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Abstract

Background

Oxidative stress is involved in the pathogenesis and maintenance of pregnancy-related
disorders, such as intrauterine growth restriction (IUGR) and preeclampsia (PE). Human
umbilical cord mesenchymal stem cells (hUMSCs) have been suggested as a possible ther-
apeutic tool for the treatment of pregnancy-related disorders in view of their paracrine
actions on trophoblast cells.

Objectives

To quantify the plasma markers of peroxidation in patients affected by PE and IUGR and to
examine the role of oxidative stress in the pathophysiology of PE and IUGR in vitro by using
hUMSCs from physiological and pathological pregnancies and a trophoblast cell line (HTR-
8/SVneo).

Study design

In pathological and physiological pregnancies the plasma markers of oxidative stress, arte-
rial blood pressure, serum uric acid, 24h proteinuria, weight gain and body mass index
(BMI) were examined. Furthermore, the pulsatility index (PI) of uterine and umbilical arter-
ies, and of fetal middle cerebral artery was measured. In vitro, the different responses of
hUMSCs, taken from physiological and pathological pregnancies, and of HTR-8/SVneo to
pregnancy-related hormones in terms of viability and nitric oxide (NO) release were investi-
gated. In some experiments, the above measurements were performed on co-cultures
between HTR-8/SVneo and hUMSCs.
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Results

The results obtained have shown that in pathological pregnancies, body mass index, serum
acid uric, pulsatility index in uterine and umbilical arteries and markers of oxidative stress
were higher than those found in physiological ones. Moreover, in PE and IUGR, a relation
was observed between laboratory and clinical findings and the increased levels of oxidative
stress. HTR-8/SVneo and hUMSCs showed reduced viability and increased NO production
when stressed with HoO,. Finally, HTR-8/SVneo cultured in cross-talk with hUMSCs from
pathological pregnancies showed a deterioration of cell viability and NO release when
treated with pregnancy-related hormones.

Conclusion

Our findings support that hUMSCs taken from patients affected by PE and IUGR have sig-
nificant features in comparison with those from physiologic pregnancies. Moreover, the
cross-talk between hUMSCs and trophoblast cells might be involved in the etiopathology of
IUGR and PE secondary to oxidative stress.

Introduction

During placentation, failure in remodeling of the spiral arteries by trophoblasts contributes to
the development of pregnancy-related pathologies, such as preeclampsia (PE) and intrauterine
growth restriction (IUGR) [1-4] via the excessive formation of reactive oxygen species (ROS)
[4]. The subsequent peroxidation causes endothelial damage and changes in the release of pro-
angiogenetic/vasodilating factors [5], which potentiate the endothelial dysfunction [6].

Nitric oxide (NO) can also play a fundamental role, being involved in blood flow regulation
in the placental fetal vascular bed [7,8]. The balance of NO release by various NO synthases
(NOS) could be at the basis of the onset of preeclamptic disorders [9,10]. An increase in sys-
temic and uteroplacental NO, due to an overexpression of the inducible isoform of NOS [9]
and an uncoupling of the endothelial NOS (eNOS), have been widely documented in animal
models of PE [10]. It is important to underline the fact that an excess of NO can have deleteri-
ous rather than protective effects. In fact, an increased oxidative stress, which can be observed
in pregnancies complicated by PE or IUGR, has been reported to be accompanied by an aug-
mented iNOS expression and higher release of NO [11], which is converted to harmful peroxy-
nitrite after reaction with superoxide [12].

Human umbilical cord mesenchymal stem cells (hUMSCs) could provide a valuable tool
for the "rehabilitation" of dysfunctional trophoblast cells, allowing them to perform their
essential roles for the development of the placenta through paracrine properties [13,14].
Hence, the injection of decidua-derived MSCs into preeclamptic mice was found to alleviate
hypertension and proteinuria and to facilitate placental development [15]. Moreover, chori-
onic plate-derived MSCs were found to regulate trophoblast invasion and immune responses
by inhibiting of proinflammatory cytokines like interleukin (IL)-1p, tumor necrosis factor
(TNF)-a, interferon (IFN)-y in vitro and in vivo[16].

Although the therapeutic potential of hUMSCs has been studied in various diseases [13],
very little is known regarding possible protective effects elicited by hUMSCs isolated from
physiologic pregnancies on trophoblast cells and changes in their cross-talk observed in perox-
idative conditions or by using hUMSCs from PE or IUGR.
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Therefore, this study examined the potential influence of hUMSC:s collected from both
physiological and pathological pregnancies on placental trophoblast cell line (HTR-8/SVneo).
The results obtained have shown significant features of hUMSCs taken from pathologic preg-
nancies in terms of NO release and cell viability. Moreover, we have shown that an oxidative
environment, such as the one observed in pathological pregnancies, can modulate the cross-
talk between hUMSCs and trophoblast cell line.

Materials and methods
Clinical examination in patients

A total of 44 patients was recruited: 11 IUGR, 11 PE and 22 physiological pregnancies (healthy
control) for this observational case-control study that was conducted at the Gynecology and
Obstetrics Unit, University East Piedmont, Azienda Ospedaliera Universitaria (AOU) Mag-
giore della Carita, Novara, between November 2016 and June 2018. Participation in the study
required written informed consent of patients and controls. The study was approved by the
Intercompany Ethics Committee (Prot. n. 899/CE, study n° CE 143/16 approved on 21/11/
2016) and complies with the Declaration of Helsinki and principles of Good Clinical Practice.

Inclusion criteria

« Diagnosis of PE: blood pressure >140/90 mmHg in two measurements 6h apart + protein-
uria (>0.3 g/24 h, or urinary protein/creatinine ratio >30 mg/mmol)

« IUGR: fetus with an estimated fetal weight < 10th percentile by ultrasound [17] and growth
arrest or pathologic PI of uterine arteries.

« Physiological pregnant women, aged-matched to patients.

Exclusion criteria

o Age < 18 and > 46 years

o Previous diagnosis of hypertension, diabetes, autoimmune diseases, thrombotic microangio-
pathy, antiphospholipid antibody syndrome, chronic kidney disease (pre-pregnancy eGFR
<60 mL/min/1.73m2)

o Treatment with anticoagulants
« Twin pregnancies

o Legal incapacity

Smoking habit

« Infections (Fever, clinical symptoms of infection, Reactive C protein > 0,60 mg/100mL)

o Chromosomal aberrations

» PE women with concomitant IUGR diagnosis

Clinical and ultrasound evaluation

All patients were subjected to careful anamnestic investigation. Risk factors were also investi-
gated for pregnancy disorders and previous pathological pregnancies. In each patient, blood
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samples were collected in BD Vacutainer tubes containing EDTA or lithium/heparin for hae-
mochrome and serum uric acid (performed at diagnosis) and lipid peroxide (performed at
delivery) measurements. In addition, 24h proteinuria was measured in 24h urine samples
taken in cases and controls at diagnosis.

Haemochrome, serum acid uric and 24h proteinuria were analyzed at the Clinical Chemis-
try and Biochemistry Unit, AOU Maggiore della Carita, Novara, by means of spectrophoto-
metric methods (Sysmex XE 2100-Bellport NY and AGILENT LC/MS/MS1290+6410QQQ,
Agilent, Santa Clara, CA, USA). Standardization, calibration of instruments and processing of
samples were done according to manufacturer’s instructions. Samples were run in duplicate,
and the average values were taken for each measurement.

For lipid peroxide measurement, plasma was placed in a refrigerator at 4° C for up to 24h
and then transferred to the Physiology laboratory, University East Piedmont, AOU Maggiore
della Carita, Novara, where quantifications were performed by expert biotechnologists blinded
to the various conditions, as reported below. The same measurement was performed on umbil-
ical cord blood samples.

Ultrasound evaluation

The following ultrasound parameters were measured (Philips Affiniti 50 ultrasound system
with a 6 MHz probe):

» Abdominal circumference (CA), cranial circumference (CC), CA/CC ratio;

o Amniotic fluid index (AFI);

« Flow of umbilical arteries (AAOO), the uterine arteries (UA), the middle cerebral arteries (MCA)
« Periodic monitoring of fetal growth [18].

The Doppler examination was performed by an expert gynecologist blinded to the physio-
logical or pathological condition at maternal rest, in the absence of uterine contractions and in
a slight lateral decubitus position [19].

In patients with physiological pregnancies, no other diagnostic or therapeutic treatments were
used other than those indicated as “standard treatment” by the Ministry of Health guidelines [20].

Velocimetry of UA, AAOO and MCA

The detection technique was based on the acquisition of a uterine parasagittal scan, with a slight
lower and median inclination, up to the highlighting of the apparent intersection between the
uterine artery and the external iliac artery. To evaluate the systolic-diastolic velocity gradient,
the morphology of the velocimetry waveform was also analyzed. The persistence of the proto-
diastolic notch on both uterine velocimetric waves, beyond the 24th week, was considered path-
ological [21,22]. For flow measurements of the AAOO, the Doppler sample volume was placed
in the vascular lumen encompassing it and the waveforms were recorded. The peak systolic and
end-diastolic frequency shifts were then identified as previously described [23].

The MCA vessels were found with color or power Doppler ultrasound overlying the ante-
rior wing of the sphenoid bone near the base of the skull [24].

Data at delivery

In addition to duration of the dilating period and duration of the expulsive period, in new-
borns the following data were collected: Apgar score [25] at 1 and 5 min, gender and weight of
the newborn, centile of weight according to the Ines Charts [26].
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Lipid peroxide assay

Patients/controls maternal blood and umbilical blood cords sample were centrifuged at 700-
1,000 x g for 10 min at 4°C and plasma was transferred to a clean tube and stored on ice. Thio-
barbituric reactive substances (TBARS) assay, that measures malonyldialdeide (MDA) in sam-
ples, was performed as previously described [27] by using the TBARS assay (Cayman
Chemical, Michigan, USA). The absorbance of supernatants was read at 530-540 nm, using a
spectrometer (BS1000 Spectra Count, San Jose, CA, USA).

