
 

 

 University of Groningen

Systemic Oxidative Stress in Severe Early-Onset Fetal Growth Restriction Associates with
Concomitant Pre-Eclampsia, Not with Severity of Fetal Growth Restriction
Feenstra, Marjon E.; Bourgonje, Martin F.; Bourgonje, Arno R.; Schoots, Mirthe H.;
Hillebrands, Jan-Luuk; Muller Kobold, Anneke C.; Prins, Jelmer R.; van Goor, Harry;
Ganzevoort, Wessel; Gordijn, Sanne J.
Published in:
Antioxidants

DOI:
10.3390/antiox13010046

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2023

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Feenstra, M. E., Bourgonje, M. F., Bourgonje, A. R., Schoots, M. H., Hillebrands, J.-L., Muller Kobold, A.
C., Prins, J. R., van Goor, H., Ganzevoort, W., & Gordijn, S. J. (2023). Systemic Oxidative Stress in Severe
Early-Onset Fetal Growth Restriction Associates with Concomitant Pre-Eclampsia, Not with Severity of
Fetal Growth Restriction. Antioxidants, 13(1), Article 46. https://doi.org/10.3390/antiox13010046

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

https://doi.org/10.3390/antiox13010046
https://research.rug.nl/en/publications/aeb5ab5c-5ca4-4141-bbe3-a0eaa85d5bb2
https://doi.org/10.3390/antiox13010046


Citation: Feenstra, M.E.; Bourgonje,

M.F.; Bourgonje, A.R.; Schoots, M.H.;

Hillebrands, J.-L.; Muller Kobold,

A.C.; Prins, J.R.; van Goor, H.;

Ganzevoort, W.; Gordijn, S.J. Systemic

Oxidative Stress in Severe Early-Onset

Fetal Growth Restriction Associates

with Concomitant Pre-Eclampsia, Not

with Severity of Fetal Growth

Restriction. Antioxidants 2024, 13, 46.

https://doi.org/10.3390/

antiox13010046

Academic Editor: Silvia M. Arribas

Received: 21 November 2023

Revised: 15 December 2023

Accepted: 21 December 2023

Published: 26 December 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

antioxidants

Article

Systemic Oxidative Stress in Severe Early-Onset Fetal Growth
Restriction Associates with Concomitant Pre-Eclampsia,
Not with Severity of Fetal Growth Restriction
Marjon E. Feenstra 1, Martin F. Bourgonje 2 , Arno R. Bourgonje 2 , Mirthe H. Schoots 2 ,
Jan-Luuk Hillebrands 2 , Anneke C. Muller Kobold 3 , Jelmer R. Prins 1, Harry van Goor 2 , Wessel Ganzevoort 4

and Sanne J. Gordijn 1,*

1 Department of Gynecology and Obstetrics, University Medical Center Groningen, University of Groningen,
9713 GZ Groningen, The Netherlands; m.e.feenstra@umcg.nl (M.E.F.); j.r.prins@umcg.nl (J.R.P.)

2 Department of Pathology and Medical Biology, University Medical Center Groningen, University of
Groningen, 9713 GZ Groningen, The Netherlands; m.f.bourgonje@umcg.nl (M.F.B.);
a.r.bourgonje@umcg.nl (A.R.B.); m.h.schoots@umcg.nl (M.H.S.); j.l.hillebrands@umcg.nl (J.-L.H.);
h.van.goor@umcg.nl (H.v.G.)

3 Department of Laboratory Medicine, University Medical Center Groningen, University of Groningen,
9713 GZ Groningen, The Netherlands; a.c.muller@umcg.nl

4 Department of Gynecology and Obstetrics, Amsterdam University Medical Centers, Amsterdam
Reproduction and Development Research Institute, University of Amsterdam, 1105 AZ Amsterdam,
The Netherlands; j.w.ganzevoort@amsteramumc.nl

* Correspondence: s.j.gordijn@umcg.nl; Tel.: +31-5036131080

Abstract: Background: Placental insufficiency is an important mechanism underlying early-onset fetal
growth restriction (eoFGR). Reduced placental function causes impaired metabolic and gaseous ex-
change. This unfavorable placental environment is among other processes characterized by increased
oxidative stress. Systemic free thiols (FT) are known for their reactive oxygen species scavenging
capacity, and higher plasma levels of FT are associated with a better outcome in a multitude of
ischemic and inflammatory diseases. We aimed to investigate the relationships between systemic
FT levels and maternal and perinatal clinical characteristics and outcomes. Study design: In a post
hoc analysis of the Dutch Strider study, a cohort of women with eoFGR, we investigated the associ-
ation between the maternal redox status (FT) levels at study inclusion, placental biomarkers, and
maternal and neonatal outcomes in 108 patients. Results: FT were significantly lower in pregnancies
complicated with eoFGR with concurrent maternal hypertensive disorders (pregnancy-induced hy-
pertension; ρ = −0.281 p = 0.004, pre-eclampsia; ρ = −0.505 p = 0.000). In addition, lower FT levels
were significantly associated with higher systolic (ρ = −0.348 p = 0.001) and diastolic blood pressure
(ρ = −0.266 p = 0.014), but not with the severity of eoFGR. FT levels were inversely associated with sFlt
(ρ = −0.366, p < 0.001). A strong relation between systemic FT levels and PlGF levels was observed in
women with pre-eclampsia at delivery (ρ = 0.452, p = 0.002), which was not found in women without
hypertensive disorders (ρ = 0.008, p = 0.958). Conclusions: In women with pregnancies complicated
with eoFGR, FT levels reflect the severity of maternal disease related to the underlying placental
insufficiency rather than the severity of the placental dysfunction as reflected in eoFGR or perinatal
outcomes.

