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Metabolomic Biomarkers in Serum and Urine in Women
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Abstract

Objective: To explore the potential of magnetic resonance (MR) metabolomics for study of preeclampsia, for improved
phenotyping and elucidating potential clues to etiology and pathogenesis.

Methods: Urine and serum samples from pregnant women with preeclampsia (n = 10), normal pregnancies (n = 10) and
non-pregnant women (n = 10) matched by age and gestational age were analyzed with MR spectroscopy and subjected to
multivariate analysis. Metabolites were then quantified and compared between groups.

Results: Urine and serum samples revealed clear differences between women with preeclampsia and both control groups
(normal pregnant and non-pregnant women). Nine urine metabolites were significantly different between preeclampsia and
the normal pregnant group. Urine samples from women with early onset preeclampsia clustered together in the
multivariate analysis. The preeclampsia serum spectra showed higher levels of low and very-low density lipoproteins and
lower levels of high-density lipoproteins when compared to both non-pregnant and normal pregnant women.

Conclusion: The MR determined metabolic profiles in urine and serum from women with preeclampsia are clearly different
from normal pregnant women. The observed differences represent a potential to examine mechanisms underlying different
preeclampsia phenotypes in urine and serum samples in larger studies. In addition, similarities between preeclampsia and
cardiovascular disease in metabolomics are demonstrated.
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Introduction

Preeclampsia (PE) is a complex syndrome affecting about 3% of

pregnancies [1]. It presents serious risk of both maternal and fetal

morbidity and mortality [2]. PE is characterized by high blood

pressure and proteinuria in the second half of pregnancy [3]. No

tests accurately predict the onset of PE, and implementation of

fetal delivery is the only definitive treatment for threatening

manifestations of symptoms [1].

The pathogenesis of PE is still undefined. However, it is

generally assumed that it starts in early pregnancy with poorly

developed placental vascularization, giving rise to placental

oxidative stress and imbalanced interaction between maternal

and fetal cells. Later, inappropriate and exaggerated maternal

responses to the placental stress are established, involving

endothelial activation and systemic inflammation [4]. The

inflammation in PE shows a strong similarity to the development

of cardiovascular diseases (CVD) [4], and it has been reported that

women with preeclamptic pregnancies have an up to eight-fold

increased risk of later cardiovascular events [5]. The shared

underlying mechanisms include endothelial dysfunction, metabolic

abnormalities and increased oxidative stress [6].

Metabolites are constituents of the metabolism, chemical

interactions in the body necessary for life [7]. Metabolomics is

the systematic study of metabolites in tissues and biofluids [8]. The

concentrations of metabolites and their combinations can be used

as predictive models for disease classification and progression [8].

Robust statistical methods are applied to handle the massive data

outputs.

Metabolomics analysis holds potential for detailed phenotyping

of the PE syndrome, but few metabolomics studies of women with

active disease have so far been undertaken. Studies by Turner et al.
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[9,10], using MR metabolomics on serum from women diagnosed

with PE reported metabolic patterns attributed to oxidative stress

including decreased lipid and ketone body content, and the

findings indicated that this method could be useful for PE

phenotyping. Schott et al. [11] used both proton and phosphorous

MR spectroscopy to analyze plasma from women with PE. They

found a decrease in HDL and a trend towards higher levels of

VLDL2 and LDL2 in this group compared to healthy pregnancies.

However, no metabolomics studies have analyzed both urine and

serum from the same group of women, which represents a more

comprehensive view of the metabolome. Detailed analysis of body

fluids from women with preeclampsia could improve diagnostic

accuracy and possibly predict perinatal outcomes and future risk

for the mother.

Further research is needed to establish the role of metabolomics

and the robustness of the method in preeclampsia. Furthermore, a

discussion of the discriminatory metabolites in a more biological

context relevant to PE is generally lacking. To this end, the aim of

the present study was to establish the metabolic profiles of body

fluids (urine and serum) from women with PE, normal pregnancies

and from non-pregnant women by MR metabolomics. Detailed

phenotyping of the PE syndrome and potential clues to etiology

and pathogenesis were explored.

Materials and Methods

Ethics Statement
All participating women signed informed consents and the study

was approved by the Regional Committee for Medical and Health

Research Ethics (REC), Central Norway, reference number 2011/

761.

Study Population
Women admitted with PE at the maternity ward at St. Olavs

Hospital, Trondheim University Hospital, Norway gave samples

to the study. The PE diagnosis was based on the diagnostic criteria

of the Norwegian Medical Association (blood pressure $ 140/90,

proteinuria $+1, measured at least twice four to six hours apart

after gestational week 20) [12]. Pregnant and non-pregnant

control women were recruited by appeals to environments of St.

Olavs Hospital and Røros Medical Center, Røros, Norway.

Control women with previous PE pregnancies were not included.

Gestational age for both cases and controls were based on routine

ultrasound examination between gestational week 17 and 20.

Information about health status and pregnancy was collected from

interviews and medical journals. All included women were of

Scandinavian ethnicity.

Sample Handling and Spectroscopy
Peripheral venous blood (5 mL) and spot urine samples (20 mL)

were collected from nonfasting women with PE at time of

diagnosis, from healthy pregnant women matched by age and

gestational age to the PE group, and from non-pregnant women

matched by age to the PE group. Aliquots (1.8 mL) were stored at

280uC prior to analysis.

Samples were thawed at 20uC, mixed with bacteriostatic buffer

and stored at 5uC until analysis (#15 hours). Urine was

centrifuged at 6000 RPM (Sorvall RMC 14; DuPont) for five

minutes. The supernatant (540 mL) was mixed with buffer (60 mL)
(pH 7.4 1.5 mM KH2PO4 in D2O, 0.1% Trimethyl-Silyl Propi-

onate (TSP), 2 mM NaN3) and analyzed in 5 mm NMR tubes

(Norell Inc., NJ, USA). Serum (100 mL) was mixed with buffer

(100 mL) (pH 7.4 0.075 mM Na2HPO4, 5 mM NaN3, 5 mM TSP)

and analyzed in 3 mm NMR tubes. MR analysis was performed at

the MR Core Facility at NTNU, Trondheim, Norway using a

Bruker Avance III Ultrashielded Plus 600 MHz spectrometer

(Bruker Biospin GmbH, Germany) equipped with 5 mm QCI

Cryoprobe with integrated, cooled preamplifiers for 1H, 2H and
13C. Experiments were fully automated using the SampleJetTM in

combination with Icon-NMR on TopSpin 3.1 software (Bruker

Biospin). Proton spectra were acquired using 1D NOESY with

presaturation and spoil gradients on urine samples and a 1D lipid

and water suppressing Carr-Purcell-Meiboom-Gill sequence

(CPMG) on serum samples. Diffusion edited serum spectra

(LEDBPG) for suppression of small molecular weight metabolite

signals were also acquired. Additional 2D spectra of urine samples

were acquired for metabolite identification: J-resolved spectrosco-

py (JRES), Heteronuclear Multiple Bond Correlation Spectrosco-

py (HMBC), Heteronuclear Single Quantum Coherence Spec-

troscopy (HSQC) and Total Correlation Spectroscopy (TOCSY).

Additional NMR parameters are given in Tab 3. Spectra were

Fourier transformed to 128 K after 0.3 Hz exponential line

broadening. Chemical shifts were referenced to TSP (d0 ppm).

Multivariate analysis
In MRMetabolomics, common statistical methods are Principal

Component Analysis (PCA) and Partial Least Squares Discrimi-

nant Analysis (PLS-DA) [13]. PCA is a powerful method of data

extraction, which finds combinations of variables that describe

trends in large data, called principal components (PCs), visualized

in scores and loading plots. The score plots show each spectrum as

an object in the principal component space, and are useful for

identifying clusters and outliers in the dataset. The loading plots

show the contributing variables to each PC. PLS-DA models the

relationship between the spectra and class information using

multivariate regression methods. The metabolites responsible for

the separation between classes are shown in loading variables

(LVs), and may be colored by variable importance in projection

(VIP) [13]. Multivariate analysis was performed using PLS_

Toolbox 6.7.1 (Eigenvector Research, USA).

Spectra were imported to Matlab r2012a (The Mathworks, Inc.,

MA, USA). Residual water signals were removed. The urine

NOESY spectra were normalized to equal area below the curve,

cut to region of interest (ROI) (d8–1 ppm) and peak aligned using

icoshift [14]. The serum CPMG spectra were cut to ROI (d4.5–
0.5 ppm) and aligned by referencing the left alanine peak at

d1.50 ppm. The serum LEDBPG spectrum were cut to ROI

(d1.45–0.77 ppm) containing signals from methyl and methylene

groups from lipoproteins, and normalized to equal area for

additional analysis of the lipid profile.

Spectra sets were mean centered and explored by PCA with

random subset cross validation for initial visualization of the data

and detection of inherent trends and outliers. Using PLS-DA, a

classification model was created on samples from the women with

preeclampsia and healthy pregnant groups using the number of

LVs giving the smallest classification error, and cross validated by

‘‘leave one out’’ which creates the model on all but one sample,

testing it on the remaining sample. Permutation testing with 1000

repeats (random reshuffling of classes, then creating a new

predictive model) was done to measure the significance of the

predictive model at 95% compared to a classification in arbitrary

groups.

Identification and quantification of metabolites
Metabolites were assigned using Bruker AMIX software v.2.5

(Analysis of MIXtures software, Bruker Biospin) and Chenomx

v.7.11 (Chenomx Inc., Alberta, Canada), matching spectra to

reference databases of metabolites. 2D NMR spectra (JRES,

Metabolomic Biomarkers in Preeclampsia
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COSY, HSQC, and HMBC) were reviewed to confirm assign-

ments. Additional assignments were done with help from literature

[7,15]. All identified metabolites were quantified in Chenomx,

based on the visible TSP concentration. TSP was quantified in

Topspin using the PULCON [16] principle based on a creatine

(14.43 mM) spectrum recorded at equal parameters. Serum

metabolites were quantified from CPMG spectra, and urine

metabolites from NOESY spectra. Concentrations were imported

to SPSS v. 20.0.0 (IBM Corp, NY, USA) and subjected to

Kruskal-Wallis test of three independent samples. Urine metab-

olite concentrations were analyzed as [metabolite/creatinine] ratio

to correct for dilution. The significance cutoff was set to p,0.05

after Benjamini-Hochberg correction [17] of p-value for multiple

parallel tests.

Results

Details of the study groups are given in Table 1. Ten women

with PE, ten healthy pregnant women and ten non-pregnant

women were included. Age and gestational age were matched, and

Table 1. Characteristics of study participants.

Data PE PC NP p-value

n (samples) 10 10 10 -

Age (years) 29.5 (22–39) 32.6 (28–39) 30.7 (24–39) .0.05

GA at sampling
(week)

35.9 (21.7–37.9) 35.2 (18.6–37.4) N/A .0.05

GA at onset (week) 33.2 (21.4–36.9) N/A N/A -

BP sys. (mmHg) 163 (143–174) 120(100–191) N/A 0.000

BP dia. (mmHg) 104 (96–111) 78 (60–96) N/A 0.000

Proteinuriaa 3 (1–4) 0.1 (0–1) N/A 0.000

Values are given as median (min-max). PE: Women with preeclampsia. PC:
Pregnant controls. NP: Non-pregnant controls. GA: Gestational age. BP: Blood
pressure. Dia: Diastolic. Sys: Systolic. N/A: Not applicable. Statistical p-values
computed by Kruskal-Wallis independent samples test.
aProteinuria measured with dipstick.
doi:10.1371/journal.pone.0091923.t001

Figure 1. Results from urine analysis. Results from Principal Component Analysis (PCA) and Partial Least Squares Discriminant Analysis (PLS-DA)
of urine samples from women with preeclampsia (PE, pregnant controls (PC) and non-pregnant controls (NP). A) Typical high resolution NMR
spectrum of urine from a PE subject, most abundant metabolites annotated. B) PCA score plot separating all three groups in two dimensions. C)
Loading Variables (LV) 1 and 2 of the PLS-DA used to create a model discriminating between PE and PC groups. Arrow direction indicates increased
metabolite level. D) Scores on LV1 and LV2 showing a clustering of early onset PE samples (marked by arrows). TMAO: Trimethylamine-N-Oxide.
doi:10.1371/journal.pone.0091923.g001
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in accordance with the PE diagnosis, proteinuria and blood

pressure were significantly different between the two pregnant

groups (not measured in the nonpregnant group).

Results from the urine analyses are shown in Figure 1 and

Table 2, with a typical urine spectrum shown in Figure 1A. The

urine PCA (Figure 1B) score plot shows clustering of the three

groups. PC1 separated samples from both the PE and healthy

pregnant groups from the non-pregnant group based on a

combination of higher creatinine and trimethylamine-N-oxide

(TMAO) levels, and lower glycine levels for the non-pregnant

group. PC3 separated preeclamptic women from healthy pregnant

women similarly to the subsequent PLS-DA analysis. Creatinine

levels were similar between preeclamptic and healthy pregnant

women. The PLS-DA model classified urine spectra from

preeclamptic and healthy pregnant groups with 95% accuracy

(sensitivity = 0.9 and specificity = 1.0) using two LVs (Figure 1C

and 1D) and was significant at p# 0.001. The model separated the

groups based on a combination of higher choline and creatine

levels, and lower glycine levels for preeclamptic women compared

to healthy pregnant women. Urine samples from women with

early onset PE (,34 weeks) had lower scores on LV2 than the late

onset women. (Fig 1D, starred). These had higher TMAO and

creatinine, and lower choline and creatine compared to the late

onset PE group. The urinary metabolite concentrations are shown

in Table 2. The variation in concentrations was similar to the

results from the multivariate analyses. Twenty-one metabolites

were significantly different between all three groups at p,0.05,

with nine metabolite concentrations significantly different between

women with PE and healthy pregnant women, and 15 between

healthy pregnant women and non-pregnant women. In summary,

urine sample spectra from the PE group were clearly different

from those of healthy pregnant women based on metabolite

content, and a difference in metabolic profile between women with

early and late onset PE may exist. Healthy pregnant women also

showed a different urinary metabolic profile than non-pregnant

women, with higher excretion of amino acids.

Results from the serum analyses are shown in Figure 2 and

Table 3, with a typical serum spectrum in Figure 2A. The CPMG

and LEDBPG spectra of all serum samples were explored using

PCA. A trend of metabolite profiles showing a continuous change

from non-pregnant women through healthy pregnant women to

women with PE was found, mainly based on increasing total serum

lipid content (Figure 2B). All pregnant women had higher serum

lipid content than the non-pregnant women, and women with PE

had even higher serum lipid content. The distribution of

lipoproteins was also different between groups, with the PE group

expressing higher signals originating from VLDL and LDL and

lower signals from HDL. The signals from the lipoproteins in the

NMR spectra consist of several highly overlapping peaks, arising

from the lipid moieties within the various lipoproteins. The

chemical shifts differ slightly between the particles due to the

density differences of the lipoproteins, with lower densities at

higher chemical shifts (Figure 2D) [18]. PLS-DA classified serum

CPMG spectra from women with PE and healthy pregnant

women with 90% accuracy (sensitivity = 0.8 and specificity = 1.0)

using four LVs, with heavy reliance on lipid levels for separation

between PE and PC (Figure 2C). The lipoprotein distribution was

explored further in a PLS-DA on the LEDBPG spectra, as shown

in Figure 2D. PE cases were discriminated from healthy pregnant

controls by the lipoprotein profile alone, with increased signal in

the LDL-VLDL region (the leftmost part of the lipid signal) and

decreased signal in the HDL region of the serum spectra. Visible

serum metabolites concentrations are shown in Table 3. Serum

from women with PE had significantly lower concentrations of

Table 2. Urine metabolite concentrations.

