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Abstract

Background

During normal pregnancy, placental oxidative stress (OS) is present during all three trimes-
ters and is necessary to obtain normal cell function. However, if OS reaches a certain level,
pregnancy complications might arise. In preeclampsia (PE), a dangerous pregnancy spe-
cific hypertensive disorder, OS induced in the ischemic placenta causes a systemic inflam-
matory response and activates maternal endothelial cells. In this study, we aimed to
quantify superoxide concentrations (as a measure of systemic OS) using electron paramag-
netic resonance (EPR) and correlate them to markers of systemic inflammation, iron status
and vascular function.

Methods

Fifty-nine women with a healthy pregnancy (HP), 10 non-pregnant controls (NP) and 28 PE
patients (32+3.3weeks) were included. During HP, blood samples for superoxide, neutrophil
to lymphocyte ratio (NLR), mean platelet volume (MPV) and iron status were taken at 10, 25
and 39 weeks. Vascular measurements for arterial stiffness (carotid-femoral pulse wave
velocity (CF-PWV), augmentation index (Alx), augmentation Pressure (AP)) and microvas-
cular endothelial function (reactive hyperemia index (RHI)) were performed at 35 weeks. In
PE, all measurements were performed at diagnosis. CMH (1-hydroxy-3-methoxycarbonyl-

PLOS ONE | https://doi.org/10.1371/journal.pone.0202919 September 11,2018

1/14


https://doi.org/10.1371/journal.pone.0202919
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0202919&domain=pdf&date_stamp=2018-09-11
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0202919&domain=pdf&date_stamp=2018-09-11
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0202919&domain=pdf&date_stamp=2018-09-11
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0202919&domain=pdf&date_stamp=2018-09-11
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0202919&domain=pdf&date_stamp=2018-09-11
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0202919&domain=pdf&date_stamp=2018-09-11
https://doi.org/10.1371/journal.pone.0202919
http://creativecommons.org/licenses/by/4.0/

@° PLOS | ONE

Oxidative stress is linked to vascular function in healthy pregnancy and preeclampsia

collection. EMVC is supported by the fund for
scientific research-Flanders (FWO) as senior
clinical investigator.

Competing interests: The authors have declared
that no competing interests exist.

2,2,5,5-tetramethylpyrrolidine) was used as spin probe for EPR, since the formed CM radi-
cal corresponds to the amount of superoxide.

Results

Superoxide concentration remains stable during pregnancy (p = 0.92), but is significantly
higher compared to the NP controls (p<0.0001). At 25 weeks, there is a significant positive
correlation between superoxide and ferritin concentration. (p = 0.04) In PE, superoxide, sys-
temic inflammation and iron status are much higher compared to HP (all p<0.001). During
HP, superoxide concentrations correlate significantly with arterial stiffness (all p<0.04), while
in PE superoxide is significantly correlated to microvascular endothelial function (p = 0.03).

Conclusions

During HP there is an increased but stable oxidative environment, which is correlated to ferri-
tin concentration. If superoxide levels increase, there is an augmentation in arterial stiffness.
In PE pregnancies, systemic inflammation and superoxide concentrations are higher and
result in a deterioration of endothelial function. Together, these findings support the hypothe-
sis that vascular function is directly linked to the amount of OS and that measurement of OS
in combination with vascular function tests might be used in the prediction of PE.

Introduction

Pregnancy is a state characterized by many physiological changes, which would be pathological
in the non-pregnant state. Haematologically, neutrophils are increased due to augmented
physiologic stress and impaired neutrophilic apoptosis during pregnancy, while lymphocytes
are known to decrease during normal pregnancy, with a rise during the third trimester. Deliv-
ery is a highly stressful situation, resulting in a brisk leucocytosis. [1, 2] Thrombocytes on the
other hand, become activated during pregnancy, particularly in the third trimester, and thus
decrease, a condition referred to as ‘gestational thrombocytopenia’. [2] This systemic inflam-
matory response in pregnancy results in high amounts of circulating reactive oxygen species
(ROS), produced by activated blood cells. [3] The central organ regulating pregnancy, the pla-
centa, is a major source of ROS. During normal pregnancy, placental oxidative stress (OS) is
present during all three trimesters and is necessary to obtain normal cell function, including
activation of redox-sensitive transcription factors and protein kinases. [3-7] Although OS is a
common necessary feature of normal pregnancy, augmented OS could give rise to different
disease-states, such as preeclampsia (PE). PE is a potentially life-threatening complication of
pregnancy, clinically detected after 20 weeks gestation. It affects 5% of pregnancies and is char-
acterized by hypertension and proteinuria in mild cases, but can derail into organ damage, sei-
zures and maternal death in severe cases. In the classic two-stage model of PE, OS induced in
the ischemic placenta causes release of cytotoxic factors into the maternal circulation, stimulat-
ing the inflammatory response and activating maternal endothelial cells. [3] Increased neutro-
phil to lymphocyte ratio (NLR) and mean platelet volume (MPV) have been suggested as
parameters of this chronic low-grade inflammation and enhanced OS. [8-10] Both systemic
inflammation and OS result in the formation of ROS and reactive nitrogen species (RNS).
ROS and RNS can react with nitric oxide (NO), resulting in a lower bio-availability of NO, the
main player in endothelial function. The combination of superoxide and NO forms ONOO-
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(peroxynitrite), a harmful molecule with cell destructive effects. [11] This disturbance in endo-
thelial homeostasis can lead to endothelial dysfunction, a condition characterized by a vaso-
constrictive, pro-inflammatory and prothrombotic tendency. [12-14] In PE, OS, systemic
inflammation and vascular dysfunction are obviously linked and capable of forming dangerous
positive feed-forward systems. [3]