Isolation and propagation of hUCMSCs

Processing of the umbilical cords and the isolation of the hUCMSCs were carried out at the
Physiology laboratory, by expert biotechnologists, as previously described [28]. Briefly, umbili-
cal cord Wharton’s jelly and amniotic membranes were rinsed with phosphate buffer solution
(PBS) several times and dissected into short pieces. Then, the small pieces were transferred
into T-75 flasks containing 10 mL Dulbecco’s Modified Eagle Medium (DMEM)/F12 (Euro-
clone, Pero, Milan, Italy) with the addition of 10% foetal bovine serum (FBS; Sigma, Milan,
Italy) and 1% penicillin/streptomycin (P/S; Sigma) and incubated at 37°C with 5% CO2. The
remnants of the cord fragments were removed after 7-10 days of culture, and the cultures
were fed every 3 days thereafter. At confluence, cells were trypsinized and passed into new
flasks for further expansion [29]. For each pathological condition and for control group, iso-
lated hUCMSCs were grouped into three different pools for practical reasons related to the
management of cells and the performing of experiments.

Detection of hUCMSCs surface markers

After three passages, hUCMSCs were examined for surface markers expression. Cells were
trypsinized and washed with and resuspended in PBS to a density of 1x10° cells/mL. A volume
of 100 uL of this cell suspension was added to 1.5mL Eppendorf tubes. Tube 1 was used as a
negative control (with PBS), and the other tubes were incubated with isotype control-FITC
and CD105-FITC (BD Biosciences, Milan, Italy) antibodies for 30 min. The cells were then
analyzed using flow cytometry.

In vitro experiments

Experiments on hUCMSCs and HTR-8/SVneo cell line (ATCC, LGC Standards S.r.l., Sesto
San Giovanni, MI Italy)[30], were carried out at the Physiology laboratory, by expert biotech-
nologists blinded to various physiologic/pathologic conditions.

HTR-8/SVneo cell line

The HTR-8/SVneo cell line was derived by transfecting the cells that grew out of chorionic villi
explants of human first-trimester placenta and immortalized by the simian virus 40 large T
antigen. These cells exhibit a variety of markers characteristic of extravillous invasive tropho-
blast cells in situ and are useful to study trophoblast and placental biology [31,32].

Cell culture

hUMSCs were cultured in T-75 flasks containing 10 mL DMEM/F12 for 24h, whereas HTR-8/
SVneo cells were grown in Roswell Park Memorial Institute (RPMI) medium (Euroclone)
(DMEM and RPMI with 10% FBS, 1% glutamine and 1% P/S). hUMSCs and HTR-8/SVneo
cells grown alone were stimulated with human chorionic gonadotropin (100 uM and 100 nM
hCG; Sigma) and 17B-estradiol (1 nM and 100 pM; Sigma) for 30 min, in either physiological
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condition or oxidative stress condition induced by 30 min 200 uM hydrogen peroxide given
after 30 min pre-treatment with the above hormones [33,34]. The used concentrations of hCG
and estradiol were in the range of plasma values found in humans [35,36]. Also hydrogen per-
oxide was used at a concentration similar to the one previously used in the same cell lines [37].
The culture medium from hUMSCs was also collected and used for co-stimulation experi-
ments after centrifugation and filtration. In co-stimulation experiments, HTR-8/SVneo cells
were treated for 24h with supernatants of hUMSCs. The production of NO and cell viability
were examined, as reported below.

NO release

The NO production was measured in culture supernatants by using the Griess method (Pro-
mega, Milan, Italy), as previously performed [33,38-40]. At the end of incubation, the absor-
bance at 570 nm was measured by a spectrometer (BS1000 Spectra Count) and the NO
production was quantified in respect of nitrite standard curve and expressed as pmol.

Cell viability

As described for NO release, cell viability of hUMSCs and HTR-8/SVneo cells was examined
by using the 1% 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT; Life
Technologies Italia, Monza, Italy) dye, as previously described [40]. After each treatment, cell
viability was determined by measuring the absorbance (620 nm) through a spectrometer
(BS1000 Spectra Count) [33,38,39].

Statistical analysis

Statistical analysis was performed using the STATVIEW version 5.0.1 for Microsoft Windows
(SAS Institute Inc., Cary NC, USA). For the nominal data, the exact Fisher test was used. For
the correlations, the Pearson’s correlation coefficient was calculated. Data from in vitro study
were checked for normality before statistical analysis The "One-Way ANOVA" test followed
by the post-hoc Bonferroni test were used to examine changes between the different experi-
mental conditions. The Mann Whitney U test was used to compare percentage values. Data
are expressed as mean + SD (standard deviation). A value of p<0.05 was considered statisti-
cally significant.

Results
Clinical variables

Anthropometric and clinical variables of patients and controls are reported in Table 1. Patients
with pregnancy-related disorders had a higher body mass index (BMI) in comparison with
controls, although the difference was significant only in the [TUGR group (p <0.05). The sys-
tolic and diastolic blood pressure, uricemia and 24h proteinuria were also significantly higher
in PE patients compared to both controls and IUGR group (Table 1; p <0.05). AC was signifi-
cantly lower in fetuses of IUGR and PE patients (p <0.05), whereas PI values in UA and
AAOO were greater than reference values of healthy controls [41] (Table 1 and Fig 1A;

p <0.05). Moreover, in the PE group, the pulsatility index in UA and AAOO was higher than
the one found in the IUGR group (p <0.05). The PI of MCA was significantly lower in the
pathological groups compared to reference values (p <0.05). Moreover, the PE group showed
significantly reduced MCA PI compared to the IUGR group (Table 1 and Fig 1A; p<0.05). As
shown in Fig 1B and 1C, a higher MDA level was detected in both maternal and fetal plasma of
pathological samples compared to control ones (p <0.05).
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Table 1. Clinical, laboratory and Doppler velocimetric parameters.

CONTROLS (n =22) IUGR (n=11) PE (n=11)
PARAMETER
Age (years) 33.45+£5.03 35.18 £6.52 33.83£4.97
Italian patients 16 (73%) 7 (64%) 5 (45%)
Foreign patients 6 (27%) 4 (36%) 6 (55%)
BMI (Body Mass Index) 21.77 £2.58 25.35+3.65 * 23755
Weight gain in pregnancy 10.91 £ 3.60 8.09+7.13 13+£4.02"
Gestational age at delivery (days) 277.82+7.21 259.27 £ 16.56 * 240.90 +22.01 *
Systolic Blood Pressure (mmHg) 115+ 12.22 121 +12 135+ 10*"
Diastolic Blood Pressure (mmHg) 69 +9.06 72+ 10 85+10*"
Primiparous patients 13 (59%) 7 (64%) 9 (82%)
Pluriparous patients 9 (41%) 4 (36%) 2 (18%)
Serum uric acid (mg/dl) 4.04+1.22 4.63 £1.56 6.33+1.25*"
Proteinuria mg/24h 6.36 + 10.02 52.13 + 84.48 2638.15 + 2628.08*"
PILUA 0.74§ 1.041 £ 0.161 * 1.39+0.16 *F
PIRUA 0.70 § 1.00 +0.21 * 1.46 +0.14 *"
Medium PI UA 0.72§ 1.02+0.14* 142 +0.13*F
PIAAOO 0.87 § 1.17 £0.182 * 1.29+0.08 *
PIMCA 1.87§ 1.62 + 0.03 *¥ 1.41+£0.06 *
Fetal Gender M =11 (50%); M =8 (73%); M =5 (45%);

F =11 (50%) F =3 (27%) F =6 (55%)

Centile of birthweight 41.82 +20.40 6.63 +5.63 ** 34.58 £ 28.38
Apgar I’ 8.73 £ 0.63 8.18 + 1.54 8.00 £0.85*
Apgar 5’ 10 8.82+0.60 * 8.67+0.49*
AC Centile 54.17 £17.17 4,00+ 1.18*F 30.00 + 30.21 *
Spontaneous Delivery 19 (86%) 3(27%)* 0 (0%)*
Induced delivery 0 (0%) 4(36.5%) * 4(36%) *
Caesarean delivery 3 (14%) 4 (36.5%) * 7 (64%) *

AC: abdominal circumference; PE: preeclampsia; IUGR: intrauterine growth restriction; PI L UA: pulsatility index left uterine artery; PI R UA: pulsatility index right

uterine artery; Medium PI UA; average PI of uterine arteries; MCA: middle cerebral artery; AAOO: umbilical artery.

* = p<0.05 vs controls
$=p<0.05vs PE
t=p<0.05vs IUGR

§: literature references.

https://doi.org/10.1371/journal.pone.0218437.t001

Furthermore, BMI, uricemia, 24h proteinuria and the PI of AAOO were positively corre-
lated with MDA of patients affected by pregnancy-related pathologies (Fig 2).

In vitro studies

hUCMSCs reached ~ 80% confluency after 2 weeks and were then trypsinized and passaged at
a density of 10x10* cells/mL. Moreover, the 84% of total isolated cells was positive to the
CD105 surface marker, which confirmed that they were blood cord mesenchymal cells [42].