Metabolite (mM/mM
creatinine) PE PC NP p-value

Glycine*{ 2606150 4986219 138679 0.000

p-Cresol Sulfate* 6.264,3 39613 30610 0.000

Alanine{ 67657 86651 2165 0.000

Threonine{ 846102 94648 2065 0.000

Choline{ 41650 1064 5.362.7 0.004

Hippurate* 88661 2656144 2806188 0.004

Histidine*{ 1536129 2666100 79642 0.004

Asparagine*{ 31642 47624 1367 0.004

Isobutyrate*{ 2168 1367 667 0.004

Lactate{ 36627 736137 9.664.4 0.004

Citrate 2036107 4736136 3716217 0.004

Leucine{ 9.464.8 8.061.6 5.061.3 0.010

Dimethylamine* 66613 4167 40618 0.015

Trigonelline* 6.364.9 16615 29622 0.015

2-Oxoglutarate 36623 4069 13610 0.016

Ethanolamine{ 75624 66619 44612 0.018

Isoleucine{ 6.363.8 5.261.2 3.161.1 0.018

cis-Aconitate{ 37615 39612 2565 0.018

Creatine 1316118 766138 23625 0.041

Glutamine{ 114688 121637 70620 0.041

Glucose*{ 38671 75644 356 15 0.049

Valine{ 7.666.7 6.162.0 3.861.4 .0.05

Tyrosine 28619 23612 1466 .0.05

N-N-Dimethylglycine 6.064.0 5.363.0 3.361.7 .0.05

Malonate 58649 1566187 726105 .0.05

Uracil 8.063.8 10.262.8 7.163.2 .0.05

N-Phenylacetylglycinea 41629 71635 57624 .0.05

Betaine 1268 15613 8.065.2 .0.05

2-Methylglutarate 1167 1669 6.963.2 .0.05

Guanidoacetate 70677 77641 63639 .0.05

Formate 23612 35618 23613 .0.05

3-Hydroxybutyrate 9.367.9 16615 16625 .0.05

Acetate 8.565.8 1165 1269 .0.05

Urea 295761211 225161077 279561845 .0.05

2-Hydroxybutyrate 8.063.5 7.461.2 5.961.3 .0.05

Pyruvate 7.864.9 15615 6.362.1 .0.05

TMAO 67658 54654 66678 .0.05

Creatinineb 30 638 21613 26614 .0.05

o-Acetylcholine 2.163.1 1.762.1 1.460.8 .0.05

p-Methylhistidine 46655 48667 50656 .0.05

Phenylalanine 17613 1568 1465 .0.05

Values given as mean [metabolite/creatinine]6sample standard deviation. PE:
Women with preeclampsia. PC: Pregnant controls. NP: Non-pregnant controls.
TMAO: Trimethylamine-N-Oxide.
aAs suggested by Chenomx, may instead be phenylacetylglutamine.
bAbsolute creatinine concentration – not corrected for dilution.
*Significantly different metabolite concentration between PE and PC with a
cutoff value at p = 0.05 after Benjamini-Hochberg correction using the Kruskal-
Wallis test for nonparametric distributions of concentrations for three
independent groups.
{Significantly different metabolite concentration between PC and NP.
doi:10.1371/journal.pone.0091923.t002
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histidine than the healthy pregnant women, and non-significant

lower levels of formate and higher levels of glycerol. Healthy

pregnant women had higher alanine and lactate than the non-

pregnant women.

Discussion

The present study clearly demonstrates the metabolic differ-

ences between the women with PE and those with healthy

pregnancies, in both urine and in serum. The metabolomics

method additionally reveals a possible way to subgroup the disease

based on metabolic profiles. The metabolic profiles gave new

information about possible pregnancy- and disease-induced

changes.

The strength of multivariate metabolomic analysis is that the

entire visible metabolome is taken into account; and metabolites

with small and large variation contribute to the end result. As a

result there are limitations towards finding definite mechanisms

correlating to alterations in isolated metabolites. Many small

metabolites visible to MR metabolomics are involved in several

pathways, and may not be comparable between the urine and

serum metabolome.

Differences associated with normal pregnancy compared to

non-pregnant women included increased amino acids, choline,

and lactate in urine, and higher alanine and lactate in serum. A

similar pattern was found in a study by Diaz et al [19] following

healthy pregnancies with MR metabolomics on urine. The

increased excretion of amino acids is suggested to be caused by

impaired renal filtration in healthy pregnancies [19]. The choline

increase appears as a trend increasing from non-pregnant to

healthy pregnant to preeclamptic women. Although choline

metabolism appears important to fetal development [20], it is

difficult to pinpoint the exact cause of the increase. The increase of

lactate in both urine and serum from pregnant women confirms

Figure 2. Results from serum analysis. Results from Principal Component Analysis (PCA) and Partial Least Squares Discriminant Analysis (PLS-DA)
on the spectra of serum samples from women with preeclampsia (PE), pregnant controls (PC) and non-pregnant controls (NP). ppm: parts per million,
resonance frequency of metabolite. A) Typical highly resolved serum CPMG (lipids suppressed) and LEDBPG (small metabolites suppressed) spectra
from a woman with PE with some annotated metabolites. B) Scores plot and loading profile of the PCA separating CPMG spectra of the three groups.
C) Scores plot and Loading Variable (LV) 1 from the PLS-DA of CPMG spectra showing class discrimination based on lipid level, where women with PE
clearly have higher levels of total lipids in the serum compared to pregnant controls D) Score plot and LV1 of the LEDBPG showing distinction
between PE and PC groups based on lipoprotein distribution. LV1 shows higher levels of VLDL-LDL and lower levels of HDL. VLDL: very low density
lipoproteins. LDL: low density lipoproteins. HDL: high density lipoproteins.
doi:10.1371/journal.pone.0091923.g002
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the findings by other studies [19,21], and follows an increase in

prolactin linked to lactation [21].

Women with PE showed increased choline and decreased

glycine, p-cresol sulfate and hippurate in urine, which may be

related to increased oxidative stress and kidney dysfunction.

Choline and glycine are connected through the metabolic pathway

of homocysteine [22]. A previous study found elevated choline in

serum of women with preeclampsia, and connected the findings to

this pathway [20]. Reduced glycine has also been seen with

preterm birth [20]. Urinary choline increase has been associated

with fetal stress in the second trimester [23]. Glycine is a precursor

to glutathione, a tripeptide important for protection against

oxidative stress [20]. The decrease in glycine excretion in women

with PE could be a result of increased demand for glutathione in

response to oxidative stress. p-Cresol sulfate is retained in patients

with kidney damage [24], and is accordingly reduced in the PE

group which suffers from kidney dysfunction. p-Cresol sulfate is

known to increase oxidative stress in human kidney epithelial cells

[24]. Possible consequences of retained p-cresol sulfate could be

further increased kidney damage and systemic inflammation in

women with PE, thus contributing to the severity of the disease.

Hippurate is a metabolic conjugate of glycine, and may be reduced

as a consequence of reduced glycine in PE. A relation between

hippurate excretion and PE has not been reported previously. The

multivariate analysis grouped the urine samples from women with

early onset PE together, indicating a similarity in their metabolic

profile compared with women with late onset PE, and a difference

in phenotype between the two. Such a division was previously

found in serum samples from women in early pregnancy [25,26].

However, as there were only four women in this group the results

should be interpreted with caution and be followed up in a larger

study.

Metabolic profiles in maternal serum revealed significant

differences with regards to PE. The major difference detected

was the higher total serum lipid content and an increase of

VLDL/LDL signals for the PE group. Women with PE also had

higher histidine and glycerol levels than women with normal

pregnancies. Increased histidine levels were in accordance with the

study by Bahado-Singh et al which looked at first-trimester serum

[26]. Bolin et al [27] found disturbance in histidine metabolism,

with contrarily decreased histidine-rich glycoprotein in serum

throughout pregnancies which later develop PE. Although the

histidine contained in glycoproteins is different from the free

histidine seen in MR spectra, their metabolism may be related.

Histidine-rich glycoproteins interact with the coagulation system

and angiogenic pathway, and a decrease was found to predict PE

in Bolins study [27]. Increased glycerol was detected in the women

with PE, similar to the Bahado-Singh study [26], where it was

attributed to abnormal lipid metabolism as it forms the backbone

of triglycerides. The lipoprotein profiles here shown related to PE

are similar to those found for people at risk of CVD [28], with

increased low density lipoprotein levels. Lipid dysfunction starts

early in pregnancies destined for PE development [28], suggesting

that metabolomics may be used to predict the onset of PE. An

increase in low- and very-low density lipoprotein has been

recorded in patients with CVD and PE previously [28],

underscoring the similarities between the two diseases.

The quantification of serum metabolites was done on T2-edited

CPMG spectra, where lipid signals are attenuated. Therefore the

concentrations of metabolites in serum are not absolute, but

comparable between spectra. The multivariate analysis performed

on the LEDBPG spectra, where small molecular weight metabolite

signals are filtered out, showed that the lipid profile itself was

sufficient to distinguish between the two groups.

The study contains relatively few samples, limiting a complete

validation procedure. However, a rigorous cross validation was

Table 3. Serum metabolite concentrations.

Metabolite (mM) PE PC NP p-value

Histidine* 90626 72621 57612 0.036

Formate 1964 2564 2262 0.059

Glycerol 146637 105634 92629 0.059

Alanine{ 251639 303682 223631 0.059

Lactate{ 9076306 10946252 7746179 0.094

Creatine 42614 3067 3567 .0.05

Glucose 24556623 30056656 29226466 .0.05

Glycine 135631 142620 176652 .0.05

Valine 132626 155631 161626 .0.05

Acetate 2264 2669 32616 .0.05

Citrate 81618 70619 63613 .0.05

Phenylalanine 3867 37610 3464 .0.05

Glutamine 366695 375681 410660 .0.05

3-Hydroxybutyrate 80658 47613 51634 .0.05

Tyrosine 3468 3968 39610 .0.05

Glutamate 94628 106635 95637 .0.05

Creatinine 5466 5067 5367 .0.05

Leucine 116618 114628 109625 .0.05

2-Methylglutarate 1163 1262 1164 .0.05

Values given as mean6SD. PE: Women with preeclampsia. PC: Pregnant
controls. NP: Non-pregnant controls.
*Significantly different metabolite concentration between PE and PC with a
cutoff value at p = 0.05 after Benjamini-Hochberg correction using the Kruskal-
Wallis test for nonparametric distributions of concentrations for three
independent groups.
{Significantly different metabolite concentration between PC and NP.
doi:10.1371/journal.pone.0091923.t003

Table 4. PLS-DA Classification of samples as healthy pregnant or from women with preeclampsia.

Input LVs Classification accuracy Sensitivity Specificity AUC p

Urine spectra 2 95% 0.9 1 0.90 0.001

Serum CPMG spectra 4 90% 0.8 1 0.86 0.002

Serum LEDBPG spectra 4 90% 1 0.8 0.70 0.001

The sensitivity is for detecting a preeclampsia sample using Partial Least Squares Discriminant Analysis. Classification accuracy, sensitivity and specificity are from the
leave-one-out cross validation. The p-value is from permutation testing the model with 1000 repeats. LVs: number of loading variables in model. AUC: Area under the
Receiver Operator Characteristic curve. CPMG: Lipid-suppressed. LEDBPG: Low molecular weight metabolite suppressed.
doi:10.1371/journal.pone.0091923.t004
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performed to ensure that the model was valid also for samples not

included in the building of the model. As this is an exploratory

study highlighting main differences between groups, cross valida-

tion in combination with permutation testing is sufficient to

conclude whether there is a difference between groups. Analysis of

spectra using PLS-DA is prone to overfitting. However, permu-

tation testing of the urine and serum PLS-DA models (Table 4)

revealed them to be significantly different (p,0.05) from models

made on random classifications. This indicates that the spectra

contained sufficient information to distinguish between samples

from women with PE and healthy pregnant women.

The metabolic changes found in cases compared to controls

reflect the disease state of the individual. However, it is possible

that some of the changes may be evident in the metabolome before

the onset of the disease. This possibility must be evaluated in

longitudinal studies following women earlier in their pregnancies.

Urine and serum from women with PE, normal pregnancies

and non-pregnant women were effectively discriminated by MR

metabolomics. Differences were observed related to disease

processes and phenotypes. Samples from healthy pregnancies

were clearly different from samples collected from non-pregnant

women. The observed data suggest that an enlarged study is

recommended to find predictive biomarkers earlier in pregnancy

or to sub-phenotype the disease, and to investigate the association

to later cardiovascular symptoms.
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ABSTRACT 

Hypertensive disorders of pregnancy including preeclampsia are major contributors to 

maternal morbidity. Current prediction methods in first trimester pregnancy have low 

sensitivity and new predictive biomarkers are warranted. The goal of this study was to 

evaluate the potential of metabolomics to predict preeclampsia and gestational hypertension 

from urine and serum samples in early pregnancy, and to elucidate the metabolic changes 

related to the diseases. Nuclear magnetic resonance spectra were acquired on samples from 

599 women at medium to high risk of preeclampsia, and principal component analysis, partial 

least squares discriminant analysis and variable selection were applied to obtain metabolic 

profiles of the diseases. Urinary metabolomic profiles predicted preeclampsia and gestational 

hypertension at 51.3% and 40% sensitivity respectively, at 90% specificity, with hippurate 

being the most important metabolite. Serum metabolomic profiles predicted preeclampsia at 

15% sensitivity and gestational hypertension at 33% sensitivity at 90% specificity with 

increased lipid levels and an atherogenic lipid profile as most important. Combining maternal 

characteristics with the urinary hippurate/creatinine level improved the prediction rates of 

preeclampsia in a logistic regression model. These results show a potential clinical importance 

for metabolomic analysis of urine samples to predict preeclampsia. 

Introduction 
Hypertensive disorders of pregnancy including preeclampsia and gestational hypertension 

are major causes of maternal morbidity and mortality, and affect up to 10% of pregnant 

women.1-3 Early identification of women at high risk of preeclampsia might enable potential 

prophylactic treatment to reduce or avoid the onset of symptoms.4, 5 Late onset preeclampsia 

(occurring after 34 weeks of pregnancy) is more common, and has lower detection rate.6 

Predictive models for late onset preeclampsia have employed a combination of maternal 
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characteristics, biochemical and biophysical markers at 11+0-13+6 weeks of gestation, to 

predict the syndrome at 30-60% sensitivity.5-8 New and improved predictive biomarkers are 

warranted. Gestational hypertension is often included in the disorder spectrum of 

preeclampsia, particularly if other symptoms are present. Clinical findings in gestational 

hypertension are often intermediate between normal pregnancy and preeclampsia.1 In general, 

placental, renal or hepatic involvement are not present in gestational hypertension, and 

outcomes are better for mother and baby.1 

Metabolomics represents a “top-down” view of the metabolism, which more closely 

characterises the phenotype of the organism than genomic and proteomic applications. 

