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In preeclampsia (PE), pre-existent maternal endothelial dysfunction leads to impaired pla-
centation and vascular maladaptation. The vascular endothelial growth factor (VEGF) path-
way is essential in the placentation process and VEGF expression is regulated through
post-transcriptional modification by microRNAs (miRNAs). We investigated the expression
of VEGF-related circulating miR-16, miR-29b, miR-126, miR-155 and miR-200c in PE vs
healthy pregnancies (HPs), and their relation with vascular function, oxidative stress (OS)
and systemic inflammation. In this case-control study, 24 women with early PE (<34 weeks)
were compared with 30 women with HP. Circulating microRNA levels (RT-gPCR), OS and
systemic inflammation were assessed in plasma samples (PE 29.5 vs HP 25.8 weeks) and
related to extensive in vivo vascular function (flow-mediated dilatation (FMD), modified FMD
(mFMD), carotid-femoral pulse wave velocity (CF-PWV), heart rate corrected augmentation
index (Alx75) and reactive hyperemia index (RHI)). FMD, CF-PWYV, Alx75 and RHI were all sig-
nificantly impaired in PE (P<0.05). PE patients had reduced levels of miR-16 (5.53 + 0.36
vs 5.84 + 0.61) and increased levels of miR-200c (1.34 + 0.57 vs 0.97 + 0.68) (P<0.05).
Independent of age and parity, miR-16 was related to impaired FMD ( 2.771, 95% C.I.:
0.023-5.519, P=0.048) and mFMD ( 3.401, 95% C.l.: 0.201-6.602, P=0.038). Likewise,
miR-200c was independently associated with CF-PWV (3 0.513, 95% C.l.: 0.034-0.992,
P=0.036). In conclusion, circulating levels of miR-16 were lower in PE, which correlated with
impaired endothelial function. Circulating miR-200c was increased in PE and correlated with
higher arterial stiffness. These findings suggest a post-transcriptional dysregulation of the
VEGF pathway in PE and identify miR-16 and miR-200c as possible diagnostic biomarkers
for PE.

Introduction
MicroRNAs (miRNAs) are small non-coding RNA molecules that regulate gene expression at
post-transcriptional level [1]. Since they are involved in virtually every biological process, aberrant
miRNA expression contributes to disease processes through dysregulation of essential signaling pathways
[2]. During pregnancy, the placenta expresses many essential miRNAs, which can be secreted into the ma-
ternal circulation packed in exosomes, microvesicles or bound to stabilizing proteins. These miRNAs play
important roles in placental development, immunomodulation and uteroplacental and maternal vascular
adaptation to pregnancy [3,4].

Preeclampsia (PE) is a pregnancy-specific complication characterized by arterial hypertension in com-
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elusive, but extensive research has proven an indispensable role of pre-existent maternal endothelial dysfunction re-
sulting in disturbed uteroplacental and peripheral vascular adaptation to pregnancy [6]. Optimal vascular adaption
to pregnancy requires a complex interaction between different players, with a crucial role of the vascular endothelial
growth factor (VEGF) pathway [7-9]. Next, placental growth factor (PIGF), produced by the placenta, is an increas-
ingly important molecule in the prediction, diagnosis and treatment of PE. Low circulating PIGF in combination with
high levels of soluble fms-like tyrosine kinase-1 (sFlt-1, the soluble form of the VEGF-1 receptor) is known to precede
the manifestation of clinical disease in PE [10,11]. Although underlying vascular disease is present during PE and pa-
tients who have had PE are known to have an increased risk of cardiovascular disease later in life, the culprit in the
active disease state is the dysfunctional placenta. An abnormal placentation process in the beginning of pregnancy
results in an ischemic placenta that releases anti-angiogenic factors (sFlt-1), reactive oxygen species and deregulated
concentrations of miRNAs into the maternal circulation. These factors affect the maternal endothelium, resulting in
even more endothelial dysfunction and arterial stiffness [12].

VEGEF is an important regulator of the placentation process since it regulates angiogenesis and plays a crucial role in
the growth of vascular endothelial cells (ECs), the production of placental blood vessels and the promotion of vessel
permeability [8,9]. Controversy exists on circulating VEGF levels during healthy pregnancy (HP) vs PE [13-16].
VEGF cannot be considered a reliable predictive marker for PE, hence our approach to study the level of circulating
miRNAs that are known to be established regulators of VEGF expression.

Placental studies show dysregulated miRNA expression in PE, which renders them potential new therapeutic tar-
gets [17]. However, with regard to prediction, diagnosis and monitoring of PE, circulating miRNA levels are of greater
interest. Therefore, in the present study, we chose to investigate the expression of five (miR-16, miR-29b, miR-126,
miR-155, miR-200c) circulating miRNAs involved in the VEGF signaling pathway and their relation to vascular func-
tion and oxidative stress (OS) in HP vs PE.

