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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 circulation, which causes pre-

eclampsia. Our objective was to develop an in vitro model, which can be used to further elu-

cidate the molecular mechanisms of preeclampsia and which might be used to find a

remedy.

Methods

Human non-complicated term placentas were collected. Placental explants were subjected

to severe hypoxia and the conditioned media were added to chorionic arteries 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 vasoac-

tive compounds present in the conditioned media, 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 placental tissue under

severe hypoxia provoke vasoconstriction. The dietary antioxidant quercetin could partially

prevent the acute and sustained vascular effects in a concentration-dependent manner.

Discussion

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
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quercetin supports that our model opens avenues for e.g. nutritional interventions aimed at

treating or preventing preeclampsia.

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 associ-

ated with iatrogenic prematurity and lifelong disabilities for mother and child [4, 5]. Preven-

tion 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 con-

sidered 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 pla-

centa in the 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 reactive oxygen

species (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, vasoconstriction, increased

blood coagulation and inflammation [11–16]. The exact nature of the PSMs and their specific

interaction with maternal cells is still enigmatic.

As Goulopoulou & Davidge 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 com-

mon converging pathways that link placental dysfunction with systemic maternal vascular

pathology [17].

Redman et al. showed that PE is not only an endothelial disease but also a disorder where

the inflammatory changes of a normal pregnancy are exaggerated. These changes involve the

endothelium, but also other components of the inflammatory network, including inflamma-

tory 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 circulat-

ing 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 release of

endothelin-1 (ET-1), a pro-inflammatory factor, which is also known to be involved in the
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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 therapeutic

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 collect PSMs. Further-

more, 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 depend on the local release of vasoactive compounds, which in fact permits

investigation of direct actions of PSMs. To identify the vasoactive compounds in PSMs, spe-

cific receptor antagonists were tested. The food derived antioxidant 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].

Methods

Patient characteristics

Human term placentas (>38 weeks gestational age) were collected from normal vaginal or cae-

sarean deliveries performed by the Department of Obstetrics, Gynaecology at the Academic

Hospital of Maastricht (azM). For this study, a total of 52 placentas 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), angio-

tensin II (AngII), endothelin 1 (ET-1), serotonin (5-HT, 5-hydroxytriptamine), 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 contain-

ing (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 placentas from non-complicated caesarean deliveries were processed directly after deliv-

ery. Specimens were collected from the central region of the placentas 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 placenta 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 where 3 bottles were constantly aerated with room air (21% O2) as

standard culture condition and three bottles with 100% N2 to expose the placental cells to

severe hypoxia. Based on the findings of Butler et al, after 40 min aeration with 100% N2 a

steady state concentration of 3% (0.25 ppm) of the original dissolved O2 was reached. [25] (Fig

1A). After these exposures, the solutions were centrifuged at 500 g for 10 minutes at 4˚C to

remove cell debris while retaining particles such as micro-vesicles and exosomes, size range
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100–1000 and<100 nm respectively [26]. The resulting conditioned medium was stored in ali-

quots of 3 ml at -80 ˚C until use.

Chorionic artery isolation and mounting into a myograph

Placental areas from the chorion plate containing chorionic arteries were macroscopically

selected and excised from both vaginal and caesarean deliveries. The specimen was immedi-

ately immersed in HEPES solution (4˚C) and pinned in a Sylgaard dish with the foetal side ori-

entated 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, Denmark). 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 individual mechanical performance was maximal. To achieve this, the arterial diameter

was stepwise increased and the preparations were intermittently exposed to 65.5 mM potas-

sium-HEPES until maximal contractile responses were obtained. The value of these KCl-con-

tractions was presented as K+65.5 mM. To examine all test conditions per placenta, a sufficient

number of chorionic arterial segments were isolated. In this way biological variation between

different placentas was taken into account. The 175 blood vessel segments 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 vasodilata-

tion 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 dissolved in absolute ethanol. Relaxation

responses were expressed as a percentage of the maximal contraction achieved by either 65.5

mM KCl or 30 nM U46619.

Fig 1. In vitromodel for severe placental hypoxia and testing the vascular effect of PSMs. Schematic overview of the In vitro model for PE where placental

explants are exposed to severe hypoxia and PSMs are tested on chorionic 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).

https://doi.org/10.1371/journal.pone.0202648.g001
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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 dehydrogenase (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 placentas.