Metabolomics is the detection and semi-quantitation of low molecular weight metabolites 

present in cells, tissues or body fluids, using high throughput analysis platforms such as 

Nuclear Magnetic Resonance (NMR) spectroscopy or Mass Spectrometry (MS).9, 10 Recent 

interest has mounted in the metabolomics approach to predict and characterise preeclampsia. 

Early and late preeclampsia has been predicted using serum from weeks 11+0-13+6 of 

pregnancy in combination with maternal markers,11, 12 and markers of preeclampsia have been 

found in urine and serum in the second trimester using metabolomics.13-15 A phase IIa trial for 

MS based metabolomics prediction of preeclampsia has been launched.16 To date, no studies 

have attempted to predict hypertensive disorders in pregnancy by NMR analysis of urine and 

serum from early pregnancy in a complete cohort of women. 

The aim of this study was to evaluate whether metabolic profiles of urine and serum 

collected from women at gestational week 11+0-13+6 could predict preeclampsia and/or 

gestational hypertension. Secondly, we aimed to elucidate the metabolic changes that may 

accompany the early stages of these hypertensive disorders of pregnancy. 
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Materials and methods 

Study population 
The study population has been described in detail previously.17, 18 Briefly, pregnant women 

who were nulliparous or had preeclampsia or gestational hypertension in a previous 

pregnancy were invited to attend an examination at 11+0-13+6 weeks of gestation (crown-

rump length 45-84mm). At the study visit participants were interviewed about their health and 

pregnancy. All participants were weighed, and body mass index (BMI) was calculated in 

kg/m2. The women were asked to fast for one hour before their visit. Venous blood was drawn 

into non-heparinised tubes and centrifuged at 1800G for 10 minutes. A serum sample (0.8mL) 

was separated and stored at -80°C, thawed once and an aliquot of 120μL was stored at -80°C. 

Spot urine samples were collected at the study visit and aliquots (1.8mL) were stored at -

80°C. Blood pressure was measured with a CAS 740 MAX NIBP automated device (CAS 

Medical systems Inc, CT, USA).19 The mean arterial pressure (MAP) from the arm with the 

highest MAP was used. Participants were examined with transabdominal ultrasound with a 

Siemens ACUSON AntaresTM machine (Siemens Medical Solutions Inc, CA, USA), and the 

uterine artery pulsatility index (UtAPI) was measured.20 The UtAPI was measured three times 

on each side, and the average of three measurements on each side was used. The average of 

the two sides was used in calculations. All scans were carried out by specialized trained 

midwifes who were certified by the Fetal Medicine Foundation 

(http://www.fetalmedicine.com). Data on pregnancy outcomes were collected from hospital 

records. Preeclampsia was defined as systolic blood pressure ≥ 140 mmHg and/or diastolic 

blood pressure ≥ 90 mmHg in combination with proteinuria ≥ 0.3g per 24 hours measured 

twice within 4-6 hours, occurring after gestational week 20.21 Gestational hypertension was 

defined as for preeclampsia, but occurring without proteinuria. All women gave written 

informed consent at study entry. The study was approved by the Regional Committee for 

Medical Research Ethics in mid-Norway, entries REK 2010/102 and 2013/386. 
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NMR metabolic analyses 
Laboratory analyses were performed blinded to pregnancy outcome after all women had 

delivered their babies. Urine samples were thawed on ice and centrifuged at 6000RPM 

(Sorvall RMC 14; DuPont) for five minutes. The supernatant (540μL) was mixed with a 

bacteriostatic buffer  (60μL) (pH 7.4, 1.5mM KH2PO4 in D2O, 0.1% Trimethyl-Silyl 

Propionate (TSP), 2mM NaN3) (Receipt from Bruker Biospin AG, Reinstetten, Germany) and 

transferred to 5mm NMR tubes (Bruker Biospin). Serum samples were thawed on ice. Serum 

(100μL) was mixed with a bacteriostatic buffer (100 μL) (pH 7.4 0.075mM Na2HPO4, 5μM 

NaN3, 5μM TSP) (Bruker Biospin) and transferred to 3mm NMR tubes. 

NMR analysis was performed at the MR Core Facility at the Norwegian University of 

Science and Technology (NTNU), Trondheim, Norway using a Bruker Avance III 

Ultrashielded Plus 600MHz spectrometer (Bruker Biospin GmbH, Rheinstetten, Germany) 

equipped with a 5mm QCI Cryoprobe with integrated, cooled preamplifiers for 1H, 2H and 

13C. Experiments were fully automated using the SampleJetTM in combination with Icon-

NMR on TopSpin 3.1 software (Bruker Biospin). The NMR analyses were performed blinded 

to pregnancy outcomes. NMR spectroscopy acquisition parameters are described in 

Supplementary Table S1. One-dimensional Standard Nuclear Overhauser Effect spectroscopy 

(NOESY) (noesygppr1d; Bruker) spectra were acquired on the urine samples for quantitative 

detection of small molecular weight metabolites. On the serum samples, Carr-Purcell-

Meiboom-Gill (CPMG) (cpmgpr1d; Bruker) spectra were acquired. In CPMG spectra, signals 

from macromolecules were filtered out for better detection of small molecular weight 

metabolites. For additional aid in metabolite identification, two-dimensional spectra were 

acquired (Supplementary Table S1). 
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Spectra were automatically Fourier transformed, phased and baseline corrected in TopSpin 

with a line broadening of 0.3Hz. Spectra were imported to Matlab r2013b (The Mathworks 

Inc, MA, USA). Urine spectral regions containing metabolites of interest (δ0.5 to 9.0ppm) 

were extracted and the residual H2O and urea signals removed. Peaks in the urine spectra 

were aligned by the iCoshift algorithm22 with 245 manually chosen intervals, using the 

spectrum with the highest correlation as the reference.23 The spectra were normalised using 

Probabilistic Quotient Normalization to account for dilution.24 Finally the data was pareto 

scaled and mean centered.25 Serum spectral regions containing metabolites of interest (δ 0.1 to 

4.2ppm) were extracted and aligned by the left Alanine doublet peak at 1.48ppm. The spectra 

were normalised to equal area and mean centred. 

Statistical analyses 
Statistical analyses were done in Matlab and in Statistical Package for the Social Sciences 

(SPSS) (version 20.0; SPSS Inc, IL, USA). Baseline characteristics of the study population 

were tested for normality using the Kolmogorov-Smirnov test.26 Non-normal data was 

reported as median (25th-75th percentile), normal data as mean (standard deviation), and 

categorical data as number (percentage) using either the Kruskal-Wallis test, analysis of 

variance (ANOVA), or Fishers exact test. The metabolic data was explored for clusters and 

outliers using PCA as described below. The predictive potential of the metabolic profiles for 

preeclampsia, gestational hypertension, and both combined was evaluated using PLS-DA. The 

predictive values of urine and serum NMR spectra were evaluated by sensitivity at 10% false 

positive rate and at the best cut-off on the Receiver Operator Characteristic (ROC) curve. 

PCA is a powerful method of data extraction that finds combinations of variables, called 

principal components (PCs), describing the main variation in large data. These are visualised 

in scores and loading plots, making it possible to visualise high dimensional data using only a 

few dimensions. PLS-DA models the relationship between the spectra and class information 
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using multivariate regression methods, and is used to establish prediction models. The 

metabolites responsible for separation between classes are given by the latent variables 

(LVs).27 Similar to PCA, the resulting model can be visualised in scores and loading plots. 

Variable Importance in Projection (VIP) is a method of assessing which variables are most 

important to the prediction. Variables with VIP scores ≤ 1 can be considered irrelevant to the 

prediction and excluded.28 Competitive Adaptive Reweighted Sampling (CARS) is a variable 

selection method which iteratively selects variable subsets which perform best in cross 

validated classification.29 

Multivariate models were constructed using PLS Toolbox 7.3.1 (Eigenvector Research, 

WA, USA). Preeclampsia, gestational hypertension and both combined were predicted within 

the entire cohort; e.g., for prediction of preeclampsia the gestational hypertension remained in 

the control group. The input to the classification models was either full, preprocessed spectra, 

or sets of variables selected by different variable selection algorithms (VIP or CARS). The 

classification models were evaluated using a double cross validation procedure.30 A set of 

samples (20%) was set aside for independent validation of the model (the outer loop). The 

remaining samples were split into an inner calibration and test set used for determining the 

optimal number of PLS components. The inner and outer loops were both repeated 20 times. 

The data was split so that the ratio of case to control samples was the same in validation, 

calibration and test sets. Mean sensitivity, specificity and classification accuracy were 

calculated from the validation set. The PLS-DA classification results were validated using 

permutation testing, with p-values ≤0.05 considered significant.30 One hundred permutations 

were built for each predictive model. 

Urine metabolite ratios found to be important to the multivariate predictions based on high 

VIP scores and/or CARS selection (hippurate, lactate, dimethylamine, and 4-deoxythreonic 

acid to creatinine ratios) were used as input to logistic regression models in combination with 
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maternal characteristics. The maternal variables found to give the best prediction of 

preeclampsia in the same cohort by Skråstad et al17 were combined with selected metabolite 

ratios, in order to improve the prediction rates for preeclampsia in the cohort. Preeclampsia 

was predicted using MAP and age as variables in combination with metabolite ratios. Women 

with maternal age more than 35 or less than 20 were categorised as high risk.31 The results 

were compared to prediction rates obtained using UtAPI, MAP and age.  Logistic regression 

analyses were done in SPSS. 

Results 
A total of 640 women (585 nulliparous and 55 parous women) attended the study visit 

between 11+0 and 13+6 weeks gestation. A flow chart describing the women included in the 

analysis is shown in Supplementary figure S1. After exclusions for conditions appearing at or 

after the study visit as described in17, and technical reasons (failed acquisitions or missing 

samples), 599 women remained in total with 587 urine samples and 591 serum samples. One 

excluded urine sample was from a woman who later developed gestational hypertension. 

Characteristics of the study participants for each outcome group are shown in Table 1. 

Twenty-six women (4.3%) developed preeclampsia and 21 women (3.5%) developed 

gestational hypertension. One woman had early onset preeclampsia (delivered < 34 weeks 

gestation). BMI was higher for women with gestational hypertension, and gestational age at 

birth and birth weights were lower in preeclampsia. MAP measured at 11+0 and 13+6 weeks 

gestation was higher in women who later developed preeclampsia or gestational hypertension, 

but below the definition of chronic hypertension. 

Identification of 54 urine metabolites and 30 serum metabolites was achieved 

(Supplementary tables S2 and S3). The exploratory PCA (Figure 1) of the urine and serum 

NMR spectra showed a characteristic clustering of urine samples from women who later 

developed preeclampsia or gestational hypertension, indicating a difference in urinary 
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metabolic profiles between healthy and later hypertensive pregnancies. No apparent clustering 

was seen in serum samples. 

 

Figure 1. Score plots from PCA of urine and serum spectra from women who later developed 

preeclampsia or gestational hypertension. PCA score plots of the first and second principal 

components (PCs) with the explained variance (%), performed on urine samples (top) and 

serum samples (bottom) taken at 11+0 and 13+6 weeks gestation. Urine samples gave a 

clustering of women later developing preeclampsia (PE) (red diamonds) or gestational 

hypertension (GH) (green triangles), while serum samples gave no apparent clustering. 

Metabolomic biomarkers in urine 
Urine metabolic profiles at 11+0 and 13+6 weeks gestation predicted preeclampsia, 

gestational hypertension and both combined (Table 2, Supplementary Table S4). At 10% false 

positive rates using metabolomics analyses, preeclampsia could be predicted at 51% 

sensitivity from first trimester urine samples, gestational hypertension with 40% sensitivity, 

and both combined at 37% sensitivity.  The loading plots from PLS-DA pinpoint the 

metabolites that are different between the modelled groups (Figure 2, Table 2). Women that 
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later developed preeclampsia had increased urinary levels of creatinine, glycine, 4-

deoxythreonic acid, α-hydroxyisobutyrate, histidine and dimethylamine and decreased 

hippurate, lactate and proline betaine. In the first trimester of women developing gestational 

hypertension there was also a decrease of citrate, but overall a similar profile to preeclampsia.  

 

Figure 2. Urine NMR variables involved in predicting preeclampsia (PE) and gestational 

hypertension (GH) using PLS-DA. The variable importance in projection (VIP) scores for 

each variable (part per million, ppm) are shown on the vertical axis, with higher VIP scores 

meaning increasing importance in the predictive model. The variables are coloured by the 

loadings from the corresponding PLSDA model. Red means increasing levels of metabolite in 

the indicated condition and blue means decreasing levels. Metabolites by number: 1, 4-

Deoxyerythronic acid; 2, 4-Deoxythreonic acid; 3, Lactate and Threonine; 4, α-

Hydroxyisobutyrate; 5, Alanine; 6, Acetate and Lysine; 7, Glutamine; 8, Citrate 9, 
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Dimethylamine; 10, Creatinine; 11, Proline Betaine; 12, Carnitine (tentative); 13, Betaine; 14, 

Glycine 15, Ascorbic acid; 16, Hippurate; 17, Phenylacetylglutamine; 18, Histidine. 

Metabolomic biomarkers in serum 
Serum metabolic profiles in first trimester predicted preeclampsia, gestational hypertension 

and both combined (Table 3, Supplementary Table S5). At 10% false positive rates, 15%, 

33% and 30% of preeclampsia, gestational hypertension and both combined could be 

predicted. The loading plots from PLS-DA pinpoint the metabolites that are different between 

the modelled groups (Figure 3, Table 3). Mainly, increased lipid levels were evident in both 

hypertensive groups, and the increased signals originated primarily from triglycerides. 

Decreased levels of phosphatidylcholines, with signals originating from lipids in HDL, 

glucose, lactate and alanine were also found important for first trimester prediction of the 

hypertensive pregnancy disorders. 
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Figure 3. Serum variables involved in first trimester prediction of preeclampsia, gestational 

hypertension, and both. The variable importance in projection (VIP) scores for each variable 

are shown in the vertical axis. The variables are coloured by the loadings as described in 

Figure 3. Abbreviations: HDL, High density lipoprotein; Leu, Leucine; N-Ac, N-acetylated 

carbohydrate side chains of glycoproteins; PtdCho, Phosphatidylcholine; Py, Pyruvate; Val, 

Valine. 

Prediction of preeclampsia based on a combination of metabolomic and 
clinical biomarkers 

The best logistic regression models for prediction of preeclampsia are shown in Table 4. 

Urinary hippurate:creatinine combined with MAP and maternal age gave better prediction 

rates (AUC 0.778) than UtAPI combined with MAP and maternal age (AUC 0.738) (Figure 

4). 

