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ARTICLE INFO ABSTRACT
Keywords: Introduction: An elevated sFlt-1/PIGF ratio in preeclampsia (PE) directly impairs endothelial cell (EC) meta-
Preeclampsia bolism, leading to increased lactate dehydrogenase (LDH) release, lipid peroxidation, and mitochondrial

sFlt-1/PIGF ratio
Angiogenic imbalance
Metabolism

Metabolites
Mitochondrial dysfunction

dysfunction. This may reflect a distinct metabolite profile which correlates with systemic maternal metabolic
dysregulation, as evidenced by the association between circulating sFlt-1 and succinate/glycine levels.
Methods: A cross-sectional case-control study was performed on plasma of PE patients (n = 54) in addition to an
in vitro study using ECs. We correlated plasma metabolite profiles (by nuclear magnetic resonance-based
metabolomics) with sFlt-1 levels (by Enzyme-Linked Immunosorbent Assay). Mechanistically, we examined
the impact of varying sFlt-1/PIGF ratios on EC function and metabolism after 24 h, assessing cell viability,
cytotoxicity, proliferation, oxidative stress-related damage (lipid peroxidation and nitration), and real-time
mitochondria function and metabolic profiles.

Results: In pregnant women with PE, circulating sFlt-1 levels positively correlated with succinate and glycine
levels, but not significantly with lactate or glucose. In vitro, as sFlt-1/PIGF ratios, increased EC damage (LDH
release) and oxidative stress-related damage (4-hydroxy-2-nonenal) increased dose-dependently. High sFlt-1/
PIGF ratios also increased mitochondrial spare respiratory capacity, suggesting a compensatory mechanism.
Metabolomics revealed metabolic reprogramming in ECs exposed to varying sFlt-1/PIGF ratios, with significant
alterations in lactate, succinate, glucose, and glycine levels.

Discussion: These correlations and in vitro changes suggest a mechanistic link between sFlt-1/PIGF ratios,
oxidative stress-related damage, and metabolic reprogramming in ECs, which could be targeted for therapeutics.
Furthermore, the identification of succinate and glycine as key metabolites associated with sFlt-1 levels and sFlt-
1/PIGF ratios may provide novel biomarkers for disease risk stratification and/or monitoring PE progression.
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1. Introduction

Preeclampsia (PE) is a hypertensive disorder of pregnancy, charac-
terized by multiorgan system damage in the liver, kidney, and brain,
often accompanied by proteinuria, coagulation complications, pulmo-
nary edema, and/or neurological manifestations. This condition arises
from abnormal placentation, which can lead to fetal growth restriction,
low birth weight, and/or preterm birth. Globally, PE increases perinatal
and maternal morbidity and mortality, affecting 2-8 % of pregnancies
[1].

The pathogenesis of PE remains incompletely understood, but a
crucial imbalance between pro- and anti-angiogenic factors has been
identified [2]. This imbalance is characterized by an excess of
anti-angiogenic factors, such as soluble fms-like tyrosine kinase 1
(sFlt-1), relative to pro-angiogenic factors, such as vascular endothelial
growth factor (VEGF) and placental growth factor (PIGF) [3-5]. sFlt-1
binds to VEGF and PIGF, effectively reducing their availability. An in-
crease in circulating sFlt-1 is thought to occur due to placental hypoxia,
which in turn decreases the concentrations of free VEGF and PIGF [6].

PE is associated with increased levels of circulating sFlt-1, which is
primarily responsible for endothelial dysfunction, and decreased PIGF
levels. This imbalance not only precedes the clinical onset of the disease,
but also persists throughout its course [7]. sFlt-1 levels typically increase
approximately 4-6 weeks before PE manifestation, while PIGF levels
decrease simultaneously [8,9]. Consequently, the sFlt-1/PIGF ratio is
believed to be a more reliable tool for PE prediction than the individual
measurements of these markers [7,10-12]. An imbalance of angiogenic
factors (increased sFlt-1 and decreased PIGF) is strongly implicated in PE
development [3-5]. The sFlt-1/PIGF ratio has shown efficacy in early
detection and complication prevention, but it has yet to be adopted as a
diagnostic standard for PE. Thus, investigating this ratio’s impact on
endothelial cell (EC) metabolism and oxidative stress is crucial for un-
derstanding PE pathogenesis and improving its diagnosis and manage-
ment. A prospective, international, observational study (PROGNOSIS
study) evaluated the use of an sFlt-1/PIGF ratio cut-off threshold to rule
out (within one week) or rule in (within four weeks) PE, eclampsia, or
HELLP syndrome [10]. This study demonstrated that an sFlt-1/PIGF
ratio equal to or below 38 has a 99.3 % probability of no PE develop-
ment. Furthermore, a retrospective study with 1117 patients revealed
that women who presented with signs and symptoms of PE had a
significantly higher median sFlt-1/PIGF ratio (177; interquartile range,
54-362) compared with those without these outcomes (14; interquartile
range 4-64) [13]. An elevated sFlt-1/PIGF ratio is implicated in the
pathological changes observed in PE, such as oxidative [14,15] and
endoplasmic reticulum stress [16], as well as alterations in maternal
endothelial responses [17]. Shinohara et al. also showed a correlation
between the sFlt-1/PIGF ratio and severe negative consequences in PE,
suggesting its use in assessing risk and managing women diagnosed with
early-onset PE [18]. Furthermore, in vitro studies using umbilical ar-
teries have shown that the sFlt-1/PIGF ratio directly influences vascular
tone during pregnancy [19].