Effects of hCG and 17p-estradiol on NO release and cell viability of

hUMSCs

Both hCG and 17-estradiol increased NO release and cell viability in physiological conditions.
Regarding cell viability, our findings on the effects of estradiol confirmed previous ones

PLOS ONE | https://doi.org/10.1371/journal.pone.0218437 June 17,2019

7/24


https://doi.org/10.1371/journal.pone.0218437.t001
https://doi.org/10.1371/journal.pone.0218437

@ PLOS|ONE

Placental/umbilical cord interaction in pregnancy-related disorders

A
2,00 —
1.75 4
1.50 4 3 HEALTHY CONTROL
IGR
1.25 & o E8 PREECLAMPSIA
L4 P77
Z
0.75 g
%
0.50 g
%
0.2 é
0.00 il | KA | VA | Lasi | A
<
\»é‘&&.
B C
2.504 2.50
[ HEALTHY CONTROL
2251 mm PATHOLOGICAL ki 2.25 o,
2.004 2.00- ; T
1715 T 175 —‘— /?
o T T %
0.75+ 0.75- % %
0.501 0.50 % %
0.25 0.25
R Sf‘ @&? R ?&é‘? . ?&@@k T &\:& ?&@@v <_<y &&

PATHOLOGICAL

PLOS ONE | https://doi.org/10.1371/journal.pone.0218437 June 17,2019 8/24


https://doi.org/10.1371/journal.pone.0218437

@ PLOS|ONE

Placental/umbilical cord interaction in pregnancy-related disorders

Fig 1. Doppler velocimetry and oxidative stress in maternal/fetal blood. (A) UA: uterine artery; AAOO: umbilical artery; MCA:
middle cerebral artery; (B) comparison between oxidative stress condition measured in healthy controls and pathological groups. (C)
stratification of patients based on pathology. IUGR: intrauterine growth restriction; MDA: malonyldialdeide (uM). The values of
MDA represent the means + SD of three different measurements. Square brackets indicate significance between groups. *p<0.05 vs
healthy control.

https://doi.org/10.1371/journal.pone.0218437.9001

obtained in the same cell line [43]. Also the effects of 100 nM hCG and 100 pM 17p-estradiol
on NO release in hUMSC:s isolated from pathological cords were lower than those observed
in hUMSC:s isolated from normal umbilical cords, as shown in Fig 3. It can be observed that
the percentage variation of NO release induced by 100 nM and 100 uM hCG in hUMSCs
amounted to 24.9 + 0.5 and 5.7 + 3, respectively, in physiologic conditions, and to 17.7 £ 0.5
and -5.5 + 2.7, respectively, in pathologic conditions. As regarding estradiol, the percentage
variation of NO release induced by 100 pM and 1 nM 17B-estradiol in hUMSCs amounted to
23.4 + 2.8 and 18 + 0.2, respectively, in physiologic conditions, and to 16.9 + 2.1 and -12.2 +
2.2, respectively, in pathologic conditions. The differences observed between the physiologic
and pathologic conditions were statistically significant (p<0.05). Hydrogen peroxide increased
NO release by 99.8% = 9.5 of basal levels in hUMSCs isolated from normal umbilical cords
and 172.6% + 9.9 of basal levels in hUMSCs isolated from pathologic umbilical cords (Fig 3D).
NO release caused by hydrogen peroxide in hUMSCs isolated from pathological umbilical
cords was 73.1% + 9.1 higher than that found in hUMSCs isolated from physiologic umbilical
cords (p<0.05). Moreover, it reduced cell viability to about 22.2% + 2 of basal levels in
hUMSCs isolated from pathological umbilical cords and to 16% + 2.7 of basal levels in
hUMSC:s isolated from normal umbilical cords (Fig 4B and 4D). Cell viability of hUMSCs
from pathological umbilical cords treated with hydrogen peroxide was 40.9% + 18.9 lower
than that of hUMSCs isolated from physiologic umbilical cords (p<0.05). The pre-treatment
with hCG and 17p-estradiol, reduced the deleterious effects of oxidative stimuli in hUMSCs,
particularly in cells taken from healthy control (Fig 3C and 3D; Fig 4C and 4D).

Effects of hCG and 17f-estradiol on NO release and cell viability of HTR-8/
SVneo cells

Only treatment for 30 min with 100 uM hGC and 100 pM 17f-estradiol were able to increase
the production of NO by trophoblast cells in physiological conditions (Fig 5A, p<0.05). In
addition, both hormones counteracted the effects of hydrogen peroxide at 100 uM hGC and
100 pM (Fig 5A). As shown in Fig 5B, cell viability of trophoblast cells treated with 100 nM
and 100 pM hGC and with 100 pM 17B-estradiol was significantly higher than that observed in
basal levels (p<0.05). Oxidative stress strongly reduced cell viability of HTR-8/SV neo cells, an
effect which was counteracted by both hormones at all doses (p<0.05).

Cross-talk between hUMSCs and HTR-8/SVneo cells

HTR-8/SVneo cells were incubated, as described in Materials and Methods, with 0% (HTR-8/
SVneo trophoblast cells directly stimulated with 100 uM hGC and 100 pM 17f-estradiol in
standard culture medium), 50%, or 100% supernatant of hUMSCs. As shown in Fig 6, NO
release by HTR-8/SVneo cells was greater in the presence of 100% supernatant than 50%
supernatant or 0% supernatant (p<0.05). In addition, the response was higher when the super-
natants were taken from hUMSCs of healthy controls (p<0.05). Moreover, as shown in Fig 7,
in HTR-8/SVneo cells treated with supernatants taken from hUMSCs a significantly higher
cell viability was observed in comparison with that one found in cells cultured only with stan-
dard culture medium. This effect was related to the dilution of the supernatants and was
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https://doi.org/10.1371/journal.pone.0218437.g002
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Fig 3. Effects of hCG and 17B-estradiol on NO release in hUMSCs cultured in physiological or peroxidative conditions. (A)
hUMSCs extracted from normal umbilical cords and mixed into three different pools; (B) hUMSCs extracted from pathological
umbilical cords and mixed into three different pools. (C) Comparison between the variations of NO release in physiological conditions
by hUMSCs extracted from normal and pathological umbilical cords and mixed into three different pools for both physiologic and
pathologic conditions. (D) Comparison between the variations of NO release in oxidative stress conditions by hUMSCs extracted from
normal and pathological umbilical cords and mixed into three different pools. hCG: human chorionic gonadotropin. The values
obtained correspond to the NO (umol) produced, after each stimulation, by samples containing 1.5 pg of proteins each. They are
expressed as normalized to control values (Basal). Basal: cells non-treated. Reported data are means + SD of five independent
experiments. Square brackets indicate significance between groups. *p<0.05 vs BASAL; **p<0.05 vs H202 200pM.

https://doi.org/10.1371/journal.pone.0218437.9003

greater in the trophoblast cells cultured with supernatants taken from hUMSCs isolated from
healthy control.

Discussion

The results obtained in the present study showed that a “peroxidative” environment, such as
the one that characterizes PE or IUGR, can modulate the viability and NO release of hUMSCs
and HTR-8/SVneo cell line under exposure to” pregnancy-related hormones,”potentially
through changes of their cross-talk.

Although advances in obstetric techniques allow identification and monitoring of complex
pregnancy-related pathologies, such as IUGR and PE, in-depth knowledge about the molecular
mechanisms underlying their onset and maintenance is still scarce. Currently the only thera-
peutic intervention applicable is to induce delivery, which potentially involves an increased
fetal (prematurity) and maternal (procedure of caesarean section) risk for morbidity. The most
deficient area in terms of knowledge and effective interventions is prevention.

In our study, patients with pregnancy-related disorders showed a higher BMI in compari-
son with controls. Regarding weight gain during pregnancy, PE group showed increased val-
ues compared with TUGR group. In this regard, it should be recalled that overweight, obesity
and weight gain during pregnancy, in the absence of co-factors such as diabetes and hypothy-
roidism, have been widely considered as independent risk factors for the development of preg-
nancy diseases, especially PE [44].

Regarding the laboratory data, we showed significantly increased levels of serum uric acid
in PE patients compared to healthy controls and IUGR group. This is consistent with previ-
ously published data about the role of uric acid in the diagnosis and pathogenesis of PE [45].
Interestingly, uric acid has recently been found to act as cofactor in endothelial damage and
erroneous maternal vascular remodeling [46]. Hence, through interaction with NACHT, LRR
and PYD domains-containing protein 3 (NLRP3) inflammasome, uric acid could contribute
to the induction of endothelial inflammation by increasing IL-1f levels [47].

As for fetal biometric ultrasound data, we considered the differences of AC between the
pathological groups and controls. In order to compare the values in relation to the different
gestational ages, the AC centiles were used [48]. Both the IUGR and PE groups reported lower
AC values compared to healthy controls, which was a sign of altered fetal growth in utero.
Moreover, in our sample, significantly elevated levels of PI in the UA of the PE and IUGR
groups were found, as has been previously reported [49]. Also regarding the PI of the UA, we
have shown higher indexes in the IUGR and PE groups compared to the reference values, indi-
cating an increase in vascular resistance also in the fetal umbilical arteries, as has previously
been shown [50]. The significant reduction of the MCA PI observed in both pathological
groups could indicate the implementation by the fetus of a brain sparing mechanism, which
consists of the reduction of cerebral vascular resistance in response to tissue hypoxia caused by
reduced blood supply. The greater the compensation mechanism, the worse the clinical picture
and the predictable fetal outcome (short and long term) [51]. According to our results,
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Fig 4. Effects of hCG and 17B-estradiol on cell viability of hUMSCs cultured in physiological or peroxidative conditions. (A) hUMSCs
extracted from normal umbilical cords and mixed into three different pools; (B) hUMSCs extracted from pathological umbilical cords and
mixed into three different pools. (C) Comparison between the variations of cell viability in physiological conditions of hUMSCs extracted
from normal and pathological umbilical cords and mixed into three different pools. (D) Comparison between the variations of cell viability
in physiological conditions of hUMSCs extracted from normal and pathological umbilical cords and mixed into three different pools.
Abbreviations are as in Fig 5. They are expressed as percentage normalized to control values (Basal). Reported data are means + SD of five
independent experiments. Square brackets indicate significance between groups. *p<0.05 vs BASAL; **p<0.05 vs H202 200uM.

https://doi.org/10.1371/journal.pone.0218437.9004

therefore, the PE group showed fetuses with a more impaired perfusion than the IUGR group,
being most evident the brain-sparing mechanism.