Keywords: oxidative stress; redox status; biomarkers; fetal growth restriction; free thiols; placental in-
sufficiency

1. Introduction

Early-onset fetal growth restriction (eoFGR, <32 weeks of gestation) is a rare condition,
affecting 0.3% of all pregnancies [1]. The disorder is associated with (iatrogenic) preterm
birth and a range of adverse perinatal and long-term outcomes, including stillbirth, neonatal
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morbidity and mortality, neurodevelopmental disorders, and a higher risk of metabolic
syndrome in adult life [2–5]. eoFGR often coincides with the development of maternal
hypertensive disease during pregnancy, including severe early-onset pre-eclampsia, which
aligns with shared underlying placental pathology. In normal placental development, first
trimester remodeling of maternal spiral arteries results in a low-resistance, high-volume
flow in the intervillous space for optimal nutrient and oxygen supply to the fetus [6–8].
Inadequate/superficial remodeling results in maternal vascular malperfusion (MVM) in
the placenta [7,9–11]. The inadequate remodeling results in early intervillous perfusion
under relative high pressure, which leads to ischemia-reoxygenation damage and altered
villous vascular development with impaired metabolic and gaseous exchange between
mother and fetus [12,13]. Fetal malnutrition and hypoxia result in small fetal size, abnormal
vascular resistance, and compensatory mechanisms to preserve the function of the most
vital organs, as seen in Doppler flow profiles and abnormal fetal heart rate patterns [14,15].
The unfavorable placental condition results in altered cellular homeostasis with increased
apoptosis and senescence [16,17]. The associated increase in placental waste products in
the maternal circulation induces a maternal endothelial response that can be clinically
recognized as pre-eclampsia (Figure 1) [18].
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Oxidative stress is evidenced by increased levels of reactive oxygen species (ROS) [19].
Systemic free thiols (FT) are known for their ROS scavenging capacity and are an important
component of the in vivo antioxidant buffer capacity, thereby playing a protective role
against oxidative stress [20–22]. Oxidative stress can be systemically detected by the
depletion of plasma FT, since these are readily oxidized by ROS. Reduced levels of FT
are frequently observed in human diseases that are typically associated with oxidative
stress (e.g., chronic kidney disease, chronic heart failure, diabetes, cancer, systemic sclerosis,
and inflammatory bowel disease), while higher concentrations of FT are associated with a
more favorable outcome in healthy individuals, patients with chronic heart failure, and
renal transplant recipients [23–25]. Furthermore, systemic levels of FT show an inverse
relationship with hypertension in the general population [26]. PlGF is used as a marker for
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syncytiotrophoblast remodeling and is known as a biomarker for pre-eclampsia. Inadequate
remodeling of the spiral arteries could lead to hypoxia-reoxygenation damage and an
environment that increases placental oxidative stress [27,28]. sFlt is known to increase with
endothelial dysfunction in the placenta, which could subsequently increase oxidative stress.
Both sFlt and PlGF are implemented biomarkers of FGR and pre-eclampsia [27,29].

We hypothesized that plasma FT, as a marker of systemic oxidative stress, has merit as
a read-out of the chance and severity of developing adverse outcomes in eoFGR and the
interaction with (development of) maternal hypertensive disorders. This has been studied
for pregnancies complicated by pre-eclampsia but not for eoFGR [21,30].

Therefore, we aimed to investigate the interrelationships between systemic FT levels
and maternal and perinatal clinical characteristics and outcomes, including the develop-
ment of maternal hypertensive disease and the extent of eoFGR.

2. Materials and Methods

This study was a post hoc analysis of the Dutch STRIDER trial, including all partici-
pants with available maternal blood samples at study inclusion prior to the initiation of
study medication [31].

2.1. Original Study Design

The Dutch Sildenafil TheRapy In Dismal prognosis Early-onset fetal growth Restriction
(STRIDER) study was a placebo-controlled randomized clinical trial in 11 centers in the
Netherlands. The study evaluated the use of sildenafil citrate as a therapy for eoFGR.
Sildenafil citrate is a phosphodiesterase type 5 inhibitor that blocks the inactivation of
cyclic guanosine monophosphate (cGMP) in vascular smooth muscle cells, increasing
NO-mediated vasodilation [31–33]. The study methods have been described in detail
elsewhere [31]. In summary, pregnant women between 20 weeks and 0 days and 29 weeks
and 6 days of gestation with eoFGR were randomized to receive sildenafil citrate 25 mg
three times daily or a placebo. eoFGR was defined as an abdominal circumference below
the 3rd percentile or the estimated fetal weight (EFW) below the 5th percentile, combined
with either unilateral or bilateral notching of the uterine artery, the Pulsatility Index (PI) of
the umbilical artery above the 95th percentile, the PI of the middle cerebral artery below
the 5th percentile, or the presence of a maternal hypertensive disorder until 27 weeks and 6
days of gestation. From a gestational age of 28 weeks on, eoFGR was defined as an EFW
of less than 700 g, combined with, as previously stated, Doppler anomalies and/or the
presence of maternal hypertensive disorder. The EFW was calculated by using the Hadlock
equation.

The Dutch STRIDER was halted prior to completion (after inclusion of 216 cases of 354
intended, Figure 2) based on an interim analysis revealing more pulmonary hypertension
in the infants born in the sildenafil citrate group in the context of futility (no reasonable
potential for a net positive effect on perinatal outcomes). Sildenafil citrate compared with
placebo did not reduce the risk of perinatal mortality or major neonatal morbidity, in line
with the observations in simultaneous STRIDER trials in other countries. For the current
post hoc analysis, 108 women with eoFGR were included, from whom maternal blood
samples at inclusion were available for analysis. We used all relevant clinical characteristics.
For the EFW and abdominal circumference, absolute values have been used because most
EFW and abdominal circumference for gestational age (EFW and abdominal percentile)
values are below the 1st percentile. The birth weight ratio was calculated as the ratio of the
observed birth weight with the median birth weight for the gestational age at birth.



Antioxidants 2024, 13, 46 4 of 15

Antioxidants 2024, 13, x FOR PEER REVIEW 4 of 15 
 

 
Figure 2. Consort flow diagram of original Dutch STRIDER randomized controlled trial [2]. 

2.2. Serum Sample Collection 
In a subset of centers with a biomaterial storage facility, maternal serum samples (n 

= 108) of all participants were collected at study inclusion before the start of the interven-
tion and stored at −80 °C until the current secondary analysis of FT. All samples available 
were used for this study. FT levels have been presented as continuous values.  