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 con-

taining 4 ml of HEPES buffer. After 1 hour the PSM induced vasocontraction was measured,

followed by a washing step (Fig 1BI). After complete relaxation (±30 minutes), the blood ves-

sels were pre-contracted again by U46619 (30 nM). Differences between the vascular contrac-

tile response of the 2nd and 1st pre-contraction were calculated (Fig 1BII).

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 responsiveness to U46619 were tested.

Data analysis

Results are expressed as mean ± SEM and n refers to the number of placentas from which blood

vessels were isolated. Contractile responses are expressed as a percentage of the maximal con-

tractile response to KCl 65.5 mM. By using GraphPad Software inc. La Jolla, CA, USA), the max-

imal contractile response (Emax) and the logarithm of the half maximal effective concentration

(pEC50) of various compounds 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 Bonferroni

posthoc test and a nonparametric Mann-Whitney test were used. To determine 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 fol-

lowed by a Dunn’s multiple comparison test were used. A p-value< 0.05 was considered as sig-

nificant difference and presented as follows: Ns: P> 0.05, �P� 0.05, �� P� 0.01, ��� P� 0.001.

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
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relaxation was induced by ACh, BK or Car after pre-contraction (65.5 mM KCl). The results

indicate that ACh, BK or Car are not able to activate eNOS to induce a relevant NO-dependent

relaxation. However, after contraction by U46619 (30 nM), BK (3 μM) induced vasodilation

up to 40 ± 20% suggesting that endothelium-derived hyperpolarizing factor (EDHF) which is

released in response to BK initiates vasorelaxation. A pEC50 could be calculated from the con-

centration-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) (Fig 2).

Vasoconstriction. Dose-dependent vasoconstriction of chorionic arteries was tested for

U46619, AngII, 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 con-

centration-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) (Fig 3).

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 viabil-

ity 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-dependent

increased contraction of 78 ± 33% compared to the standard culture condition (20 ± 9%)

(n = 8) after 1 hour (Fig 4A/4B). To test the sustained effects on vascular contractility to

U46619, the contraction induced by U46619 (30 nM) before and after exposure to PSMs was

determined (Fig 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) (Fig 4).

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-incu-

bated with Bos (30 μM), a competitive ET-1 (A/B) receptor antagonist (Fig 5A and 5E). Los

(30 μM), a competitive AT-1 receptor antagonist decreased (p = 0.0242) the PSMs induced

contraction by 61 ± 8% (Fig 5B and 5E). The combination losartan and bosentan (30 μM)

showed a decrease (p = 0.0121) of 87 ± 2% (Fig 5D and 5E). The contractile response was not

affected (p = 0.9212) by Ket (30 μM), a competitive serotonin (5-HT2) antagonist (Fig 5C and

5E).

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 combina-

tion of ET-1 and AngII induced more vasoconstriction compared to the components in isola-

tion, indicating that the pathways activated, are partially independent (n = 4) (data not

shown).
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Fig 2. Vasodilation of chorionic arteries. Concentration-dependent relaxation of placental chorionic 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).

https://doi.org/10.1371/journal.pone.0202648.g002
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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 iso-

lated from 3 different placentas (CV = 4.5%). PSMs released under severe hypoxia from 3 dif-

ferent placentas also resulted in a similar (CV = 0.5%) vascular contraction in chorionic

arteries isolated from three different placentas.

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-depen-

dent decreased vasoconstriction of 4 ± 28, 43 ± 25, 58 ± 29, 73 ± 25 and 91 ± 12% respectively

induced by the released PSMs (Fig 6A). Furthermore, a concentration-dependent decreased

reactivity to U46619 of 23 ± 12, 30 ± 15, 36 ± 9, 52 ± 7 and 61 ± 17% was found (Fig 6B).

Discussion

In this study, an in vitro model is presented for PE using placental villous explants of non-com-

plicated term placentas and chorionic arteries. This model can be used to study the production

Fig 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.

https://doi.org/10.1371/journal.pone.0202648.g003
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of PSMs by the placenta that induce the acute vasoconstriction and sustained increased con-

tractility observed in PE.