Mitochondrial dysfunction, characterized by reduced ATP produc-
tion and increased reactive oxygen species (ROS) generation, is
increasingly recognized as a key factor in PE development. Placental-
derived factors, including inflammatory cytokines, anti-angiogenic fac-
tors, extracellular vesicles, debris, and cell-free fetal DNA, contribute to
mitochondrial anomalies and endothelial dysfunction [20-22]. In PE, a
vicious cycle of mitochondrial dysfunction and oxidative stress perpet-
uates endothelial damage [23,24]. This is critical in the placenta, a
metabolically active organ highly dependent on glucose (responsible for
30 % of maternal blood glucose uptake), where ATP production is
dynamically regulated and influenced by several factors. The rate of
glucose uptake in the placenta depends on ATP production via oxidative
phosphorylation, which is influenced by placental structure, perme-
ability, fetal growth, and placental weight [25].

Therefore, to investigate the clinical impact of the angiogenic
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imbalance in PE, we correlated maternal plasma metabolic profiles with
sFlt-1 levels, aiming to identify a systemic metabolic signature of the
disease. In parallel, we explored the mechanistic underpinnings of this
association by examining the impact of varying sFlt-1/P1GF ratios (low,
medium, and high) on EC function and metabolism.

2. Materials and methods
2.1. Study population

This cross-sectional case-control study was approved by the Institu-
tional Review Board from the Ribeirao Preto Medical School of the
University of Sao Paulo, Brazil (FMRP/USP, protocol code
37738620.0.0000.5440, on October 19, 2020). The procedures were
conducted in compliance with both the Declaration of Helsinki and the
applicable institutional policies and regulations for studies involving
human subjects. At clinical attendance, participants were recruited
voluntarily, and all provided written informed consent. If there were
pregnant women under the age of 18, their parents or legal guardians
were required to give written consent. For research purposes, we
accessed the clinical data of the samples archived on July 13, 2023. We
enrolled a total of 54 preeclamptic pregnant women from the Depart-
ment of Obstetrics and Gynecology, University Hospital of the Ribeirao
Preto Medical School (HCFMRP). The diagnostic criteria of PE included
hypertension (systolic blood pressure >140 mmHg and/or diastolic
blood pressure >90 mmHg) in women previously normotensive after 20
weeks of gestation accompanied by proteinuria. In the absence of pro-
teinuria, hypertension with symptoms of damage to the end-organs was
considered. [1]. Pregnancies with fetal or hemostatic abnormalities,
chronic hypertension, cancer, diabetes mellitus, cardiovascular condi-
tions, or autoimmune, renal, or hepatic diseases were excluded.

2.2. Plasma collection and determination of circulating sFlt-1 levels

Upon PE diagnosis, venous blood was collected into sterile tubes with
10 U/mL EDTA (Becton Dickinson-BD Vacutainer; BD Biosciences,
Franklin Lakes, NJ, USA). Tubes were centrifuged at 1500 g for plasma
separation, and aliquots were stored at — 80 °C. Circulating sFlt-1 levels
were quantified in duplicate using a commercially available Enzyme-
Linked Immunosorbent Assay (ELISA) kit (Catalog number: DVR100B,
R&D Systems, Minneapolis, MN, USA) following manufacturer’s
instructions.