Materials and methods
Study population and design

Thirty women with HP and 24 women with early PE (gestational age < 34 weeks) admitted to the maternal intensive
care unit were included between November 2015 and June 2017. PE was defined according to the revised ISSHP
definition [5].

Exclusion criteria were (gestational) diabetes, multiple pregnancies, fetal malformations, hypercholesterolemia,
chronic kidney disease, autoimmune disorders, connective tissue diseases or use of acetylsalicylic acid. Since the
Antwerp University Hospital serves as a tertiary referral centre, most women were already initiated on antihyperten-
sive medication, low molecular weight heparin and MgSOj at the time of referral and inclusion.

HP women were free from medication and did not have a history of PE, (pregnancy-induced) hypertension, car-
diovascular disease or other chronic conditions.

Blood samples (22-36 weeks (average: 25.8 weeks)) and vascular function measurements (33-36 weeks (average:
34.7 weeks)) were performed between 22 and 36 weeks in women with HP. Women with PE were included at the time
of diagnosis (25-33 weeks; average: 29.7 weeks) (Figure 1). In PE, proteinuria was detected and quantified on a 24-h
urine collection.

The present study (ENDOPREG study, Belgian number: B300201524783) complied with the Declaration of
Helsinki and was approved by The Research and Ethics committee of the Antwerp University Hospital. Written in-
formed consent was obtained from each participant.

OS and systemic inflammation measurements

During HP, blood samples for superoxide (O,°~), neutrophil to lymphocyte ratio (NLR) and mean platelet volume
(MPV) were taken at approx. 22-36 weeks (average: 25.8 weeks). In PE, all measurements were performed at diag-
nosis. Peripheral blood was collected by venepuncture using ethylenediaminetetraacetic acid (EDTA) tubes for the
quantification of MPV and NLR. The EDTA tubes were analyzed using an ADVIA 120 Hematology System (Siemens
Healthcare®, Germany). Blood concentration of superoxide was determined using electron paramagnetic resonance
as previously described [18].

Vascular function measurements

A comprehensive, non-invasive assessment of endothelial-dependent vasodilation (flow-mediated dilatation (FMD),
modified FMD (mFMD) and low-flow mediated constriction (L-FMC) of the brachial artery; Aloka ProSound
Alpha, Hitachi), microvascular endothelial function (reactive hyperemia index (RHI), EndoPAT 2000 system,
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Figure 1. Timeline representing timing of measurements in HP vs PE

Itamar-Medical, Israel), and large artery stiffness pulse wave velocity and pulse wave analysis (respectively
carotid-femoral pulse wave velocity (CF-PWV) and heart rate corrected augmentation index (AIx75), Sphygmocor,
AtCor Medical) was performed. All measurements were done in a standardized manner by experienced investigators
(IG, TS, DM and EF) as previously published [6,19]. Measurements in HP and PE groups were performed at the same
arm and at approximately the same time of day.

miRNA analysis

A miRNA panel consisting of five miRNAs (miR-16, miR-29b, miR-126, miR-155, miR-200c¢) involved in angiogenesis
and PE pathogenesis was quantified in plasma samples using RT-qPCR. Briefly, whole blood was collected in EDTA
tubes. Samples were centrifuged within 30 min after collection (1500x g, 15 min) at room temperature and stored
at —80°C. Plasma samples were thawed on ice and centrifuged for 10 min (4°C, 16000x g). RNA enriched for small
RNAs (including miRNAs) was isolated using the mirVana Paris Kit (Thermo Fisher). Reverse transcription and
pre-amplification were performed using TagMan miRNA primers (Thermo Fisher) and multiplex qPCR was done
in a CFX96 thermal cycler (Bio-Rad) [25]. Raw C, values were calculated in Bio-Rad CFX manager software v.3.1
using automatic baseline and threshold settings. MiRNAs with coefficient of variation values > 4%, indicating high
technical variability, were excluded from the analysis. Data were normalized using spike-in Cel-miR-39 and relative
miRNA levels were expressed as log(2~4% * 10°).

Statistical analysis
Statistical analysis was performed using SPSS 26.0. Normality of continuous variables was evaluated using
Shapiro-Wilk test. Normally distributed data are expressed as mean + standard deviation (SD), skewed variables
as median (first to third quartile).
Unpaired data were compared using independent samples ¢ test, Mann—-Whitney U test or ANCOVA as appropriate.
Pearson’s chi-squared test or Fisher’s exact test were used for comparison of categorical variables as appropriate.
Correlation among miRNAs, vascular measurements, OS and systemic inflammation was assessed using Pearson
correlation analysis. To investigate the independent association between miRNAs and vascular function, multivari-
ate linear regression analysis was performed, correcting for variables that are risk factors for PE (age and parity) or
vascular function (age). A two-tailed P<0.05 was considered significant.