Under physiological conditions, the most common oxygen free radical in the human body
is the superoxide anion radical (O27). Superoxide concentration is increased under conditions
of hypoxia, when the availability of oxygen to act as final electron acceptor in the mitochon-
drial respiratory chain is reduced, which results in accumulation of unpaired electrons on oxy-
gen. [3] As aresult, iron (Fe) plays a crucial catalysing role in the production of ROS via the
formation of hydroxide (OH") and the very reactive hydroxyl radical (HO’), the main products
of the Haber-Weiss and Fenton reactions. [15, 16] Literature suggests that an increased iron
and ferritin concentration is linked to a higher risk of PE. [16] The profound hemodynamic
changes of pregnancy can be objectified by assessing endothelial function and vascular stiffness
with peripheral arterial tonometry (PAT) and applanation tonometry and they are proven to
be disturbed in PE pregnancies. [9] Determination of ROS in blood during pregnancy and PE
is of wide interest to specialists in perinatal medicine, but the best technique to access OS has
been matter of debate. [5, 17]Therefore, we performed a study by applying electron paramag-
netic/spin resonance (EPR/ESR) spectroscopy as a direct method to detect ROS by using the
spin-probe CMH (hydroxy-3-methoxycarbonyl-2,2,5,5-tetramethylpyrrolidine) to detect
superoxide concentrations in blood. [18-21]

Although endothelial dysfunction and vascular stiffness are proven to be present in PE, no
direct correlation with markers of OS and systemic inflammation has been proven. In this
study, we aim to elucidate this correlation by measuring superoxide concentrations, haemato-
logical parameters of systemic inflammation and iron concentrations in HP and PE and corre-
late them with vascular function measurements.

Material and methods
Study population

Fifty-nine women with a healthy pregnancy (HP) and 28 PE patients (gestational age 25+6
weeks—38+1 weeks (mean 32+3.3weeks)) admitted to the maternal intensive care unit were
included between January 2016 and September 2017. We defined PE according to the revised
ISSHP definition (2014).[22] Exclusion criteria were (gestational) diabetes, multiple pregnan-
cies, foetal malformations, hypercholesterolemia, kidney disease, auto-immune disorders, con-
nective tissue diseases or use of acetylsalicylic acid. HP were included in the study during their
first trimester and were longitudinally followed throughout the whole pregnancy. They were
free from medication and did not have a history of PE, pregnancy-induced hypertension,
hypertension, cardiovascular disease or other chronic conditions. A small group of non-preg-
nant (NP) healthy controls (n = 10) was included to compare OS concentrations. The Research
and Ethics committee of the Antwerp University Hospital approved the study protocol (Bel-
gian number: B300201524783), and written informed consent was obtained from all subjects.

Ocxidative stress: Superoxide concentrations

EPR measurements were carried out on a Bruker EMX 1273 spectrometer equipped with an
ER 4119HS high-sensitivity resonator and 12-kW power supply operating at X band frequen-
cies. [23] The EPR analysis setting were as follows: frequency 9.86 GHz, power 50.41 mW,
modulation frequency 100 kHz, modulation amplitude 1 G, sweep time 41.94 sec, time con-
stant 40.96 msec, sweep width 50 G, number of scans 1. For the measurements, maternal
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blood was obtained at 9-11 weeks (mean 10+3 weeks), 24-28 weeks (mean 25+2 weeks) and at
38-41 weeks (mean 39+3weeks) in a heparin tube (BD vacutainer™, Canada) and transported
on ice. After 15 minutes, 30pl of spin probe CMH (1-hydroxy-3-methoxycarbonyl-2,2,5,5-tet-
ramethylpyrrolidine) was added to 30pl blood. The mixture of CMH and blood was incubated
on ice and transferred into a 50 ul glass capillary (Hirschmann®, Germany) after 5 minutes.
The sample was snap frozen and stored at -80°C until analysis. [23] The concentrations
reported were obtained via double integration of the respective simulated spectra of the
formed CM radical and this corresponds to the amount of superoxide that was present in the
sample. The simulations were performed using a NIEHS P.E.S.T. WinSIM ver. 0.96 using the
hyperfine values obtained from literature. [24] EPR calibration was performed using aqueous
solutions of a stable radical 4-hydroxy-TEMPO (97%, Sigma-Aldrich, Germany) in a range of
concentrations 2-200 uM as previously described. [25]

Haematological parameters of systemic inflammation (NLR/MPV) and
iron status

Maternal venous blood samples were taken for the quantification of mean platelet volume
(MPV), neutrophil-lymphocyte ratio (NLR), iron, ferritin and transferrin concentrations.
Peripheral blood was collected by venepuncture at standard follow-up visits: 9-11 weeks (mean
10+4 weeks), 24-28 weeks (mean 25+3 weeks), and at 38-41 weeks (mean 39+3weeks) using
vacuette tubes. Ethylenediaminetetraacetic acid (EDTA) and serum samples (BD Vacutainer™,
Canada) were analysed respectively using an ADVIA 120 Hematology System (Siemens health-
care™, Germany) and Dimension Vista 1500 System (Siemens healthcare™, Germany).

Vascular function measurements

Vascular function measurements were taken during the third pregnancy trimester in HP and
at the time of diagnosis in the PE group. Blood pressure measurements were taken using an
automated blood pressure device (OMRON™ Intellisense, Healthcare Japan). Microvascular
endothelial function was evaluated with PAT using the Endo-PAT2000™ (Itamar Medical,
software version 3.2.4) and systemic arterial stiffness was evaluated using applanation tonome-
try with pulse wave analysis (PWA) and pulse wave velocity (PWV) using the Sphygmocor sys-
tem®™ (Atcor Medical, West Ryde, Australia). PWA derives augmentation pressure (AP) and
augmentation index (standardized to a heart rate of 75 bpm, AIx75) from the aortic pressure
waveform. While PWV measures the carotid-femoral pulse wave velocity (CF-PWYV), the gold
standard for assessing aortic stiffness. PAT is an operator-independent and highly reproduc-
ible technique. [26] The system uses pneumatic finger probes which assess digital volume
changes accompanying pulse waves. Relative ischaemia was induced by inflation of a blood-
pressure cuff to suprasystolic pressure on the forearm of the patient for 5 minutes, after which
the pressure was released and reactive hyperaemia was measured. The increased shear stress
induced by reactive hyperaemia, increases endothelial NO production and subsequent vasodi-
lation of the vessel. The ratio of the average amplitude of the PAT signal over a one minute
period starting one minute after cuff deflation (maximum pulse amplitude) divided by the
average amplitude of the PAT signal over a 3.5 minute period before cuff inflation (baseline
pulse amplitude) was calculated. The control arm was used to correct for confounding factors
(room temperature, systemic changes). The result is expressed as the reactive hyperaemia
index (RHI). Vascular measurements were performed as previously described. [9] To keep the
focus on OS, detailed results of vascular measurements are described separately.
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Table 1. Patient characteristics.

