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ABSTRACT
Objective To determine the accuracy of metabolomics in 
predicting hypertensive disorders in pregnancy.
Design Systematic review of observational studies.
Data sources and study eligibility criteria An 
electronic literature search was performed in June 2019 
and February 2022. Two researchers independently 
selected studies published between 1998 and 2022 on 
metabolomic techniques applied to predict the condition; 
subsequently, they extracted data and performed quality 
assessment. Discrepancies were dealt with a third 
reviewer. The primary outcome was pre- eclampsia. Cohort 
or case–control studies were eligible when maternal 
samples were taken before diagnosis of the hypertensive 
disorder.
Study appraisal and synthesis methods Data 
on study design, maternal characteristics, how 
hypertension was diagnosed, metabolomics details and 
metabolites, and accuracy were independently extracted 
by two authors.
Results Among 4613 initially identified studies on 
metabolomics, 68 were read in full text and 32 articles 
were included. Studies were excluded due to duplicated 
data, study design or lack of identification of metabolites. 
Metabolomics was applied mainly in the second trimester; 
the most common technique was liquid- chromatography 
coupled to mass spectrometry. Among the 122 different 
metabolites found, there were 23 amino acids and 21 
fatty acids. Most of the metabolites were involved with 
ammonia recycling; amino acid metabolism; arachidonic 
acid metabolism; lipid transport, metabolism and 
peroxidation; fatty acid metabolism; cell signalling; 
galactose metabolism; nucleotide sugars metabolism; 
lactose degradation; and glycerolipid metabolism. Only 
citrate was a common metabolite for prediction of early- 
onset and late- onset pre- eclampsia. Vitamin D was 
the only metabolite in common for pre- eclampsia and 
gestational hypertension prediction. Meta- analysis was 
not performed due to lack of appropriate standardised 
data.
Conclusions and implications Metabolite signatures 
may contribute to further insights into the pathogenesis of 
pre- eclampsia and support screening tests. Nevertheless, 
it is mandatory to validate such methods in larger studies 
with a heterogeneous population to ascertain the potential 
for their use in clinical practice.
PROSPERO registration number CRD42018097409.

INTRODUCTION
Hypertensive disorders have been reported 
as associated with adverse outcomes in preg-
nancy since the 1970s. They are a hetero-
geneous group of conditions that include 
chronic hypertension, pre- eclampsia, gesta-
tional hypertension and pre- eclampsia super-
imposed on chronic hypertension.1

Chronic hypertension is the condition of 
systolic blood pressure ≥140 mm Hg and/
or diastolic blood pressure ≥90 mm Hg 
before 20 weeks of gestation or even before 
pregnancy.2 Gestational hypertension is the 
isolated elevation of pressure after twenty 
weeks of gestation. It is less damaging than 
pre- eclampsia but around 30% of these cases 
progress to pre- eclampsia.3 The most preva-
lent form—pre- eclampsia—is a serious and 
potentially life threatening condition to the 
mother and the baby,2 and its high preva-
lence rate persists over the years, ranging 
from 3% to 10% of all pregnancies, according 
to the country studied. Unfortunately, treat-
ment has been the same over decades and 
relies on the management of clinical features, 
such as new onset of hypertension and end- 
organ dysfunction that characterises pre- 
eclampsia. Outcomes mostly depend on 
accurate diagnosis and decision on timing of 

Strengths and limitations of this study

 ► This systematic review presents possible biomark-
ers of pre- eclampsia that could provide a basis for 
further research in this area.

 ► There was great heterogeneity among included 
studies due to the complexity of metabolomics pro-
cedures, which are influenced by sample collection, 
storage and preparation, analytical platform applied 
and statistical tests performed.

 ► Our findings must be treated with caution due to the 
lack of standardisation of pre- eclampsia definition 
(early and late- onset pre- eclampsia) and timing of 
sample collection in pregnancy.
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childbirth since there are few predictive tools available.3 
As a result, one of the most urgent priorities is to identify 
those women at high- risk for the disease, who would be 
candidates for prophylactic and increased surveillance 
measures. The increased understanding on pathophysi-
ology would also shed light into possible new therapeutic 
approaches.