Results

Patient characteristics
Characteristics of HP and PE women are summarized in Table 1. According to the definition of PE, blood pressure
was significantly higher in PE patients (P<0.05), which resulted in high percentages of antihypertensive treatment.
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Table 1 Patient characteristics

PE (n=24) HP (n=30) P-value

Age (years) 28.5 (26.7-30.9) 29.2 (27.4-32.5) 0.330
BMI at delivery (kg/m?) 291+ 4.3 27.6 + 4.1 0.241
SBP third trimester (mmHg) 152.6 + 12.6 126.7 £12.3 <0.001
DBP third trimester (mmHg) 91.4+76 743+ 81 <0.001
MARP third trimester 111.8+ 8.4 91.8+89 <0.001
Nulliparous (n,%) 19 (79%) 19 (63%) 0.140
Gestation at delivery (weeks) 29.5 (28-31) 39.5 (39-40) <0.001
Birth weight (g) 12442 + 3575 3513.8 + 375.2 <0.001
Smoking (n, %) 3(12.5%) 0 (0%) 0.082
Oral antihypertensive (n, %) 22 (92%) 0 (0%) <0.001
Intravenous antihypertensive (n, %) 11 (46%) 0 (0%) <0.001
Platelet count (x 10%/l) 169.4 + 58.8 208.0 +58.2 0.024
Proteinuria (mg/24 h) 1985.0 (1061.0-3700.0) NA NA
Serum creatinine (mg/dl) 0.79 + 01 NA NA
AST (U/)) 43.5 (24.5-106.3) NA NA
ALT (U/)) 45.0 (18.0-139.8) NA NA

Data are expressed as mean + SD, as median (first to third quartile) or as total number (n, %). Abbreviations: BMI, body mass index; DBP, diastolic
blood pressure; MAP, mean arterial pressure; NA, not applicable; SBP, systolic blood pressure.

Table 2 Vascular function measurements

PE HP P-value
Endothelial function FMD 582+ 4.72 9.82 +4.76 0.008
mFMD 6.37 + 4.10 12.21+5.55 0.001
L-FMC 0.22 (—0.82 to 1.48) —1.68 (—3.40 to —0.03) 0.016
RHI 2.3(2.03-2.4) 1.4 (1.3-1.65) <0.001
Arterial stiffness CF-PWV 7.58 (7.00-7.98) 6.11 (5.50-6.39) <0.001
AlX75 22.73 +7.62 2.79 +11.42 <0.001

Vascular function measurements in PE (diagnosis) vs HP (33-36 weeks (average: 34.7 weeks)). Data are expressed as mean + SD or as median (first
to third quartile).

The differences in birth weight were due to differences in gestational age at delivery (P<0.05). Platelet count was
lower in PE compared with HP (P<0.05).

Non-invasive measurement of peripheral vascular function

Table 2 shows that both macro- and microvascular endothelial function and arterial stiffness were impaired in PE
compared with HP (all P<0.05). L-FMC and mFMD provide insight into the ‘resting’ endothelial capacity in contrast
with the gold standard FMD, reflecting endothelial nitric oxide bioavailability [6].

Plasma levels of VEGF-related miRNA, OS and systemic inflammation

In PE patients, levels of miR-16 were lower and miR-200c levels were higher compared with HP (P<0.05). Superoxide
and MPV were higher in PE compared with HP (P<0.05), but no significant difference in NLR was observed (Table
3).

Associations between miRNAs and platelets (in HP and PE), and miRNAs
and proteinuria, creatinine, AST and ALT (PE only)

No correlations among miRNAs, platelets, proteinuria, creatinine, AST and ALT were observed (all P>0.05, data not
shown).
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PE (n=24) HP (n=30) P-value
miR-16 5.53 +0.36 5.84 + 0.61 0.024
miR-29b 0.59 + 0.47 0.87 + 0.69 0.091
miR-126 3.59 + 0.38 3.69 + 0.56 0.465
miR-155 2.04 + 0.46 2.24 +0.59 0.184
miR-200c 1.34 +0.57 0.97 +0.68 0.089
Superoxide (M) 295.34 174.64 0.004

(211.87-383.30) (129.70-237.56)
NLR 5.8 (3.563-8.05) 4.70 (3.565-5.23) 0.119
MPV (fl) 8.85 (8.50-10.25) 8.30 (7.70-9.05) 0.007

Blood sample was used to assess miRNA expression, OS and systemic inflammation in PE (diagnosis) vs HP (22-36 weeks (average: 25.8 weeks)).
Data are expressed as mean + SD or as median (first to third quartile).

(A) 7
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Figure 2. Pearson correlations between miRNAs and vascular function
(A) miR-16 is significantly correlated with FMD (P=0.043). (B) miR-16 is significantly correlated with mFMD (P=0.036). (C) miR-200c
is significantly correlated with CF-PWV (P=0.015). Black dots: healthy pregnant women. Red triangles: preeclamptic women.