Age (years)
BMI 3rd trimester (kg/m2)

SBP 3rd trimester (mmHg)

DBP 3rd trimester (mmHg)

Nulliparous (n)

Gestation at delivery (weeks)
Smoking (n)

Statistical analysis

Statistical analysis was performed using SPSS version 22.0 and GraphPad Prism version 7.
Data are expressed as mean + standard deviation (SD). Normality of continuous variables was
evaluated using Kolmogorov-Smirnov test. Groups were compared using independent T-test,
paired sample T-test and Mann-Whitney U test as appropriate. Fisher-exact test was used for
comparison of categorical variables. Spearman and Pearson correlation coefficient was used
for univariate correlation analysis as appropriate. A two-tailed p < 0.05 was considered
significant.

Results
Patient characteristics

Characteristics of the three groups (HP, PE and NP) are summarized in Table 1. Groups were
comparable regarding age, BMI and cardiovascular risk. Blood pressure was significantly dif-
ferent between groups. Due to urgency for delivery, only 17 of the 28 PE patients underwent
vascular measurements. There was no significant difference between BMI in the NP popula-
tion and BMI at 12weeks in HP (NP 23.0 + 2.7 vs HP 24.0 4.2, p = 0.5).

Oxidative stress and systemic inflammation in healthy pregnancy

During the course of a HP, NLR significantly increased (10 weeks 3.3£1.4 vs 25 weeks 4.7+1.8,
p<0.001) caused by an increase in neutrophils (10 weeks 5.9+1.4 10°/L vs 25 weeks 7.2+1.9
10°/L, p<0.001) and a decrease in lymphocytes (10 weeks 1.9+0.7 10°/L vs 25 weeks 1.7+0.5
10°/L, p<0.001), while no difference was noted in MPV (10 weeks 8.4+1.2 fL vs 25 weeks 8.3
+0.6 fL, p = 0.38). Superoxide concentrations remained stable during HP (10 weeks 197.1
+73.0 uM vs 25 weeks 199.2+105.1 uM, p = 0.91) but were significantly higher compared to
the NP controls (109.1+32.0, p<0.0001). Superoxide concentration at 25 weeks compared to
39 weeks (without labour) was not significantly different (25 weeks 208.3£131.1 uM vs 39

Preeclamptic pregnancy Healthy pregnancy Non-pregnant p
(n=28) (n=>59) (n=10) PE vs HP PE vs NP HP vs NP
28.5+3.9 30.2+4.7 296 +4.1 0.27**
30.2+5.0 28.8+4.2 223+28 <0.0001*
0.99 <0.0001 <0.0001°
160.2 £ 14.9 123.0£9.2 122.9+9.3 <0.0001*
<0.0001 <0.0001 >0.99
96.0 £11.8 729+82 73.8+6.8 <0.0001*
<0.0001 <0.0001 >0.99
23 (82%) 31 (53%) 9 (90%) 0.004*
0.008 >0.99 0.07
32.0+3.0 382+22 / <0.0001 / /
0 0 0 / / /

Data are expressed as mean + SD or as number of total (n). BMI = Body Mass Index, SBP = Systolic Blood Pressure, DBP = Diastolic Blood Pressure. PE = Preeclampsia,

HP = Healthy Pregnancy, NP = Non-pregnant.

* There was no significant difference in BMI between NP and HP at 12 weeks (p = 0.50).

* Statistical analysis was performed using Kruskal-Wallis.

** Statistical analysis was performed using ANOVA.

https://doi.org/10.1371/journal.pone.0202919.t001
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weeks 286.8+£140.7 uM, p = 0.28), confirming a stable superoxide environment during the
whole pregnancy. Iron (10 weeks 101.5+38.0 pug/dL vs 25 weeks 81.7+35.9 pg/dL, p<0.001)
and ferritin (10 weeks 42.0+28.2 mg/L vs 25 weeks 15.3+10.9 pg/L, p<0.001) concentrations
decreased, while transferrin concentrations (10 weeks 2.9+0.8 g/L vs 25 weeks 4.1+0.7 g/L,

p = 0.007) increased with advancing pregnancy. At 25 weeks of pregnancy, there was a signifi-
cant positive correlation between superoxide concentration and ferritin concentration. (Fig 1)
Regarding the blood samples taken at term, 60% of patients were in labour (a condition
characterised by overt ischemia and reperfusion injury), resulting in a significant difference in
NLR (labour 6.2+3.9 vs no labour 4.0+1.6, p<0.001) and superoxide concentrations (labour
409.8+105.8 uM vs no labour 303.9+119.8 uM, p = 0.03). NLR and superoxide during labour

were positively correlated (p = 0.03).

Oxidative stress and systemic inflammation in preeclampsia

In comparison with HP, OS and markers of systemic inflammation were much higher in PE.
(Table 2) Regarding iron status, iron concentration and intracellular iron reserve (ferritin)
were significantly higher in PE, while transferrin concentrations were not different. There was
no significant correlation between superoxide and ferritin concentration in PE (p = 0.14), nor
with other haematological parameters.

601
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Fig 1. Correlation of superoxide concentrations with ferritin levels at 25 weeks of pregnancy. (r: pearson correlation coefficient).

https://doi.org/10.1371/journal.pone.0202919.9001
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Table 2. Oxidative stress and systemic inflammation in PE vs HP.