Oxidative stress has widely been considered as playing a role in the pathophysiology of
pregnancy-related disorders [44]. By evaluating the differences in oxidative stress in maternal
and fetal plasma between physiological and pathological groups, we found increased MDA lev-
els in samples taken from patients with pregnancy-related disorders, in agreement with the lit-
erature [44]. Those levels were positively correlated with BMI, uricemia and 24 h proteinuria
in pathologic groups.

Also the positive correlation between PI in the UA and MDA levels indicated a close rela-
tionship between oxidative stress and the increase of vascular resistance on the fetal side [50].
In this context, it should be remembered that oxidative stress could affect perfusion by alter-
ation the endothelial function [52] and NO release. Hence, it is important to highlight that NO
is crucial for endovascular invasion induced by trophoblasts during pregnancy [53,54]. If the
process fails, the utero-placental vasculature changes from a low resistance to a high resistance
condition with a resulting hypoperfusion. As a consequence, the placental ischemic status
could maintain the endothelial damage [1,12,55].

As previously shown, an altered production of NO might represent an important pathoge-
netic mechanism underlying placental pathologies [8]. In particular, a strong increase in
utero-placental NO [9,56] could have deleterious rather than protective effects, as a conse-
quence of its conversion into peroxinitrites.

The results obtained from the in vitro experiments showed that, under physiological condi-
tion, hUMSCs and trophoblasts cells increased cell viability in response to hCG and 17B-estra-
diol, which were used at concentrations comparable to those found in vivo [35,36], and were
protected against the deleterious effects of hydrogen peroxide.

It is to note that HTR-8/SVneo cell line shares many markers of extravillous invasive tro-
phoblast cells. Thus, previous in vitro data about the cross-talk of HTR-8/SVneo and healthy
hUMSCs was related to the influence of migratory and invasive abilities of the former [29]. We
have chosen HTR-8/SVneo cell line basing on the role of early pregnancy extravillous cytotro-
phoblasts on spiral artery remodeling [57] and its relation to the generation of oxidative stress
[58,59].0ur study is the first to examine the cross-talk HTR-8/SVneo and hUMSCs from path-
ologic pregnancies with regard to cell viability under gestational endocrine stimuli.

The peroxidative environment was simulated in our experiments by using hydrogen perox-
ide at similar concentrations as those previously used in the same cell lines [37,60], since it is
physiologically produced in maternal circulation and its levels are increased in preeclamptic
patients in the early stages of pregnancy [61]. Also, the concentration of hydrogen peroxide
was similar to the one that has been shown to cause senescence in hUSMCs [60].

Regarding the NO release, an increase in both hUMSCs and trophoblast cells was also
found. Our findings about the existence in HTR-8/SVneo of a physiological NO production
measured by using the Griess assay are in agreement with previous ones obtained in the same
cell line by using the 4-amino-5-methylamino-2’,7’-difluorofluorescein diacetate system for
NO measurement [57].
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Fig 5. Effects of hCG and 17B-estradiol on NO production (A) and cell viability (B) in HTR-8/SVneo cells
cultured in physiological or peroxidative conditions. Abbreviations are as in previous Figs. Data are expressed as
normalized to Basal. Reported data are means + SD of five independent experiments. Square brackets indicate
significance between groups. *p<0.05 vs BASAL; **p<0.05 vs H202 200uM.

https://doi.org/10.1371/journal.pone.0218437.9005

In contrast, in cells treated with hydrogen peroxide, the release of NO has been counter-
acted by both hormones. Furthermore, hCG and 17p-estradiol were less effective in modulat-
ing NO release and keeping cell viability on hUMSCs isolated from pathological pregnancies.

The intracellular signaling downstream estrogenic receptors that has been proven to have a
critical role in estradiol action as a survival agent, includes p38 mitogen activated protein
kinases (MAPK) and Akt/phosphatase and ERK activation [34]. The above kinases have been
found to play a role in exerting the effects of hCG on NO release and cell viability, as well
[33,62]. In both cases, the involvement of various NOS isoforms and changes of mitochondrial
function observed in physiological or peroxidative conditions would be the final target down-
stream the above pathways activation [33,34].

The different involvement of pathways that are NO-related could also explain the absence
of effects of sildenafil for severe, early-onset fetal growth restriction in terms of prolongation
of pregnancy, neonatal survival, morbidity, or feto-placental perfusion [63].

Thus, our data about changes of NO release by hUMSC:s isolated from physiological or
pathological pregnancies and by trophoblast cells cultured in either physiological or oxidative
stress conditions in response to hCG and estradiol, could represent a physio-pathological
mechanism at the basis of the altered utero-vascular perfusion observed in patients.

Also, the results obtained with co-stimulation experiments showed a different pattern of
cross reaction exerted by hUMSCs on trophoblast cells depending on the physiological or
pathological conditions. Hence, both cell viability of HRT-8/ SVneo cells and NO release were
differently affected by supernatants of hUMSCs taken from normal or pathological cords. It is
also well known that hUMSCs can regulate trophoblast invasion and the immune response
through their immuno-modulatory effects and the release of vascular endothelial growth factor
(VEGF) [64], the placental growth factor [12], microvesicles [65], NO, or miRNAs [66-68].

In particular, recent evidence has suggested an important role of epigenetic changes in the
pathogenesis and maintenance of PE and IUGR. Thus, a crucial role is covered by miRNA,
whose expression strongly changes in normal and pathological pregnancies [66-68]. Also,
miR-335 and miR-584 have been found to act as regulator of HTR8/Svneo cells migration and
invasion by targeting NO release [69].

Our results confirm previous data regarding the importance of the cross-talk between
hUMSCs and trophoblast cells for the proper functioning of the latter [29,70]. About this issue
it is noteworthy that in the animal models of PE, the infusion of blood cord stem cells taken
from patients with physiological pregnancies improved the systemic pathological condition
and caused an increase of the fetal weight [70]. There is only one reported clinical study per-
formed on a small number of patients, which demonstrated a potential positive role of
hUMSCs supernatant on HTR-8/SVneo proliferation, migration, invasion, and secretion func-
tion [29]. However, those patients had given birth at the end of physiological pregnancies by
caesarean section. In our study we have expanded the number of patients and used cells from
physiological and pathologic pregnancies.

So far, it remains to be determined how our observed in vitro effects on hUMSCs are trans-
mitted to the extravillous compartment in vivo (e.g. indirectly via interposition of syncytiotro-
phoblast or villous cytotrophoblasts or as a direct endocrine effect).

Our findings about the role of oxidative stress in PE and IUGR could have clinical implica-
tions regarding the usefulness of preventive or therapeutic treatments aimed at contrasting
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Fig 6. Cross-talk between hUMSCs and HTR-8/SVneo cells: Effects on NO release. (A) HTR-8/SVneo cells were cultured for 24 hin a
medium containing 0% (HTR-8/SVneo cells directly stimulated with hormones), 50%, or 100% hUMSCs’ supernatants taken from
healthy umbilical cords. (B) HTR-8/SVneo cells were cultured for 24 h in a medium containing 0% (HTR-8/SVneo cells directly
stimulated with hormones), 50%, or 100% hUMSCs’ supernatants taken from pathological umbilical cords. (C) comparison between the
percentage variations in NO release by HTR-8/SVneo cells stimulated with medium containing 0%, 50% and 100% supernatant of
hUMSCs from normal and pathological umbilical cords. The values obtained correspond to the NO (umol) produced, after each
stimulation, by samples containing 1.5 pg of proteins each. They are expressed as normalized to Basal. Reported data are means + SD of
five independent experiments. Square brackets indicate significance between groups. *p<0.05 vs HTR-8/SVneo direct stimulation;
**p<0.05vs BASAL; * vs 50% of hUMSCs’ supernatants.

https://doi.org/10.1371/journal.pone.0218437.9006

oxidative stress [71], such as the introduction of antioxidant elements in the diet of patients
with risk factors for PE and IUGR or already diagnosed patients. Furthermore, the important
role of oxidative stress in pregnancy-related disorders may allow the identification of a possible
early marker of disease risk, to start monitoring the patient at early stages of pregnancy [72].
Among various factors, endothelial progenitor cells and NK cells in peripheral blood during
the first trimester could be considered a valuable tool for the early identification of women at
risk of developing PE[73]. Also serum neurokinin-B, whose levels were found to be higher in
the normotensive pregnant females in comparison with the preeclamptic females, could repre-
sent an early marker of disease [74].

Our results might further have pathophysiologic implications for endometriosis patients, a
condition characterized by increased oxidative stress and a higher incidence of PE and IUGR
[75].

Additional research is, however, required to define an appropriate early diagnostic method
and treatment to counteract the oxidative stress involved in the pathogenesis and maintenance
of those diseases. Moreover, it would be very interesting to analyze which are the molecules
actually involved in the cross-talk between hUMSCs and trophoblast cells, which may provide
a valuable tool for remediating dysfunctional trophoblast cells [29].

In conclusion, the results we have obtained have highlighted the role of oxidative stress in
the pathogenesis and maintenance of [IUGR and PE. Moreover, we have shown how an envi-
ronment characterized by oxidative stress, as the one of hUMSCs taken from pathological
patients, could negatively affect their behavior and their cross-talk with trophoblast cells.