Association between miRNAs and vascular function

In addition to this differential regulation in PE, a correlation of miR-16 and miR-200c with vascular function mea-
surements was observed, as shown in Figure 2. Higher miR-16 levels were related to a better endothelial function
(correlation with FMD r = 0.300, P=0.043 and mFMD r = 0.317, P=0.036). In contrast, higher miR-200c levels
were related to increased arterial stiffness (correlation with CF-PWV r = 0.351, P=0.015). None of the miRNAs
were correlated with OS or systemic inflammation (P>0.05, data not shown). To investigate whether miRNAs were
independently associated with impaired vascular function, multivariate linear regression analysis, adjusting for age
and parity, was performed. After adjustment, miR-16 remained independently associated with FMD (f3 2.771, 95%
C.1.: 0.023-5.519, P=0.048) and mFMD (f3 3.401, 95% C.1.: 0.201-6.602, P=0.038). Likewise, miR-200c remained
independently associated with CE-PWV (3 0.513, 95% C.I.: 0.034-0.992, P=0.036).

Discussion

In this prospective case—control study, an innovative approach to the dismantling of the VEGF pathway in PE was ap-
plied by studying circulating levels of miRNAs that are known to influence VEGF expression in a post-transcriptional
manner. We observed significantly lower circulating miR-16 levels and higher miR-200c levels in PE patients, corre-
lating with impaired endothelial function and arterial stiffness, respectively.

Pregnancy is known to cause massive cardiovascular changes, starting as early as the first trimester. This hyperdy-
namic circulation, characterized by an increase in cardiac output, intravascular volume and systemic compliance, is
necessary to meet the metabolic demands of pregnancy. In PE, this vascular adaption is impaired due to a pre-existing
subclinical vascular dysfunction, together with a dysfunctional angiogenesis at the placental site. With VEGF as the
central player, placental angiogenesis starts very early in pregnancy and optimal vascular resistance at the placen-
tal site is essential for HP. In the beginning of the normal placentation process, VEGF concentration is increased to
avoid early trophoblast invasion in order to maintain an essential hypoxic state. After 8-10 weeks of gestation, VEGF
concentration decreases resulting in trophoblast invasion of the spiral arteries mandatory for normal placentation. In
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pregnancies destined to develop PE, this early physiologic drop in VEGF concentration appears to be absent, causing
the placenta to become ischemic [20]. This ischemic placenta secretes anti-angiogenic factors and OS in the circula-
tion harming the vascular wall, resulting in impaired endothelial and arterial function as previously described [18].

Where decreased VEGF levels are repeatedly shown in term placental tissue after PE [7], data concerning circulat-
ing VEGF levels vary, with some studies showing an increase in circulating VEGF [14], while other report decreased or
unchanged levels in PE [7]. Therefore, VEGF cannot be considered a reliable predictive marker for PE. Furthermore,
placental miRNAs have been extensively studied. They are known to regulate placental development and abnormal
placental miRNA expression has been associated with PE [4]. MiR-16, miR-29b, miR-126 and miR-200c, have all been
shown to regulate the placental expression of VEGE

In the present study, a panel of five miRNAs targeting the VEGF pathway, was selected. Whereas miR-16, miR-29b
and miR-200c all directly target the 3’ UTR of VEGF mRNA, miR-126 and miR-155 indirectly influence VEGF ex-
pression. There are several lines of evidence that these five miRNAs indicate direct or indirect involvement in PE.

MiR-16 can significantly inhibit cell proliferation and invasion, promote cell apoptosis and suppress cell cycle pro-
gression. It also reduces inflammation, suppressing the secretion and mRNA expression of pro-inflammatory factors,
such as interleukin (IL)-6 and tumor necrosis factor-o« (TNF-«), and increased miR-16 enhances the secretion and
mRNA expression of the anti-inflammatory factor IL-10. In literature, miR-16 is known to regulate placental angio-
genesis by directly modulating the expression of VEGF and other angiogenic factors [9,21-23].

MiR-29b is involved in cell proliferation, differentiation and apoptosis. In pregnancy, miR-29b may play an essen-
tial role in trophoblast invasion through diminishing the activation of FAK phosphorylation. Dysregulated miR-29b
disturbs proper trophoblast cell invasion, survival and angiogenesis, which may lead to the onset of PE [24].

MiR-126 influences the VEGF pathway through inhibition of Spred1 and lower levels of placental miR-126 in PE
were associated with decreased VEGF placental expression [25].

MiR-155 down-regulates SOCS1, which leads to the activation of the JAK2/STAT?3 signaling pathway and increases
VEGEF-A. MiR-155 also modulates endothelial nitric oxide synthase (eNOS) expression and inhibits Flt-1 expression
[26].