  

Figure 2. Consort flow diagram of original Dutch STRIDER randomized controlled trial [2].

2.2. Serum Sample Collection

In a subset of centers with a biomaterial storage facility, maternal serum samples
(n = 108) of all participants were collected at study inclusion before the start of the interven-
tion and stored at −80 ◦C until the current secondary analysis of FT. All samples available
were used for this study. FT levels have been presented as continuous values.

2.3. Laboratory Measurements

FT concentrations were measured as described previously. (34) After thawing, samples
were four-fold diluted using 0.1 M Tris buffer (pH 8.2). Background absorption was
determined at 412 nm using the Varioskan microplate reader (Thermo-Scientific, Breda, The
Netherlands), alongside a reference measurement at 630 nm. Next, 20 µL of 1.9 mM 5,5′-
dithio-bis-2-nitrobenzoic acid (DTNB, Ellman’s reagent, CAS no. 69-78-3, Sigma-Aldrich
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Corporation, St. Louis, MO, USA) was added to the samples in 0.1 M phosphate buffer.
After 20 min of incubation at room temperature, the sample absorbance was measured
again. Final concentrations of plasma FT were established by parallel measurement of an
L-cysteine calibration curve (CAS no. 51-90-4, Fluka Biochemika, Buchs, Switzerland) in
a concentration range of 15.6–1000 µM in 0.1 M Tris/10 mM EDTA (pH 8.2). Intra- and
inter-assay coefficients of variation were all below 10%.

Placental growth factor (PlGF) and soluble fms-like tyrosine kinase (sFlt) levels were
measured on the Kryptor immunoassay (Thermo Fisher Scientific) and compared with the
fifth percentile of a reference population (i.e., 106.54 pg/mL) [34].

2.4. Statistical Analysis

Baseline characteristics of the study population were presented as mean ± standard
deviation (SD), median (interquartile range, IQR), or proportions n with percentages (%).
Normality assessment was performed by visual inspection of histograms and normal prob-
ability (Q–Q) plots. Comparisons between groups for continuous variables were performed
using independent sample t-tests or Mann–Whitney U tests (depending on normality),
while for nominal variables, chi-square tests or Fisher’s exact tests were performed, as
appropriate. Correlations between continuous variables were calculated using Spearman’s
rank correlation coefficients (ρ).

Data analysis was performed using SPSS (Statistics 28.0 software package, (SPSS
Inc., Chicago, IL, USA) and the Python programming language (v.3.8.8, Python Software
Foundation, https://www.python.org, accessed on 5 May 2023) using the pandas (v.1.2.3)
and numpy (v.1.20.0) packages. Data visualization was performed using the seaborn
(v.0.11.1) and matplotlib (v.3.4.1) packages. Two-tailed p-values < 0.05 were considered
statistically significant.

2.5. Ethical Considerations

Ethical approval for the STRIDER study was given on 22 July 2014 (2014-131). Trial
registration number: ClinicalTrials.gov identifier: NCT02277132 (registered 29 September 2014).

3. Results
3.1. Cohort Characteristics

The clinical characteristics of this cohort are presented in Table 1. Blood samples
were available from 108 of the 216 women (50%) included in the original trial. Baseline
characteristics of the women in this cohort and the original Dutch STRIDER RCT cohort
are given in Supplementary Table S2 [31].

Table 1. Clinical characteristics. Data are presented in proportions n with corresponding percentages
(%) or median with IQR unless stated otherwise in the table. Abbreviations: BMI, body mass index
(calculated as weight in kilograms divided by height in meters squared). The estimated fetal weight
(EFW) was calculated by using the Hadlock equation. Pre-eclampsia was defined as gestational
hypertension accompanied by one or more of the following new-onset conditions at or after 20 weeks’
gestation: 1. Proteinuria 2. Other maternal organ dysfunctions 3. Uteroplacental dysfunction [35]. #
Study medication was given after the collection of maternal blood.

Baseline (n = 108)

Maternal

Age (years) 32 (±5)

BMI (kg/m2) 24.5 (±6.1)

https://www.python.org
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Table 1. Cont.

Baseline (n = 108)

Ethnicity

- Caucasian
- African
- Asian
- Other

80 (79.2%)
11 (10.9%)

3 (3.0%)
14 (13%)

Current smoker 8 (7.6%)

Low-dose aspirin usage 10 (9.5%)

Gestational hypertension 23 (21.9%)

Pre-eclampsia 21 (20%)

Systolic blood pressure (mm Hg) 134 (±41)

Diastolic blood pressure (mm Hg) 84 (±24)

Sildenafil # 52 (50.5%)

FetaI

Gestational age (weeks + days, IQR) 24 + 3 (23 + 3 to 25 + 3)

Estimated fetal weight (grams) 517.2 (±338.3)

Abdominal circumference (mm) 171.3 (±42.3)

Umbilical artery p > p95 61 (59.2%)

Middle cerebral artery pulsatility index: <p5 58 (59.8%)

Birth outcomes

Gestational hypertension 73 (67.6%)

Gestational hypertension developed after
inclusion 40 (37.0%)

Pre-eclampsia 43 (39.8%)

Pre-eclampsia developed after inclusion 22 (20.4%)

Onset of labor

Spontaneous 9
(8.6%, 5 stillbirths)

Induction of labor 35
(32.4%, 24 stillbirths)

Prelabour cesarean section 61
(58.1%, 0 stillbirths)

Indication for induced delivery (n = 96)

Maternal 23 (24%)

Fetal indication 73 (76%)

Mode of delivery

Spontaneous vaginal delivery 40
(38.1%, 29 stillbirths)

Instrumental vaginal delivery 1
(1.0%, 0 stillbirths)

Caesarean section 64
(61%, 0 stillbirths)

Neonatal outcomes

Gestational age at delivery (weeks + days) 28 + 3 (21 to 38)

Birthweight (g) 1170 (±1215)
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Table 1. Cont.