 

Figure 4: ROC comparison of logistic regression analyses. Prediction of preeclampsia using 

logistic regression, with risk of preeclampsia as dependent variable and maternal age and 

MAP in combination with urinary metabolites (Hippurate and Creatinine) or UtAPI as 

independent variables. Abbreviations: MAP: Mean Arterial Pressure. UtAPI: Uterine Artery 

pulsatility index. 
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Discussion 

Main findings 
Metabolic profiles in urine and serum samples from pregnant women at 11-13 weeks 

gestation identified a significant difference between women who developed preeclampsia or 

gestational hypertension, and women with normotensive pregnancies. Both urine and serum 

metabolic profiles could predict preeclampsia and gestational hypertension, with urine 

profiles giving the best prediction. Increased urinary creatinine, decreased urinary hippurate, 

and increased levels of serum lipids were the most important differences between women who 

developed preeclampsia or gestational hypertension, and normotensive women. 

Strengths and limitations 
The major strength of our study was the prospective design with complete follow-up of 

almost 600 women with medium to high risk of preeclampsia. The multivariate statistical 

analyses were performed up to standards of the field, with rigid cross validation.32 

Weaknesses of our study include the limited numbers of cases, which is difficult to overcome 

given the low incidence of the disorders. An advantage with multivariate analyses as used in 

metabolomics approaches is that the covariance between metabolites is taken into account in 

the modelling. However, in order to more conveniently translate metabolic findings to the 

clinic, a selection of metabolites could be made which convey most of the information 

contained in the source. Combining sets of metabolites with maternal characteristics may 

improve the prediction rates. Previous publications within the metabolomics field have used 

case-control studies, or samples obtained at a later gestational age, to demonstrate a change in 

metabolic profile before onset of preeclampsia.11, 12, 15, 33, 34 This study aimed to predict two 

hypertensive disorders of pregnancy in a cohort of women and this reflects the predictive 

power of the metabolomics approach more accurately than in a case-control design. This 

difference in design may also explain why our results have lower prediction rates than 

previous metabolic studies.1 
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Interpretation 
This is the first metabolomics study on first trimester urine samples for prediction of 

preeclampsia and gestational hypertension. Preeclampsia has been successfully predicted with 

second trimester urine in a case-control study,13 and their results partially align with ours for 

instance by increased 4-deoxythreonic acid, possibly related to ketone body production.13 

Non-metabolomics methods have been used to predict preeclampsia from urine samples, with 

focus on urinary albumin to creatinine ratios as a measure of kidney function,35 and on 

creatinine levels in urine.36 Increased urinary creatinine was found to be predictive of 

preeclampsia in a study as early as 8-10 weeks gestation.36 Our corresponding findings of 

increased creatinine in maternal urine may be an effect of the increased BMI and MAP of the 

women who developed preeclampsia and gestational hypertension,36 or possibly a marker of 

early renal involvement. Studies have reported increased glomerular filtration rates in pre-

hypertensive subjects.37 Changes in hippurate excretion preceding preeclampsia are novel to 

this study. Decreased urinary hippurate has been shown to correlate with increased blood 

pressure,38 and may be related to diet or to blood pressure related changes in the gut 

microflora, where this metabolite is produced.38, 39 The predictive metabolic profile for 

preeclampsia also included increased glycine and 4-deoxythreonic acid, as well as decreased 

lactate and creatine. 4-Deoxythreonic acid is a degradation product of 3-hydroxybutyrate,40 

which is increased in maternal serum in our study. Both preeclampsia and gestational 

hypertension was associated with an increase in urinary dimethylamine at 11-13 weeks 

getation. This metabolite may have dietary origins,41 but is also derived from asymmetric 

dimethylarginine, a biomarker of increased cardiovascular risk.41, 42. 

The prediction of preeclampsia and gestational hypertension using metabolic profiling of 

urine performed with similar sensitivity as previous approaches using maternal biophysical 

and biochemical markers on the same cohort17, 18, and in other studies.5, 8 The serum metabolic 

profiling did however not predict the syndromes equally well. This may reflect the lower 
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sensitivity of NMR spectroscopy to detect small molecular weight metabolites in serum, due 

to viscosity, lipid signal overlap and lower concentrations of NMR-visible metabolites. 

Combining urinary hippurate:creatinine ratios with maternal MAP and age increased the 

prediction rates of preeclampsia compared to using the uterine artery Doppler measurement 

with MAP and age. Replacing the UtAPI measurement, which requires skilled ultrasound 

technicians and time, with an easily accessible urinary marker, would be an advantage 

especially in low resource areas. However, clinical application of the metabolic profiling 

prediction method will require confirmation in cohorts from other populations, where the 

metabolites identified in this study form the basis of prediction. Currently, early identification 

of women at risk for developing hypertensive disorders of pregnancy would enable closer 

follow-up of these women.43 Extensive research is examining potential prophylactic 

treatment, especially for preterm or severe preeclampsia.4, 44, 45 In order for these treatments to 

work, it is important to identify the women at risk for developing disease at an early 

timepoint. This research shows that there is potentially predictive information contained in a 

simple urine sample. 

First-trimester plasma or serum for prediction of preeclampsia by metabolomics methods 

have been reported previously.11, 12, 15, 33 A model with maternal characteristics combined with 

four serum metabolites predicted late onset PE.11 These results pointed to disturbed lipid 

metabolism. MS-based metabolomics studies have found increased serum levels of 

metabolites in carnitine, fatty acid and lipid classes reliably predicting preeclampsia.15, 33 

However, no previous studies have used metabolomics to predict gestational hypertension in 

early pregnancy. Changes in lipid metabolism evident early in pregnancies of women who 

develop hypertensive disorders of pregnancy are known.46-48 Abnormal lipid metabolism may 

play a role in the aetiology of the disease.48 Elevated lipid and low-density lipoprotein levels 

in maternal serum may induce endothelial dysfunction secondary to oxidative stress.46 The 
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decrease in phosphatidylcholine levels related to both later gestational hypertension and 

preeclampsia may indicate altered choline metabolism.49 Choline is an essential nutrient 

which functions in phospholipid metabolism, and choline levels may influence inflammation 

and angiogenesis.49-51 Decrease in phosphatidylcholine serum levels have also been found in 

individuals with increased cardiovascular risk factors.52 The decrease in maternal serum 

pyruvate concurrent with the increase in 3-hydroxybutyrate in women who later developed 

preeclampsia may indicate an early shift in metabolism from glycolysis to ketosis for energy 

production,53 and this was reflected also in the urine metabolic profiles. 

Conclusions 
Metabolic profiling of urine and serum in early pregnancy revealed specific, significant 

changes in the metabolism of women who later developed preeclampsia or gestational 

hypertension. Preeclampsia and gestational hypertension could be successfully predicted in 

early pregnancy using urine and serum metabolic profiles. The consistent changes in the 

urinary metabolome represent an attractive avenue for clinical prediction, since spot urine is 

easily accessible. Combining a panel of urine metabolites with maternal characteristics may 

improve the accuracy of prediction of late onset preeclampsia. 
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TABLES 
Table 1. Characteristics of the Study Participants 

Characteristic Preeclampsia Gestational 
Hypertension 

Normotensive 
pregnancies 

P-
valuea 

Number of women included  26 21 552  

Age in years, median (IQR) 26 (7) 28 (6) 28 (5) NS 

BMI in kg/m2, median (IQR) 24.8 (5.6) 27.1 (7.6)  23.5 (4.9) <0.01 

Smoking, n (%) 4 (15.3) 2 (9.5) 63 (11.4) NS 

MAP at enrolment, median (IQR)  87.0 (11.1) 92.1 (8.1) 82.7 (8.8) <0.001 

UtAPI at enrolment, median 
(IQR) 

1.75 (0.70) 1.49 (0.39) 1.46 (0.52) <0.05 

GA at enrolment, days, median 
(IQR) 

92 (4) 92 (5) 90 (6) NS 

GA at delivery, days, median 
(IQR) 

266 (22) 281 (9) 282 (13) <0.001 

Birth weight, g, median (IQR) 3243 (705) 3460 (1096) 3475 (600) <0.01 

Abbreviations: BMI, Body Mass Index; GA, Gestational age; IQR, Interquartile range; 
MAP, Mean arterial pressure; UtAPI, Uterine Artery Pulsatility Index 
a P-values calculated by nonparametric Kruskal-Wallis test for continuous variables or Fishers 
exact test for categorical variables. 
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Table 2. Urine Metabolite Multivariate Models Predicting Preeclampsia, Gestational 

Hypertension, or Either.a 

Hypertensive group Accuracy 
(%) 

Specific
ity 

(%) 

Sensit
ivity 

(%) 

Sensitivity 
at 10% 
FPR (%) 

P-valueb Indicated 
metabolitesc 

Preeclampsia 
(n=26) 

         

Full urine spectra 61.4 65.3 57.5  11.3  <0.01 ↑Crn, Gly, α-HIB, 
Hist, DMA ↓ Hipp, 
Lac/Thr, ProlB 

VIP ≥ 1 variables 68.2 60.1 76.3  23.8  <0.01 ↑Crn, Gly, α-HIB, 
Hist, DMA ↓ Hipp, 
Lac/Thr 

CARS variables 70.8 74.2 67.5  51.3  <0.01 ↑ Gly, 4-DEA,  
DMA ↑ Hipp, Lac, 
Cre, ProlB  

Gestational 
hypertension (n=20) 

            

Full urine spectra 59.1 68.2 50.0 11.7  <0.01 ↑ Crn, α-HIB, 
DMA ↓ Hipp, 
Lac/Thr, ProlB, 
Citrate 

VIP ≥ 1 variables 63.7 65.7  61.7 16.7  0.01 ↑ Crn, α-HIB, 
DMA ↓ Hipp, 
Lac/Thr, ProlB, 
Citrate 

CARS variables 63.8  89.3 38.3 40.0  0.04 ↑ DMA ↓ PAG, 
Ala 

Preeclampsia or 
gestational 
hypertension (n=46)
  

            

Full urine spectra 61.5 56.1 66.8  14.4  <0.01 ↑ Crn, α-HIB 
DMA, ↓ Hipp, 
Lac/Thr, ProlB 

↑ Crn, α-HIB,  
DMA ↓ Hipp,  
Lac/Thr, ProlB 

VIP ≥ 1 variables 64.0 56.2 71.9  20.0  <0.01 
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CARS variables 66.4 75.9  56.9  36.9 <0.01 ↑ α-HIB, DMA ↓ 
Hipp, PAG, Lys, 
Ala, noise 
variables 

Abbreviations: 4-DEA, 4-Deoxythreonic acid; α-HIB, α-Hydroxyisobutyrate; Ala, Alanine; 
Cre, Creatine; Crn, Creatinine; CARS, Competitive Adapted Reweighted Sampling; DMA, 
Dimethylamine; Gly, Glycine; Hipp, Hippurate; Hist, Histidine; Lac, Lactate; Leu, Leucine; 
PAG, Phenylacetylglutamine; ProlB, Proline Betaine; Thr, Threonine; VIP, Variable 
Importance in Projection. 

 a VIP or CARS variable selection was performed, and results were evaluated using 
accuracy, specificity and sensitivity from double cross validation. 

 b Model validity was estimated by 100 permutation tests.  
c The metabolites are listed as increased (↑) or decreased (↓) in the hypertensive disease 

group compared to the normotensive pregnancy group. 
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Table 3. Serum Metabolite Multivariate Models Predicting Preeclampsia, Gestational 

Hypertension, or Eithera. 

Hypertensive 
group 

Accura
cy (%) 

Specific
ity (%) 

Sensitivi
ty (%) 

Sensitivity 
at 10% 
FPR (%) 

P-
valueb 

Indicated metabolitesc 

Preeclampsia 
(n=26) 

      

Full serum 
spectra 

59.4  73.8  45.0  20.0 >0.05 NS 

VIP ≥ 1 
variables 

58.3  70.3  46.3 26.3 >0.05 NS 

CARS 
variables 

64.6 65.4  63.8 15.0 0.05 ↑ Signals from 
triglycerides, 3-HB 

↓ Pyruvate, PtdCho, Lac 

Gestational 
Hypertension 
(n=21) 

      

Full serum 
spectra 

59.1 74.8  43.3 25.0  >0.05 NS 

VIP ≥ 1 
variables 

58.1 75.0 41.3 22.5  >0.05 NS 

CARS 
variables 

66.1 55.0 76.9 33.3 0.02 ↑ Signals from 
triglycerides, ↓ Variables 
corresponding to HDL, 
Lac, N-Ac, PtdCho, Glc 

Preeclampsia 
or gestational 
hypertension 
(n=47) 

      

Full serum 
spectra 

62.6 70.8  54.4  24.4 0.01 ↑ Lipid signals, signals 
from triglycerides  

↓ Signals from HDL, 
Glc, Val, Leu, Lac, Ala, 
PtdCho 

VIP ≥ 1 
variables 

63.0  70.4 55.6  27.5 <0.00 ↑ Lipid signals, signals 
from triglycerides  

↓ Signals from HDL, 
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Glc, Leu, Val, Ala, Lac, 
PtdCho 

CARS 
variables 

64.5  69.1 60.0  30.0 0.02 ↑ Variables 
corresponding to 
triglycerides  

↓  Lac, PtdCho  

Abbreviations:  3-HB, 3-Hydroxybutyrate; Ala, Alanine; CARS, Competitive adaptive 
reweighted sampling; FPR, False positive rate; GH, Gestational hypertension; Glc, Glucose; 
HDL, high density lipoprotein; Lac, Lactate; Leu, Leucine; N-Ac, N-acetyl Glycoproteins;NS, 
Not significant PE, Preeclampsia; PtdCho, Phosphatidylcholine; Thr, Threonine; Val, Valine; 
VIP, Variable importance in projection. 
a VIP or CARS variable selection was performed, and results were evaluated using accuracy, 
specificity and sensitivity from double cross validation.  
b Model validity was estimated by 100 permutation tests.  
c The metabolites are listed as increased (↑) or decreased (↓) in the hypertensive group 
compared to the normotensive group. 
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Table 4. Prediction of Preeclampsia Based on Urinary Metabolites and Maternal 

Characteristics in Logistic Regression 

Variable AUC (95% CI) Sensitivity (%)a PPV NPV P-valueb 

Urine Metabolitesc 
only 

0.694 (0.595-0.793) 0.192 0.082 0.960 0.004 

MAP, aged, UtAPI 0.738 (0.637.0.839) 0.346 0.138 0.967 <0.001 

Metabolites, MAP, 
aged 

0.778 (0.695-0.862) 0.423 0.164 0.971 <0.001 

Metabolites, MAP, 
aged, UtAPI 

0.807 (0.721-0.893) 0.538 0.200 0.977 <0.001 

Abbreviations: AUC, area under the receiver operator characteristic curve; CI, confidence 
interval; MAP, mean arteral Pressure; NPV, negative predictive value; PPV, positive 
predictive value; UtAPI; uterine artery pulsatility index. 

a Sensitivity is given at 10% false discovery rate.  
b Omnibus chi-square significance level of the model. 
c Metabolites were chosen based on highest VIP scores. The final metabolites were 

hippurate/creatinine ratio in urine. 
d Women with maternal age <20 or >35 were categorised as high risk. 
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Figure S.1 Flow chart describing participants included in the study.  
Abbreviations: ASA, Acetyl Salisylic acid; CRL, Crown rump length; GH, gestational hypertension; PE, 
preeclampsia. 