MiR-200c plays a role in EC dysfunction and the formation of OS. Firstly, it inhibits ZEBI protein, which in-
duces apoptosis and senescence of ECs. Secondly, it disrupts the autoregulatory loop existing among Sirtuin1 (SIRT1),
eNOS and FOXO1, causing NO decrease and OS increase [27]. MiR-200c not only regulates the expression of VEGF
and its receptor Flt1 in endometrial cell lines, but also induces apoptosis of trophoblasts through inhibition of the
Wnt/(3-catenin pathway in a rat model of PE [27,28]. In the following paragraphs we will outline our findings in
relation to the current evidence.

Here, we show a down-regulation of circulating miR-16 in early PE and reduced miR-16 levels were directly related
to the impaired peripheral endothelial vasodilation as observed in PE. MiR-16 was previously observed to be overex-
pressed in placental tissues affected with severe PE where it inhibits VEGF expression, which results in inhibition of
migration of ECs and trophoblasts, ultimately limiting angiogenesis in placenta [9,17]. A study by Wu et al. brought
the evidence of circulating miR-16 down-regulation in PE using miRNA microarrays. However, these findings could
not be confirmed using RT-qPCR in a small (n=19) group of late PE patients in that study [29]. The miR-16-VEGF
interaction is auto-regulatory: miR-16 inhibits VEGF gene expression and [9,17] VEGF itself induces expression of
miR-16 [21]. Furthermore, serum progesterone concentrations are decreased in PE and breast cancer research has
shown that progestin down-regulates miR-16 expression [22]. This might be an additional mechanism contributing
to the increased miR-16 levels observed in PE placenta compared with normal pregnancy.

In contrast with miR-16 levels, circulating miR-200c levels were higher in PE compared with HP and higher
miR-200c was related to increased CE-PWV. Increased arterial stiffness has previously been observed in PE [6] and is
related to higher cardiovascular risk later in life [30]. MiR-200c directly inhibits the expression of VEGF and Flt1, and
it induces apoptosis of trophoblasts [28]. The biological significance of VEGF and its receptors (Flt1 and VEGFR1)
in angiogenesis is well established. To the best of our knowledge, only two studies previously showed differential
miR-200c¢ expression in PE placenta. One study showed up-regulated miR-200c in both early and late onset PE pla-
centa (n=19) compared with HP (n=23) [31].

The main strength of the present study is the focus on early PE, since discrimination between the different pheno-
types of PE (early vs late) is important as they may involve different sets of miRNA expression. However, gestational
age at sample collection was slightly, but significantly different between PE and HP, which could have influenced
the miRNA levels as these also might change with advancing HP [3]. Despite this difference in gestational age, the
relationship between early PE and two important miRNAs of the VEGF pathway suggest critically functioning roles
of these miRNAs in the pathophysiology of this pregnancy-related disease. Second, we quantified circulating miR-
NAs instead of placenta derived miRNAs as we believe circulating miRNAs are more valuable in the prediction of
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PE or vascular dysfunction. Due to their stability in plasma, the use of miRNAs in the prediction, diagnosis and/or
monitoring of PE could have a great potential.

Conclusions

The VEGF pathway is essential in the placentation process and dysregulation of it contributes to the development of
PE. In this case—control study, we investigated whether five circulating miRNAs, known to target the VEGF pathway,
are related to vascular function, OS and systemic inflammation in PE vs HP. We observed down-regulated plasma
levels of miR-16, associated with impaired endothelial function, and up-regulated levels of miR-200c, correlated with
increased arterial stiffness in early PE. Hence, these findings suggest a post-transcriptional dysregulation of the VEGF
pathway in PE and identify miR-16 and miR-200c as possible diagnostic biomarkers for PE. Whereas plasma levels
of miR-200c are in-line with evidence on placental samples, the findings on circulating miR-16 are in contrast with
evidence in placental samples. Therefore, our findings are hypothesis-generating and need confirmation in further
experiments.

Perspectives

e PE is a severe pregnancy complication with a crucial role of pre-existent maternal endothelial dys-
function leading to impaired placentation. The VEGF pathway and its post-transcriptional modifica-
tion by miRNAs seems essential in the placentation. However, circulating VEGF levels are not consis-
tently associated with PE, hence our approach to study circulating miRNAs known to regulate VEGF
expression in relation to PE.

e In the present study, we demonstrate that circulating miR-16 levels are decreased in preeclamptic
patients, and lower levels were associated with an impaired endothelial-dependent vasodilatation.
Circulating miR-200c levels are increased in PE and are related to arterial stiffness.

e Several studies show differential miRNA expression in placental tissue of preeclamptic patients.
With regard to prediction, diagnosis and monitoring of PE, circulating miRNA emerge as promising
biomarkers.

Data Availability

We declare that the materials described in the manuscript are available from the corresponding author upon request. All relevant
raw and edited data will be freely accessible to any scientist for non-commercial purposes, without breaching participant confi-
dentiality.

Competing Interests
The authors declare that there are no competing interests associated with the manuscript.