Gestational age at blood sample
Superoxide (uM)

NLR

Neutrophils (10°/L)
Lymphocytes (10°/L)

MPV (fL)

Iron (ug/dL)

Ferritin (ug/L)

Transferrin (g/L)

PE HP p
32+3 weeks 25+3 weeks >0.05
307.2 £108.7 199.2.0 £ 105.1 <0.0001

6.5+4.7 47+1.8 0.0003

10.1 £5.1 7219 <0.0001
1.9+0.7 1.6 £ 0.5 0.01
9.7+1.8 8.3x0.6 <0.0001
1153 +£70.3 80.9 +44.1 0.0003
176.9 £ 325.2 13.5+£10.4 <0.0001
3.8+3.1 39+3.0 0.82

Data are expressed as mean + SD. NLR = Neutrophil to Lymphocyte ratio, MPV = Mean platelet volume.

https://doi.org/10.1371/journal.pone.0202919.t002

Correlation oxidative stress and arterial stiffness in healthy pregnancy

In the HP group, superoxide concentrations at 25 weeks of HP correlated significantly with all
markers of arterial stiffness (CF- PWV, AIx75 and AP) measured during the third trimester
(mean 34+5weeks) (Fig 2A, 2B and 2C). There was, on the contrary, no significant correlation
between superoxide and microvascular endothelial function (RHI) (Fig 2D).

Correlation oxidative stress and microvascular endothelial function in
preeclampsia

A significant negative correlation was observed between superoxide concentration and micro-
vascular endothelial function (RHI) in PE (Fig 3D), while no correlation was found with arte-
rial stiffness (CF- PWV, AIx75 and AP) (Fig 3A, 3B and 3C).

Discussion

There are 4 major findings of this study on OS and systemic inflammation and their relation-
ship with endothelial function and arterial stiffness in HP and PE.

First, consistent with previous studies, this study demonstrates that systemic inflammation
increases with advancing pregnancy. During labour, a condition associated with brisk leucocy-
tosis, a positive correlation was found between NLR and superoxide concentration, confirming
the theory that activated blood cells and ischemia-reperfusion damage at the site of the pla-
centa result in higher OS levels.

Second, OS appears to maintain stable concentrations during pregnancy, but is correlated to
ferritin levels. Literature on the longitudinal course of OS during a HP is very scarce. An
increased extracellular antioxidant status with advancing pregnancy and an increase in lipid
peroxides in the second trimester have been described [27, 28], however our results imply a sta-
ble OS environment from the first trimester of pregnancy to term. Since placental OS is pro-
duced throughout pregnancy, is it probable that the antioxidant system acts in response to OS
changes in order to maintain normal intercellular integrity and function in processes suscepti-
ble to OS in pregnancy. If this balance collapses, pregnancy complications might arise such as
pregnancy-loss, intra-uterine growth restriction or PE. [3] Superoxide concentrations in the NP
population are much lower compared to HP, proving once more the oxidative environment in
a HP. Iron is abundantly present in the placenta and is an important co-factor in the formation
of ROS. In the placenta, iron is stored in both ferritin and in transferrin bound to the transferrin
receptor. [29] The placenta is a very oxygen-rich organ (starting from the second pregnancy
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Fig 2. Correlation of superoxide concentrations with vascular function in the third trimester of a healthy pregnancy. Vascular function was assessed
by carotid-femoral pulse wave velocity (CF-PWV (6.2+0.8), Fig 2A), augmentation index 75 (AIx75 (4.4+11.7), Fig 2B), augmentation pressure (AP (0.3
+4.1), Fig 2C) and reactive hyperaemia index (RHI (1.6+0.4), Fig 2D). (r: pearson correlation coefficient).

https://doi.org/10.1371/journal.pone.0202919.9002
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Fig 3. Correlation of superoxide concentrations with vascular function in preeclampsia. Vascular function was assessed by carotid-femoral pulse wave
velocity (CF-PWV (7.6+0.9), Fig 2A), augmentation index 75 (AIx75 (24.0+£9.6), Fig 2B), augmentation pressure (AP (11.8+7.8), Fig 2C) and reactive
hyperaemia index (RHI (2.1+0.4), Fig 2D). (r: pearson correlation coefficient).

https://doi.org/10.1371/journal.pone.0202919.9003

trimester) and its abundant mitochondrial mass favours the production of ROS. Since iron is a

necessary cofactor in the production of free radicals, iron excess results in acceleration of the

formation of OS. On the contrary, iron deficiency results in defective mitochondrial function
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and mitochondrial DNA damage, with results in the release and leakage of ROS out of deficient
mitochondria. [30, 31] Since both iron deficiency and iron excess result in free radical mito-
chondrial damage, iron supplementation is now only advisable for pregnant women with
proven iron-deficiency anaemia. [30, 32] In this study, we found a positive correlation between
superoxide concentration and ferritin concentration at 25 weeks of pregnancy, which confirms
that an excess in iron supplementation can cause harm by augmenting the amount of OS. This
finding has previously been described in another pregnancy complication, gestational diabetes
mellitus. Research by Hininger et al. describes a high maternal iron status and iron supplemen-
tation in the non-anaemic pregnant population as a potential risk factor for the development of
gestational diabetes mellitus and suggests that a ferritin level of >70 g/L may be associated with
a higher risk of developing gestational diabetes. They proposed association of iron supplementa-
tion with vitamin E and antioxidant rich foods to prevent the formation of oxidative radicals
associated with iron overload in pregnancy. [33, 34]

Third, PE is characterized by higher levels of superoxide, markers of systemic inflammation
and iron status (Table 2) which is in line with previous literature. [3, 35, 36] Studies on OS in
PE have mainly focussed on indirect biomarkers of OS or on antioxidants levels, while the
methodology of our work is entirely different. In this study we were able to directly measure the
amount of CM radical formed which is proven to correspond directly to the amount of superox-
ide. [18-21]We acknowledge that the concentration of the formed CM radical may not repre-
sent the total concentration of the superoxide radical anion which was present in the solution.
However, their concentrations are directly related, allowing to obtain trends for the superoxide
formation. [18, 19] Superoxide levels were clearly higher in PE and we hypothesize that this is
induced by activated blood cells, the ischemic placenta, higher iron and ferritin levels and the
inability of the antioxidant system to meet and neutralise the produced ROS. Recently, the ratio
of neutrophil to lymphocyte has been proposed as a prognostic and predictive marker in several
low-grade inflammation disease states, such as cancer, cardiac diseases and PE. [8, 37-40]
Although lymphocyte levels were higher in our PE population, NLR remained significantly
higher, endorsing once again the activation of peripheral blood cells in PE.