Baseline (n = 108)

Birthweight ratio 0.5583 (±0.136)

Stillbirth 29 (27.6%)

Male sex 58 (53.7%)

Cord pH is arterial 7.3 (±0.10)

Cord pH: venous 7.4 (±0.13)

Birthweight below p10 86 (96.6%)

Birthweight below p3 77 (86.5%)

Persistent pulmonary hypertension 8/79 (10.1%)

Necrotizing enterocolitis 9/79 (11.3%)

Early-onset sepsis 5/79 (6.3%)

Late-onset sepsis 20/79 (25.3%)

Periventricular leukomalacia grade ≥ 3 0/79 (0%)

Intraventricular hemorrhage grade ≥ 3 2/79 (2.5%)

Neonatal death 18/79 (22.7%)

3.2. Oxidative Stress: Plasma Free Thiols (FT) as a Biomarker

At inclusion, lower FT levels were associated with pre-eclampsia (ρ = −0.505 p < 0.001)
but not with gestational hypertension (ρ = −0.085 p = 0.383), whereas the lower FT levels at
inclusion were associated with both maternal hypertensive disorders and the development
of pre-eclampsia (ρ = −0.313 p = 0.002, Figure 3B) and gestational hypertension (ρ = −0.281
p = 0.004, Figure 3A). Overall, lower FT levels were associated with higher blood pressure
[both systolic blood pressure (ρ = −0.348 p = 0.001, Figure 3C) and diastolic blood pressure
(ρ = −0.266 p = 0.012, Figure 3D)] and with increased levels of proteinuria (ρ = −0.660 p =
0.004, Supplementary Table S1). A later gestational age was associated with lower FT levels
(ρ = −0.343 p < 0.001) (Supplementary Table S1), as were higher EFW in grams (ρ = −0.450
p < 0.001), and larger fetal abdominal circumference in mm (ρ = −0.404 p < 0.001).

FT levels were not associated with abnormal uterine artery flow profiles, fetal Doppler
flow patterns, or birthweight ratio (ρ = −0.149, p = 0.131) (Figure 4D–E, Supplementary
Table S1).
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Figure 3. FT levels in relation to maternal hypertensive disorders. (A–D) FT levels were associated
with maternal hypertensive disorders in pregnancy. (A,B) Pregnant women with either hypertension
or pre-eclampsia at inclusion (A) and time of delivery (B) had lower levels of free thiols compared to
women without (development of) hypertension or PE in pregnancies. Black dots resemble individual
cases. Boxplots were drawn according to the Tukey method, with inner boundaries defined as the
25th/75th percentiles ± 1.5 IQR. (C,D) Systolic and diastolic blood pressure at baseline were inversely
associated with plasma free thiol levels in pregnancy. *** p < 0.001. Abbreviations: FGR; fetal growth
restriction; PE; pre-eclampsia; FT; total free thiols; PIH; pregnancy-induced hypertension.
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Figure 4. FT levels in relation to fetal outcomes. (A–E) FT levels in relation to fetal characteristics.
(A) Gestational age at inclusion in the Dutch STRIDER study. (B,C) Estimated fetal weight (EFW)
in grams and fetal abdominal circumference (AC) in mm at inclusion. (D,E) Pulsatility index of the
umbilical artery (UA) and middle cerebral artery (MCA) at inclusion. Abbreviations: FGR, fetal
growth restriction; PE, pre-eclampsia; FT, total free thiols.

FT levels did not differ between different modes of delivery, but lower FT levels
were significantly associated with induction of labor and prelabor caesarean section for
maternal indication (e.g., hypertension, pre-eclampsia, and HELLP, ρ = 0.270, p = 0.007,
Supplementary Table S1). FT levels did not differ between live births and stillbirths (ρ
= −0.051, p = 0.603) or neonatal deaths. FT levels were not associated with birthweight
(ρ = 0.056, p = 0.473), neonatal length (ρ = −0.103, p = 0.473), head circumference (ρ =
0.159, p = 0.301) at birth, placental weight (ρ = 0.090, p = 0.989), or any individual type of
neonatal morbidity (Figure 5A–G). Maternal demographics, BMI, and fetal sex were also
not associated with FT levels (Supplementary Table S1).
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levels and PlGF levels in women with pre-eclampsia at delivery (ρ = 0.452, p = 0.002), 
which was not found in women without hypertensive disorders (ρ = 0.008, p = 0.958, Fig-
ure 6B). 

Figure 5. (A–G) FT levels in neonatal adverse outcomes. (A–G) FT levels did not significantly differ
across common neonatal pathologies. Boxplots demonstrating distributions of free thiol levels in
the presence and absence of common neonatal pathologies, including early sepsis (A), necrotizing
enterocolitis (NEC) (B), periventricular leukomalacia (PVL) (C), intraventricular hemorrhage (IVH)
(D), persistent pulmonary hypertension of the newborn (PPHN) (E), retinopathy of prematurity (ROP)
(F), and neonatal death (G). Boxplots were drawn according to the Tukey method, with inner fences
defined as the 25th/75th percentiles ± 1.5 IQR. Black dots represent individual cases. Significances
were calculated according to Mann–Whitney U-tests with post hoc Bonferroni correction for multiple
comparisons. Abbreviations: FT, free thiols; ns, non-significant.

We observed significant associations between systemic FT levels and the biomarkers
sFlt and PlGF (Figure 6). sFlt levels were inversely related to systemic FT levels in all
women in this cohort with and without pre-eclampsia at the time of delivery (ρ = −0.366, p
< 0.001, Figure 6A). Similarly, we observed a strong relationship between systemic FT levels
and PlGF levels in women with pre-eclampsia at delivery (ρ = 0.452, p = 0.002), which was
not found in women without hypertensive disorders (ρ = 0.008, p = 0.958, Figure 6B).
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Figure 6. s-Flt and PIGF in relation to FT and maternal outcomes: focusing on maternal hypertensive
disorders. (A,B) Plasma-free thiols (FT) were associated with sFlt and PlGF levels as classical
biomarkers of FGR/PE. Both s-Flt and PlGF were nominally significantly associated with plasma FT
levels in the full study cohort.