2.3. Cell culture and incubation with varying sFlt-1/PIGF ratios

Human umbilical vein endothelial cells (HUVEC) (Ea.hy926 — CLS,
Eppelheim, Germany) were cultured in Dulbecco’s Modified Eagle Me-
dium (DMEM/F12, Gibco, Massachusetts, USA) at 5 % CO; supple-
mented with 10 % (v/v) fetal bovine serum (FBS), 100 IU/mL penicillin,
100 pg/mL streptomycin and 2 mmol/L L-glutamine (Sigma-Aldrich,
San Luis, USA). At 80 % confluence cells were incubated for 24 h in
medium containing sFlt-1/PIGF (R&D Systems/Bio-Techne, Milan, Italy,
catalog numbers: 3516-FL-050 and 264-PGB-010) at following concen-
trations: 1.6 (sFlt-1: 10 ng/mL and PIGF: 6 ng/mL), 33.3 (sFlt-1: 1000
ng/mL and PIGF: 30 ng/mL) or 85.7 (sFlt-1: 1800 ng/mL and PIGF: 21
ng/mL). These concentrations were based on the use of the sFlt1/PIGF
ratios for short-term prediction and confirmation of PE [26]. All treat-
ment groups were compared with untreated ECs cultured under iden-
tical conditions, which served as the baseline control. All experiments
were performed in three biological replicates and five technical repli-
cates, except for the real-time mitochondrial function analyses and
NMR-based metabolomics (Figs. 3 and 4, where four biological repli-
cates and five biological replicates were conducted, respectively). For
statistical analysis, the average of the technical replicates was calculated
and used as the representative value of each biological replicate.
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2.4. Assessments of cell viability and proliferation

The viability of the ECs was assessed by using the MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) reduction
assay (Merck) as described previously [27]. Absorbance was measured
at 570 and 655 nm on a BioTek Synergy HT microplate multi-reader
(BioTek, Vermont, USA). The proliferation of ECs was assessed using
the Sulforhodamine B (SRB) colorimetric assay (Thermo Fisher - Mas-
sachusetts, USA). In brief, 5x10* cells were cultured per well in a 24-well
plate until reaching 60-70 % confluence. After 24 h of incubation with
the different treatments, the cells were fixed with a 1 % acetic acid so-
lution in 99 % methanol for at least 1 h at —20 °C. Then, the cells were
incubated with a 0.05 % SRB solution prepared with 1 % acetic acid in
water for 1 h at 37 °C. After washing the cells with 1 % acetic acid so-
lution and solubilized with 10 mmol/L Tris solution (pH 10). Then, 100
pL of supernatant was transferred to a 96-well plate and absorbance was
determined at 490 nm using a BioTek Synergy HT microplate reader
(BioTek).

2.5. Lactate dehydrogenase (LDH) cytotoxicity assay

Extracellular LDH activity was determined by using commercial
LDH-CytoxTM Assay Kit (Thermo Fisher), following the manufacturer’s
instructions. In brief, after 24 h treatment, 100 pL of supernatant was
transferred to a 96-well plate and then 100 pL LDH assay substrate was
added to all samples and left in the dark at 37 °C for 30 min. The
absorbance of all samples was then measured at 490 nm using the Bio-
Tek Synergy HT microplate reader (BioTek).

2.6. Protein extraction

For protein extraction, 1.50 — 5x10° cells were seeded in 6-well
plates and treated with sFlt-1/PIGF ratios for 24 h. Following treat-
ment, cells were detached and collected by centrifugation (500xg; 10
min). Total protein was then extracted from the pelleted cells using
radioimmunoprecipitation assay (RIPA) supplemented with a 1 % pro-
tease inhibitor cocktail and 10 mmol/L sodium orthovanadate. In brief,
50 pL of supplemented RIPA buffer were added to the pelleted cells and
the resuspended samples were subjected to gentle shaking at 4 °C for 20
min. A Pierce™ Microplate BCA Protein Assay kit (Thermo Fisher) was
used for protein quantification in the protein extracts according to the
manufacturer’s instructions. Different concentrations of bovine serum
albumin (BSA, Thermo Fisher) were used as standards for calibration.
Absorbance was measured at 560 nm using the BioTek Synergy HT
microplate multi-reader (BioTek).