Main limitations of this study

Our study is limited by significant differences in gestational age and birth modes between con-
trol and PE, IUGR groups. Thus, although maternal age was matched, varying oxidative capac-
ities of hUMSC might not have been taken into account. For instance, it has been shown that
placentas obtained via caesarean section had increased inflammatory markers and oxidative
stress than placentas obtained from spontaneous deliveries [76]. Although validated by
repeated experiments, results from our in vitro experiments were based on pooled hUMSCs,
which limits the ability to correlate our findings to the obtained clinical parameters. As another
potentially limiting factor, hydrogen peroxide was used at concentrations shown to be biologi-
cally active in similar in vitro settings. However, since oxidative stress during pregnancy has
been shown to increase in both physiological and pathological conditions [61], further experi-
ments involving higher concentrations H,O, remain to be performed. In this respect, however,
it is known that H,O, concentration higher than 500 microM is not able to affect the viability
of trophoblasts [61]. Our study is further limited by its in vitro setup using third trimester
hUSMC:s in cross-talk with a first trimester trophoblast cell line. The influence of temporal ori-
gin of these cells might have differentially affected their direct and indirect response to the pre-
sented stimuli. Thus, further experiments with other trophoblast cell types and cell lines of
different gestational age are needed to clarify such effects.
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Fig 7. Cross-talk between hUMSCs and HTR-8/SVneo cells: Effects on cell viability. (A) HTR-8/SVneo cells were cultured for 24 h in
amedium containing 0% (HTR-8/SVneo cells directly stimulated with hormones), 50%, or 100% hUMSCs’ supernatants taken from
healthy umbilical cords. (B) HTR-8/SVneo cells were cultured for 24 h in a medium containing 0% (HTR-8/SVneo cells directly
stimulated with hormones), 50%, or 100% hUMSCs’ supernatants taken from pathological umbilical cords. (C) Comparison between
the variations of cell viability of HTR-8/SVneo cells cultured with medium containing 0%, 50%, or 100% hUMSCs’ supernatants taken
from normal and pathological umbilical cords. They are expressed as percentage normalized to control values (Basal). Reported data are
means * SD of five independent experiments. Square brackets indicate significance between groups. *p<0.05 vs 0% HTR-8/SVneo
direct stimulation; **p<0.05 vs BASAL; *vs 50% of hUMSCS’ supernatants.

https://doi.org/10.1371/journal.pone.0218437.9007

Acknowledgments
We thank AOU Maggiore della Carita of Novara for its help.

Author Contributions

Conceptualization: Elena Grossini.

Data curation: Valerio Bordino, Serena Farruggio, Carmela Melluzza, Giulia Raina.
Formal analysis: Serena Farruggio, Giulia Raina.

Investigation: Alberto Oldani, Serena Farruggio, Carmela Melluzza, Giulia Raina.

Methodology: Vincenzo Cantaluppi, Alberto Oldani, Serena Farruggio, Carmela Melluzza,
Giulia Raina.

Software: Giulia Raina.

Supervision: Daniela Surico, Vincenzo Cantaluppi, David Mary, Sergio Gentilli, Elena
Grossini.

Validation: Valerio Bordino, Vincenzo Cantaluppi, Sergio Gentilli, Alberto Oldani, Carmela
Melluzza.

Visualization: Daniela Surico, David Mary, Sergio Gentilli, Alberto Oldani, Carmela
Melluzza.

Writing - original draft: Valerio Bordino, Elena Grossini.

Writing - review & editing: Daniela Surico, Vincenzo Cantaluppi, David Mary, Sergio Gen-
tilli, Elena Grossini.

References

1. Pereira RD, De Long NE, Wang RC, Yazdi FT, Holloway AC, Raha S. Angiogenesis in the Placenta:
The Role of Reactive Oxygen Species Signaling. BioMed Res Int. 2015; https://doi.org/10.1155/2015/
814543 PMID: 25705690

2. Schoots MH, Gordijn SJ, Scherjon SA, van Goor H, Hillebrands JL. Oxidative stress in placental pathol-
ogy. Placenta. 2018; https://doi.org/10.1016/j.placenta.2018.03.003 PMID: 29622278

3. Jauniaux E, Zaidi J, Jurkovic D, Campbell S, Hustin J. Comparison of colour Doppler features and path-
ological findings in complicated early pregnancy. Hum Reprod Oxf Engl. 1994; 9: 2432-2437.

4. Hempstock J, Jauniaux E, Greenwold N, Burton GJ. The contribution of placental oxidative stress to
early pregnancy failure. Hum Pathol. 2003; 34: 1265-1275. https://doi.org/10.1016/j.humpath.2003.08.
006 PMID: 14691912

5. Hung TH, Skepper JN, Burton GJ. In vitro ischemia-reperfusion injury in term human placenta as a
model for oxidative stress in pathological pregnancies. Am J Pathol. 2001; 159: 1031-1043. https://doi.
org/10.1016/S0002-9440(10)61778-6 PMID: 11549595

6. Zeisler H, Llurba E, Chantraine F, Vatish M, Staff AC, Sennstréom M, et al. Predictive Value of the sFit-1:
PIGF Ratio in Women with Suspected Preeclampsia. N Engl J Med. 2016; 374: 13-22. https://doi.org/
10.1056/NEJMoa1414838 PMID: 26735990

PLOS ONE | https://doi.org/10.1371/journal.pone.0218437 June 17,2019 20/24


https://doi.org/10.1155/2015/814543
https://doi.org/10.1155/2015/814543
http://www.ncbi.nlm.nih.gov/pubmed/25705690
https://doi.org/10.1016/j.placenta.2018.03.003
http://www.ncbi.nlm.nih.gov/pubmed/29622278
https://doi.org/10.1016/j.humpath.2003.08.006
https://doi.org/10.1016/j.humpath.2003.08.006
http://www.ncbi.nlm.nih.gov/pubmed/14691912
https://doi.org/10.1016/S0002-9440(10)61778-6
https://doi.org/10.1016/S0002-9440(10)61778-6
http://www.ncbi.nlm.nih.gov/pubmed/11549595
https://doi.org/10.1056/NEJMoa1414838
https://doi.org/10.1056/NEJMoa1414838
http://www.ncbi.nlm.nih.gov/pubmed/26735990
https://doi.org/10.1371/journal.pone.0218437.g007
https://doi.org/10.1371/journal.pone.0218437

@ PLOS|ONE

Placental/umbilical cord interaction in pregnancy-related disorders

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

Hodzié J, Izetbegovi¢ S, Muragevié B, Irigki¢ R, Stimjanin JH. Nitric oxide biosynthesis during normal
pregnancy and pregnancy complicated by preeclampsia. Med Glas (Zenica). 2017; 14: 211-217.
https://doi.org/10.17392/915-17 PMID: 28786966

Holwerda KM, Faas MM, van Goor H, Lely AT. Gasotransmitters: a solution for the therapeutic dilemma
in preeclampsia? Hypertension. 2013; 62: 653—-659. https://doi.org/10.1161/HYPERTENSIONAHA.
113.01625 PMID: 23959552

Thomson AJ, Telfer JF, Kohnen G, Young A, Cameron IT, Greer IA, et al. Nitric oxide synthase activity
and localization do not change in uterus and placenta during human parturition. Hum Reprod 1997; 12:
2546-2552. https://doi.org/10.1093/humrep/12.11.2546 PMID: 9436704

Crews JK, Herrington JN, Granger JP, Khalil RA. Decreased endothelium-dependent vascular relaxa-
tion during reduction of uterine perfusion pressure in pregnant rat. Hypertension. 2000; 35: 367-372.
PMID: 10642326

Sankaralingam S, Arenas IA, Lalu MM, Davidge ST. Preeclampsia: current understanding of the molec-
ular basis of vascular dysfunction. Expert Rev Mol Med. 2006; 8: 1-20. https://doi.org/10.1017/
S$1462399406010465 PMID: 16438753

Osol G, Ko NL, Mandala M. Altered Endothelial Nitric Oxide Signaling as a Paradigm for Maternal Vas-
cular Maladaptation in Preeclampsia. Curr Hypertens Rep. 2017; 19: 82. https://doi.org/10.1007/
5$11906-017-0774-6 PMID: 28942512

Menon R. Oxidative Stress Damage as a Detrimental Factor in Preterm Birth Pathology. Front Immunol.
2014; 5. https://doi.org/10.3389/fimmu.2014.00567 PMID: 25429290

Kamath U, Rao G, Kamath SU, Rai L. Maternal and fetal indicators of oxidative stress during intrauter-
ine growth retardation (IUGR). Indian J Clin Biochem. 2006; 21: 111-115. https://doi.org/10.1007/
BF02913077 PMID: 23105580

Liu L, Zhao G, Fan H, Zhao X, Li P, Wang Z, et al. Mesenchymal stem cells ameliorate Th1-induced
pre-eclampsia-like symptoms in mice via the suppression of TNF-a expression. PloS One. 2014; 9:
e88036. https://doi.org/10.1371/journal.pone.0088036 PMID: 24558374

Choi JH, Jung J, Na KH, Cho KJ, Yoon TK, Kim GJ. Effect of mesenchymal stem cells and extracts
derived from the placenta on trophoblast invasion and immune responses. Stem Cells Dev. 2014; 23:
132-145. https://doi.org/10.1089/scd.2012.0674 PMID: 24138604

Simon NV, O’Connor TJ, Shearer DM. Detection of intrauterine fetal growth retardation with abdominal
circumference and estimated fetal weight using cross-sectional growth curves. J Clin Ultrasound. 1990;
18: 685-690. PMID: 2174918