4. Discussion

In women with pregnancies complicated by eoFGR, FT levels did not differentiate
between the severity of eoFGR or the perinatal outcomes. FT levels differentiated between
those with and without pre-eclampsia, both known at the time of diagnosis or developing
later, the development of maternal hypertensive disorders, and the subsequent induction
of labor due to maternal hypertensive disorders. FT levels are strongly related to PlGF
levels and inversely related to sFlt levels. We conclude from these results that systemic
oxidative stress in pregnancies complicated by eoFGR with concurrent (development of)
maternal hypertensive disorders is likely to be a reflection of the maternal vascular status
and (development- and severity-related) hypertensive disease related to the development
of placental disease resulting in eoFGR rather than the severity of the placental dysfunction
in response to the underlying placental disorder.

eoFGR is known for the coexistence of (and development of) maternal hypertensive
disorders with the commonality in the predominant underlying pathophysiological pro-
cess of impaired spiral artery remodeling in early gestation, resulting in placental MVM,
ischemia-reperfusion damage, and increased placental senescence [35]. Among women
with early-onset pre-eclampsia, FGR is seen in more than 90%, and among women with
eoFGR, hypertension is seen in approximately 50% [3]. These sequelae were also observed
in our study, and therefore, if women are diagnosed with eoFGR, they can be considered
to be at very high risk for the development of hypertensive disease if they are not already
present at the time of diagnosis.

For this study, FT levels in maternal serum samples at the study inclusion of the Dutch
STRIDER cohort were used. Because samples were taken before the start of the admission
of sildenafil citrate or placebo and because the study arm allocation had no effect on the
relevant outcomes, we assume that treatment allocation had no effect on our analyses.
Unfortunately, no maternal blood samples were taken after inclusion.

The selection of the subpopulation for the post hoc analysis was based on the insti-
tutional availability of maternal blood samples and storage facilities and may therefore
reflect some population or practice variation that is likely to have a limited influence on the
outcomes of this analysis.
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Our findings that systemic oxidative stress is mainly related to maternal hypertension
and not a reflection of pathophysiological processes in the placenta are consistent with
previous observations of the relationship between FT levels and the development of hyper-
tension in the general population [23]. Also, a previous pilot study conducted in our center
showed similar results [34].

We conclude that FT can potentially differentiate pregnancies complicated by eoFGR
with or without the development of maternal hypertensive disease. The strong associations
between maternal hypertensive disorders and systemic oxidative stress correspond well to
what is known about the pathophysiology of hypertension [36,37]. More known placental
biomarkers (PLGF and sFlt-1) show a strong association with FT. sFlt levels were inversely
related to systemic FT levels in all women in this cohort with and without pre-eclampsia
at the time of delivery. Similarly, we observed a strong relationship between systemic FT
levels and PlGF levels in women with pre-eclampsia at delivery, which was not found in
women without hypertensive disorders. Which corresponds with current literature [29].
Therefore, FT could possibly be used as an addition to a biochemical profile in pregnancy
with the more known placental biomarkers.

More research needs to be performed to investigate if FT could be used in eoFGR as a
predictor for the development of pre-eclampsia and hypertensive disease or in pregnancies
with women at risk for eoFGR with and without pre-eclampsia. And more research is
needed if sequential measurements could be used for a prediction of delivery indication
on maternal grounds. This cohort lacked healthy controls, and there is no current liter-
ature about the predictive value of FT for pre-eclampsia or hypertension in pregnancy.
Prospective cohorts of various risk profiles linking FT levels to complications of pregnancy
would be valuable future research. Tan et al., (2018) describe a screening program for
pre-eclampsia (SPREE). They state that screening approaches for pre-eclampsia in the
low-risk/high risk/very high population currently recommended are poor and could be
improved by adding biomarkers such as PlGF [27,29]. In our current high-risk cohort, FT
levels have similar predictive features. Therefore, we suggest that more research into using
FT levels as a biomarker in screening panels could be useful in assessing risk profiles for
maternal hypertensive disorders to improve screening and subsequent pregnancy manage-
ment. The current study provides a basis for the potential use of FT in screening panels but
is not sufficient for its implementation in clinical practice.

The strength of this study is that it was a prospectively collected cohort of eoFGR from
the patients of the Dutch STRIDER study, for whom blood samples were available. Given
that this disorder is rare, the size of the cohort was substantial. Also, the number analyzed
was higher than in previously published studies, and the prospective data quality was
high [34].

Some limitations need to be mentioned. The total number of samples (n = 108) was
limited to the cases in which blood samples were collected in centers with the capability
to store the maternal blood samples. The resulting potential for selection bias is probably
limited because selection was not patient-specific. Another limitation of this study is that
we did not have a control group without FGR matched for gestational age at delivery. Also,
we have no information from subsequent samples after study inclusion and near delivery
to analyze the effect of sildenafil and changes in systemic oxidative stress. Also, we could
not relate FT levels just before birth to neonatal outcomes because we did not take blood
samples at delivery or umbilical cord blood to analyze systemic oxidative stress in the
neonate. And last, we measured only one of the many markers of oxidative stress, thereby
potentially missing some of the nuance of the changes in the redox constellation, and due
to limited serum samples, FT levels could not be corrected for albumin.

5. Conclusions

Increased systemic oxidative stress, as represented in this current study by low FT
levels in maternal serum samples in eoFGR pregnancies, is associated with the maternal
syndrome but not with the severity of the fetal consequences of the placental dysfunction.
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These results help to understand the pathophysiology of eoFGR with and without maternal
hypertensive disorders.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antiox13010046/s1. Table S1. Correlations between plasma-free
thiols at study inclusion. Correlations between continuous variables were calculated using Spear-
man’s rank correlation coefficients (ρ). Table S2. Clinical characteristics of the current cohort and the
original cohort of the Dutch STRIDER study. Data are presented in proportions n with corresponding
percentages (%) or Standard Deviation (), unless stated otherwise in the table. Abbreviations: BMI,
body mass index (calculated as weight in kilograms divided by height in meters squared). Estimated
fetal weight (EFW) was calculated by using the Hadlock equation. Pre-eclampsia was defined as
gestational hypertension accompanied by one or more of the following new-onset conditions at or
after 20 weeks’ gestation: 1. Proteinuria 2. Other maternal organ dysfunctions 3. Uteroplacental
dysfunctions (32) # Study medication was given after the collection of maternal blood.