2.7. Analyses of protein nitration and lipid peroxidation

To measure protein nitration and lipid peroxidation, the slot-blot
technique was used. Protein extracts from each sample were diluted to
a concentration of 0.05 pg/pL using PBS and transferred to a poly-
vinylidene difluoride — PVDF membrane (Merck). The membrane was
previously activated for 1 min in methanol, 5 min in distilled HyO, and
15 min in PBS. The technique was performed using a Hybrid-Slot
manifold system (Biometra, Gottingen, Germany). The membrane was
then blocked for 60 min with 5 % non-fat milk and incubated overnight
with rabbit anti-3-nitrotyrosine (1:1000 — Cell Signaling, Massachusetts,
USA) and goat anti-4-hydroxynonenal (1:2500 — Abcam, Cambridge,
UK). The immunoreactive proteins were detected with a goat anti-rabbit
IgG-HRP secondary antibody (1:5000 - Abcam). The membrane was
then reacted with WesternBright™ ECL (Advansta, Menlo Park, CA,
USA) and visualized on the Chemidoc MP Imaging System (Bio-Rad,
California, USA). The densities of each band were obtained with Image
Lab Software 5.1 (Bio-Rad).
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2.8. Real-time analysis of mitochondrial function

To assess mitochondrial function in real-time, 7.5 x 10* cells were
seeded in Seahorse XF24 cell culture microplates (Agilent Technologies,
Texas, USA) with standard growth medium; at 70-80 % confluence. The
cells were then incubated for 24 h with the different treatment condi-
tions. After the incubation period, the culture medium was exchanged
for the assay medium (XF DMEM base medium supplemented with 2
mmol/L glutamine, 1 mmol/L pyruvate, and 10 mmol/L glucose) for 40
min at 37 °C in a non-CO; incubator. The oxygen consumption rate
(OCR) was then measured using a Seahorse XF Analyzer, following the
mitochondrial stress test protocol. The assay included a basal mea-
surement phase, followed by sequential injections of oligomycin (1.5
pmol/L), FCCP (1 pmol/L), and a combination of rotenone and anti-
mycin A (0.5 pmol/L each). Three OCR readings were recorded after
each injection, with 8-min intervals between measurements, totaling
100-120 min per assay. Although extracellular acidification rate (ECAR)
data were collected in parallel, they were not included in the present
analysis. The data from the experiments were normalized to protein
concentration, after cell lysis using the RIPA buffer and protein quan-
tification with BCA protein assay (Thermo Fisher). Each condition was
analyzed in duplicate, and all calculations were done using the Seahorse
Analytics software (Agilent Technologies). The results were normalized
with the mean of the control (fold variation to control).

2.9. NMR-based metabolomics

All plasma samples were thawed at 4 °C. Next, 200 pL of deuterated
water (D20) was added to each 300 pL of individual plasma samples.
Subsequently, the resulting solution was transferred to a 5 mm nuclear
magnetic resonance tube, and the samples were analyzed on a Bruker
Ascend™ 600 MHz spectrometer (Bruker Corporation, Billerica, MA,
USA) equipped with a room-temperature TXI-Z triple inverse probe.
One-dimensional 'H NMR spectra were acquired using a NOESY pre-
saturation pulse sequence (noesygpprld), which provides excellent
water suppression and is optimal for quantitative metabolomics studies.
The parameters included a recycle delay of 4 s, mixing time of 150
milliseconds, 128 scans, and the collection of 64 k complex data points
within a spectral width of 20 ppm. Post-acquisition, the free induction
decay (FID) measurement was multiplied by an exponential function
with 1 Hz line-broadening, followed by Fourier transform. The CPMG
(Carr-Purcell-Meiboom Gill) pulse sequence was also employed with a
200 loop for T2 filter, effectively suppressing macromolecule signals.
This sequence shared similar parameters with the noesyld experiment,
encompassing a recycle delay of 4 s, 128 scans, and 64 k complex data
points.

Culture media samples were prepared by mixing 480 pL of post-
treatment culture medium and 120 pL of a 10 mmol/L sodium fuma-
rate in 0.2 mol/L phosphate buffer deuterated water solution, pH 7.0
(Sigma-Aldrich, St. Louis, MO, USA). 1D-'H NMR spectra were acquired
on a 500 MHz Bruker Avance III HD spectrometer equipped with a 5 mm
TXI probe (Bruker Corporation, Billerica, MA, USA) 298 K. Spectra were
acquired using a water-suppressed zgpr pulse sequence, sweep width of
14 ppm, 7 s relaxation delay, 2.3 s acquisition time, 30° pulse angle and
128 scans. Bruker Topsin 3.5 (Bruker Corporation) was used for the
acquisition and processing of the NMR spectra. A line broadening of 0.2
Hz was applied to the FID before the Fourier transform. Spectra were
manually phased, baseline corrected, and chemical shifts were inter-
nally referenced to the fumarate signal at 6.50 ppm. Sodium fumarate
was used as an internal standard for metabolite quantification. For
metabolite identification, two-dimensional 1H-H TOCSY (Total Corre-
lation Spectroscopy) and 'H-13C HSQC (Heteronuclear Single Quantum
Coherence) spectra were acquired from randomly selected samples. The
data processing involved the use of TopSpin software version 3.2
(Bruker Corporation), including Fourier transforms on FID signals, as
well as phase and baseline corrections. Further refinement, including
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reference and manual inspection of the spectra, was carried out in
MestReNova 14.2.2 (2021 Mestrelab Research S.L.). Metabolite identi-
fication spanned amino acids, ketone bodies, fatty acids, and polar
molecules facilitated by Chenomx NMR Suite software version 9.02
(Chenomx Inc., Edmonton, AB, Canada). This involved comparing peak
spectra, chemical shifts (in ppm), and scalar couplings (J) with the
Spectral Reference Library of the software, aligning with the conditions
under which the data was acquired, including pH, temperature, and
NMR field strength. When signals were not cataloged in the Chenomx
software database, the Human Metabolome Database (HMDB) [28] was
referenced.