Funding
This work was supported by the Fund for Scientific Research-Flanders (FWO) as Senior Clinical Investigator [grant number
1804320N (to Emeline M. Van Craenenbroeck)] and Predoctoral Fellow [grant number 1194918N (to Isabel Witvrouwen)].

CRediT Author Contribution

Dominique Mannaerts: Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Writing— original draft,
Writing—review and editing. Jessica Ratajczak: Formal analysis. Evi Boeren: Formal analysis. Ellen Faes: Investigation.
Amaryllis H. van Craenenbroeck: Supervision, Writing—original draft. Yves Jacquemyn: Conceptualization, Resources, Su-
pervision, Writing— original draft. Emeline M. van Craenenbroeck: Conceptualization, Resources, Supervision, Writing— original
draft. Isabel Witvrouwen: Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Writing— original draft,
Writing—review and editing.

(© 2021 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons 7
Attribution License 4.0 (CC BY).



Bioscience Reports (2021) 41 BSR20210874

[ ]
’... FF:F? E%ELAND https://doi.org/10.1042/BSR20210874

Acknowledgements
The authors would like to thank Inge Goovaerts and Tibor Stoop (both from Department of Cardiology, Antwerp University Hospi-
tal, Edegem, Belgium) for performing the vascular function measurements.

Abbreviations

Alx75, heart rate corrected augmentation index; ALT, alanine transaminase; ANCOVA, analysis of covariance; AST, aspartate
aminotransferase; CF-PWV, carotid-femoral pulse wave velocity; C.l., confidence interval; EC, endothelial cell; EDTA, ethylene-
diaminetetraacetic acid; eNOS, endothelial nitric oxide synthase; FMD, flow-mediated dilatation; FOXO1, forkhead box protein
O1; HP, healthy pregnancy; IL, interleukin; L-FMC, low-flow mediated constriction; mFMD, modified FMD; miRNA, microRNA;
MPV, mean platelet volume; NLR, neutrophil to lymphocyte ratio; OS, oxidative stres; PE, preeclampsia; PIGF, placental growth
factor; RT-qPCR, reverse transcription quantitative polymerase chain reaction; sFlt-1, soluble fms-like tyrosine kinase-1; SOCS1,
suppressor of cytokine signaling 1; VEGF, vascular endothelial growth factor.

References

1 Friedman, R.C., Farh, K.K., Burge, C.B. and Bartel, D.P. (2009) Most mammalian mRNAs are conserved targets of microRNAs. Genome. Res. 19,
92-105, https://doi.org/10.1101/gr.082701.108

2 Sayed, D. and Abdellatif, M. (2011) MicroRNAs in development and disease. Physiol. Rev. 91, 827-887, https://doi.org/10.1152/physrev.00006.2010

3 Mitchell, M.D., Peiris, H.N., Kobayashi, M., Koh, Y.Q., Duncombe, G., lllanes, S.E. et al. (2015) Placental exosomes in normal and complicated
pregnancy. Am. J. Obstet. Gynecol. 213, S173-S181, https://doi.org/10.1016/j.ajog.2015.07.001

4 Hayder, H., O’Brien, J., Nadeem, U. and Peng, C. (2018) MicroRNAs: crucial regulators of placental development. Reproduction 155, R259-R271,
https://doi.org/10.1530/REP-17-0603

5 Tranquilli, A.L., Dekker, G., Magee, L., Roberts, J., Sibai, B.M., Steyn, W. et al. (2014) The classification, diagnosis and management of the hypertensive
disorders of pregnancy: a revised statement from the ISSHP. Pregnancy Hypertens. 4, 97104, https://doi.org/10.1016/j.preghy.2014.02.001

6 Mannaerts, D., Faes, E., Cornette, J., Gyselaers, W., Spaanderman, M., Goovaerts, I. et al. (2019) Low-flow mediated constriction as a marker of
endothelial function in healthy pregnancy and preeclampsia: a pilot study. Pregnancy Hypertens. 17, 75-81,
https://doi.org/10.1016/j.preghy.2019.02.001

7 Mochan, S., Dhingra, M.K., Gupta, S.K., Saxena, S., Arora, P., Yadav, V. et al. (2019) Status of VEGF in preeclampsia and its effect on endoplasmic
reticulum stress in placental trophoblast cells. Eur. J. Obstet. Gynecol. Reprod. Biol. 4, 100070, https://doi.org/10.1016/j.eurox.2019.100070

8 Shah, D.A. and Khalil, R.A. (2015) Bioactive factors in uteroplacental and systemic circulation link placental ischemia to generalized vascular
dysfunction in hypertensive pregnancy and preeclampsia. Biochem. Pharmacol. 95, 211-226, https://doi.org/10.1016/j.bcp.2015.04.012

9 Zhuy, Y., Lu, H., Huo, Z., Ma, Z., Dang, J., Dang, W. et al. (2016) MicroRNA-16 inhibits feto-maternal angiogenesis and causes recurrent spontaneous
abortion by targeting vascular endothelial growth factor. Sci. Rep. 6, 35536, https://doi.org/10.1038/srep35536