Lastly, this study innovatively approaches vascular function by affirming its direct relation-
ship with the amount of OS present in peripheral blood. HP is associated with profound alter-
ations in the maternal cardiovascular system. Due to a decrease in vascular resistance
necessary to answer the higher needs of the growing foeto-placental unit, vascular stiffness
during HP is lower compared to the NP state. [41, 42] In our HP study population we assessed
arterial stiffness with applanation tonometry and although the results were in the normal
range for a pregnant population, there was a significant positive relationship between OS con-
centration and vascular stiffness in the third pregnancy trimester. This finding might imply
that when OS rises above a certain ‘harmful’ level, vascular damage arises resulting in vascular
dysfunction and stiffness. [4, 5] On the contrary, in our PE population vascular stiffness was
higher, yet no correlation was found between the amount of OS and vascular stiffness. A possi-
ble explanation could be that at a certain level of OS, vascular stiffness reaches a maximum,
without increasing further with higher OS. Microvascular endothelial function on the other
hand, is inversely correlated to superoxide concentration, evidenced by worse RHI results in
PE patients with higher superoxide levels.

Despite these novel findings, our study has limitations. There was a significant difference in
parity between the HP and PE group, which could influence our results. Furthermore, since
blood samples at term were taken during labour in 60% of the cases, the sample size to com-
pare blood parameters at 39 weeks without labour was small. Likewise, vascular measurements
were performed in a subgroup of PE patients. Last, we did not record iron supplementation in
our population, as a result there are no reliable data on the intake of iron-supplements. From
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previous published literature, we know that in our population approximately 76% of pregnant
women take vitamin supplements, containing approximately 26mg of iron daily. [43] Since
iron supplementation might be determinant in the superoxide production, interventional
studies are planned in the future and exact monitoring and randomisation of iron intake will
take place.

To the best of our knowledge, this is the first paper to compare superoxide concentrations
between HP and PE directly measured with EPR and to correlate them with vascular function
tests. The strengths of this study were the repeated measures of systemic inflammation and OS
during HP and the finding that vascular function was correlated with the amount of OS in
both HP and PE.

Conclusions

The results of this study allow us to conclude that during HP there is an increased but stable
oxidative environment, which is correlated to ferritin concentration. If superoxide levels
increase, there is an augmentation in arterial stiffness. In PE pregnancies, systemic inflamma-
tion and superoxide concentrations are higher and result in a deterioration of microvascular
endothelial function. Together, these findings support the hypothesis that vascular function is
directly linked to the amount of OS, suggesting an important place for antioxidant treatment
in the prevention on PE. Future research is imperative to investigate a broader spectrum of
ROS in PE and to explore the effect of antioxidant therapy on vascular function.

Acknowledgments

We thank Inge Goovaerts and Tibor Stoop for the vascular measurements.

Author Contributions

Conceptualization: Dominique Mannaerts, Paul Cos, Wilfried Gyselaers, Jerome Cornette,
Marc Spaanderman, Yves Jacquemyn.

Data curation: Dominique Mannaerts, Ellen Faes, Jacob J. Briedé.
Formal analysis: Dominique Mannaerts, Jacob J. Briedé, Yury Gorbanev.
Funding acquisition: Dominique Mannaerts.

Investigation: Dominique Mannaerts, Yury Gorbanev.

Methodology: Dominique Mannaerts, Wilfried Gyselaers, Jerome Cornette, Yury Gorbaneyv,
Annemie Bogaerts, Emeline Van Craenenbroeck, Yves Jacquemyn.

Project administration: Dominique Mannaerts, Ellen Faes, Yves Jacquemyn.
Resources: Dominique Mannaerts.

Supervision: Yves Jacquemyn.

Writing - original draft: Dominique Mannaerts.

Writing - review & editing: Ellen Faes, Paul Cos, Jacob J. Briedé, Wilfried Gyselaers, Yury
Gorbanev, Marc Spaanderman, Emeline Van Craenenbroeck, Yves Jacquemyn.

References

1. GattiL, Tenconi PM, Guarneri D, Bertulessi C, Ossola MW, Bosco P, et al. Hemostatic parameters and
platelet activation by flow-cytometry in normal pregnancy: a longitudinal study. Int J Clin Lab Res. 1994;
24(4):217-9. PMID: 7894047.

PLOS ONE | https://doi.org/10.1371/journal.pone.0202919 September 11,2018 11/14


http://www.ncbi.nlm.nih.gov/pubmed/7894047
https://doi.org/10.1371/journal.pone.0202919

@° PLOS | ONE

Oxidative stress is linked to vascular function in healthy pregnancy and preeclampsia

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

Chandra S, Tripathi AK, Mishra S, Amzarul M, Vaish AK. Physiological changes in hematological
parameters during pregnancy. Indian J Hematol Blood Transfus. 2012; 28(3):144-6. https://doi.org/10.
1007/512288-012-0175-6 PMID: 23997449; PubMed Central PMCID: PMCPMC3422383.

Burton GJ, Jauniaux E. Oxidative stress. Best Pract Res Clin Obstet Gynaecol. 2011; 25(3):287-99.
https://doi.org/10.1016/j.bpobgyn.2010.10.016 PMID: 21130690; PubMed Central PMCID:
PMCPMC3101336.

Wu F, Tian FJ, Lin Y, Xu WM. Oxidative Stress: Placenta Function and Dysfunction. Am J Reprod
Immunol. 2016; 76(4):258-71. https://doi.org/10.1111/aji. 12454 PMID: 26589876.

Sanchez-Aranguren LC, Prada CE, Riano-Medina CE, Lopez M. Endothelial dysfunction and pre-
eclampsia: role of oxidative stress. Front Physiol. 2014; 5:372. https://doi.org/10.3389/fphys.2014.
00372 PMID: 25346691; PubMed Central PMCID: PMCPMC4193194.

Sultana Z, Maiti K, Aitken J, Morris J, Dedman L, Smith R. Oxidative stress, placental ageing-related
pathologies and adverse pregnancy outcomes. Am J Reprod Immunol. 2017; 77(5). https://doi.org/10.
1111/aji.12653 PMID: 28240397.