2.10. Integrated statistical and data analyses

Statistical analyses were performed using the parametric one-way
ANOVA test followed by Bonferroni’s test after performing the
normality test. Values of clinical characteristics are given as mean +
standard deviation for parametric variables; median [minimum -
maximum] for non-parametric variables; and absolute numbers (fre-
quency in percentage) for categorical variables. Pearson correlation test
was employed to evaluate the relationship between plasma sFlt-1 levels
and ten circulating metabolites (acetate, alanine, glucose, glutamine,
glycine, isoleucine, lactate, succinate, tyrosine, valine). Results with a p-
value <0.05 were considered significant. GraphPad Prism version 9.5
(GraphPad Software Inc., San Diego, CA, USA) was used to perform
these analyses. Metabolomics data were Pareto scaled before further
analysis. Chemometric analyses comprising principal component anal-
ysis (PCA) and partial least squares discriminant analysis (PLS-DA) were
employed. A variable importance in projection (VIP) score was gener-
ated, visually representing the significance of specific metabolites in
distinguishing the experimental groups. A threshold higher than 1.0 was
considered relevant. To compare differences in cell media metabolite
concentrations between experimental groups, we conducted univariate
analyses using one-way ANOVA followed by Fisher’s post-hoc tests, with
a p-value <0.05. All chemometric and univariate analyses were con-
ducted using the online software MetaboAnalyst, versions 5.0 and 6.0
(http://www.metaboanalyst.ca/).

3. Results
3.1. Clinical features of PE in pregnant women
Table 1 shows the clinical characteristics of the PE patients included

Table 1
Clinical and demographic characteristics of the PE cohort (n = 54).

Parameter PE cohort (n = 54)
Age (years) 288 +7.1
Primiparity (%) 16 (32)

BMI (kg/m?) 33.7 + 6.7

SBP (mmHg) 140 [110-200]
DBP (mmHg) 80 [60-130]

HR (bpm) 80 [60-96]

AST (U/L) 16 [5-54]
Creatinine (mg/dL) 0.7 [0.4-2.9]

24 h Pr (mg/24 h) 431 [302-5945]
Plasma sFlt-1 (ng/mL) 9.9 [0.3-32]
GAD (weeks) 37 [22-41]
Newborn Weight (g) 2915 [400-4235]
APGAR Score 1 (1 min) < 7 (%) 13 (28.3)
APGAR Score 2 (5 min) < 7 (%) 2(4.4)

Abbreviations: 24 h Pr, 24 h proteinuria; AST, aspartate transaminase; BMI,
body mass index; DBP, diastolic blood pressure; GAD, gestational age at de-
livery; HR, heart rate; SBP, systolic blood pressure. Values are given as mean
+ standard deviation for parametric variables; median [minimum -
maximum] for non-parametric variables; and absolute numbers (frequency in
percentage) for categorical variables.
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in the study. Thirty-two percent (n = 16) were primiparous. While all
participants met the diagnostic criteria for PE, some had blood pressure
readings below 140/90 mmHg due to the use of antihypertensive
medications, including methyldopa, nifedipine, and/or hydralazine. The
median systolic blood pressure (SBP) was 140 mmHg, ranging from 110
to 200 mmHg. The median diastolic blood pressure (DBP) was 80
mmHg, ranging from 60 to 130 mmHg. The median 24 h-proteinuria
was 431 mg, with a wide range from 302 to 5945 mg, reflecting the
varying severity of proteinuria in PE. The median plasma sFlt-1 level was
9.9 pg/ml, ranging from 0.3 to 20.6 pg/mL. The median gestational age
at delivery was 37 weeks, ranging from 22 to 41 weeks, indicating a mix
of preterm and term deliveries. Twenty-eight-point three percent (n =
13) of newborns had an Apgar score at 1 min of less than 7, while 4.4 %
(n = 2) had an Apgar score at 5 min of less than 7. This data reflects
potential complications associated with PE and premature birth.