Table S.1 NMR spectroscopy parameters 

Biofluid Spectrum 
shorthand 

Pulse sequence Temp 
(K) 

FID size Scans Spectral width 
(ppm) 

U
rin

e 

NOESY noesygppr1d 300 65536 32 20,5682 
JRES jresgpprqf 300 8192x40 2 16.6602x0.1302 
HSQC hsqcedetgpsisp.2 300 2048x256 32 16.0194x165.6500 
COSY cosygpprqf 300 4096x512 8 16.0194x16.0194 
HSQC-TOCSY hsqcdietgpsisp.2 300 2048x256 32 12.0146x165.6580 
HMBC hmbcetgpl3ndpr 300 4096x256 128 16.0194x209.9990 

Se
ru

m
 NOESY noesygppr1d 310 98304 32 29.8927 

CPMG cpmgpr1d 310 65536 64 20.0243 
JRES jresgpprqf 310 8192x40 1 16.6602x0.1302 

Abbreviations: COSY, Correlated spectroscopy; CPMG, Carr-Purcell-Meiboom-Gill pulse sequence; 
HMBC, Heteronuclear multiple bond correlation spectroscopy; HSQC, Heteronuclear single quantum 
coherence spectroscopy; JRES, J-resolved spectroscopy; NOESY, Nuclear overhauser effect 
spectroscopy; TOCSY, Total correlation spectroscopy. 

 

 



Table S.2 Metabolites Identified in Urine NMR spectra 

Metabolite 1H NMR shift, multiplicitya, (13C shift)b 

1-Methylhistidine 3.140m (30.9), 3.730m (36.5), 3.930s (56.0), 7.210t(122.0), 
8.220s(140.0), (130) 

1-Methylnicotinamide 4.469s(51.4) 8.886d(146.4) 8.957d(150.0) 
3-Aminoisobutyrate 1.200t(17.8)  2.037m(46.1) 
3-Hydroxyisobutyrate 1.075d(16.5), 2.490m(47.6), 67.6m, (186.9) 
3-Hydroxyisovalerate 1.274s(31.0), 2.370s(52.3), (72.5) 
3-Methylhistidine 3.270m(27.6), 3.320m(27.6), 3.770m(35.0) 
4-Deoxyerythronic acid 1.11d(18.26), 4.08d(78.67), 4.1m(71.54) 
4-Deoxythreonic acid 1.236d(21.2), 3.85m(79.1), 4.06m(71.7), (176.8) 
4-Hydroxyphenylacetate 3.450s(46.8), 6.850d(118.2), 7.16d(133.0) 
Acetate 1.93s(26.1) 
Acetoacetate 2.287(32.7), 3.343s(55.5) 
Alanine 1.489d(19.1), 3.809q(53.3) 
Allantoin 5.390m(65.9) 
Ascorbic acid 3.770s(65.3), 4.520d(81.1), (178) 
Betaine 3.270 (55.5), 3.890 (69.0) 
Carnitine  2.450(45.7),  3.202(56.4), 3.430(73.0) 
Choline 3.230(57.1), 3.520(70.1) 
Cis-aconitate 3.130(46.2), 5.74(127) 
Citrate 2.550d(47.7), 2.700d(47.7) 
Creatine 3.040s(39.6), 3.940(56.4) 
Creatinine 3.052s(32.7), 4.070s(59.0), (172) (191) 
Dimethylamine 2.730s(37.3) 
Dimethylglycine 2.933s(46.4) 
Formate 8.500s(168.0) 
Fumarate 6.528s 
Glucose 5.210(94.7) 
Glucuronic acid 3.520(74.5), 3.520(78.4), 5.250d(94.7), 3.560(74.0) 
Glycine 3.580s(44.2) 
Guanidoacetate 3.806(47.9) 
Hippurate 3.970d(46.6), 7.550t(131.0), 7.640t(134.0), 7.830t(129.0) 
Histidine 3.220(30.1), 3.282(30.1), 4.016(57.0), 7.167s(120.2), 8.060s(138.0) 

(133) 
Hypoxanthine 8.177s(144.0), 8.200s(148.0) 
Lactate 1.337d(22.4), 4.127q(71.5), (185) 
Lysine 1.449(24.1), 1.524(24.1), 1.740(29.5), 1.910(33.0), 3.030(42.3), 

3.790(57.0) 
Methylamine 2.617s(27.8) 
Methylmalonate 3.158(44.3) 
Myo-inositol 3.250(77.1), 3.300(76.9) 
p-Cresol sulfate 2.346s(23.1), (133.0), (139.0) 
Phenylacetylglutamine 2.27m (34.0) 3.676(45.5), 4.010 (57.3), 7.352t(131.7), 7.362t(130.0), 

7.428t(131.6) 
Proline betaine 3.110s(48.6), 3.310s(54.8), 2.29m(69),2.17m (79), 2.51m(28.1) 
Propylene Glycol 1.150d(20.4), 3.470d(69.1), 3.550d, 3.900m(70.6) 
Pyruvate 2.382s(29.3) 
Scyllo-inositol 3.366s(76.6) 



Succinate 2.363s(36.8) 
Tartaric acid 4.350S(76.7) 
Taurine 3.280(50.3), 3.440(38.4) 
Threonine 1.337d(22.4), 4.273q(68.8), (182.4) 
Trigonelline 8.835t(148.0), 9.121s(148.4) 
Trimethylamine-N-Oxide 3.280(62.5) 
Tyrosine 6.900(118.0), 7.190(133.7) 
Valeric acid 0.880m(15.9), 0.930m(15.9), 1.560(28.0), 2.200(40.0) 
Valine 0.995d(19.5), 1.050d(20.9), 2.276(34.4), (63.3) 
α-Hydroxyisobutyric acid 1.365s(29.5), (76.5), (187.1) 
α-Ketoglutarate 3.01(57.3) 
a Multiplicities annotated as s, singlet; d, doublet; t, triplet; q; quartet; m, multiplet 
b 13C chemical shifts directly coupled to the 1H in Heteronuclear Single Quantum Coherence spectra. 

Table S.3 Metabolites Identified in Serum NMR Spectra 

Metabolite 1H Shiftsa and multiplicities 
3-Hydroxybutyrate  1.219d 
Acetate  1.935s 
Acetoacetate 2.300s 
Acetone 2.248s 
Alanine  1.499d 
Asparagine  2.871d, 2.951d 
Citrate  2.554d, 2.701d 
Creatine  3.059s, 3.948s 
Creatinine  3.062s,  4.072s 
Formate  8.478s 
Glucose  3.269t, 3.403-3.576m, 3.716-3.939m 
Glutamine  2.152m, 2.475m, 3.772m 
Glycerol  3.677m 
Glycine  3.58s 
Histidine  7.808s,  7.081s, 3.14m 
Isoleucine 1.028d 
Lactate  1.347d, 4.131q 
Leucine 0.983d,  0.963d, 1.734m 
Lysine  1.916m 
Methanol  3.38s 
Methionine  2.662t 
N-Acetylated groups  2.059s 
Phenylalanine  7.449t, 7.393t, 7.352d 
Proline  2.37m, 3.354m 
Propylene Glycol  1.139d 
PtdCho  3.238b 
Pyruvate  2.39s 
Threonine  3.593d, 1.347d, 4.271q 
Tyrosine  7.217d, 6.920d 
Valine  1.06d, 1.009d,  3.63d 
a Multiplicities annotated as s, singlet; d, doublet; t, triplet; q; quartet; m, multiplet; b, broad signal  
  



Table S.4 Additional prediction model parameters for urine spectra 

Patients Variable selection method No. variables No. latent variables in 
prediction model 

p 

PE
 

(n
=2

6)
 None 27084 1 <0.01 

VIP ≥ 1 3747 1 <0.01 
CARS 54 1 <0.01 

G
H 

(n
=2

0)
 None 27084 1 <0.01 

VIP ≥ 1 4653 1 0.01 
CARS 8 1 0.04 

PE
+G

H 
(n

=4
6)

 None 27084 1 <0.01 
VIP ≥ 1 3789 1 <0.01 
CARS 45 4 <0.01 

Abbreviations: CARS, Competitive adaptive reweighted sampling;  GH, Gestational Hypertension; PE, 
preeclampsia; VIP, Variable importance in projection. 

 

Table S.5 Additional prediction model parameters for serum spectra 

Patients Variable selection 
method 

No. 
variables 

No. latent variables in prediction 
model 

p 

PE
 

(n
=2

6)
 None 13420 4 >0.05 

VIP ≥ 1 1081 7 >0.05 
CARS 105 3 0.05 

G
H 

(n
=2

0)
 None 13420 1 >0.05 

VIP ≥ 1 1259 7 >0.05 
CARS 87 4 0.02 

PE
+G

H 
(n

=4
6)

 None 13420 4 0.01 
VIP ≥ 1 1328 4 <0.00 
CARS 51 6 0.02 

Abbreviations: CARS, Competitive adaptive reweighted sampling;  GH, Gestational Hypertension; PE, 
preeclampsia; VIP, Variable importance in projection. 
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Abstract 23 
Introduction: Preeclampsia is a heterogeneous gestational disease characterized by maternal 24 
hypertension and proteinuria, affecting 2-7% of pregnancies. The disorder is initiated by 25 
insufficient placental development, but studies characterizing the placental disease 26 
components are lacking. Methods: Our aim was to phenotype the preeclamptic placenta using 27 
High-resolution magic angle spinning nuclear magnetic resonance spectroscopy (HR-MAS 28 
MRS). Placental samples collected after delivery from women with preeclampsia (n=19) and 29 
normotensive controls (n=15) were analyzed for metabolic biomarkers including amino acids, 30 
osmolytes, and components of energy and phospholipid metabolism. The metabolic 31 
biomarkers were correlated to clinical characteristics and maternal serum inflammatory 32 
biomarkers. Results: Principal component analysis showed inherent differences in placental 33 
metabolic profiles between preeclamptic and normotensive pregnancies. Significant 34 
differences in metabolic profiles were found between placentas from severe and non-severe 35 
preeclampsia, but not between pregnancies with and without fetal growth restriction. The 36 
placental metabolites correlated with the placental stress marker sFlt-1, suggesting a variation 37 
in placental stress signaling between different placental phenotypes. Discussion: HR-MAS 38 
MRS is a sensitive method for defining the placental disease component of preeclampsia, 39 
identifying several altered metabolic pathways. Placental HR-MAS MRS analysis may 40 
provide improved insights into which processes are disturbed in placental subtypes of 41 
preeclampsia, and introduce a new long-required tool for more detailed and sensitive placental 42 
phenotyping of this heterogeneous disease. 43 

Keywords: metabolism; metabolomics; NMR; preeclampsia; placenta; profiling.  44 

Abbreviations: BMI, body mass index; CS, cesarean section; FGR, fetal growth restriction; 45 
GA, gestational age; GLM, general linear model; HDL, high-density lipoprotein, HR-MAS 46 
MRS; high-resolution magic angle spinning magnetic resonance spectroscopy; hs-CRP, high 47 
sensitivity C-reactive protein; MSEA; metabolite set enrichment analysis; PCA, principal 48 
component analysis; PE; preeclampsia; PLS-DA, partial least squares discriminant analysis; 49 
sFlt-1, soluble fms-like tyrosine kinase receptor 1 50 

Highlights:  51 

� The largest metabolic profiling of placentas to date reveals differentially expressed 52 
metabolic pathways in preeclamptic and normotensive placenta 53 

� The preeclampsia specific metabolite changes include taurine and nutrient depletion, 54 
and enrichment of cell membrane breakdown products.  55 

� HR-MAS MRS is a novel sensitive method for placental tissue profiling with limited 56 
need for sample preparation 57 

Word count: 2999 (excl footnotes) 58 
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Introduction  60 
Preeclampsia is a gestational disease that originates in the placenta and affects 2-7% of 61 
pregnancies [1]. Preeclampsia may be an excessive maternal inflammatory response to 62 
insufficient placentation or to pregnancy itself [2, 3]. The current hypothesis in regard to its 63 
development states that the uterine spiral arteries develop insufficiently during placentation, 64 
causing placental ischaemia and abnormal inflammation as the pregnancy develops [1, 4]. The 65 
oxidatively stressed placenta releases increasing amounts of inflammatory and angiogenic 66 
factors to the maternal circulation, eventually causing the clinical manifestations of 67 
preeclampsia; endothelial dysfunction, intravascular inflammation and activation of the 68 
hemostatic system evidenced by proteinuria and hypertension [1, 4] .  69 

Preeclampsia is a heterogeneous disease, but clinical markers in the placenta identifying 70 
disease subgroups are scarce [5]. Common subtypes of preeclampsia are today defined by 71 
severity of maternal features, time of diagnosis, and presence of fetal growth restriction 72 
(FGR) [6, 7]. These subgroups are based on end stage maternal or fetal factors and placental 73 
histology findings, and maternal serum markers overlap between groups [2]. Similar end stage 74 
presentations of preeclampsia may stem from different pathologic placental processes [8]. 75 
Studying the altered metabolism in the preeclamptic placenta and how it is affected with 76 
disease severity and when combined with FGR may give insight into which processes are 77 
shared and specific for these disorders. Placental phenotyping by metabolic expression may 78 
provide better insights into the initial cause of the disease and which processes are disturbed 79 
during and after its development, and help identify potential targets for treatment in the future. 80 

Metabolite expression is the final level of regulation over gene and protein expression, and 81 
can be measured directly in tissue samples using high resolution magic angle spinning 82 
magnetic resonance spectroscopy (HR-MAS MRS) [9]. HR-MAS MRS has been used 83 
successfully in investigating molecular subtypes of breast cancer for improved treatment and 84 
outcome stratification [10]. To our knowledge, HR-MAS MRS of intact placental tissue has 85 
not previously been performed on normal or preeclamptic pregnancies. Additionally, 86 
correlating known placental stress and inflammatory markers in maternal serum with the 87 
placental phenotype may improve understanding of the “missing link” between the placental 88 
and maternal manifestations of preeclampsia. 89 

We hypothesize that placental metabolic profiling provides a sensitive method for detailed 90 
identification of the placental component of preeclampsia. This may provide information 91 
about underlying pathogenic processes reflecting the initial stages of the syndrome. We 92 
further aim to investigate whether the placental metabolites correlate to maternal serum 93 
measurements of placental stress and inflammatory markers. 94 