Author Contributions: S.J.G., W.G. and H.v.G. were primarily responsible for the study design.
M.E.F. wrote the draft manuscript, and M.F.B. and A.R.B. edited the manuscript. J.-L.H. and A.C.M.K.
contributed to the conduction of labarotory measurement. S.J.G., W.G., H.v.G., M.E.F., M.F.B., M.H.S.,
J.R.P. and A.R.B. contributed to data analysis. S.J.G., W.G., H.v.G., M.E.F., M.F.B., M.H.S., J.R.P.,
A.C.M.K. and A.R.B. provided expertise, interpreted results, and commented on the manuscript.
All authors contributed to the editing of the manuscript. All authors have read and agreed to the
published version of the manuscript.

Funding: The trial and this post hoc study were funded by the Netherlands Organization for Health
Research and Development (ZonMw project No. 836021023). Thermo Fisher Scientific provided test
kits free of charge.

Institutional Review Board Statement: Ethical approval for the STRIDER study was given on 22 July
2014 (2014-131). Trial registration number: ClinicalTrials.gov; identifier: NCT02277132 (registered 29
September 2014).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study.

Data Availability Statement: Data are available upon request. Correspondence and requests for
materials should be addressed to S.J.G. or W.G.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Spencer, R.; Rossi, C.; Lees, M.; Peebles, D.; Brocklehurst, P.; Martin, J.; Hansson, S.R.; Hecher, K.; Marsal, K.; Figueras, F.; et al.

Achieving orphan designation for placental insufficiency: Annual incidence estimations in Europe. BJOG Int. J. Obstet. Gynaecol.
2018, 126, 1157–1167. [CrossRef] [PubMed]

2. Pels, A.; Beune, I.M.; Van Wassenaer-Leemhuis, A.G.; Limpens, J.; Ganzevoort, W. Early-onset fetal growth restriction: A
systematic review on mortality and morbidity. Acta Obstet. Gynecol. Scand. 2019, 99, 153–166. [CrossRef] [PubMed]

3. Kovo, M.; Schreiber, L.; Ben-Haroush, A.; Gold, E.; Golan, A.; Bar, J. The placental component in early-onset and late-onset
preeclampsia in relation to fetal growth restriction. Prenat. Diagn. 2012, 32, 632–637. [CrossRef] [PubMed]

4. Kovo, M.; Schreiber, L.; Elyashiv, O.; Ben-Haroush, A.; Abraham, G.; Bar, J. Pregnancy Outcome and Placental Findings in
Pregnancies Complicated by Fetal Growth Restriction with and without Preeclampsia. Reprod. Sci. 2014, 22, 316–321. [CrossRef]
[PubMed]

5. Beebe, L.A.; Cowan, L.D.; Altshuler, G. The epidemiology of placental features: Associations with gestational age and neonatal
outcome. Obstet. Gynecol. 1996, 87, 771–778. [CrossRef] [PubMed]

6. Kovo, M.; Schreiber, L.; Ben-Haroush, A.; Cohen, G.; Weiner, E.; Golan, A.; Bar, J. The placental factor in early- and late-onset
normotensive fetal growth restriction. Placenta 2013, 34, 320–324. [CrossRef] [PubMed]

7. Silver, R.M. Examining the link between placental pathology, growth restriction, and stillbirth. Best Pract. Res. Clin. Obstet.
Gynaecol. 2018, 49, 89–102. [CrossRef]

8. Spinillo, A.; Gardella, B.; Adamo, L.; Muscettola, G.; Fiandrino, G.; Cesari, S. Pathologic placental lesions in early and late fetal
growth restriction. Acta Obstet. Gynecol. Scand. 2019, 98, 1585–1594. [CrossRef]

9. Burton, G.J.; Jauniaux, E. Pathophysiology of placental-derived fetal growth restriction. Am. J. Obstet. Gynecol. 2018, 218,
S745–S761. [CrossRef]

https://www.mdpi.com/article/10.3390/antiox13010046/s1
https://www.mdpi.com/article/10.3390/antiox13010046/s1
https://doi.org/10.1111/1471-0528.15590
https://www.ncbi.nlm.nih.gov/pubmed/30576053
https://doi.org/10.1111/aogs.13702
https://www.ncbi.nlm.nih.gov/pubmed/31376293
https://doi.org/10.1002/pd.3872
https://www.ncbi.nlm.nih.gov/pubmed/22565848
https://doi.org/10.1177/1933719114542024
https://www.ncbi.nlm.nih.gov/pubmed/25001023
https://doi.org/10.1016/0029-7844(95)00483-1
https://www.ncbi.nlm.nih.gov/pubmed/8677084
https://doi.org/10.1016/j.placenta.2012.11.010
https://www.ncbi.nlm.nih.gov/pubmed/23395459
https://doi.org/10.1016/j.bpobgyn.2018.03.004
https://doi.org/10.1111/aogs.13699
https://doi.org/10.1016/j.ajog.2017.11.577


Antioxidants 2024, 13, 46 14 of 15

10. Bustamante Helfrich, B.; Chilukuri, N.; He, H.; Cerda, S.R.; Hong, X.; Wang, G.; Pearson, C.; Burd, I.; Wang, X. Maternal vascular
malperfusion of the placental bed associated with hypertensive disorders in the Boston Birth Cohort. Placenta 2017, 52, 106–113.
[CrossRef]

11. Romero, R.; Kim, Y.M.; Pacora, P.; Kim, C.J.; Benshalom-Tirosh, N.; Jaiman, S.; Bhatti, G.; Kim, J.-S.; Qureshi, F.; Jacques, S.M.;
et al. The frequency and type of placental histologic lesions in term pregnancies with normal outcome. JPME 2018, 46, 613–630.
[CrossRef]