The vascular reactivity of chorionic arteries was characterised using various vasoactive

compounds. Car was used to confirm that the absence of ACh-induced vasorelaxation was not

due to the breakdown of ACh by cholinesterase. It was found that BK only induces vasorelaxa-

tion after a pre-contraction by U46619 (-40 ± 20%) and not after a pre-contraction by KCl,

which is known to inhibit the release EDHF [27, 28]. It was therefore suggested that the vasore-

laxation was induced by the released EDHF in response to BK [29]. Since BK did not induced

vasoconstriction as previously observed in umbilical arteries, it was concluded that no TXA2

was produced in response to BK, which could have masked the BK-induced vasorelaxation

[30, 31]. 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 relevant NO-dependent vasorelaxation, SNP proved that the

vessels used for our further experiments are NO-sensitive. Concentration-dependent vasocon-

strictions 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 standard culture

Fig 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).

https://doi.org/10.1371/journal.pone.0202648.g004
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Fig 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).

https://doi.org/10.1371/journal.pone.0202648.g005
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(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 spe-

cific receptor antagonists, the AT-1 and ET-1 receptors were identified as the main contribu-

tors 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 autoantibodies

released by the placenta could cause severe vasoconstriction. Previously it has been proposed

that besides activating the AT-1 receptor, increased levels of placental AT-1-agonistic autoanti-

bodies may stimulate endothelial cells to produce ET-1, which may further trigger the genesis

of preeclamptic hypertension [32].

The increased contractility of arteries after 1 hour pre-incubation with PSMs corresponds

to a similar increased vascular contractility to TXA2, AngII and ET-1 of omental arteries

observed in women suffering from PE [33–35]. 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 [35]. It can explain the

increased maternal vascular contractility to vasoactive compounds after a PE-complicated

pregnancy [36]. 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 procedure under severe

hypoxia and its induced vaso-reactivity in chorionic arteries.

Well-known key players in PE, like oxidative and inflammatory stress, are also known to be

powerful stimuli for altered protein expression [37]. A better understanding of the changes in

protein expression will allow the development of novel biomarkers for the prediction and

Fig 6. Effects of quercetin on the release of PSMs under hypoxia. The maximum vascular contractile 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).

https://doi.org/10.1371/journal.pone.0202648.g006
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diagnosis and potential treatment targeting key aspects of the pathophysiology [37]. The exper-

iment with the dietary bioactive compound quercetin 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 vasocon-

traction and increased vascular contractility to U46619 induced by the released PSMs was con-

centration-dependently 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. Moreover, antioxidants are known for their anti-inflammatory effect.

Several molecular mechanisms are involved: e.g. via inhibition of the pro-inflammatory tran-

scription factor nuclear factor-kappa B (NF-kB). Our lab recently established that many flavo-

noids inhibit Poly(ADP-ribose)polymerase-1 (PARP-1), which is known to have a coactivating

function in the Nf-kB-mediated gene expression [38].

Further experiments can include exposure of placental tissue to inflammatory stress factors

like TNF-α (Tumor necrosis factor-alpha) to determine whether only hypoxia triggers the

release of vasoactive compounds by syncytiotrophoblasts cells. Previous studies showed evi-

dence that HIF-1α (Hypoxia-inducible factor 1-alpha), considered as the master transcrip-

tional regulator of the cellular and developmental response to hypoxia itself can be stimulated

and stabilized by inflammatory stimuli like lipopolysaccharide (LPS) under normoxic condi-

tions. This shows a potential overlap between inflammatory and hypoxic responses in pre-

eclampsia [16, 39, 40]. Besides changes in vascular reaction, specific inflammatory cytokines

and vesicles characteristics could be determined in the conditioned medium. Redman et al.

speculated, that in PE due to oxidative and inflammatory stress, syncytiotrophoblast cells are

activated to release larger microvesicles that exhibit proteins, which have pro-inflammatory,

anti-angiogenic and procoagulant activity that could contribute to exaggerated systemic

inflammation in PE [41]. It is now recognized that the exact nature and composition of syncy-

tiotropoblast microvesicles has yet to be defined. However, ex vivo studies have shown that

these microvesicles play a key role in normal maternal immunomodulation that results in the

regulation of the T-helper cells and may be thus responsible for the Th1 skewness in PE [42,

43]. As described by Wareing et al. the use of a humidified gas mixture of 1, 6 or 20% O2 with

5% CO2 and N2 in our model would ameliorate the relevance of mimicking physiological and

pathophysiological intervillous oxygen tensions [44].

In conclusion, an in vitro model for PE was set up using healthy term placentas and chori-

onic arteries 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 ave-

nues to develop interventions aimed at treating or even preventing preterm birth in PE.
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