  95 
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Materials & Methods 96 

Study participants, serum samples and placental tissue biopsies 97 
The study was approved by the Norwegian Regional Committee for Medical and Health 98 
Research Ethics (REC 2012/1040) and informed consent was obtained from all participants. 99 
Complete clinical characteristics of the pregnancies and placentas studied are available in the 100 
Supplementary information, Tables S.1 and S.2 [11]. Women with singleton pregnancies 101 
delivering by cesarean section (CS) were recruited at Haukeland University Hospital (Bergen, 102 
Norway) from 2009 to 2013. Preeclampsia was defined as persistent hypertension 103 
(systolic/diastolic blood pressure 140/90 mmHg) plus proteinuria (≥0.3g/24h or ≥1+ by 104 
dipstick developing after 20 weeks gestation [6]. Superimposed preeclampsia was defined as 105 
pre-existing hypertension plus proteinuria developing after 20 weeks of gestation [6] and was 106 
included in the preeclampsia group. Preeclampsia was subclassified as severe if diagnosed 107 
with one or more of the severe features (Supplementary Table S.3), or else designated as non-108 
severe [7]. FGR was diagnosed by serial ultrasound measurements showing reduced 109 
intrauterine growth. In absence of serial ultrasound measurements, neonates were defined 110 
with FGR if their birth weights were <5th percentile for gestational age (GA) according to 111 
Norwegian fetal weight reference curves [12].  112 

Women with pregnancies complicated by preeclampsia were included as cases. Healthy 113 
pregnant women with no previous history of pregnancies with preeclampsia or FGR were 114 
included as normotensive controls. Women with gestational hypertension, HELLP syndrome, 115 
or pregnancies with fetal chromosomal or congenital abnormalities were not included in the 116 
study. The preeclamptic women underwent CS due to the main disease, while normotensive 117 
women underwent CS for unrelated reasons (i.e. breech position, previous CS or maternal 118 
request). Only pregnancies without labor activity were included. Information about the 119 
pregnancy and a familial history of preeclampsia were collected from medical journals and 120 
interviews.  121 

Maternal venous blood was collected prior to CS, left to clot for ≤30 minutes, centrifuged at 122 
1800G for 10 minutes, and serum aliquots (1mL) stored at -80oC until analysis. A tangential 123 
section (100mg) from the maternal central side of the placenta was collected after delivery, 124 
placed in a cryotube and frozen either in liquid nitrogen or directly at -80oC within 101 ± 49 125 
minutes (mean ± SD) after delivery by CS.  126 

Maternal serum analyses 127 
Soluble fms-like tyrosine kinase receptor 1 (sFlt-1) was measured in duplicate using a 128 
quantitative sandwich ELISA according to the manufacturer’s instructions (#DVR100B, R&D 129 
Systems, Abingdon, UK). High sensitivity C-reactive protein (hsCRP) (turbidimetric assay, 130 
Modular P analyzer, Roche, Burgess Hill, UK), total cholesterol, high-density lipoprotein 131 
(HDL), triglyceride and creatinine (enzymatic colorimetric assays, Modular P analyzer) were 132 
measured by accredited methods at the Department of Clinical Chemistry, St. Olavs Hospital, 133 
Trondheim, Norway.  134 

HR-MAS MRS placental analyses 135 
The placental biopsies were analyzed in random order, blinded to pregnancy outcome. 136 
Samples were prepared on a metal plate bathed in liquid nitrogen in order to minimize the 137 
effect of tissue degradation. Biopsies (7.5 ± 1.4 mg) were cut to fit 30μL disposable inserts 138 
(Bruker Biospin Corp, USA) filled with 3μL D2O containing 25mM formate for shimming. 139 
Spin-echo spectra were acquired on a Bruker Avance DRX600 spectrometer with a 1H/13C 140 
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MAS probe with gradient (Bruker Biospin GmbH, Germany) using the following parameters: 141 
5KHz spin rate, 5°C probe temperature, cpmgpr1d pulse sequence (Bruker Biospin) with 142 
78ms total echo time, spectral width of 20 ppm and 256 scans. Two samples were additionally 143 
analyzed by 13C-1H spectroscopy (HSQC, HMBC) for aid in metabolite identification.  144 

Data analysis 145 
Spectra were Fourier transformed into 65.5k points following 0.3 Hz line broadening, and 146 
automatically phased and baseline corrected. The left alanine peak was set to 1.478ppm 147 
(Topspin 3.1, Bruker Biospin). The spectra were peak aligned using iCoshift [13], and 148 
normalized to unit area to account for sample size differences. Metabolites were identified by 149 
comparing chemical shift values to spectral databases [14] and correlation of metabolite peaks 150 
using Statistical Total Correlation Spectroscopy [15]. Semi-quantitative metabolite levels 151 
were measured by integrating the spectral regions of identified metabolites (Matlab r2013b, 152 
The Mathworks Inc., Natick, MA, USA). 153 

Multivariate analysis was performed in PLS Toolbox v. 7.3.1 (Eigenvector Research Inc., 154 
WA, USA), and with MetaboAnalyst [16]. Quantified metabolite levels were autoscaled 155 
before multivariate modeling. The metabolic profiles were evaluated by principal component 156 
analysis (PCA) for initial data exploration [17]. Partial least squares discriminant analysis 157 
(PLS-DA) was used to discriminate metabolic features between subgroups of preeclampsia 158 
(presence of severe maternal features or FGR), and between normotensive and preeclamptic 159 
placentas. Results were evaluated by five-fold cross-validation which was repeated twenty 160 
times. Classification accuracy, sensitivity, specificity and number of latent variables were 161 
reported for cross-validated results. To evaluate the validity of the regression and 162 
classification results, 1000 permutation tests were performed with models considered valid at 163 
p≤0.05 [18].  164 

Univariate statistical analyses were performed in SPSS v. 20 (SPSS, Chicago, IL). Clinical 165 
characteristics were compared between disease subgroups using the one-way ANOVA with 166 
Tukey post-hoc test for groupwise normally distributed data (GA, birth weight) or the Kruskal 167 
Wallis test with post-hoc pairwise Mann-Whitney U tests for nonparametric data (maternal 168 
age, blood pressure, body mass index (BMI), placental weight, parity, metabolite levels, 169 
serum measurements), or Fishers exact test for categorical variables. Metabolite levels were 170 
compared using the Mann-Whitney U test. False discovery rate correction for multiple testing 171 
(Benjamini-Hochberg) was applied [19]. To adjust for confounding effects of GA, linear 172 
regression models with log-transformed metabolites as dependent variable and preeclampsia 173 
and GA as independent variables were generated. Interaction terms between preeclampsia and 174 
covariates were included in the models if significant, otherwise excluded. Standardized 175 
residuals were assessed with the Kolmogorov Smirnov test. Quantitative metabolite set 176 
enrichment analysis (MSEA) was performed for inferring the metabolic pathways associated 177 
with disease [20].  178 

 179 

  180 
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 181 
Results  182 

Clinical characteristics  183 
The clinical characteristics of the study participants are described in Table 1. A total of 34 184 
pregnant women were included in the study (preeclampsia; n=19 and normotensive; n=15). 185 
Birth weight and GA were lower in women with preeclampsia than normotensive 186 
pregnancies, and preeclamptic women were more likely to be primiparous. Maternal serum 187 
levels of creatinine, uric acid and sFlt-1 were significantly higher before CS in women with 188 
preeclampsia compared to normotensive (Table 2). 189 

HR-MAS analyses 190 
In total 25 metabolites were identified in the HR-MAS NMR analysis of placental biopsies 191 
(Table 2, Supplementary Table S.4). Median spectra from the normotensive and preeclamptic 192 
placental biopsies are shown in Figure 1. The area under the metabolite peak corresponds to 193 
the concentration in the tissue. Sample processing times were not significantly different  194 
between the preeclamptic and normotensive groups. 195 

Placental metabolic profiles in preeclampsia 196 
PCA was performed for an overview of the metabolic profiles (Fig. 2). The score plots show 197 
the between-samples variation and are colored by ellipses of 95% confidence intervals for 198 
preeclampsia subgroups defined by presence or absence of preeclampsia (Fig. 2A), severe or 199 
non-severe preeclampsia (Fig. 2B) or preeclampsia with or without FGR (Fig. 2C). 200 
Subdivision by early- and late onset disease was not explored because only two of the 201 
preeclampsia cases presented after 34 of weeks gestation. The women with superimposed 202 
preeclampsia appeared in the overlapping region of the score plot between preeclampsia and 203 
normal pregnancy (Fig. 2A).  Following initial PCA, one sample (severe preeclampsia with 204 
FGR) was excluded from further analysis due to high levels of lipids, which obscured the 205 
baseline and interfered with the quantification of metabolites. One sample (non-severe 206 
preeclampsia) was removed because it contained very low levels of all metabolites. 207 

Normotensive pregnancies were clearly separated from preeclamptic pregnancies based on the 208 
placental metabolic expression. The preeclamptic pregnancies showed a more heterogeneous 209 
metabolic expression than the more unified group of normotensive pregnancies (Figure 2A). 210 

The preeclampsia subgroups defined by severe preeclampsia or FGR largely overlapped in 211 
metabolic expression (Fig. 2B and C). The severe preeclampsia placental profiles clustered 212 
closer to the normotensive profiles than preeclampsia without severe features (Fig. 2B). In 213 
contrast, placental metabolic profiles of preeclampsia with presence of FGR appeared more 214 
separated from normotensive profiles than for preeclampsia without FGR (Fig. 2C), although 215 
both had wide distributions. The loading plot (Fig. 2D) shows the metabolites contributing to 216 
the sample distributions; increasing aspartate, phosphocholine and glycerophosphocholine and 217 
decreasing glutamate, taurine, ascorbate and glutamine corresponded to a preeclamptic 218 
phenotype. 219 

PLS-DA defined metabolic profiles for preeclampsia and its subgroups (Table 3). A 220 
significant difference in metabolic profile was found between preeclamptic and normotensive 221 
placenta, and for subgroups between placenta from severe and non-severe preeclampsia. 222 
There was no significant difference in the metabolic profile between preeclampsia with or 223 
without FGR. PLS regression revealed correlations between the placental metabolic profiles 224 
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and maternal serum markers of disease; triglycerides, sFlt-1, uric acid, and creatinine (Table 225 
4). Serum sFlt-1 showed the highest correlation to placental metabolites (R2=0.49, p<0.001). 226 
Of special interest, maternal serum sFlt-1 was clearly correlated with increased placental 227 
glycerophosphocholine levels.  228 

Placentas from preeclamptic pregnancies showed enrichment of phospholipid biosynthesis 229 
and depletions in bile acid biosynthesis, taurine metabolism, ammonia and urea cycles and 230 
protein biosynthesis, compared to placentas from normotensive pregnancies (Supplementary 231 
Table S.5).  232 

Metabolites were evaluated by univariate analysis to confirm the multivariate analyses (Table 233 
2). Twelve out of 25 metabolites were significantly different between the placentas from 234 
preeclamptic and normotensive pregnancies after correction for multiple testing. Placental 235 
levels of choline and lysine were increased in severe preeclampsia (Supplementary Table 236 
S.6).  237 

Assessment of gestational age 238 
Following linear regression modeling of the metabolites differing between preeclamptic and 239 
normotensive placentas, GA was found to significantly affect only the levels of ethanolamine 240 
and glycine (increasing with GA). Glutamine, glutamate, taurine, valine, 3-hydroxybutyrate 241 
and ascorbate remained significantly different between preeclamptic and normotensive groups 242 
after correction for GA (Supplementary information, Table S.7).  243 

 244 

 245 

 246 

 247 

  248 
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Discussion 249 
We have analyzed the metabolic profile of placental tissue from preeclamptic and 250 
normotensive pregnancies using HR-MAS MRS. The placentas showed a highly significant 251 
altered metabolic state in preeclampsia. Preeclampsia is a heterogeneous disease, clearly 252 
reflected by the scattering of the metabolic profiles compared to normotensive pregnancies 253 
(Figure 2). Our study demonstrated metabolic differences between severe and non-severe 254 
preeclampsia, and showed that the presence of FGR was not reflected in the placental 255 
metabolites. The metabolic placenta profile also correlated with maternal serum markers for 256 
angiogenic imbalance, kidney function and lipid levels. Finally, we have analyzed the effect 257 
of GA, a common confounder in placental studies comparing preeclamptic and normotensive 258 
pregnancies. This is the largest metabolic profiling of placental tissue from preeclamptic 259 
pregnancies published to date, and the first using HR-MAS MRS technology, with a potential 260 
to reveal the placental component of preeclampsia. 261 

Our study confirms and expands upon previous in vitro studies on placental explants and cell 262 
culture [21-23]. Metabolic profiling of whole placental tissue by HR-MAS MRS is a 263 
nondestructive analysis of the placental component of preeclampsia, which allows further 264 
proteomic or genomic analysis of the same sample. Studies in cancer have found metabolic 265 
profiles to correlate to prognostic factors and survival [24]. We have shown placental 266 
metabolites correlating with the disease severity and with maternal serum factors reflecting 267 
the placental disease. The heterogeneous nature of the metabolic distribution in preeclamptic 268 
pregnancies indicates that this holistic approach may provide a sensitive phenotyping of the 269 
placental component of preeclampsia. This provides a novel tool for understanding the 270 
underlying mechanisms, and thereby subgrouping the disease based on placental involvement, 271 
not only end stage maternal and fetal features. The findings warrant further investigation in a 272 
larger cohort.  273 

Knowledge of the metabolic pathways affected in the placenta may give clues to molecular 274 
targets for screening and treatment and have implications towards future management of 275 
preeclampsia. Placental sampling must be done after delivery, but importantly, increased 276 
understanding of underlying placental disease components will enable a more targeted search 277 
for disease markers that more accurately reflect the diversity of the placental disease. 278 
Identification of a placental phenotype correlating to maternal serum markers as shown here is 279 
an important step in this direction, as a direct serum marker of specific placental metabolic 280 
alterations may enable tailored treatment of the particular preeclampsia phenotypes.  281 

Several metabolic pathways were shown affected in preeclampsia; most notably the taurine, 282 
glutamate and phospholipid metabolism. Taurine is an essential nutrient in fetal metabolism, 283 
as the fetus and placenta lack the enzyme for taurine synthesis [25]. Reduced activity of a 284 
placental taurine transporter has been found in preeclampsia and FGR [26, 27]. Reduced 285 
taurine in the placenta may impair syncytiotrophoblast cell renewal, reducing cell turnover, 286 
and further lead to decreased nutrient transfer to the fetus and increased release of necrotic 287 
material to the maternal circulation [27]. In our study, taurine levels were similar in placentas 288 
from preeclampsia with or without FGR, suggesting that taurine depletion is not specific for 289 
FGR and remains important also for preeclampsia without fetal growth impairment.  290 

Glutamine and glutamate are crucial to the fetal carbon and nitrogen metabolism as precursors 291 
to protein, purine and pyrimidine synthesis [28]. Glutamate is also a precursor to glutathione, 292 
an important antioxidant, and has been shown to be lower in medium of placental explants 293 
from hypoxic normal tissue and preeclamptic tissue [21]. Consistent with this finding, 294 
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placental ascorbate was found to be significantly lower in placentas from preeclamptic 295 
women. Intracellular ascorbate protects endothelial cells from hypoxia-reoxygenation induced 296 
apoptosis [29]. 297 