Kurlak LO, Green A, Loughna P, Broughton Pipkin F. Oxidative stress markers in hypertensive states of
pregnancy: preterm and term disease. Front Physiol. 2014; 5:310. https://doi.org/10.3389/fphys.2014.
00310 PMID: 25202276; PubMed Central PMCID: PMCPMC4142431.

Kirbas A, Ersoy AO, Daglar K, Dikici T, Biberoglu EH, Kirbas O, et al. Prediction of Preeclampsia by
First Trimester Combined Test and Simple Complete Blood Count Parameters. J Clin Diagn Res. 2015;
9(11):QC20-3. https://doi.org/10.7860/JCDR/2015/15397.6833 PMID: 26674673; PubMed Central
PMCID: PMC4668480.

Mannaerts D, Faes E, Goovaerts |, Stoop T, Cornette J, Gyselaers W, et al. 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. 2017; 313(5):R518-R25. https://doi.org/10.1152/
ajpregu.00514.2016 PMID: 28794106.

Dogan K, Guraslan H, Senturk MB, Helvacioglu C, Idil S, Ekin M. Can Platelet Count and Platelet Indi-
ces Predict the Risk and the Prognosis of Preeclampsia? Hypertens Pregnancy. 2015; 34(4):434—42.
https://doi.org/10.3109/10641955.2015.1060244 PMID: 26362129.

Hodzic J, 1zetbegovic S, Muracevic B, Iriskic R, Stimjanin Jovic H. Nitric oxide biosynthesis during nor-
mal pregnancy and pregnancy complicated by preeclampsia. Med Glas (Zenica). 2017; 14(2):211-7.
https://doi.org/10.17392/915-17 PMID: 28786966.

Gevaert AB, Lemmens K, Vrints CJ, Van Craenenbroeck EM. Targeting Endothelial Function to Treat
Heart Failure with Preserved Ejection Fraction: The Promise of Exercise Training. Oxid Med Cell
Longev. 2017; 2017:4865756. https://doi.org/10.1155/2017/4865756 PMID: 28706575; PubMed Cen-
tral PMCID: PMCPMC5494585.

DongY, Sun Q, Liu T, Wang H, Jiao K, Xu J, et al. Nitrative Stress Participates in Endothelial Progenitor
Cell Injury in Hyperhomocysteinemia. PLoS One. 2016; 11(7):e0158672. https://doi.org/10.1371/
journal.pone.0158672 PMID: 27391949; PubMed Central PMCID: PMCPMC4938535.

Degendorfer G, Chuang CY, Hammer A, Malle E, Davies MJ. Peroxynitrous acid induces structural and
functional modifications to basement membranes and its key component, laminin. Free Radic Biol Med.
2015; 89:721-33. https://doi.org/10.1016/j.freeradbiomed.2015.09.018 PMID: 26453917.

Rinnerthaler M, Bischof J, Streubel MK, Trost A, Richter K. Oxidative stress in aging human skin. Bio-
molecules. 2015; 5(2):545-89. https://doi.org/10.3390/biom5020545 PMID: 25906193; PubMed Cen-
tral PMCID: PMCPMC4496685.

Siddiqui IA, Jaleel A, Kadri HM, Saeed WA, Tamimi W. Iron status parameters in preeclamptic women.
Arch Gynecol Obstet. 2011; 284(3):587-91. https://doi.org/10.1007/s00404-010-1728-2 PMID:
209814383.

Sikkema JM, van Rijn BB, Franx A, Bruinse HW, de Roos R, Stroes ES, et al. Placental superoxide is
increased in pre-eclampsia. Placenta. 2001; 22(4):304—8. https://doi.org/10.1053/plac.2001.0629
PMID: 11286565.

Berg K, Ericsson M, Lindgren M, Gustafsson H. A high precision method for quantitative measurements
of reactive oxygen species in frozen biopsies. PLoS One. 2014; 9(3):€90964. https://doi.org/10.1371/
journal.pone.0090964 PMID: 24603936; PubMed Central PMCID: PMCPMC3947958.

Yury Gorbanev Nicola S, O’Connell Deborah, Chechik Victor. Reactions of nitroxide radicals in aqueous
solutions exposed to non-thermal plasma: limitations of spin trapping of the plasma induced species.
Plasma Sources Sci Technol. 2016; 25.

Ewelina G, Krzysztof S, Marek M, Krzysztof K. Blood free Radicals Concentration Determined by Elec-
tron Paramagnetic Resonance Spectroscopy and Delayed Cerebral Ischemia Occurrence in Patients
with Aneurysmal Subarachnoid Hemorrhage. Cell Biochem Biophys. 2017; 75(3—4):351-8. https://doi.
org/10.1007/s12013-017-0820-7 PMID: 28948569; PubMed Central PMCID: PMCPMC5691099.