3.2. Plasma succinate and glycine levels positively correlated with sFlt-1
levels in PE pregnant women

Correlation analyses were performed between circulating levels of
the sFlt-1 and plasma levels of ten quantified metabolites in women with
PE. Of these, four metabolites—lactate, succinate, glucose, and glyci-
ne—are presented here, as they were also found to be altered in
conditioned media from the ECs cultured with varying sFlt-1/PIGF ra-
tios. Lactate levels in women with PE tended to increase with higher sFlt-
1 levels, although this positive correlation did not reach statistical sig-
nificance (r = 0.26, p = 0.07) (Fig. 1A). A positive correlation was
observed between succinate and sFlt-1 levels (r = 0.40, p = 0.004)
(Fig. 1B). Conversely, no correlation was found between glucose and
sFlt-1 levels (r —0.09, p = 0.52) (Fig. 1C). Glycine levels also
demonstrated a statistically significant positive correlation with sFlt-1
(r = 0.33, p = 0.02) (Fig. 1D). All data represent individual patient
values with lines of best fit and 95 % confidence intervals (CIs) shown.
Correlation results for the remaining six quantified metabolites, all of
which were not correlated with sFlt-1 (p > 0.05), are provided in Sup-
plementary Table S1.

3.3. Increased sFlt-1/PIGF ratios induce EC damage and oxidative stress

To explore the mechanistic underpinnings of the association between
sFlt-1 levels and plasma metabolite concentrations in women with PE,
we examined the impact of varying sFlt-1/PIGF ratios (low, medium,
and high) on EC function and metabolism. While data points are scat-
tered across the different ratios, neither cell viability nor proliferation
appear to be substantially affected by changes in sFlt-1/PIGF ratio, as the
mean values for all conditions remain close to 1.0. However, we
detected a clear dose-dependent increase in LDH release with increasing
the sFlt-1/PIGF ratios (Fig. 2A). As the sFlt-1/PIGF ratio increases, there
was a significant elevation in LDH release at the highest ratio, indicative
of increased cellular damage. To investigate the effects of varying sFlt-1/
PIGF ratios on EC oxidative stress, we measured the levels of 4-hydrox-
ynonenal (4-HNE), a marker of lipid peroxidation (Fig. 2B), and 3-nitro-
tyrosine, a marker of protein nitration (Fig. 2C). Fig. 2 shows the levels
of 4-HNE (Panel B) and 3-nitrotyrosine (Panel C) in ECs after exposure to
low, medium, and high sFlt-1/PIGF ratios. 4-HNE levels were signifi-
cantly elevated in ECs exposed to the high sFlt-1/PIGF ratio compared
with those exposed to the low ratio (p < 0.05) (Fig. 2B). While a similar
trend was observed for 3-nitrotyrosine, with the ECs subjected to the
high sFlt-1/PIGF ratio exhibiting the highest levels, but this increase was
not statistically significant (p = 0.36).

3.4. A high sFlt-1/PIGF ratio increases real-time spare respiratory
capacity in ECs

Analysis of mitochondrial function revealed no significant alter-
ations in response to varying sFlt-1/PIGF ratios. We observed no
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Fig. 1. Correlation between circulating sFlt-1 levels and plasma metabolite concentrations in women with PE. (A) Lactate, (B) Succinate, (C) Glucose, and (D)
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significant differences among the groups in: basal respiration, which
reflects the cell’s steady-state energy demand (Fig. 3A); maximal
respiration, which indicates the total respiratory capacity (Fig. 3B); or
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non-mitochondrial oxygen consumption (Fig. 3C). ATP-production
coupled respiration, representing the portion of cellular respiration
specifically dedicated to ATP generation via oxidative phosphorylation,
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followed by Bonferroni’s test. * (p < 0.05).

also remained unaffected by varying sFlt-1/PIGF ratios (Fig. 3D).

While proton leak, the movement of protons across the inner mito-
chondrial membrane independent of ATP synthase, showed no signifi-
cant changes across the different sFlt-1/PIGF ratios (Fig. 4A), spare
respiratory capacity (SRC), the reserve capacity of mitochondria to
produce ATP under increased demand (Fig. 4B) was elevated in ECs
exposed to the highest sFlt-1/PIGF ratio (p < 0.05). Finally, coupling
efficiency, the percentage of respiration coupled to ATP synthesis, did
not differ significantly between the groups (Fig. 4C). Fig. 4D shows the
mitochondrial OCR over time after exposure to low, medium, high sFlt-
1/PIGF ratios.

