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ABSTRACT

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

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

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

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



90

Experiment 1: HUVEC and HA-VSMC incubation with plasma

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

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

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

Real time quantitative PCR (RT qPCR)

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

Gene Forward primer Reverse primer

36B4 GCTTCATTGTGGGAGCAGACA CATGGTGTTCTTGCCCATCAG

ACTA2 CCGGGACTAAGACGGGAATC CATTGTCACACACCAAGGCA

ACTG2 CTCTCATACCCTCGGTGCTC CTGGTGGCGAGGGCG

ACTC1 AAGCTGTGCCAAGATGTGTG CCCACCATAACTCCCTGGTG

CHRNA3 TGTGGCTCAAGCAAATCTGG TGAACTCTGCCCCACCATAG

CXCL8 GAGAAGTTTTTGAAGAGGGCTGA TGCTTGAAGTTTCACTGGCAT

EDN1 TTGAGATCTGAGGAACCCGC CGCCTAAGACTGCTGTTTCTG

ESM1 GGTATCTGCAAAGAGCATGACA AGAAATCACAGCCGGGATCA

HCNH8 TCAGTCCAAGGATTGTTGATGG TGGGCTCTGATCTGATTCGT

HCN4 TAAGGATGTTCGGCAGCCAG GGTCAGGTCCCAGTAAAATCTGA

ICAM1 CCTTCCTCACCGTGTACTGG AGCGTAGGGTAAGGTTCTT

KCNA6 AGGGTCCAAGCCATCACTAC CATTTTTCCTGCAAAGAAGGCG

MYL6 CGAAGGACTTCGGGTGTTTG TGCCTCACAAACGCTTCATAG

MYL9 GGGCCACATCCAATGTCTTC CTGTGGGGTTCTTCCCCAG

NOS3 TTAAAGAAGTGGCCAACGCC GGGACACCACGTCATACTCA

PTGIS CCACACAGGGGAATATGGGT CCGCTTGCCAAAGGATACTC

TTN ACCCCAACCCTGACATTGTA CCCTTGGTTCCTTCAATTCTGA

Pyrosequencing

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

Gene Forward primer Reverse primer Sequencing primer

KCNA6 GGTGGAGGGGGTGTGGTATTA CACCCCACTCCCACATCACA (B) GGTGTGGTATTAGGG 

ESM1 TGGTTTTTGTTGGTGGGAAGTA CCTCATACAAAACAACCATCTAA 
AC (B)

ATTGGTAGTTGAGTTTTTG 

CXCL8 ATTGTGGAGTTTTAGTATTTTAA 
ATGTAT

AAAACTTATACACCCTCATCTTT 
TC (B)

AATTAAATTATTTTAAAGATTAAAG 

ACTC1 ATGGATAGGGTTAGTTGGAGTA CCTCCCCTTCCTTACATAATCTA 
AA (B)

GGGTTAGTTGGAGTAG 

CHRNA3 GGGTTAATTTGTAGAGTATTTTT 
AGTAGAG

AACTCAATTTCTATCCCAAATTT 
CC (B)

AGTTAGGATGGTTTTTGAT 

MYL6 TGTTGTTGGGAGGTGTAGA ACTCTCCACCCAACCCTAATCT 
(B)

GAGGTGTAGATTTATTGTG 

ACTG2 GTGTGTTTTTGGTATGAATATTA 
GAGTAA

ACTATTACCACTAAATCCTTTTA 
CATACA (B)

TTGGTATGAATATTAGAGTAATATA 

ACTA2 GAATTTTAGGAAGGGAGATAA 
GGTAGTT

ACAACCTTCAAAACAAATATTA 
CTCAT (B)

GTTTATTTAGTTTTTATATAATTTT 

(B) = biotinylated primer.

Table 3. Sequence to analyse with pyrosequencing.

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

KCNA6 TGCCG1GCG2CTTGTGGAGGGGGGCG3CG4AATGTGAACG5TGT 
GAAAGCG6AGAGGCG7TGCCAGGAGAGCG8CG9G 

-71 until -3 

ESM1 CCTACACG1TTTATGAGTTTTATACACTGGGTTGCCCG2CATGCT 
TTCCCG3TCATCAATTTCCTCAACCCAGCAGCAGCG4C

-17 until -95 

CXCL8 
 

AAAACTTTCG1TCATACTCCG2TATTTGATAAGGAACAAATAGG 
AAGTGTGATGACTCAGGTTTGCCCTGAGGGGATGGGCCATCA 
GTTGCAAATCG3T

-124 until -29 
 

ACTC1 CCG1GGGGCAGGGGTGGGGGGCCCG2GTCTGCCACCTTGCCT 
TATTTGGTCCCCTTCG3CACCCG4CTAGGACTGCCG5

-115 until -41 

CHRNA3 
 

CTCG1TGATCCG2CCCG3CCTTGGCCTCCCAAAGTGCTGGCTGG 
GATTACAGGCG4TGAGCCACTGCTCCCG5GCTAAAATATTTAAC 
AATTATTTAATAGCATGAGATACACAAGGCG6

-113 until +1 
 

MYL6
CCCCAGCCCACG1TCCCCCCACG2ACCCCCG3CCCCCCCACCTCC 
CCCCACG4ACCCCCCCCACCTCCG5AGCG6GGTTCTGTGCCCAGG 
TGGCG7CTGGAGAAAGGAACAGCG8GACCCCG9C

-138 until -24 
 

ACTG2
AAACCCCAGAGGCG1GATCTTCTTTAAACAAAGTCCCTAAAAA 
GGCCAGCTGACG2GTGTGTTAGCAATATTACCATATAAGGTGGT 
TTTTTCAATAAATCG3C

+12 until -88 
 

ACTA2 TTCG1AGAAAGAAAAGGTGCCG2TTCTTCCG3AGCCCTCCG4GC 
TTAACCACTGCTTCG5GTGCTGACTTATTTCCTACG6T

-125 until -50 

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

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

Statistics

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

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

Table 4. Patient information

Early-onset preeclampsia 
(n=5)

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

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

Gestational age at sampling 
(weeks)

27.6 ± 2.46 30±1  NA 

Systolic blood pressure 
(mmHg)

172.5 ± 15.00 NR NA 

Diastolic blood pressure 
(mmHg)

103.0 ± 9.75 NR NA 

Urinary protein excretion 
(g/24h)

3.48 ± 2.92 NR NA 

Gestational age at delivery 
(weeks)

28.74 ± 1.88 NR NA 

Newborn weight (g) 915.4 ± 324.8 NR NA

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

was determined by one-tailed Wilcoxon statistics.

 







 





 





 
 







 


 

 





 
 

















  





 




 


 







 





 





 
 







 


 

 





 
 


















 

 







 



 







 





 



101

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

4

Gene expression of HUVEC after stimulation with sFlt-1, ATP, TNFα, disulfide HMGB1 and 
fully reduced HMGB1

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

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

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

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

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

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