PLOS ONE | https://doi.org/10.1371/journal.pone.0202919 September 11,2018 12/14


https://doi.org/10.1007/s12288-012-0175-6
https://doi.org/10.1007/s12288-012-0175-6
http://www.ncbi.nlm.nih.gov/pubmed/23997449
https://doi.org/10.1016/j.bpobgyn.2010.10.016
http://www.ncbi.nlm.nih.gov/pubmed/21130690
https://doi.org/10.1111/aji.12454
http://www.ncbi.nlm.nih.gov/pubmed/26589876
https://doi.org/10.3389/fphys.2014.00372
https://doi.org/10.3389/fphys.2014.00372
http://www.ncbi.nlm.nih.gov/pubmed/25346691
https://doi.org/10.1111/aji.12653
https://doi.org/10.1111/aji.12653
http://www.ncbi.nlm.nih.gov/pubmed/28240397
https://doi.org/10.3389/fphys.2014.00310
https://doi.org/10.3389/fphys.2014.00310
http://www.ncbi.nlm.nih.gov/pubmed/25202276
https://doi.org/10.7860/JCDR/2015/15397.6833
http://www.ncbi.nlm.nih.gov/pubmed/26674673
https://doi.org/10.1152/ajpregu.00514.2016
https://doi.org/10.1152/ajpregu.00514.2016
http://www.ncbi.nlm.nih.gov/pubmed/28794106
https://doi.org/10.3109/10641955.2015.1060244
http://www.ncbi.nlm.nih.gov/pubmed/26362129
https://doi.org/10.17392/915-17
http://www.ncbi.nlm.nih.gov/pubmed/28786966
https://doi.org/10.1155/2017/4865756
http://www.ncbi.nlm.nih.gov/pubmed/28706575
https://doi.org/10.1371/journal.pone.0158672
https://doi.org/10.1371/journal.pone.0158672
http://www.ncbi.nlm.nih.gov/pubmed/27391949
https://doi.org/10.1016/j.freeradbiomed.2015.09.018
http://www.ncbi.nlm.nih.gov/pubmed/26453917
https://doi.org/10.3390/biom5020545
http://www.ncbi.nlm.nih.gov/pubmed/25906193
https://doi.org/10.1007/s00404-010-1728-2
http://www.ncbi.nlm.nih.gov/pubmed/20981433
https://doi.org/10.1053/plac.2001.0629
http://www.ncbi.nlm.nih.gov/pubmed/11286565
https://doi.org/10.1371/journal.pone.0090964
https://doi.org/10.1371/journal.pone.0090964
http://www.ncbi.nlm.nih.gov/pubmed/24603936
https://doi.org/10.1007/s12013-017-0820-7
https://doi.org/10.1007/s12013-017-0820-7
http://www.ncbi.nlm.nih.gov/pubmed/28948569
https://doi.org/10.1371/journal.pone.0202919

@° PLOS | ONE

Oxidative stress is linked to vascular function in healthy pregnancy and preeclampsia

21.

22,

23.

24,
25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Dikalov Sl, Li W, Mehranpour P, Wang SS, Zafari AM. Production of extracellular superoxide by human
lymphoblast cell lines: comparison of electron spin resonance techniques and cytochrome C reduction
assay. Biochem Pharmacol. 2007; 73(7):972-80. https://doi.org/10.1016/j.bcp.2006.12.012 PMID:
17222393; PubMed Central PMCID: PMCPMC1868485.

Tranquilli AL, Dekker G, Magee L, Roberts J, Sibai BM, Steyn W, et al. The classification, diagnosis and
management of the hypertensive disorders of pregnancy: A revised statement from the ISSHP. Preg-
nancy Hypertens. 2014; 4(2):97—104. https://doi.org/10.1016/].preghy.2014.02.001 PMID: 26104417.

Gielis JF, Boulet GA, Briede JJ, Horemans T, Debergh T, Kusse M, et al. Longitudinal quantification of
radical bursts during pulmonary ischaemia and reperfusion. Eur J Cardiothorac Surg. 2015; 48(4):622—
9. https://doi.org/10.1093/ejcts/ezu518 PMID: 25564212.

Sciences NIoEH,. Spin Trap Database available online at: http://tools.niehs.nih.gov/stdb/.

Gorbanev Y, Verlackt CCW, Tinck S, Tuenter E, Foubert K, Cos P, et al. Combining experimental and
modelling approaches to study the sources of reactive species induced in water by the COST RF
plasma jet. Phys Chem Chem Phys. 2018; 20(4):2797-808. https://doi.org/10.1039/c7cp07616a PMID:
29323371.

Urbina EM, Williams RV, Alpert BS, Collins RT, Daniels SR, Hayman L, et al. Noninvasive assessment
of subclinical atherosclerosis in children and adolescents: recommendations for standard assessment
for clinical research: a scientific statement from the American Heart Association. Hypertension. 2009;
54(5):919-50. https://doi.org/10.1161/HYPERTENSIONAHA.109.192639 PMID: 19729599.

Furukawa S, Nakajima A, Sameshima H. The longitudinal change of extracellular antioxidant status dur-
ing pregnancy using an electron spin resonance method. J Matern Fetal Neonatal Med. 2016; 29
(18):2994-9. https://doi.org/10.3109/14767058.2015.1112370 PMID: 26513493.

Little RE, Gladen BC. Levels of lipid peroxides in uncomplicated pregnancy: a review of the literature.
Reprod Toxicol. 1999; 13(5):347-52. PMID: 10560582.

Cetin I, Berti C, Mando C, Parisi F. Placental iron transport and maternal absorption. Ann Nutr Metab.
2011; 59(1):55-8. https://doi.org/10.1159/000332133 PMID: 22123640.

Casanueva E, Viteri FE. Iron and oxidative stress in pregnancy. J Nutr. 2003; 133(5 Suppl 2):1700S—
8S. https://doi.org/10.1093/jn/133.5.1700S PMID: 12730487.

Walter PB, Knutson MD, Paler-Martinez A, Lee S, Xu Y, Viteri FE, et al. Iron deficiency and iron excess
damage mitochondria and mitochondrial DNA in rats. Proc Natl Acad Sci U S A. 2002; 99(4):2264-9.
https://doi.org/10.1073/pnas.261708798 PMID: 11854522; PubMed Central PMCID: PMCPMC122353.

Martinez Garcia RM. Supplements in pregnancy: the latest recommendations. Nutr Hosp. 2016; 33
(Suppl 4):336. https://doi.org/10.20960/nh.336 PMID: 27571855.

Zein S, Rachidi S, Hininger-Favier |. Is oxidative stress induced by iron status associated with gesta-
tional diabetes mellitus? J Trace Elem Med Biol. 2014; 28(1):65-9. https://doi.org/10.1016/j.jtemb.
2013.09.009 PMID: 24238846.

Zein S, Rachidi Ss, Shami N, Sharara |, Cheikh-Ali K, Gauchez AS, et al. Association between iron
level, glucose impairment and increased DNA damage during pregnancy. J Trace Elem Med Biol. 2017;
43:52-7. https://doi.org/10.1016/j.jtemb.2016.11.006 PMID: 27916501.

Khalil A, Hardman L, P OB. The role of arginine, homoarginine and nitric oxide in pregnancy. Amino
Acids. 2015; 47(9):1715-27. https://doi.org/10.1007/s00726-015-2014-1 PMID: 26092522.