12. Wright, E.; Audette, M.C.; Ye, X.Y.; Keating, S.; Hoffman, B.; Lye, S.J.; Shah, P.S.; Kingdom, J.C. Maternal Vascular Malperfusion
and Adverse Perinatal Outcomes in Low-Risk Nulliparous Women. Obstet. Gynecol. 2017, 130, 1112–1120. [CrossRef] [PubMed]

13. Vedmedovska, N.; Rezeberga, D.; Teibe, U.; Melderis, I.; Donders, G.G. Placental pathology in fetal growth restriction. Eur. J.
Obstet. Gynecol. Reprod. Biol. 2011, 155, 36–40. [CrossRef] [PubMed]

14. Tajik, P.; van Wyk, L.; Boers, K.E.; le Cessie, S.; Zafarmand, M.H.; Roumen, F.; van der Post, J.A.; Porath, M.; van Pampus, M.G.;
Spaanderdam, M.E.; et al. Which intrauterine growth restricted fetuses at term benefit from early labour induction? A secondary
analysis of the DIGITAT randomised trial. Eur. J. Obstet. Gynecol. Reprod. Biol. 2013, 172, 20–25. [CrossRef] [PubMed]

15. Aditya, I.; Tat, V.; Sawana, A.; Mohamed, A.; Tuffner, R.; Mondal, T. Use of Doppler velocimetry in diagnosis and prognosis of
intrauterine growth restriction (IUGR): A Review. J. Neonatal. Perinatal. Med. 2016, 9, 117–126. [CrossRef] [PubMed]

16. Burton, G.J.; Hempstock, J.; Jauniaux, E. Oxygen, early embryonic metabolism and free radical-mediated embryopathies. Reprod.
Biomed. Online 2003, 6, 84–96. [CrossRef] [PubMed]

17. Fogarty, N.M.; Ferguson-Smith, A.C.; Burton, G.J. Syncytial Knots (Tenney-Parker Changes) in the Human Placenta: Evidence of
loss of transcriptional activity and oxidative damage. Am. J. Pathol. 2013, 183, 144–152. [CrossRef]

18. Burton, G.J.; Redman, C.W.; Roberts, J.M.; Moffett, A. Pre-eclampsia: Pathophysiology and clinical implications. BMJ 2019, 366,
l2381. [CrossRef]

19. Burton, G.J.; Jauniaux, E. Oxidative stress. Best Pract. Res. Clin. Obstet. Gynaecol. 2011, 25, 287–299. [CrossRef]
20. Turell, L.; Radi, R.; Alvarez, B. The thiol pool in human plasma: The central contribution of albumin to redox processes. Free.

Radic. Biol. Med. 2013, 65, 244–253. [CrossRef]
21. Raijmakers, M.T.; Roes, E.M.; Poston, L.; Steegers, E.A.; Peters, W.H. The transient increase of oxidative stress during normal

pregnancy is higher and persists after delivery in women with pre-eclampsia. Eur. J. Obstet. Gynecol. Reprod. Biol. 2008, 138, 39–44.
[CrossRef] [PubMed]

22. Bos, M.; Schoots, M.H.; Fernandez, B.O.; Mikus-Lelinska, M.; Lau, L.C.; Eikmans, M.; van Goor, H.; Gordijn, S.J.; Pasch, A.;
Feelisch, M.; et al. Reactive Species Interactome Alterations in Oocyte Donation Pregnancies in the Absence and Presence of
Pre-Eclampsia. Int. J. Mol. Sci. 2019, 20, 1150. [CrossRef] [PubMed]

23. Abdulle, A.E.; Bourgonje, A.R.; Kieneker, L.M.; Koning, A.M.; Gemert, S.l.B.-V.; Bulthuis, M.L.C.; Dijkstra, G.; Faber, K.N.;
Dullaart, R.P.F.; Bakker, S.J.L.; et al. Serum free thiols predict cardiovascular events and all-cause mortality in the general
population: A prospective cohort study. BMC Med. 2020, 18, 130. [CrossRef] [PubMed]

24. Koning, A.M.; Meijers, W.C.; Pasch, A.; Leuvenink, H.G.; Frenay, A.-R.S.; Dekker, M.M.; Feelisch, M.; de Boer, R.A.; van Goor, H.
Serum free thiols in chronic heart failure. Pharmacol. Res. 2016, 111, 452–458. [CrossRef] [PubMed]

25. Frenay, A.-R.S.; De Borst, M.; Bachtler, M.; Tschopp, N.; Keyzer, C.A.; van den Berg, E.; Bakker, S.J.; Feelisch, M.; Pasch, A.; van
Goor, H. Serum free sulfhydryl status is associated with patient and graft survival in renal transplant recipients. Free. Radic. Biol.
Med. 2016, 99, 345–351. [CrossRef]

26. Bourgonje, A.R.; Bourgonje, M.F.; Post, A.; Gemert, S.l.B.-V.; Kieneker, L.M.; Bulthuis, M.L.; Gordijn, S.J.; Gansevoort, R.T.; Bakker,
S.J.; Mulder, D.J.; et al. Systemic oxidative stress associates with new-onset hypertension in the general population. Free. Radic.
Biol. Med. 2022, 187, 123–131. [CrossRef] [PubMed]

27. Tan, M.Y.; Wright, D.; Syngelaki, A.; Akolekar, R.; Cicero, S.; Janga, D.; Singh, M.; Greco, E.; Wright, A.; Maclagan, K.; et al.
Comparison of diagnostic accuracy of early screening for pre-eclampsia by NICE guidelines and a method combining maternal
factors and biomarkers: Results of SPREE. Ultrasound Obstet. Gynecol. 2018, 51, 743–750. [CrossRef]

28. Cuffe, J.S.; Holland, O.; Salomon, C.; Rice, G.E.; Perkins, A.V. Review: Placental derived biomarkers of pregnancy disorders.
Placenta 2017, 54, 104–110. [CrossRef]

29. Tan, M.Y.; Syngelaki, A.; Poon, L.C.; Rolnik, D.L.; O’Gorman, N.; Delgado, J.L.; Akolekar, R.; Konstantinidou, L.; Tsavdaridou, M.;
Galeva, S.; et al. Screening for pre-eclampsia by maternal factors and biomarkers at 11-13 weeks’ gestation. Ultrasound Obstet.
Gynecol. 2018, 52, 186–195. [CrossRef]

30. Raijmakers, M.T.M.; Zusterzeel, P.L.M.; Roes, E.M.; Steegers, E.A.P.; Mulder, T.P.J.; Peters, W.H.M. Oxidized and free whole blood
thiols in preeclampsia. Obstet. Gynecol. 2001, 97, 272–276.