Valcamonico A, Frusca T. Linee-guida-aipe-20131.pdf. [Internet]. [cited 1 Jan 2019] Available: http://
www.sigo.it/wp-content/uploads/2015/10/linee-guida-aipe-20131.pdf

Aranyosi J, Zatik J, Kerenyi TD, Major T, Téth Z. The role of uterine and umbilical artery Doppler veloci-
metry for the early detection of pathologic pregnancy. Orv Hetil. 2001; 142: 727-731. PMID: 11341167

Mele A, Basevi M. Linee guida SNLG Gravidanza fisiologica 2011, Ministero Della Salute [Internet].
[cited 1 Jan 2019] Available: http://www.epicentro.iss.it/itoss/pdf/gravidanza%?20fisiologica_allegato.
pdf

Kaminopetros P, Higueras MT, Nicolaides KH. Doppler study of uterine artery blood flow: comparison
of findings in the first and second trimesters of pregnancy. Fetal Diagn Ther. 1991; 6: 58—64. https://doi.
org/10.1159/000263625 PMID: 1768347

Nagar T, Sharma D, Choudhary M, Khoiwal S, Nagar RP, Pandita A. The Role of Uterine and Umbilical
Arterial Doppler in High-risk Pregnancy: A Prospective Observational Study from India. Clin Med
Insights Reprod Health. 2015; 9: 1-5. https://doi.org/10.4137/CMRH.S24048 PMID: 25922590

Berkley E, Chauhan SP, Abuhamad A. Society for Maternal-Fetal Medicine Publications Committee,
Doppler assessment of the fetus with intrauterine growth restriction. Am J Obstet Gynecol. 2012; 206:
300-308. https://doi.org/10.1016/j.aj0og.2012.01.022 PMID: 22464066

Ritsuko K Pooh, Kurjak A. Fetal Brain Vascularity Visualized by Conventional 2D and 3D Power Doppler
Technology. Donald Sch J Ultrasound Obstet Gynecol. 2010; 4: 249-258.

American Academy of Pediatrics, Committee on Fetus and Newborn, American College of Obstetri-
cians and Gynecologists and Committee on Obstetric Practice. The Apgar score. Pediatrics. 2006; 117:
1444-1447. https://doi.org/10.1542/peds.2006-0325 PMID: 16585348

Bertino E, Spada E, Occhi L, Coscia A, Giuliani F, Gagliardi L, et al. Neonatal anthropometric charts:
the Italian neonatal study compared with other European studies. J Pediatr Gastroenterol Nutr. 2010;
51: 353-361. https://doi.org/10.1097/MPG.0b013e3181da213e PMID: 20601901

Grossini E, Pollesello P, Bellofatto K, Sigaudo L, Farruggio S, Origlia V, et al. Protective effects elicited
by levosimendan against liver ischemia/reperfusion injury in anesthetized rats. Liver Transplant 2014;
20: 361-375. https://doi.org/10.1002/I1t.23799 PMID: 24273004

PLOS ONE | https://doi.org/10.1371/journal.pone.0218437 June 17,2019 21/24


https://doi.org/10.17392/915-17
http://www.ncbi.nlm.nih.gov/pubmed/28786966
https://doi.org/10.1161/HYPERTENSIONAHA.113.01625
https://doi.org/10.1161/HYPERTENSIONAHA.113.01625
http://www.ncbi.nlm.nih.gov/pubmed/23959552
https://doi.org/10.1093/humrep/12.11.2546
http://www.ncbi.nlm.nih.gov/pubmed/9436704
http://www.ncbi.nlm.nih.gov/pubmed/10642326
https://doi.org/10.1017/S1462399406010465
https://doi.org/10.1017/S1462399406010465
http://www.ncbi.nlm.nih.gov/pubmed/16438753
https://doi.org/10.1007/s11906-017-0774-6
https://doi.org/10.1007/s11906-017-0774-6
http://www.ncbi.nlm.nih.gov/pubmed/28942512
https://doi.org/10.3389/fimmu.2014.00567
http://www.ncbi.nlm.nih.gov/pubmed/25429290
https://doi.org/10.1007/BF02913077
https://doi.org/10.1007/BF02913077
http://www.ncbi.nlm.nih.gov/pubmed/23105580
https://doi.org/10.1371/journal.pone.0088036
http://www.ncbi.nlm.nih.gov/pubmed/24558374
https://doi.org/10.1089/scd.2012.0674
http://www.ncbi.nlm.nih.gov/pubmed/24138604
http://www.ncbi.nlm.nih.gov/pubmed/2174918
http://www.sigo.it/wp-content/uploads/2015/10/linee-guida-aipe-20131.pdf
http://www.sigo.it/wp-content/uploads/2015/10/linee-guida-aipe-20131.pdf
http://www.ncbi.nlm.nih.gov/pubmed/11341167
http://www.epicentro.iss.it/itoss/pdf/gravidanza%20fisiologica_allegato.pdf
http://www.epicentro.iss.it/itoss/pdf/gravidanza%20fisiologica_allegato.pdf
https://doi.org/10.1159/000263625
https://doi.org/10.1159/000263625
http://www.ncbi.nlm.nih.gov/pubmed/1768347
https://doi.org/10.4137/CMRH.S24048
http://www.ncbi.nlm.nih.gov/pubmed/25922590
https://doi.org/10.1016/j.ajog.2012.01.022
http://www.ncbi.nlm.nih.gov/pubmed/22464066
https://doi.org/10.1542/peds.2006-0325
http://www.ncbi.nlm.nih.gov/pubmed/16585348
https://doi.org/10.1097/MPG.0b013e3181da213e
http://www.ncbi.nlm.nih.gov/pubmed/20601901
https://doi.org/10.1002/lt.23799
http://www.ncbi.nlm.nih.gov/pubmed/24273004
https://doi.org/10.1371/journal.pone.0218437

@ PLOS|ONE

Placental/umbilical cord interaction in pregnancy-related disorders

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

Chatzistamatiou TK, Papassavas AC, Michalopoulos E, Gamaloutsos C, Mallis P, Gontika |, et al. Opti-
mizing isolation culture and freezing methods to preserve Wharton’s jelly’s mesenchymal stem cell
(MSC) properties: an MSC banking protocol validation for the Hellenic Cord Blood Bank. Transfusion.
2014; 54: 3108-3120. https://doi.org/10.1111/trf.12743 PMID: 24894363

Huang Y, Wu 'Y, Chang X, Li Y, Wang K, Duan T. Effects of Human Umbilical Cord Mesenchymal Stem
Cells on Human Trophoblast Cell Functions In Vitro. Stem Cells Int. 2016; https://doi.org/10.1155/2016/
9156731 PMID: 26949402

Weber M, Knoefler |, Schleussner E, Markert UR, Fitzgerald JS. HTR8/SVneo Cells Display Tropho-
blast Progenitor Cell-Like Characteristics Indicative of Self-Renewal, Repopulation Activity, and Expres-
sion of “Stemness-” Associated Transcription Factors. BioMed Res Int. 2013; https://doi.org/10.1155/
2013/243649 PMID: 23586024

Graham CH, Hawley TS, Hawley RG, MacDougall JR, Kerbel RS, Khoo N, et al. Establishment and
characterization of first trimester human trophoblast cells with extended lifespan. Exp Cell Res. 1993;
206: 204—-211. PMID: 7684692

Chakraborty C, Gleeson LM, McKinnon T, Lala PK. Regulation of human trophoblast migration and
invasiveness. Can J Physiol Pharmacol. 2002; 80: 116—124. PMID: 11934254

Surico D, Farruggio S, Marotta P, Raina G, Mary D, Surico N, et al. Human Chorionic Gonadotropin Pro-
tects Vascular Endothelial Cells from Oxidative Stress by Apoptosis Inhibition, Cell Survival Signalling
Activation and Mitochondrial Function Protection. Cell Physiol Biochem. 2015; 36: 2108—2120. https://
doi.org/10.1159/000430178 PMID: 26279419

Surico D, Ercoli A, Farruggio S, Raina G, Filippini D, Mary D, et al. Modulation of Oxidative Stress by 17
-Estradiol and Genistein in Human Hepatic Cell Lines In Vitro. Cell Physiol Biochem. 2017; 42: 1051—
1062. https://doi.org/10.1159/000478752 PMID: 28662498

Kauppila A, Jarvinen PA. Peripheral blood concentrations of progesterone and oestradiol during human
pregnancy and delivery. Acta Physiol Hung. 1985; 65: 473-478. PMID: 4013779

Korevaar TIM, Steegers EAP, de Rijke YB, Schalekamp-Timmermans S, Visser WE, Hofman A, et al.
Reference ranges and determinants of total hCG levels during pregnancy: the Generation R Study. Eur
J Epidemiol. 2015; 30: 1057—1066. https://doi.org/10.1007/s10654-015-0039-0 PMID: 25963653

LidJ, Ding Z, Yang Y, Mao B, Wang Y, Xu X. Lycium barbarum polysaccharides protect human tropho-
blast HTR8/SVneo cells from hydrogen peroxide-induced oxidative stress and apoptosis. Mol Med Rep.
2018; 18: 2581-2588. https://doi.org/10.3892/mmr.2018.9274 PMID: 30015960

Grossini E, Farruggio S, Qoqaiche F, Raina G, Camillo L, Sigaudo L, et al. Monomeric adiponectin mod-
ulates nitric oxide release and calcium movements in porcine aortic endothelial cells in normal/high glu-
cose conditions. Life Sci. 2016; 161: 1-9. https://doi.org/10.1016/}.1fs.2016.07.010 PMID: 27469459

