen was het altijd fijn mijn resultaten aan je voor te 
leggen. Frederik-Jan van Schooten, ik wil je graag bedanken dat je naast 
mijn PhD project ook mijn plannen en mijn opleiding tot Toxicoloog hebt gesteund. 
Tijdens het congres in Baltimore, hebben we elkaar nog beter leren kennen, dat was 
een geweldige tijd! Ook ben ik via jou in contact gekomen met een aantal zeer in-
teressante mensen, waaronder je vriendin in New York Jia Chen, die ook placentaal 
onderzoek uitvoert. Ik ben heel blij dat je deel uit maakte van deze periode en hoop 
in de toekomst nog met je te mogen samenwerken!

Naast de leden van mijn promotieteam, wil ik nog graag 2 mensen in het bijzonder 
bedanken. Ulrike Rango, tijdens mijn master stage bij Salwan, ben ik ook in 
contact gekomen met jou. Jij had ook interesse en veel ervaring binnen het pla-
centaal onderzoek. Al snel hadden we samen een onderzoek opgezet, dat we                               
tijdens mijn PhD periode verder hebben kunnen uiteenzetten. Door jou aangename                      
persoonlijkheid, jouw kritische blik en oog voor details was het een waar genoegen 
en verrijking om met jou te mogen samen werken! Alex Remels, wat begon als 
een klein projectje naast mijn bloedvaten werk, groeide al snel uit tot een significant 
gedeelde van mijn uiteindelijke proefschrift. Door jouw gedrevenheid en enthou-
siasme in nieuwe onderzoeksvelden, gerelateerd aan mitochondriën, stond je open 
om samen met mij te duiken in de betrokkenheid van mitochondriën in de ziekte 
preeclampsie. Ik heb heel veel van je geleerd, door mij de mogelijkheid te geven 
nieuwe technieken aan te leren en altijd uitgebreide suggesties te leveren op mijn 
manuscripten. Ook hoop ik dat we onze samenwerking verder kunnen doortrekken 
in de toekomst.

Christy, doordat jij als PhD student bij Alex gelijkaardige experimenten deed, heb 
ik heel veel aan jou gehad. Je stond altijd als eerste klaar om even bij te springen 
en even te helpen als ik een nieuw experiment ging uitvoeren en ik even iets niet 
wist staan of vergeten was op welk knopje ik nou weer moest drukken ;-) bedankt 
daarvoor! De koffietjes samen met Ger en onze vele gesprekken waren vaak een 
aangename uitlaat klep en aanschouw ik als een en al gezelligheid. Ook was onze ge-
meenschappelijk trip na het congres in Baltimore in Washington D.C. en New York 
samen met Ger, onvergetelijk! Ik ben ervan overtuigd dat we na mij PhD periode nog 
contact zullen blijven houden en regelmatig een keer zullen afspreken. 
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Verder zou ik mijn PhD collega’s willen bedanken voor de geweldige sfeer. Car-
men en Kim voor de oneindige praatjes op jullie kamer en de gezellige etentjes 
bij jullie thuis. Timme als kamergenoot hebben we veel lief en leed gedeeld. 
George, Robert, Sven and Stephan, thanks for the nice time, the inspiring 
talks, the jokes and the funny moments we had together! Shan, thanks for the food 
we shared, the nice talks and the trip we made together with Wembo, Ying Yi 
and Wei. Caitlin, Martijn, Wouter, Wessel, Charlotte en Stepha-
nie, bedankt voor de gezelligheid en de leuke koffietjes tussendoor!

Ook zou ik heel graag mijn dank willen uitdrukken aan de studenten (Nadine, 
Dominique, Stijn, Titus, Annemarie, Iris G. en Iris K., Daan, 
Yannick en Louise) die bij mij stage hebben gelopen en zo ook een belangrijke 
bijdrage hebben geleverd aan dit proefschrift. Ik heb ervan genoten jullie te mogen 
begeleiden, wat altijd zorgde voor een gezellige drukte tijdens mijn werkdag en waar 
ik ook mooie vriendschappen aan over heb gehouden! Jullie hebben kleur gegeven 
aan deze periode, bedankt!

Dan zou ik ook heel graag mijn ouders, plus papa’s en grootouders wil-
len bedanken voor hun onvoorwaardelijke steun en de kansen die jullie me hebben 
geboden in mijn leven. Dit hoofdstuk is te kort om uit te drukken wat jullie samen 
met mijn zus en schoonfamilie voor me betekenen en voor me hebben gedaan. 
Heel erg bedankt!

En dan, mijn lieve vrouw Sa. Ik ben een ongelofelijke gelukzak dat ik jou altijd 
naast me heb. Je bent er altijd voor me en bent men beste maatje. Je hebt me onvoor-
waardelijk gesteund en was altijd begripvol als ik weer eens laat thuiskwam, omdat 
ik nog iets moest afmaken, of als een experiment weer was uitgelopen. Je bent een 
geweldige vrouw en het is altijd fijn thuiskomen met jou. Ook ben ik ongelofelijk 
trots op jou, omdat je zo een fantastische mama bent voor onze prachtige dochter 
Philine, die me extra motiveert om voor een mooie toekomst te vechten.
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Philippe Vangrieken was born in Lommel, Belgium, on April 29th of 1992. In 
2011, he graduated from the secondary school at the Sint-Maria institute in Neerpelt, 
Belgium. He first started the Bachelor of Sciences program of Biomedical Sciences 
at the University of Maastricht in 2011. After graduating in 2014, he enrolled in 
the Master of Science program of Biomedical Sciences of which he graduated in 
2016. During his studies, Philippe performed several research projects within the 
Maastricht University Medical Center+. The first project was performed at the De-
partment of Pharmacology and Toxicology titled “The interaction of flavonoids and 
collagen fragments: a new mechanism to explain their anti-inflammatory activity”. 
A second research project was performed at the Department of Obstetrics and Gy-
necology titled “A new standard method to measure placental hyper-maturity”, and 
the last project of his studies was performed at the Department of Pharmacology and 
Toxicology titled “A vascular in-vitro model for preeclampsia”, which was selected 
for the Dr. Saal van Zwanenberg Master Thesis Price by the Hollandse Maatschappij 
der Wetenschappen. 

During this last research project Philippe submitted a grant proposal, which was 
awarded with 5 000 euro by the Foundation “Gezond Geboren”. During this peri-
od, Philippe also designed and submitted a grant proposal requesting funding for 
a PhD project to the NUTRIM graduate programme, which granted him the funds 
to perform his PhD research at the Department of Pharmacology and Toxicology 
of Maastricht University. The execution of the PhD project was performed under 
the supervision of Prof. dr. Aalt Bast, Prof. dr. Frederik-Jan van Schooten, dr. Sal-
wan Al-Nasiry and dr. Paul M.H. Schiffers. The general aim of this project was to 
investigate the effects of preeclampsia on placental histological villous maturation 
and to set up a model for preeclampsia to examine the contribution of mitochondria 
in the generation of placental oxidative stress, its effect on the placental secretome 
and its subsequent role in acute and sustained vascular contractility, morphology, 
and endothelial integrity. During the execution of his PhD project, Philippe success-
fully completed the Postgraduate Education in Toxicology training programme and 
won the CARIM, NUTRIM and Dutch society of Toxicology (NVT) Poster Price. 
After obtaining his PhD degree, Philippe will apply for the registration as European 
Recognized Toxicologist (ERT) and will continue his research at the Department of 
Internal Medicine at Maastricht University under the supervision of Prof. dr. Casper 
G. Schalkwijk where he will work on the effect of dietary advanced glycation end-
products on the microcirculation.
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