31. Pels, A.; Derks, J.; Elvan-Taspinar, A.; van Drongelen, J.; de Boer, M.; Duvekot, H.; van Laar, J.; van Eyck, J.; Al-Nasiry, S.; Sueters,
M.; et al. Maternal Sildenafil vs Placebo in Pregnant Women with Severe Early-Onset Fetal Growth Restriction: A Randomized
Clinical Trial. JAMA Netw. Open 2020, 3, e205323. [CrossRef] [PubMed]

32. Groom, K.M.; Mccowan, L.M.; Mackay, L.K.; Lee, A.C.; Gardener, G.; Unterscheider, J.; Sekar, R.; Dickinson, J.E.; Muller, P.;
Reid, R.A.; et al. STRIDER NZAus: A multicentre randomised controlled trial of sildenafil therapy in early-onset fetal growth
restriction. BJOG Int. J. Obstet. Gynaecol. 2019, 126, 997–1006. [CrossRef] [PubMed]

https://doi.org/10.1016/j.placenta.2017.02.016
https://doi.org/10.1515/jpm-2018-0055
https://doi.org/10.1097/AOG.0000000000002264
https://www.ncbi.nlm.nih.gov/pubmed/29016509
https://doi.org/10.1016/j.ejogrb.2010.11.017
https://www.ncbi.nlm.nih.gov/pubmed/21183268
https://doi.org/10.1016/j.ejogrb.2013.10.014
https://www.ncbi.nlm.nih.gov/pubmed/24192662
https://doi.org/10.3233/NPM-16915132
https://www.ncbi.nlm.nih.gov/pubmed/27197939
https://doi.org/10.1016/S1472-6483(10)62060-3
https://www.ncbi.nlm.nih.gov/pubmed/12626148
https://doi.org/10.1016/j.ajpath.2013.03.016
https://doi.org/10.1136/bmj.l2381
https://doi.org/10.1016/j.bpobgyn.2010.10.016
https://doi.org/10.1016/j.freeradbiomed.2013.05.050
https://doi.org/10.1016/j.ejogrb.2007.08.005
https://www.ncbi.nlm.nih.gov/pubmed/17826887
https://doi.org/10.3390/ijms20051150
https://www.ncbi.nlm.nih.gov/pubmed/30845762
https://doi.org/10.1186/s12916-020-01587-w
https://www.ncbi.nlm.nih.gov/pubmed/32456645
https://doi.org/10.1016/j.phrs.2016.06.027
https://www.ncbi.nlm.nih.gov/pubmed/27378569
https://doi.org/10.1016/j.freeradbiomed.2016.08.024
https://doi.org/10.1016/j.freeradbiomed.2022.05.020
https://www.ncbi.nlm.nih.gov/pubmed/35636658
https://doi.org/10.1002/uog.19039
https://doi.org/10.1016/j.placenta.2017.01.119
https://doi.org/10.1002/uog.19112
https://doi.org/10.1001/jamanetworkopen.2020.5323
https://www.ncbi.nlm.nih.gov/pubmed/32585017
https://doi.org/10.1111/1471-0528.15658
https://www.ncbi.nlm.nih.gov/pubmed/30779295


Antioxidants 2024, 13, 46 15 of 15

33. Sharp, A.; Cornforth, C.; Jackson, R.; Harrold, J.; Turner, M.A.; Kenny, L.C.; Baker, P.N.; Johnstone, E.D.; Khalil, A.; von Dadelszen,
P.; 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. [CrossRef] [PubMed]

34. Schoots, M.H.; Bourgonje, M.F.; Bourgonje, A.R.; Prins, J.R.; van Hoorn, E.G.; Abdulle, A.E.; Kobold, A.C.M.; van der Heide, M.;
Hillebrands, J.-L.; van Goor, H.; et al. Oxidative stress biomarkers in fetal growth restriction with and without preeclampsia.
Placenta 2021, 115, 87–96. [CrossRef]

35. Kovo, M.; Bar, J.; Schreiber, L.; Shargorodsky, M. The relationship between hypertensive disorders in pregnancy and placental
maternal and fetal vascular circulation. J. Am. Soc. Hypertens. 2017, 11, 724–729. [CrossRef]

36. Konukoglu, D.; Uzun, H. Endothelial Dysfunction and Hypertension. Adv. Exp. Med. Biol. 2017, 956, 511–540.
37. Yannoutsos, A.; Levy, B.I.; Safar, M.E.; Slama, G.; Blacher, J. Pathophysiology of hypertension: Interactions between macro and

microvascular alterations through endothelial dysfunction. J. Hypertens. 2014, 32, 216–224. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/S2352-4642(17)30173-6
https://www.ncbi.nlm.nih.gov/pubmed/30169244
https://doi.org/10.1016/j.placenta.2021.09.013
https://doi.org/10.1016/j.jash.2017.09.001
https://doi.org/10.1097/HJH.0000000000000021

	Introduction 
	Materials and Methods 
	Original Study Design 
	Serum Sample Collection 
	Laboratory Measurements 
	Statistical Analysis 
	Ethical Considerations 

	Results 
	Cohort Characteristics 
	Oxidative Stress: Plasma Free Thiols (FT) as a Biomarker 

	Discussion 
	Conclusions 
	References