Choline, phosphocholine, glycerophosphocholine and ethanolamine play important roles in 298 
the phospholipid biosynthesis pathway. Two possible reasons for increased 299 
glycerophosphocholine in preeclampsia are suggested. First, the increase may be due to 300 
excessive cell death in preeclamptic placentas [30, 31]. Placental lipid signaling may be 301 
disrupted by antiphospholipid antibodies in preeclampsia, causing aberrant cell death in the 302 
syncytiotrophoblast and release of necrotic debris [32]. This conforms to our findings of 303 
increased glycerophosphocholine especially in those pregnancies with increased maternal 304 
serum sFlt-1. Phosphatidylcholine catabolism releases glycerophosphocholine and 305 
arachidonic acid by the phospholipase PLA2, possibly playing a role in increased 306 
inflammation, a central process in the preeclamptic placenta. PLA2 activity is increased in 307 
preeclamptic placental tissue [33]. Second, the increase may stem from placental cell 308 
membrane catabolism for regeneration of choline methyl groups due to folate deficiency [34]. 309 
Choline levels were here similar in preeclamptic and normotensive placentas, indicating a 310 
compensatory mechanism. Another component of phospholipid biosynthesis, ethanolamine, 311 
was decreased in the preeclamptic placenta. Choline and ethanolamine are competitively 312 
transferred into the placenta by a common transporter [35]. Increased maternal serum choline 313 
levels might inhibit placental uptake of ethanolamine [35, 36]. Ethanolamine kinase deficient 314 
mice have low birth weight offspring and increased placental thrombosis and apoptosis, 315 
indicating an important role of ethanolamine in placental and fetal development [37]. 316 

Limitations of our study include the variation in GA between preeclamptic and normotensive 317 
pregnancies. Differences were accounted for using linear regression, but variation due to GA 318 
cannot easily be overcome in placenta research due to the nature of the preeclampsia 319 
diagnosis. Additionally, only one sample per placenta was analyzed, thus, intra-individual 320 
variability was not assessed. Strengths of our study are the whole tissue profiling without need 321 
for extraction and derivatization, and the sensitivity as reflected by metabolite correlation to 322 
the placental derived stress factor sFlt-1 in maternal serum. All deliveries were by CS 323 
precluding any labor-induced variation. Sensitive placental profiling as shown here is missing 324 
from preeclampsia research. 325 

Metabolomics represents the closest measure to the phenotype, which is reflected in the 326 
highly significant results. Differences in GA have been assessed and appear secondary to 327 
disease-induced metabolic changes. In this study we investigated aberrant pathways affected 328 
by preeclampsia, and connected the changes to maternal disease severity and serum markers. 329 
An interesting direction of further research will be to metabolically classify the placental 330 
component of preeclampsia in larger cohorts, and identify unique factors that may benefit 331 
from separate treatment options. We present the HR-MAS MRS method as an excellent tool 332 
for placental and pregnancy research possibly leading to future improved screening, 333 
prediction and follow-up of pregnant women at risk for preeclampsia.  334 
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Tables 443 
 444 

Table 1 445 

Clinical maternal, fetal and pregnancy characteristics of the study participants (n=34). 446 

Variable Total PE 
(n=19) 

PE+FGR  
(n=11) 

PE severe 
(n=14) 

Normotensive 
(n=15) 

Maternal age in years, md 
(IQR) 

28 (9) 25 (6)*,*** 28 (10) 34 (5) 

Gravidity, md (IQR) 1 (2) 1 (2) 1 (2) 2 (1) 
Primipara, n (%) 9 (47.4)* 6 (54.5)* 7 (50.0) 2 (13.3) 
Systolic BP in mmHg, md 
(IQR)a 

160 (29)** 160 (30)** 170 (20) 124 (20) 

Diastolic BP in mmHg, 
md (IQR)a 

100 (15)** 104 (11)** 105 (36)** 75 (11) 

BMI in kg/m2, md (IQR)b 24.2 (13.0) 24.2 (13.4) 23.8 (11.1) 23.6 (4.5) 
CVD diagnosisc, n (%) 3 (15.8) 1 (9.1) 3 (21.4) 0 (0) 
GA at delivery in weeks, 
mn (SD) 

31.8 (3.5)** 30.8 (2.26)** 31.7 (3.4)** 39.2 (0.41) 

Birth weight in g, mn 
(SD) 

1707 (1074)** 1212 (342)** 1621 (785)** 3501 (309) 

Placental weight in g, md 
(IQR) 

300 (290)** 275 (125)** 295 (277)** 620 (150) 

FGR, n (%)d 11 (57.9)** 11 (100) 8 (57.1) 0 (0) 
Severe PE, n (%) 14 (73.7) 8 (72.7) 14 (100) 0 (0) 
Superimposed PE, n (%) 2 (10.5) 1 (9.1) 2 (14.3) 0 
Early onset PE (<34 
weeks) n (%) 

17 (89.5%) 11 (100) 13 (92.9) 0 (0%) 

Gestational diabetes, n 
(%) 

2 (10.5) 0 (0) 2 (14.2) 0 (0) 

P values are from a one-way ANOVA with Tukey post-hoc test or the Kruskal Wallis test 447 
with post-hoc pairwise Mann-Whitney U tests. Categorical values were compared using 448 
Fishers exact test. 449 
a Blood pressure measured at the last regular prenatal visit, 0-2 weeks before cesarean section. 450 
b Maternal weight for BMI calculation was measured at the first prenatal care visit, before 451 
week 12 of pregnancy. Weight information was missing for one woman  with severe PE and 452 
FGR, and one normotensive woman. 453 
c Pregestational CVD diagnoses included: pregestational hypertension, cardiomyopathies, 454 
congenital cardiac defects. 455 
d Birth weight ≤5th percentile according to fetal weight reference curves [12] was used as a 456 
proxy for one of the FGR diagnoses. 457 
* p<0.05 compared to normotensive. 458 
** p<0.001 compared to normotensive. 459 
*** p<0.05 compared to preeclampsia. 460 
Abbreviations: BMI; body mass index; BP; blood pressure; CVD, cardiovascular disease; 461 
GA; gestational age; FGR, fetal growth restriction; IQR; interquartile range; NA, not 462 
applicable; md; median; mn, mean; n, number; PE, preeclampsia; SD, standard deviation 463 
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Table 2  464 

Metabolite levels in placentas from preeclamptic and normotensive pregnancies, and maternal 465 
serum measurements.  466 

Metabolite, median (IQR) PE (n=19) Normotensive 
(n=15) 

P-value P (adj)a 

Phospholipid biosynthesis 
Ethanolamine 6.6 (1.3) 9.80 (3.1) <0.001 0.005* 
Choline 75.5 (11.1) 74.7 (20.3) 0.864 0.891 
Glycerophosphocholine  22.5 (12.1) 13.2 (14.8) 0.007 0.018* 
Phosphocholine 11.3 (5.6) 9.0 (4.5) 0.056 0.097 
Dihydroxyacetone 1.04 (1.25) 2.3 (1.9) 0.003 0.010* 
Glycerol 25.9 (9.7) 25.9 (4.0) 0.945 0.945 
Myoinositol 16.8 (3.8) 16.5 (3.6) 0.811 0.863 
Ammonia recycling, Urea cycle, Bile acid biosynthesis 
Glutamine 5.4 (2.3) 7.6 (2.4) 0.004 0.013* 
Aspartate 8.3 (4.4) 6.1 (2.4) 0.047 0.097 
Glutamate 16.4 (4.0) 21.7 (1.3 <0.001 0.005* 
Acetate 2.8 (1.1) 3.0 (0.8) 0.372 0.512 
Glycine 8.5 (2.5) 11.1 (2.0) 0.001 0.005* 
Alanine  9.1 (3.4) 9.4 (3.0) 0.179 0.281 
Taurine 20.9 (7.5) 29.5 (4.6) <0.001 0.005* 
Protein biosynthesis 
Leucine 11.23 (3.65) 11.77 (1.9) 0.286 0.410 
Isoleucine 1.8 (0.4) 2.0 (0.3) 0.056 0.097 
Valine 3.2 (0.8) 3.6 (0.9) 0.006 0.017* 
Threonine 3.6 (1.1) 4.3 (0.7) 0.021 0.046* 
Lysine 8.3 (3.5) 10.0 (0.9) 0.006 0.017* 
Glycolysis, ketone body metabolism 
Lactate  42.2 (10.7) 41.9 (7.2) 0.391 0.515 
Glucose 2.5 (2.0) 3.3 (3.1) 0.111 0.183 
Succinate 3.0 (1.3) 3.7 (1.3) 0.056 0.097 
3-Hydroxybutyrate 2.7 (0.9) 4.4 (3.0) 0.019 0.045* 
Catecholamine biosynthesis 
Ascorbate 2.2 (0.6) 2.9 (0.4) 0.001 0.005* 
Glycine and serine metabolism 
Creatine 5.5 (1.9) 6.0 (1.9) 0.256 0.384 
Serum markers, median (IQR)b 
Cholesterol [mM] 6.8 (1.9) 6.1 (2.2) 0.580 0.660 
Creatinine [μM] 66.0 (20.0) 58.0 (9.0) 0.001 0.005* 
Uric acid [μM] 399 (157) 279 (105) 0.002 0.008* 
HDL [mM] 1.6 (0.4) 1.7 (0.5) 0.656 0.722 
Triglycerides [mM] 3.7 (2.4) 2.7 (1.1) 0.421 0.515 
Calcium [mM] 2.3 (0.3) 2.4 (0.2) 0.421 0.515 
hsCRP [μg mL-1] 4.8 (15.6) 3.3 (5.4) 0.486 0.573 
sFlt-1 [ng mL-1] 960 (1350) 239 (162) <0.001 0.005* 
Metabolite levels are in arbitrary units relative to total spectral intensity. Metabolites and 467 
serum values were compared between preeclamptic and normotensive groups using the Mann-468 
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Whitney U test. Metabolites grouped by metabolic pathways described in the small molecule 469 
pathway database [38]. The metabolites may be involved in several pathways. Abbreviations: 470 
HDL, high density lipoprotein; hsCRP, high sensitivity C-reactive protein; IQR, interquartile 471 
range; sFlt-1, soluble Fms-like tyrosine kinase receptor 1; PE, preeclampsia. 472 
a Corrected for multiple comparisons using the Benjamini-Hochberg false discovery rate. 473 
b One placenta-serum pair was excluded due to missing blood sample. 474 
*Significantly different between preeclamptic and normotensive pregnancies. 475 

 476 

Table 3 477 

Results from partial least squares discriminant analysis. Placental metabolic profiles were 478 
compared between groups and the discriminatory ability assessed with 5-fold cross validation 479 

PLS-DA Model LVs Sens. Spec. Accuracy P-valuea Metabolites  
(Rel to 1st mentioned) 

Total PE (n=19) 
vs. normotensive 
(n=15) 

1 0.870 0.987 0.928 <0.001 Increase: GPC, PCho, Asp 
Decrease: EtAm, Tau, Glu, 
Asc, Gly 

Severe PE (n=14) 
vs. non-severe PE 
(n=5) 

1 0.780 0.893 0.837 0.003 Increase: Cho, Lys, Ala, 
Glucose, Myo, Tau, Asp, Gln 
Decrease:  3-HB 

PE (n=8) vs. 
PE+FGR (n=11) 

1 0.619 0.736 0.678 0.163 Not significant 

a p value from 1000 permutation tests. 480 
Abbreviations: 3-HB, 3-hydroxybutyrate; Ala, alanine; Asc, ascorbate; Asp, aspartate; Cho, 481 
choline; EtAm, ethanolamine; FGR, fetal growth restriction; Gln, glutamine; Glu, glutamate; 482 
GPC, glycerophosphocholine; Gly, glycine; Lys, lysine; LVs, latent variables; Myo, myo-483 
inositol; Tau, taurine; PCho, phosphocholine; PE, preeclampsia; PLS-DA, partial least 484 
squares discriminant analysis; rel, relative; sens, sensitivity;  sFlt-1, soluble fms-like tyrosine 485 
kinase receptor 1; spec, specificity;  Suc, succinate; Val, valine. 486 

 487 

Table 4 488 

Results from partial least squares regression for correlation between metabolic placenta 489 
profiles and maternal serum measurements. 490 

PLS regression 
Metabolites vs Y a 

LVs R2 b Y 
explained 

P-value c Metabolites 

Serum sFlt-1 1 0.490 0.614 <0.001 Increase: GPC 
Decrease: Glu, Tau, Gln, Val, 
EtAm, Suc 

Serum creatinine 1 0.069 0.343 0.032 Increase: GPC, Asp, PCho, Cre 
Decrease: Gly, EtAm 

Serum uric acid 1 0.122 0.348 0.009 Increase: Asp, GPC 
Decrease: Glu, Tau, Gln, Val, 
EtAm, Suc 

Serum 2 0.174 0.166 <0.001 Increase: Cho, Gln, Gly 
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triglycerides Decrease: 3-HB, Cre 
The maternal serum values are for 33 placenta/serum pairs (34 placentas - 1 excluded from 491 
serum measurements due to missing blood sample).  492 
a Y denotes the dependent variable, e.g, the serum measurement  493 
bR2 values give the correlation of the cross-validated predicted Y values to the real Y values.  494 
c p value from 1000 permutation tests. 495 
Abbreviations: 3-HB, 3-hydroxybutyrate; Asp, aspartate; Cho, choline; Cre, creatine  EtAm, 496 
ethanolamine; Gln, glutamine; Glu, glutamate; GPC, glycerophosphocholine; Gly, glycine;  497 
LVs, latent variables; Tau, taurine; PCho, phosphocholine; PLS; partial least squares 498 
regression; sFlt-1, soluble Fms-like tyrosine kinase receptor 1; Suc, succinate; Val, valine.  499 

 500 

Figures 501 
 502 

 503 
Fig. 1. High resolution magic angle spinning magnetic resonance spectroscopy of placental biopsies from normotensive 504 
pregnancies (n=15, green) and preeclampsia (n=19, blue). Median spectra from the two groups are shown. Twenty-five 505 
metabolites were identified in the spectrum. Metabolites by number: 1, valine; 2, 3-hydroxybutyric acid; 3, lactate; 4, alanine; 506 
5, lysine; 6, acetate; 7, glutamate; 8, succinate; 9, glutamine; 10, aspartate; 11, creatine; 12, ethanolamine; 13, choline; 14, 507 
glycerophosphocholine; 15, phosphocholine; 16, taurine; 17, glycine; 18, glycerol; 19, dihydroxyacetone; 20, ascorbate; 21, 508 
glucose. 509 
 510 

  511 
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 512 
Fig. 2. Results from the unsupervised Principal Component Analysis of 34 placental metabolic profiles. Score plots show a 513 
map of samples in the principal component space; similar samples appear close together. Loading plots show the metabolite 514 
contribution to the variation in the score plots; e.g. samples with high score values for PC1 (to the right in the score plots) 515 
have increased levels of metabolites to the right in the loading plot. (A) Score plot of placental samples colored by disease 516 
group, preeclampsia or normotensive. (B) Score plot of placental samples colored by subgrouping preeclampsia by severity. 517 
(C) Score plot of placental samples colored by subgrouping preeclampsia by the presence or absence of fetal growth 518 
restriction. (D) Loading plot of metabolite contributions in the principal component analysis. Increasing aspartate, 519 
phosphocholine and glycerophosphocholine and decreasing glutamate, taurine, ascorbate and glutamine correspond to the 520 
preeclamptic phenotypes. 521 
Abbreviations: FGR, fetal growth restriction; PC, principal component; PE, preeclampsia; Sev, severe.w/o, without 522 

 523 



 1 

* 13 individuals had given birth previously, unspecified if vaginally or by C-section. In this 
study they had a C-section without labor 
 

Table S.1 

Parameter Clinical Characteristics of Pregnancies for Placentas Studied 
(Normotensive) 

Gravidity Median = 2 25-75% = 1 Range= 3  
Parity Median = 1 25-75% = 1 Range =3  
Gestational age 
(weeks) 

Average = 39.2 SD = 0.4   

Maternal age 
(years) 

Average = 33.1 SD = 3.5 Range = 12  

Race Black =0 White = 15 Other=0 Unknown =0 
Ethnicity    Scandinavian: 15 
Prenatal 
medications 

Iron  Other (list): None Unknown, n = 15 

Drugs  Cigarettes Alcohol  Other (list):  Unknown, n = 15 
Previous prenatal 
admission(s)  

Yes 
  

No Diagnoses  Unknown, n = 15 

Blood pressures 
<140/90 mm Hg 

Yes, n = 15 No, n = 0 Unknown  

Screened for 
diabetes 

Yes, n = 0 No, n = 0 Unknown 
n=15 

 

Antibiotics in labor  None, n = 15 Penicillin, n = 0 Other: (list) n = 0 Unknown, n = 0 
Beta strep status Positive Negative Unknown n = 15  
Antenatal steroids:  Yes, n  = 0 No, n  =15 If yes, week GA Unknown, n = 0 
Magnesium sulfate Yes, n = 0 No, n = 15  Unknown, n = 0 
Anesthesia Epidural = 15 Narcotics General Unknown, n = 0 
Cervical ripening 
agent 

prostaglandin E1  prostaglandin E2 Mechanical No, n = 15 

Labor No, n = 15 If yes, hours:    
Delivery mode 
(N= # patients) 
 

C-section, 
Repeat, 
no labor: n =  

C-section, 
Repeat, 
with labor:  n = 

C-section, 
primary, 
no labor: n = 2 
(Unknown, no 
labor: n=13)* 

C-section, 
primary, 
with labor: n = 

Maternal Oxygen 
given at delivery? 