Grossini E, Bellofatto K, Farruggio S, Sigaudo L, Marotta P, Raina G, et al. Levosimendan inhibits per-
oxidation in hepatocytes by modulating apoptosis/autophagy interplay. PloS One. 2015; 10: e0124742.
https://doi.org/10.1371/journal.pone.0124742 PMID: 25880552

Grossini E, Gramaglia C, Farruggio S, Camillo L, Mary D, Vacca G, et al. Asenapine modulates nitric
oxide release and calcium movements in cardiomyoblasts. J Pharmacol Pharmacother. 2016; 7: 6-14.
https://doi.org/10.4103/0976-500X.179358 PMID: 27127388

Acharya G, Wilsgaard T, Berntsen GKR, Maltau JM, Kiserud T. Reference ranges for serial measure-
ments of umbilical artery Doppler indices in the second half of pregnancy. Am J Obstet Gynecol. 2005;
192: 937-944. https://doi.org/10.1016/j.ajog.2004.09.019 PMID: 15746695

De Bruyn C, Najar M, Raicevic G, Meuleman N, Pieters K, Stamatopoulos B, et al. A rapid, simple, and
reproducible method for the isolation of mesenchymal stromal cells from Wharton'’s jelly without enzy-
matic treatment. Stem Cells Dev. 2011; 20: 547-557. https://doi.org/10.1089/scd.2010.0260 PMID:
20923277

Oh JY, Choi GE, Lee HJ, Jung YH, Chae CW, Kim JS, et al. 17B-Estradiol protects mesenchymal stem
cells against high glucose-induced mitochondrial oxidants production via Nrf2/Sirt3/MnSOD signaling.
Free Radic Biol Med. 2019; 130: 328—-342. https://doi.org/10.1016/j.freeradbiomed.2018.11.003 PMID:
30412732

Zavalza-Goémez AB. Obesity and oxidative stress: a direct link to preeclampsia? Arch Gynecol Obstet.
2011; 283: 415-422. https://doi.org/10.1007/s00404-010-1753-1 PMID: 21076925

Masoura S, Makedou K, Theodoridis T, Kourtis A, Zepiridis L, Athanasiadis A. The involvement of uric
acid in the pathogenesis of preeclampsia. Curr Hypertens Rev. 2015; 11: 110-115. PMID: 26022211

Véazquez-Rodriguez JG, Rico-Trejo El. Role of uric acid in preeclampsia-eclampsia. Ginecol Obstet
Mex. 2011; 79:292-297. PMID: 21966818

PLOS ONE | https://doi.org/10.1371/journal.pone.0218437 June 17,2019 22/24


https://doi.org/10.1111/trf.12743
http://www.ncbi.nlm.nih.gov/pubmed/24894363
https://doi.org/10.1155/2016/9156731
https://doi.org/10.1155/2016/9156731
http://www.ncbi.nlm.nih.gov/pubmed/26949402
https://doi.org/10.1155/2013/243649
https://doi.org/10.1155/2013/243649
http://www.ncbi.nlm.nih.gov/pubmed/23586024
http://www.ncbi.nlm.nih.gov/pubmed/7684692
http://www.ncbi.nlm.nih.gov/pubmed/11934254
https://doi.org/10.1159/000430178
https://doi.org/10.1159/000430178
http://www.ncbi.nlm.nih.gov/pubmed/26279419
https://doi.org/10.1159/000478752
http://www.ncbi.nlm.nih.gov/pubmed/28662498
http://www.ncbi.nlm.nih.gov/pubmed/4013779
https://doi.org/10.1007/s10654-015-0039-0
http://www.ncbi.nlm.nih.gov/pubmed/25963653
https://doi.org/10.3892/mmr.2018.9274
http://www.ncbi.nlm.nih.gov/pubmed/30015960
https://doi.org/10.1016/j.lfs.2016.07.010
http://www.ncbi.nlm.nih.gov/pubmed/27469459
https://doi.org/10.1371/journal.pone.0124742
http://www.ncbi.nlm.nih.gov/pubmed/25880552
https://doi.org/10.4103/0976-500X.179358
http://www.ncbi.nlm.nih.gov/pubmed/27127388
https://doi.org/10.1016/j.ajog.2004.09.019
http://www.ncbi.nlm.nih.gov/pubmed/15746695
https://doi.org/10.1089/scd.2010.0260
http://www.ncbi.nlm.nih.gov/pubmed/20923277
https://doi.org/10.1016/j.freeradbiomed.2018.11.003
http://www.ncbi.nlm.nih.gov/pubmed/30412732
https://doi.org/10.1007/s00404-010-1753-1
http://www.ncbi.nlm.nih.gov/pubmed/21076925
http://www.ncbi.nlm.nih.gov/pubmed/26022211
http://www.ncbi.nlm.nih.gov/pubmed/21966818
https://doi.org/10.1371/journal.pone.0218437

@ PLOS|ONE

Placental/umbilical cord interaction in pregnancy-related disorders

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Matias ML, Roméao M, Weel IC, Ribeiro VR, Nunes PR, Borges VT, et al. Endogenous and Uric Acid-
Induced Activation of NLRP3 Inflammasome in Pregnant Women with Preeclampsia. PLoS ONE. 2015;
10. https://doi.org/10.1371/journal.pone.0129095 PMID: 26053021

Snijders RJ, Nicolaides KH. Fetal biometry at 14—40 weeks’ gestation. Ultrasound Obstet Gynecol
1994; 4: 34—48. https://doi.org/10.1046/j.1469-0705.1994.04010034.x PMID: 12797224

Prefumo F, Sebire NJ, Thilaganathan B. Decreased endovascular trophoblast invasion in first trimester
pregnancies with high-resistance uterine artery Doppler indices. Hum Reprod. 2004; 19: 206—-209.
https://doi.org/10.1093/humrep/deh037 PMID: 14688183

Guvendag Guven ES, Karcaaltincaba D, Kandemir O, Kiykac S, Mentese A. Cord blood oxidative stress
markers correlate with umbilical artery pulsatility in fetal growth restriction. J Matern-Fetal Neonatal
Med 2013; 26: 576-580. https://doi.org/10.3109/14767058.2012.745497 PMID: 23130645

Cohen E, Baerts W, van Bel F. Brain-Sparing in Intrauterine Growth Restriction: Considerations for the
Neonatologist. Neonatology. 2015; 108: 269-276. https://doi.org/10.1159/000438451 PMID: 26330337

Virdis A, Bacca A, Colucci R, Duranti E, Fornai M, Materazzi G, et al. Response to Endothelial nitric
oxide synthase, cyclooxygenase-2, and essential hypertension: is there an interaction? Hypertension.
2013; 62: e16. PMID: 24156101

Osol G, Barron C, Gokina N, Mandala M. Inhibition of nitric oxide synthases abrogates pregnancy-
induced uterine vascular expansive remodeling. J Vasc Res. 2009; 46: 478—486. https://doi.org/10.
1159/000200963 PMID: 19204405

Hale SA, Weger L, Mandala M, Osol G. Reduced NO signaling during pregnancy attenuates outward
uterine artery remodeling by altering MMP expression and collagen and elastin deposition. Am J Physiol
Heart Circ Physiol. 2011; 301: H1266—-1275. https://doi.org/10.1152/ajpheart.00519.2011 PMID:
21856919

Meekins JW, Pijnenborg R, Hanssens M, McFadyen IR, van Asshe A. A study of placental bed spiral
arteries and trophoblast invasion in normal and severe pre-eclamptic pregnancies. Br J Obstet Gynae-
col. 1994; 101: 669-674. PMID: 7947500

Schiessl B, Mylonas |, Hantschmann P, Kuhn C, Schulze S, Kunze S, et al. Expression of Endothelial
NO Synthase, Inducible NO Synthase, and Estrogen Receptors Alpha and Beta in Placental Tissue of
Normal, Preeclamptic, and Intrauterine Growth-restricted Pregnancies. J Histochem Cytochem. 2005;
53: 1441-1449. https://doi.org/10.1369/jhc.4A6480.2005 PMID: 15983116

Guerby P, Swiader A, Augé N, Parant O, Vayssiére C, Uchida K, et al. High glutathionylation of placen-
tal endothelial nitric oxide synthase in preeclampsia. Redox Biol. 2019; 22: 101126. https://doi.org/10.
1016/j.redox.2019.101126 PMID: 30738311

Elkin ER, Harris SM, Loch-Caruso R. Trichloroethylene metabolite S-(1,2-dichlorovinyl)- | -cysteine
induces lipid peroxidation-associated apoptosis via the intrinsic and extrinsic apoptosis pathways in a
first-trimester placental cell line. Toxicol Appl Pharmacol. 2018; 338: 30—42. https://doi.org/10.1016/j.
taap.2017.11.006 PMID: 29129777

Hassan |, Kumar AM, Park HR, Lash LH, Loch-Caruso R. Reactive Oxygen Stimulation of Interleukin-6
Release in the Human Trophoblast Cell Line HTR-8/SVneo by the Trichlorethylene Metabolite S-(1,2-
Dichloro)-L-Cysteine. Biol Reprod. 2016; 95: 66—66. https://doi.org/10.1095/biolreprod.116.139261
PMID: 27488030

Ko E, Lee KY, Hwang DS. Human Umbilical Cord Blood—Derived Mesenchymal Stem Cells Undergo
Cellular Senescence in Response to Oxidative Stress. Stem Cells Dev. 2012; 21: 1877-1886. https://
doi.org/10.1089/scd.2011.0284 PMID: 22066510

Aris A, Benali S, Ouellet A, Moutquin JM, Leblanc S. Potential Biomarkers of Preeclampsia: Inverse
Correlation between Hydrogen Peroxide and Nitric Oxide Early in Maternal Circulation and at Term in
Placenta of Women with Preeclampsia. Placenta. 2009; 30: 342—-347. https://doi.org/10.1016/].
placenta.2009.01.003 PMID: 19223072