3.5. sFlt-1/PIGF ratios drive distinct metabolic reprogramming in ECs

We further investigated the metabolic impact of varying sFlt-1/PIGF
ratios on ECs using a metabolomics analysis on supernatants collected
from cells cultured for 24 h under low, medium, and high sFlt-1/PIGF
ratios. Using PCA, we found a partial separation of groups, primarily
along the first principal component (PC1), which explained 47.2 % of
the variance while PC2 (y-axis) explained 17.6 %. Notably, the high sFlt-
1/PIGF ratio appeared to cluster distinctly from the low and medium
groups, suggesting potential metabolic differences between the ratios,
and thus, an impact of sFlt-1/PIGF ratios on the metabolic profiles of ECs
(Fig. 5A). PLS-DA further highlighted the separation between the ratios.
The 3D plot demonstrated a clear distinction between the high sFlt-1/
PIGF and the low/medium ratios, with minimal overlap of the 95 %
confidence ellipsoids (Fig. 5B). To identify the metabolites driving the
observed separation, we examined the VIP scores derived from the PLS-
DA model. Several metabolites exhibited high VIP scores, indicating
their significant contributions to distinguishing between the ratios.
Notably, lactate, succinate, glucose, and glycine were the top-ranked
metabolites (Fig. 5C). Box plots illustrated the relative concentrations
of these metabolites across the different sFlt-1/PIGF ratios. Consistent
with our PLS-DA results, we observed a significant increase in lactate
and succinate levels after exposure to the high sFlt-1/PIGF ratio
compared with exposure to the low and medium ratios. Glycine levels
also showed a similar trend. In contrast, glucose levels significantly
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decreased after exposure to the high sFlt-1/PIGF ratio (Fig. 5D). Notably,
the alterations in absolute concentrations of these metabolites followed
a dose-dependent effect of sFlt-1/PIGF ratios.

4. Discussion

While the mechanisms through which angiogenic imbalance disrupts
endothelial homeostasis and precedes the clinical manifestations of PE
are well-established, they remain incompletely understood. Our study
demonstrated a strong association between elevated circulating sFlt-1
levels in women with PE and specific metabolite levels, particularly
succinate, glycine, and lactate. Furthermore, we provided a mechanistic
explanation for these findings with an in vitro study, which showed that
exposure of ECs to increasing sFlt-1/PIGF ratios induces metabolic al-
terations, oxidative stress, and mitochondrial dysfunction.

Our results revealed plasma lactate, succinate, and glycine levels
positively correlated with elevated circulating sFlt-1 levels in women
with PE, suggesting an endothelial metabolic dysfunction. Seahorse
analysis demonstrated an increase in mitochondrial capacity in ECs
exposed to high sFlt-1/PIGF ratios. This can be interpreted as an adap-
tive response to sustain ATP production under stress conditions. This
increase was accompanied by elevated levels of 4-HNE, a marker of lipid
peroxidation, which indicated that mitochondrial compensation was
insufficient to prevent oxidative damage.

In addition to its role in the Krebs cycle, succinate may act as a
signaling metabolite in response to hypoxia and inflammation. Under
these conditions, succinate can accumulate in the cytoplasm, where it
activates several signaling pathways, such as HIF-1 (hypoxia-inducible
factor 1). Succinate may also activate receptors that lead to inflamma-
tion and angiogenesis [29,30]. Similarly, increased glycine levels in ECs
and PE plasma may reflect impaired glutathione synthesis and reduced
antioxidant defense. Glycine plays important roles in endothelial pro-
tection, redox balance, and placental function, and its dysregulation
may contribute to fetal growth restriction [31-34]. It is important to
highlight that while our findings demonstrate associations between
circulating plasmatic sFlt-1 levels and some metabolites (mainly succi-
nate and glycine), these changes may also reflect systemic metabolic
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dysfunction in PE pathophysiology. Therefore, the metabolic alterations
observed may serve as indices of disease severity or progression, inde-
pendently of sFlt-1 effects. More longitudinal studies are needed to
investigate the relationship among these variables.