10 Zeisler, H., Llurba, E., Chantraine, F., Vatish, M., Staff, A.C., Sennstrom, M. et al. (2016) Predictive value of the sFlt-1:PIGF ratio in women with
suspected preeclampsia. N. Engl. J. Med. 374, 13-22, https://doi.org/10.1056/NEJMoa1414838

11 Pang, V., Bates, D.0. and Leach, L. (2017) Regulation of human feto-placental endothelial barrier integrity by vascular endothelial growth factors:
competitive interplay between VEGF-A1gsa, VEGF-A4gsb, PIGF and VE-cadherin. Clin. Sci. (Lond.) 131, 2763-2775,
https://doi.org/10.1042/CS20171252

12 Hornakova, A., Kolkova, Z., Holubekova, V., Loderer, D., Lasabova, Z., Biringer, K. et al. (2020) Diagnostic potential of microRNAs as biomarkers in the
detection of preeclampsia. Genet. Test Mol. Biomarkers 24, 321-327, https://doi.org/10.1089/gtmb.2019.0264

13 Celik, H., Avci, B. and Isik, Y. (2013) Vascular endothelial growth factor and endothelin-1 levels in normal pregnant women and pregnant women with
pre-eclampsia. J. Obstet. Gynaecol. 33, 355-358, https://doi.org/10.3109/01443615.2013.769944

14 Maynard, S.E., Min, J.Y., Merchan, J., Lim, K.H., Li, J., Mondal, S. et al. (2003) Excess placental soluble fms-like tyrosine kinase 1 (sFlt1) may
contribute to endothelial dysfunction, hypertension, and proteinuria in preeclampsia. J. Clin. Invest. 111, 649-658, https://doi.org/10.1172/JCI17189

15 Masoura, S., Kalogiannidis, I., Makedou, K., Theodoridis, T., Koiou, K., Gerou, S. et al. (2014) Biomarkers of endothelial dysfunction in preeclampsia and
neonatal morbidity: a case-control study. Eur. J. Obstet. Gynecol. Reprod. Biol. 175, 119-123, https://doi.org/10.1016/j.ejogrb.2014.01.012

16 Wang, C.Y., Tsai, PY., Chen, T.Y,, Tsai, H.L., Kuo, P.L. and Su, M.T. (2019) Elevated miR-200a and miR-141 inhibit endocrine gland-derived vascular
endothelial growth factor expression and ciliogenesis in preeclampsia. J. Physiol. 597, 3069-3083, https://doi.org/10.1113/JP277704

17 Hu, Y, Li, P, Hao, S., Liu, L., Zhao, J. and Hou, Y. (2009) Differential expression of microRNAs in the placentae of Chinese patients with severe
pre-eclampsia. Clin. Chem. Lab. Med. 47, 923-929, https://doi.org/10.1515/CCLM.2009.228

18 Mannaerts, D., Faes, E., Cos, P, Briedé, J.J., Gyselaers, W., Cornette, J. et al. (2018) Oxidative stress in healthy pregnancy and preeclampsia is linked
to chronic inflammation, iron status and vascular function. PLoS ONE 13, €0202919, https://doi.org/10.1371/journal.pone.0202919

19 Mannaerts, D., Faes, E., Goovaerts, I., Stoop, T., Cornette, J., Gyselaers, W. et al. (2017) Flow-mediated dilation and peripheral arterial tonometry are
disturbed in preeclampsia and reflect different aspects of endothelial function. Am. J. Physiol. Regul. Integr. Comp. Physiol. 313, R518-R525,
https://doi.org/10.1152/ajpregu.00514.2016

20 Bates, D.0., MacMillan, P.P., Manjaly, J.G., Qiu, Y., Hudson, S.J., Bevan, H.S. et al. (2006) The endogenous anti-angiogenic family of splice variants of
VEGF, VEGFxxxb, are down-regulated in pre-eclamptic placentae at term. Clin. Sci. (Lond.) 110, 575-585, https://doi.org/10.1042/CS20050292

8 (© 2021 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).


https://doi.org/10.1101/gr.082701.108
https://doi.org/10.1152/physrev.00006.2010
https://doi.org/10.1016/j.ajog.2015.07.001
https://doi.org/10.1530/REP-17-0603
https://doi.org/10.1016/j.preghy.2014.02.001
https://doi.org/10.1016/j.preghy.2019.02.001
https://doi.org/10.1016/j.eurox.2019.100070
https://doi.org/10.1016/j.bcp.2015.04.012
https://doi.org/10.1038/srep35536
https://doi.org/10.1056/NEJMoa1414838
https://doi.org/10.1042/CS20171252
https://doi.org/10.1089/gtmb.2019.0264
https://doi.org/10.3109/01443615.2013.769944
https://doi.org/10.1172/JCI17189
https://doi.org/10.1016/j.ejogrb.2014.01.012
https://doi.org/10.1113/JP277704
https://doi.org/10.1515/CCLM.2009.228
https://doi.org/10.1371/journal.pone.0202919
https://doi.org/10.1152/ajpregu.00514.2016
https://doi.org/10.1042/CS20050292