Ferguson KK, Meeker JD, McElrath TF, Mukherjee B, Cantonwine DE. Repeated measures of inflam-
mation and oxidative stress biomarkers in preeclamptic and normotensive pregnancies. Am J Obstet
Gynecol. 2017; 216(5):527 e1- €9. hitps://doi.org/10.1016/j.ajog.2016.12.174 PMID: 28043842;
PubMed Central PMCID: PMCPMC5420472.

Mannaerts D, Heyvaert S, De Cordt C, Macken C, Loos C, Jacquemyn Y. Are neutrophil/lymphocyte
ratio (NLR), platelet/lymphocyte ratio (PLR), and/or mean platelet volume (MPV) clinically useful as pre-
dictive parameters for preeclampsia? J Matern Fetal Neonatal Med. 2017:1-8. https://doi.org/10.1080/
14767058.2017.1410701 PMID: 29179639.

Szkandera J, Stotz M, Eisner F, Absenger G, Stojakovic T, Samonigg H, et al. External validation of the
derived neutrophil to lymphocyte ratio as a prognostic marker on a large cohort of pancreatic cancer
patients. PLoS One. 2013; 8(11):e78225. https://doi.org/10.1371/journal.pone.0078225 PMID:
24223776; PubMed Central PMCID: PMCPMC3817201.

Sari |, Sunbul M, Mammadov C, Durmus E, Bozbay M, Kivrak T, et al. Relation of neutrophil to lympho-
cyte and platelet to lymphocyte ratio with coronary artery disease severity in patients undergoing coro-
nary angiography. Kardiol Pol. 2015. Epub 2015/05/20. https://doi.org/10.5603/KP.a2015.0098 PMID:
25987404.

PLOS ONE | https://doi.org/10.1371/journal.pone.0202919 September 11,2018 13/14


https://doi.org/10.1016/j.bcp.2006.12.012
http://www.ncbi.nlm.nih.gov/pubmed/17222393
https://doi.org/10.1016/j.preghy.2014.02.001
http://www.ncbi.nlm.nih.gov/pubmed/26104417
https://doi.org/10.1093/ejcts/ezu518
http://www.ncbi.nlm.nih.gov/pubmed/25564212
http://tools.niehs.nih.gov/stdb/
https://doi.org/10.1039/c7cp07616a
http://www.ncbi.nlm.nih.gov/pubmed/29323371
https://doi.org/10.1161/HYPERTENSIONAHA.109.192639
http://www.ncbi.nlm.nih.gov/pubmed/19729599
https://doi.org/10.3109/14767058.2015.1112370
http://www.ncbi.nlm.nih.gov/pubmed/26513493
http://www.ncbi.nlm.nih.gov/pubmed/10560582
https://doi.org/10.1159/000332133
http://www.ncbi.nlm.nih.gov/pubmed/22123640
https://doi.org/10.1093/jn/133.5.1700S
http://www.ncbi.nlm.nih.gov/pubmed/12730487
https://doi.org/10.1073/pnas.261708798
http://www.ncbi.nlm.nih.gov/pubmed/11854522
https://doi.org/10.20960/nh.336
http://www.ncbi.nlm.nih.gov/pubmed/27571855
https://doi.org/10.1016/j.jtemb.2013.09.009
https://doi.org/10.1016/j.jtemb.2013.09.009
http://www.ncbi.nlm.nih.gov/pubmed/24238846
https://doi.org/10.1016/j.jtemb.2016.11.006
http://www.ncbi.nlm.nih.gov/pubmed/27916501
https://doi.org/10.1007/s00726-015-2014-1
http://www.ncbi.nlm.nih.gov/pubmed/26092522
https://doi.org/10.1016/j.ajog.2016.12.174
http://www.ncbi.nlm.nih.gov/pubmed/28043842
https://doi.org/10.1080/14767058.2017.1410701
https://doi.org/10.1080/14767058.2017.1410701
http://www.ncbi.nlm.nih.gov/pubmed/29179639
https://doi.org/10.1371/journal.pone.0078225
http://www.ncbi.nlm.nih.gov/pubmed/24223776
https://doi.org/10.5603/KP.a2015.0098
http://www.ncbi.nlm.nih.gov/pubmed/25987404
https://doi.org/10.1371/journal.pone.0202919

@° PLOS | ONE

Oxidative stress is linked to vascular function in healthy pregnancy and preeclampsia

40.

M.

42,

43.

Demir M, Demir C. Neutrophil/lymphocyte ratio in patients with atrial septal aneurysm. Vasc Health Risk
Manag. 2013; 9:365-8. Epub 2013/08/01. https://doi.org/10.2147/VHRM.S48778 PMID: 23901279;
PubMed Central PMCID: PMCPmc3720573.

Khalil A, Jauniaux E, Cooper D, Harrington K. Pulse wave analysis in normal pregnancy: a prospective
longitudinal study. PLoS One. 2009; 4(7):e6134. https://doi.org/10.1371/journal.pone.0006134 PMID:
19578538; PubMed Central PMCID: PMCPMC2700961.

Macedo ML, Luminoso D, Savvidou MD, McEniery CM, Nicolaides KH. Maternal wave reflections and
arterial stiffness in normal pregnancy as assessed by applanation tonometry. Hypertension. 2008; 51
(4):1047-51. https://doi.org/10.1161/HYPERTENSIONAHA.107.106062 PMID: 18259025.

Jacquemyn'Y, Ajaji M, Karepouan N. Vitamin D levels in maternal serum and umbilical cord blood in a
multi-ethnic population in Antwerp, Belgium. Facts Views Vis Obgyn. 2013; 5(1):3-5. PMID: 24753923;
PubMed Central PMCID: PMCPMC3987348.

PLOS ONE | https://doi.org/10.1371/journal.pone.0202919 September 11,2018 14/14


https://doi.org/10.2147/VHRM.S48778
http://www.ncbi.nlm.nih.gov/pubmed/23901279
https://doi.org/10.1371/journal.pone.0006134
http://www.ncbi.nlm.nih.gov/pubmed/19578538
https://doi.org/10.1161/HYPERTENSIONAHA.107.106062
http://www.ncbi.nlm.nih.gov/pubmed/18259025
http://www.ncbi.nlm.nih.gov/pubmed/24753923
https://doi.org/10.1371/journal.pone.0202919