The metabolism of glucose in ECs is an essential and complex process
for maintaining vascular health, largely due to the role of these cells in
regulating vascular tone, permeability, inflammation, and angiogenesis
[35]. Elevated extracellular glucose levels enhance glucose uptake and
stimulate its metabolism via glycolysis. ECs are reported to rapidly in-
crease glucose metabolism via glycolysis in response to pro-angiogenic
signals such as growth factors [36]. Some studies have described a
relationship between hyperinsulinism during the oral glucose challenge
test and the onset of gestational hypertension [37], while others showed
that level of plasma glucose after a test positively correlated with the
development of PE [38]. Evidence suggests that glucose metabolism
might be connected to the angiogenic imbalance reported in PE, while
another study discussed an altered angiogenic status and insulin resis-
tance as a risk of developing PE and future cardiovascular diseases [39].
Our data showed no significant correlation between glucose and sFlt-1
levels in plasma of women with PE. However, we did observe a
dose-dependent decrease in the glucose concentration of the culture
medium with increasing sFlt-1/PIGF ratios in our in vitro studies. This
finding may indicate that cells under these conditions exhibit signifi-
cantly higher glucose uptake. This suggests a metabolic reprogramming
towards glycolysis to sustain ATP production. However, lactate, the
main end-product of glucose metabolism, can be exported from the cells,
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influencing both autocrine and paracrine signaling, and modulating
vascular tone, cellular metabolism, and inflammatory pathways
[40-43]. To support this assumption, we found that increasing
sFlt-1/PIGF ratios induced a dose-dependent rise in lactate levels in ECs,
which parallels the elevated circulating sFlt-1 levels observed in PE
plasma. Increasing lactate levels often indicate hypoxia or activation of
hypoxia-related pathways, which results in a decrease in the efficiency
of pyruvate transport into the mitochondria [44], which is diverted to
the cytoplasm, where it is converted into lactate by LDH. Despite py-
ruvate not appearing as an altered metabolite in our results, it appeared
among the 13 most significant metabolites in VIP scores for group
differentiation.

This study provides novel insights by considering clinical data
alongside a mechanistic in vitro model using increasing sFlt-1/PIGF ra-
tios. However, some limitations must be acknowledged. First, we
measured only sFlt-1 in the plasma samples of women with PE, while our
in vitro model evaluated the effects of the sFlt-1/PIGF ratio. The absence
of PIGF quantification in patient samples limits direct translation of the
in vitro findings. Future studies should assess both markers in maternal
plasma to better correlate endothelial and metabolic responses.
Furthermore, sFlt-1 levels were significantly higher in women who
delivered preterm compared to those who delivered at term (data not
shown), suggesting that gestational outcomes such as preterm birth,
which represents a potential confounding factor, may also influence part
of the metabolomics alterations. Investigation of stratified cohorts will
be essential to delineate the respective contributions of angiogenic and
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group, *p < 0.05 (one-way ANOVA with Tukey post-hoc test).

metabolic alterations in PE and preterm births. Second, our cohort did
not include a healthy normotensive pregnant control group, restricting
interpretation of disease-specific changes. This, along with the relatively
small number of biological replicates (n = 4-5) used in the in vitro ex-
periments, may reduce the robustness and generalizability of the find-
ings. Future studies with larger sample sizes and incorporating control
groups are warranted to confirm these observations and to validate the
specificity of these metabolite alterations. While we observed correla-
tions between sFlt-1 and metabolite levels, these associations may
reflect systemic metabolic dysfunction inherent to PE rather than direct
causal effects of sFlt-1. Thus, longitudinal studies are needed to assess
causality and the utility of these metabolites as biomarkers of disease
progression. Finally, our study did not directly assess heme oxygenase-1
(HO-1) expression or activity. The observed oxidative stress and meta-
bolic alterations associated with elevated sFlt-1/PIGF ratios may involve
HO-1-mediated pathways, since it is a stress-inducible enzyme with
well-established pleiotropic properties, including anti-inflammatory,
antioxidant, and cytoprotective effects playing a critical role in regu-
lating sFlt-1 levels and modulating endothelial function in the context of
PE [45,46]. The induction of HO-1 has been shown to reduce sFlt-1

expression, thereby potentially ameliorating endothelial dysfunction
and oxidative stress. Despite these limitations, our findings highlight a

potential mechanistic link between an angiogenic imbalance and

metabolic dysfunction in PE. Mitochondrial alterations, oxidative stress,
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and changes in key metabolites such as glycine and succinate may un-
derlie disease severity and progression. Targeting these pathways may
provide new avenues for therapeutic intervention aimed at improving
endothelial and placental function. Moreover, the identification of
metabolite signatures associated with sFlt-1 levels could contribute to
risk stratification and earlier diagnosis of PE or strategies to enhance
mitochondrial function, potentially ameliorating PE severity.
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