Yes, n = 0 No, n = 15 Unknown = 0  

Birth weight 
(grams) 

Average = 3501 SD = 309   

Placental weight 
(grams) 

Average = 665 SD = 98 Unknown = 0  

Baby’s sex 
 

Female = 8 Male = 7 Unknown = 0  

Delivery to 
processing (mins) 

Average = 93 SD = 56 Unknown = 2   



 1 

*10 individuals had given birth previously, unspecified if vaginally or by C-section. In this 
study they had a C-section without labor 
 

Table S.2 

Parameter Clinical Characteristics of Pregnancies for Placentas Studied 
(Preeclamptic) 

Gravidity Median = 1 25-75% = 2 Range = 4  
Parity Median = 1 25-75% = 1 Range = 2  
Gestational age 
(weeks) 

Average = 31.8 SD = 3.5   

Maternal age 
(years) 

Average = 29.8 SD = 6.3 Range = 24  

Race Black = 0 White = 19 Other = 0  
Ethnicity    Scandinavian, n = 19 
Prenatal 
medications 

Iron  Other (list): None Unknown, n = 19 

Drugs  Cigarettes n  = Alcohol n =  Other (list): n =  Unknown, n = 19 
Previous prenatal 
admission(s)  

Yes,  
n  =  

No,  
n  = 

Diagnoses if yes: Unknown, 
n = 19 

Blood pressures 
<140/90 mm Hg 

Yes,  
n = 0 

No, 
n = 19 

Unknown  

Screened for 
diabetes 

Yes, n = 2 No Unknown, n = 
17 

 

Antibiotics in labor  None n = 19 Penicillin, n = Other: (list) n = Unknown, n = 0 
Beta strep status Positive Negative Unknown = 19  
Antenatal steroids:  Yes, n = 0 No, n = 19 If yes, week GA Unknown, n = 0 
Magnesium sulfate Yes, n = 0 No, n = 19 Unknown, n = 0  
Anesthesia Epidural Narcotics General Other/none 
Cervical ripening 
agent 

prostaglandin E1  prostaglandin E2 Mechanical No, n = 19 

Labor No, n = 19 If yes, hours:    
Delivery mode 
(N= # patients) 
 

C-section, 
Repeat, 
no labor: n =  

C-section, 
Repeat, 
with labor:  n = 0 

C-section, 
primary, 
no labor: n = 9 
(Unknown, no 
labor n = 10)* 

C-section, primary, 
with labor: n =0 

Maternal Oxygen 
given at delivery? 

Yes, n = 0 No, n = 19 Unknown, n = 0  

Birth weight 
(grams) 

Average = 1707 SD = 1074   

Placental weight 
(grams) 

Average = 365 SD = 209 Unknown  

Baby’s sex 
 

Female = 10 Male = 9 Unknown  

Delivery to 
processing (mins) 

Average = 106 SD = 43 Unknown = 1  



Supplementary information 
(See Supplementary tables 1 and 2 in separate documents). 

Table S.3  

Criteria for diagnosis of severe preeclampsia as detailed in Sibai et al [1]; one or more of the 
following severe maternal features of preeclampsia. 

Symptom Details 
Persistent severe hypertension ≥160/110 mmHg 
Severe proteinuria ≥3g protein excretion into urine/day 
Pulmonary symptoms Pulmonary edema, dyspnea, cyanosis 
Seizures/eclampsia  
Oliguria <500mL urine/day 
Thrombocytopenia Platelet count <100 000 per μL 
Abnormal liver enzymes Increased serum aspartate aminotransferase, alanine 

aminotransferase, lactate dehydrogenase 
Hemolysis Low serum haptoglobin (<0.2g/L) 
Microangiopathic hemolytic anemia  
Epigastric or right upper quadrant pain  
Central nervous system symptoms Altered mental status, headaches, blurred vision, 

blindness 
HELLP syndrome Hemolysis, elevated liver enzymes, low platelets 
 

  



Table S.4  

Identified metabolites in 1H and 1H-13C nuclear magnetic resonance (NMR) spectra of placental 
biopsies (n=34). 

Metabolite name NMR shifts, 1H (13C) 
3-Hydroxybutyrate 1.197d 
Acetate 1.927s (26.9) 
Alanine 1.478d (19.0), 3.779q (53.4) 
Ascorbic acid 4.515s 
Aspartic acid 2.818dd (39.5) 
Choline 3.207s (56.7), 3.527t (70.4), 4.051b (58.5) 
Creatine 3.029s (41.8), 3.937s  
Dihydroxyacetone 4.417s 
Ethanolamine 3.135t/dd(44.3), 3.82d (61.1) 
Glucose 3.269t (77.14), 3.394m (72.4), 3.468m (78.8), 3.521m (74.3), 

3.898m (63.5), 4.652d (97.8) 
Glutamic acid 2.055m (27.4), 2.338m (36.4), 3.759t (57.0) 
Glutamine 2.138m (27.4), 2.444m (35.9) 
Glycerol 3.650dd (65.4), 3.780m (74.9) 
Glycerophosphocholine 3.234s (56.7), 4.33m (62.0) 
Glycine 3.650s (53.6) 
Isoleucine 0.955t, 1.003d 
Lactic acid 1.318d (23.0), 4.123q (71.3) 
Leucine 0.967d 
Lysine 1.718quin 1.902m, 3.021t (42.2) 
Myoinositol 3.27t (77.1), 3.556dd (74.2), 3.620t (75.1) 
Phosphocholine 3.222s (56.7) 
Succinic acid 2.410s (36.8) 
Taurine 3.263t (50.9), 3.423t (38.2) 
Threonine 1.318d (23.0), 3.586d (65), 4.255m (69.4) 
Valine 0.988d, 1.042d (20.42) 
Multiplicity of peaks are given as follows: s, singlet; d, doublet; t, triplet; q, quartet, quin, 
quintet; dd, doublet of doublet; m, multiplet.  

  



Table S.5 

Metabolite Set Enrichment Analysis of quantitative metabolite data from placenta from women 
with preeclampsia (n=19) and normotensive pregnancies (n=15). 

Pathway 
Total 

Cmpda 
Hitsb Q  Statisticc  Expected Qd Raw pe FDRf 

Bile acid biosynthesis 49 2 39.30 3.03 1.90 x 10-7 6.07E-06 
Taurine and hypotaurine 
metabolism 

7 1 51.60 3.03 1.72 x 10-6 2.76 x 10-5 

Phospholipid 
biosynthesis 

19 2 29.17 3.03 6.07 x 10-6 6.47 x 10-5 

Ammonia recycling 18 3 21.32 3.03 2.82 x 10-5 2.25 x 10-4 
Protein biosynthesies 19 6 15.75 3.03 1.44 x 10-4 9.24 x 10-4 
Urea cycle 20 2 18.48 3.03 9.32 x 10-4 0.005 
Glutathione metabolism 10 1 26.99 3.03 0.002 0.007 
Porphyrin metabolism 22 1 26.99 3.03 0.002 0.007 
Pyrimidine metabolism 36 1 25.47 3.03 0.002 0.007 
Purine metabolism 45 1 25.471 3.03 0.002 0.007 
Glycine, serine and 
threonine metabolism 

26 3 13.69 3.03 0.003 0.007 

Propanoate metabolism 18 1 24.97 3.03 0.003 0.007 
Glutamate metabolism 18 2 17.69 3.03 0.009 0.022 
Methionine metabolism 24 2 13.50 3.03 0.010 0.024 
Valine, leucine and 
isoleucine degradation 

36 2 14.90 3.03 0.016 0.033 

Lysine degradation 13 1 13.93 3.03 0.030 0.056 
Biotin metabolism 4 1 13.93 3.03 0.030 0.056 
Beta-alanine metabolism 13 1 11.49 3.03 0.050 0.080 
Aspartate metabolism 12 1 11.49 3.03 0.050 0.080 
Malate-aspartate shuttle 8 1 11.49 3.03 0.050 0.080 
Citric acid cycle 23 1 9.90 3.03 0.070 0.102 
Mitochondrial electron 
transport chain 

15 1 9.90 3.03 0.070 0.102 

Metabolite set enrichment analysis results (Performed on Metaboanalyst online, 
www.metaboanalyst.ca  [2]).   
a Total number of compounds (metabolites) in the pathway 
b  Number of measured metabolites found in pathway 
c Q-statistic describing the correlation between compound concentration profiles and phenotype 
labels 
d Expected Q statistic given no correlation between compounds and phenotype labels 
e P value for the probability of obtaining the Q statistic 
f P values corrected for multiple correction using false discovery rates 

  



Table S.6 

Placental metabolite levels in severe vs non-severe preeclampsia. 

Metabolite, median 
(IQR) 

Non-severe 
PE (n=5) 

Severe PE 
(n=14) 

P-value P 
(FDR)a 

Phospholipid biosynthesis 
Ethanolamine 6.6 (3.8) 6.7 (1.2) 0.964 1.000 
Choline 67.7 (18.2) 78.1 (7.4) 0.003 0.038* 
Glycerophosphocholine  21.3 (20.8) 23.1 (16.02) 1.000 1.000 
Phosphocholine 8.0 (8.3) 11.4 (4.2) 0.931 1.000 
Dihydroxyacetone 1.0 (0.7) 1.1 (1.4) 0.559 0.736 
Glycerol 20.9 (16.9) 25.9 (7.1) 0.500 0.694 
Myoinositol 13.3 (6.4) 17.0 (2.0) 0.107 0.243 
Ammonia recycling, urea cycle, bile acid biosynthesis 
Glutamine 4.8 (2.0) 5.6 (2.5) 0.070 0.242 
Aspartate 6.8 (12.7) 8.3 (4.6) 0.687 0.818 
Glutamate 13.8 (4.3) 17.0 (3.4) 0.044 0.242 
Acetate 2.6 (1.7) 2.8 (1.0) 0.444 0.653 
Glycine 7.3 (2.5) 8.8 (2.1) 0.219 0.391 
Alanine  6.3 (3.4) 9.7 (2.0) 0.056 0.242 
Taurine 18.0 (7.3) 21.9 (6.1) 0.130 0.271 
Protein biosynthesis 
Leucine 9.0 (2.5) 11.6 (3.1) 0.087 0.242 
Isoleucine 1.6 (0.4) 1.8 (0.5) 0.257 0.402 
Valine 3.0 (0.3) 3.5 (0.7) 0.107 0.243 
Threonine 2.9 (1.0) 3.8 (0.7) 0.070 0.242 
Lysine 5.9 (1.5) 9.1 (3.8) 0.003 0.038* 
Glycolysis, ketone body metabolism 
Succinate 2.7 (1.9) 3.1 (1.2) 0.257 0.402 
Lactate  42.2 (7.7) 41.3 (11.1) 0.823 0.935 
Glucose 1.6 (1.0) 2.8 (1.6) 0.034 0.242 
3-Hydroxybutyrate 3.2 (2.0) 2.7 (0.8) 0.186 0.358 
Catecholamine biosynthesis 
Ascorbate 1.9 (0.9) 2.3 (0.6) 0.087 0.242 
Glycine and serine metabolism 
Creatine 5.7 (5.1) 5.3 (2.2) 0.687 0.818 
Metabolites were compared between groups using the Mann-Whitney U test. Metabolites 
grouped by metabolic pathways described in the small molecule pathway database [3]. The 
metabolites may be involved in several pathways. Metabolite levels are in arbitrary units relative 
to total spectral intensity.  
Abbreviations: FDR, false discovery rate; IQR, interquartile range; PE, preeclampsia. 
a Corrected for multiple comparisons using the Benjamini-Hochberg false discovery rate. 
* Significantly different between severe and non-severe preeclampsia after correction for 
multiple testing. 

  



Table S.7 

Comparison between metabolite levels in placentas from women with preeclamptic and 
normotensive pregnancies, with adjustments for gestational age. 

Metabolite P  
(PE vs Normotensive) 

P  
(adjusted for GA) 

Ethanolamine 0.005* 0.075 
Glycerophosphocholine 0.018* 0.344 
Dihydroxyacetone 0.011* 0.142 
Glutamine 0.013* 0.029* 
Glutamate 0.005* <0.001* 
Glycine 0.005* 0.070 
Taurine 0.005* 0.031* 
Valine 0.017* 0.019* 
Lysine 0.017* 0.398 
Threonine 0.046* 0.054 
3-HB 0.045* 0.023* 
Ascorbate 0.005* 0.045* 
For preeclamptic vs normotensive groups, the Mann-Whitney U test (adjusted for multiple 
comparisons) is given. For the gestational age adjusted p values, linear regression models were 
made with log transformed metabolite levels as dependent variable and gestational age as 
independent variable. The metabolite is then evaluated at the average values GA=245 days. 
Abbreviations: 3HB, three-hydroxybutyrate; GA, gestational age; PE, preeclampsia. 
* Significantly different between normotensive and preeclamptic placentas after correction for 
difference in gestational age. 
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