Bioscience Reports (2021) 41 BSR20210874 °
https://doi.org/10.1042/BSR20210874 '. (] EROE%ELAND
°

21 Chamorro-Jorganes, A., Araldi, E., Penalva, L.0., Sandhu, D., Fernandez-Hernando, C. and Sudrez, Y. (2011) MicroRNA-16 and microRNA-424 regulate
cell-autonomous angiogenic functions in endothelial cells via targeting vascular endothelial growth factor receptor-2 and fibroblast growth factor
receptor-1. Arterioscler. Thromb. Vasc. Biol. 31, 25952606, https://doi.org/10.1161/ATVBAHA.111.236521

22 Rivas, M.A., Venturutti, L., Huang, Y.W., Schillaci, R., Huang, T.H. and Elizalde, P.V. (2012) Downregulation of the tumor-suppressor miR-16 via
progestin-mediated oncogenic signaling contributes to breast cancer development. Breast Cancer Res. 14, R77, https://doi.org/10.1186/bcr3187

23 Wang, Y., Fan, H., Zhao, G., Liu, D., Du, L., Wang, Z. et al. (2012) miR-16 inhibits the proliferation and angiogenesis-regulating potential of
mesenchymal stem cells in severe pre-eclampsia. FEBS J. 279, 45104524, https://doi.org/10.1111/febs.12037

24 Li, P, Guo, W., Du, L., Zhao, J., Wang, Y., Liu, L. et al. (2013) microRNA-29b contributes to pre-eclampsia through its effects on apoptosis, invasion and
angiogenesis of trophaoblast cells. Clin. Sci. (Lond.) 124, 27-40, https://doi.org/10.1042/CS20120121

25 Frazier, S., McBride, M.W., Mulvana, H. and Graham, D. (2020) From animal models to patients: the role of placental microRNAs, miR-210, miR-126,
and miR-148a/152 in preeclampsia. Clin. Sci. (Lond.) 134, 1001-1025, https://doi.org/10.1042/CS20200023

26 Zhang, Y., Diao, Z., Su, L., Sun, H., Li, R., Cui, H. et al. (2010) MicroRNA-155 contributes to preeclampsia by down-regulating CYR61. Am. J. Obstet.
Gynecol. 202, 466.e1-466.e7, https://doi.org/10.1016/j.ajog.2010.01.057

27 Magenta, A., Sileno, S., D’Agostino, M., Persiani, F., Beji, S., Paolini, A. et al. (2018) Atherosclerotic plague instability in carotid arteries: miR-200c as a
promising biomarker. Clin. Sci. (Lond.) 132, 24232436, https://doi.org/10.1042/CS20180684

28 Zhang, X., Ge, Y.W., Wang, Z.X., Xu, Q.L., Guo, R. and Xu, H.Y. (2019) MiR-200c regulates apoptosis of placental trophoblasts in preeclampsia rats
through Wnt/3-catenin signaling pathway. Eur. Rev. Med. Pharmacol. Sci. 23, 7209-7216

29 Wu, L., Zhou, H., Lin, H., Qi, J., Zhu, C., Gao, Z. et al. (2012) Circulating microRNAs are elevated in plasma from severe preeclamptic pregnancies.
Reproduction 143, 389-397, https://doi.org/10.1530/REP-11-0304

30 Mitchell, G.F.,, Hwang, S.J., Vasan, R.S., Larson, M.G., Pencina, M.J., Hamburg, N.M. et al. (2010) Arterial stiffness and cardiovascular events: the
Framingham Heart Study. Circulation 121, 505-511, https://doi.org/10.1161/CIRCULATIONAHA.109.886655

31 Mayor-Lynn, K., Toloubeydokhti, T., Cruz, A.C. and Chegini, N. (2011) Expression profile of microRNAs and mRNAs in human placentas from
pregnancies complicated by preeclampsia and preterm labor. Reprod. Sci. 18, 46-56, https://doi.org/10.1177/1933719110374115

(© 2021 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution 9
License 4.0 (CC BY).


https://doi.org/10.1161/ATVBAHA.111.236521
https://doi.org/10.1186/bcr3187
https://doi.org/10.1111/febs.12037
https://doi.org/10.1042/CS20120121
https://doi.org/10.1042/CS20200023
https://doi.org/10.1016/j.ajog.2010.01.057
https://doi.org/10.1042/CS20180684
https://doi.org/10.1530/REP-11-0304
https://doi.org/10.1161/CIRCULATIONAHA.109.886655
https://doi.org/10.1177/1933719110374115