Casarini L, Riccetti L, De FP, Gilioli L, Marino M, Vecchi E, et al. Estrogen Modulates Specific Life and
Death Signals Induced by LH and hCG in Human Primary Granulosa Cells In Vitro. Int J Mol Sci. 2017;
18. https://doi.org/10.3390/ijms 18050926 PMID: 28452938

Sharp A, Cornforth C, Jackson R, Harrold J, Turner MA, Kenny LC, et al. Maternal sildenafil for severe
fetal growth restriction (STRIDER): a multicentre, randomised, placebo-controlled, double-blind trial.
Lancet Child Adolesc Health. 2018; 2: 93—102. https://doi.org/10.1016/S2352-4642(17)30173-6 PMID:
30169244

Li X, Song Y, Liu F, Liu D, Miao H, Ren J, et al. Long Non-Coding RNA MALAT1 Promotes Proliferation,
Angiogenesis, and Immunosuppressive Properties of Mesenchymal Stem Cells by Inducing VEGF and
IDO. J Cell Biochem. 2017; 118: 2780-2791. https://doi.org/10.1002/jcb.25927 PMID: 28176360

PLOS ONE | https://doi.org/10.1371/journal.pone.0218437 June 17,2019 23/24


https://doi.org/10.1371/journal.pone.0129095
http://www.ncbi.nlm.nih.gov/pubmed/26053021
https://doi.org/10.1046/j.1469-0705.1994.04010034.x
http://www.ncbi.nlm.nih.gov/pubmed/12797224
https://doi.org/10.1093/humrep/deh037
http://www.ncbi.nlm.nih.gov/pubmed/14688183
https://doi.org/10.3109/14767058.2012.745497
http://www.ncbi.nlm.nih.gov/pubmed/23130645
https://doi.org/10.1159/000438451
http://www.ncbi.nlm.nih.gov/pubmed/26330337
http://www.ncbi.nlm.nih.gov/pubmed/24156101
https://doi.org/10.1159/000200963
https://doi.org/10.1159/000200963
http://www.ncbi.nlm.nih.gov/pubmed/19204405
https://doi.org/10.1152/ajpheart.00519.2011
http://www.ncbi.nlm.nih.gov/pubmed/21856919
http://www.ncbi.nlm.nih.gov/pubmed/7947500
https://doi.org/10.1369/jhc.4A6480.2005
http://www.ncbi.nlm.nih.gov/pubmed/15983116
https://doi.org/10.1016/j.redox.2019.101126
https://doi.org/10.1016/j.redox.2019.101126
http://www.ncbi.nlm.nih.gov/pubmed/30738311
https://doi.org/10.1016/j.taap.2017.11.006
https://doi.org/10.1016/j.taap.2017.11.006
http://www.ncbi.nlm.nih.gov/pubmed/29129777
https://doi.org/10.1095/biolreprod.116.139261
http://www.ncbi.nlm.nih.gov/pubmed/27488030
https://doi.org/10.1089/scd.2011.0284
https://doi.org/10.1089/scd.2011.0284
http://www.ncbi.nlm.nih.gov/pubmed/22066510
https://doi.org/10.1016/j.placenta.2009.01.003
https://doi.org/10.1016/j.placenta.2009.01.003
http://www.ncbi.nlm.nih.gov/pubmed/19223072
https://doi.org/10.3390/ijms18050926
http://www.ncbi.nlm.nih.gov/pubmed/28452938
https://doi.org/10.1016/S2352-4642(17)30173-6
http://www.ncbi.nlm.nih.gov/pubmed/30169244
https://doi.org/10.1002/jcb.25927
http://www.ncbi.nlm.nih.gov/pubmed/28176360
https://doi.org/10.1371/journal.pone.0218437

@ PLOS|ONE

Placental/umbilical cord interaction in pregnancy-related disorders

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Wu S, JuGQ, Du T, Zhu YJ, Liu GH. Microvesicles Derived from Human Umbilical Cord Wharton’s Jelly
Mesenchymal Stem Cells Attenuate Bladder Tumor Cell Growth In Vitro and In Vivo. PLoS ONE. 2013;
8. https://doi.org/10.1371/journal.pone.0061366 PMID: 23593475

Chiofalo B, Lagana AS, Vaiarelli A, La Rosa VL, Rossetti D, Palmara V, et al. Do miRNAs Play a Role in
Fetal Growth Restriction? A Fresh Look to a Busy Corner. BioMed Res Int. 2017; 2017: 6073167.
https://doi.org/10.1155/2017/6073167 PMID: 28466013

Peixoto AB, Rolo LC, Nardozza LMM, Araujo Junior E. Epigenetics and Preeclampsia: Programming of
Future Outcomes. Methods Mol Biol. 2018; 1710: 73-83. https://doi.org/10.1007/978-1-4939-7498-6_6
PMID: 29196995

Lagana AS, Vitale SG, Sapia F, Valenti G, Corrado F, Padula F, et al. miRNA expression for early diag-
nosis of preeclampsia onset: hope or hype? J Matern Fetal Neonatal Med 2018; 31: 817-821. https://
doi.org/10.1080/14767058.2017.1296426 PMID: 28282763

Jiang F, LiJ, Wu G, Miao Z, Lu L, Ren G, et al. Upregulation of microRNA-335 and microRNA-584 con-
tributes to the pathogenesis of severe preeclampsia through downregulation of endothelial nitric oxide
synthase. Mol Med Rep. 2015; 12: 5383-5390. https://doi.org/10.3892/mmr.2015.4018 PMID:
26133786

Wang LL, Yu Y, Guan HB, Qiao C. Effect of Human Umbilical Cord Mesenchymal Stem Cell Transplan-
tation in a Rat Model of Preeclampsia. Reprod Sci. 2016; 23: 1058—1070. https://doi.org/10.1177/
1933719116630417 PMID: 26887428

Salles AMR, Galvao TF, Silva MT, Motta LCD, Pereira MG. Antioxidants for preventing preeclampsia: a
systematic review. ScientificWorldJournal. 2012; 2012: 243476. https://doi.org/10.1100/2012/243476
PMID: 22593668

Lagana AS, Favilli A, Triolo O, Granese R, Gerli S. Early serum markers of pre-eclampsia: are we step-
ping forward? J Matern Fetal Neonatal Med 2016; 29: 3019-3023. https://doi.org/10.3109/14767058.
2015.1113522 PMID: 26512423

Lagana AS, Giordano D, Loddo S, Zoccali G, Vitale SG, Santamaria A, et al. Decreased Endothelial
Progenitor Cells (EPCs) and increased Natural Killer (NK) cells in peripheral blood as possible early
markers of preeclampsia: a case-control analysis. Arch Gynecol Obstet. 2017; 295: 867-872. https:/
doi.org/10.1007/s00404-017-4296-x PMID: 28243732

Salman H, Shah M, Ali A, Aziz A, Vitale SG. Assessment of Relationship of Serum Neurokinin-B Level
in the Pathophysiology of Pre-eclampsia: A Case-Control Study. Adv Ther. 2018; 35: 1114—-1121.
https://doi.org/10.1007/s12325-018-0723-z PMID: 29923045

Scutiero G, lannone P, Bernardi G, Bonaccorsi G, Spadaro S, Volta CA, et al. Oxidative Stress and
Endometriosis: A Systematic Review of the Literature. Oxid Med Cell Longev. 2017; 2017. https://doi.
org/10.1155/2017/7265238 PMID: 29057034

HuY, Huang K, SunY,Wang J, Xu Y, Yan S, et al. Placenta response of inflammation and oxidative
stress in low-risk term childbirth: the implication of delivery mode. BMC Pregnancy Childbirth. 2017; 17:
407. https://doi.org/10.1186/s12884-017-1589-9 PMID: 29207957

PLOS ONE | https://doi.org/10.1371/journal.pone.0218437 June 17,2019 24/24


https://doi.org/10.1371/journal.pone.0061366
http://www.ncbi.nlm.nih.gov/pubmed/23593475
https://doi.org/10.1155/2017/6073167
http://www.ncbi.nlm.nih.gov/pubmed/28466013
https://doi.org/10.1007/978-1-4939-7498-6_6
http://www.ncbi.nlm.nih.gov/pubmed/29196995
https://doi.org/10.1080/14767058.2017.1296426
https://doi.org/10.1080/14767058.2017.1296426
http://www.ncbi.nlm.nih.gov/pubmed/28282763
https://doi.org/10.3892/mmr.2015.4018
http://www.ncbi.nlm.nih.gov/pubmed/26133786
https://doi.org/10.1177/1933719116630417
https://doi.org/10.1177/1933719116630417
http://www.ncbi.nlm.nih.gov/pubmed/26887428
https://doi.org/10.1100/2012/243476
http://www.ncbi.nlm.nih.gov/pubmed/22593668
https://doi.org/10.3109/14767058.2015.1113522
https://doi.org/10.3109/14767058.2015.1113522
http://www.ncbi.nlm.nih.gov/pubmed/26512423
https://doi.org/10.1007/s00404-017-4296-x
https://doi.org/10.1007/s00404-017-4296-x
http://www.ncbi.nlm.nih.gov/pubmed/28243732
https://doi.org/10.1007/s12325-018-0723-z
http://www.ncbi.nlm.nih.gov/pubmed/29923045
https://doi.org/10.1155/2017/7265238
https://doi.org/10.1155/2017/7265238
http://www.ncbi.nlm.nih.gov/pubmed/29057034
https://doi.org/10.1186/s12884-017-1589-9
http://www.ncbi.nlm.nih.gov/pubmed/29207957
https://doi.org/10.1371/journal.pone.0218437