Several biomarkers have been studied as predictive 
tools for pre- eclampsia, for example, soluble fms- like tyro-
sine kinase- 1, soluble endoglin, markers of apoptosis and 
inflammation, placental protein 13, C reactive protein 
and markers of placental hypoxia and distress.4 However, 
none are sufficiently sensitive or specific to predict pre- 
eclampsia in advance.

Recently, novel technologies, such as metabolomics, 
have been applied to predict pre- eclampsia. Metabolo-
mics is known as the newest member of the ‘omics’ family. 
Metabolome—a collection of metabolites—is defined 
and used in research to pursue the phenotypic signature 
of a disease of interest. Metabolites are low- molecular- 
weight chemicals (<1500 Da) resulting from changes in 
gene, protein expression5 and environmental interfer-
ences. Metabolomics methods include hydrogen nuclear 
MR spectroscopy (1H- NMR) and gas- chromatoquid and 
liquid- chromatoquid- chromatography- mass spectrometry 
(GC and LC- MS, respectively).5 6 Metabolomics has been 
applied to improve disease biomarkers and understand 
the pathogenesis of many conditions, such as cancer and 
diabetes.7 8 One could argue its value in evaluating pre- 
eclampsia, which has a complex aetiology and is consid-
ered a multifactorial disease. Metabolomics, however, a 
high throughput technique, seems perfectly adequate, 
since it can simultaneously encompass a wide range of 
metabolic pathways. The objective of this systematic 
review was to determine the accuracy of metabolomics in 
predicting pregnancy- induced hypertensive disorders.

METHODS
This systematic review was conducted based on our previ-
ously published protocol9 and is reported in accordance 
with the Preferred Reported Items for Systematic Reviews 
and Meta- Analyses (PRISMA) statement10; a PRISMA 
checklist is provided as an online supplemental material 
1. Our research question was: ‘what is the performance 
of metabolomics for predicting gestational hypertensive 
disorders?’

Population and interventions
Our domain of interest was any form of hypertensive 
disorder developed during pregnancy, in relation to 
either single or multiple gestations. Metabolomics was 
the intervention studied. Papers eligible for inclusion 
in our review should mention metabolites potentially 
differentiating hypertensive from normotensive preg-
nant women. Maternal samples should have been drawn 
during pregnancy and before diagnosis of pregnancy- 
induced hypertensive disorder. We excluded studies in 

which blood samples were collected after the diagnosis 
of hypertension was established, or when pre- eclampsia 
and gestational hypertension were analysed as the same 
outcome.

Comparison and outcomes
We included studies in which women with any form of 
pregnancy- induced hypertension were compared with 
pregnant women without hypertension. Pre- eclampsia 
was the primary outcome, diagnosed by criteria defined 
by the authors.11–15

Secondary outcomes were: (1) early- onset pre- 
eclampsia, characterised by delivery <34 weeks due to 
pre- eclampsia3; (2) late- onset pre- eclampsia, requiring 
delivery ≥34 weeks3; (3) gestational hypertension, when 
hypertension is the only clinical finding after 20 weeks 
gestation; (4) pre- eclampsia superimposed on chronic 
hypertension; (5) white coat hypertension, that is, normal 
blood pressure recorded in a 24- hour ambulatory moni-
toring; (6) masked hypertension, characterised as normal 
blood pressure in the office or clinic and altered under 
other circumstances; and (7) transient gestational hyper-
tension, higher blood pressure at levels during a certain 
period that is later normalised after repeated blood pres-
sure readings.11 16

Search strategy
Two independent researchers (JM, DFL) performed an 
electronic database search in PubMed, EMBASE, Scopus, 
Web of Knowledge, Latin American and Caribbean 
Health Sciences Literature, Scientific Electronic Library 
Online, Health Technology Assessment, and Database 
of Abstracts of Reviews of Effects, including studies 
published from 1998 to 2022. The full search strategies 
are provided as online supplemental material 2. We have 
applied no filters, except for SCOPUS (we have used the 
Title, Abstract and Keyword filter). The grey literature 
(conference abstracts) and the reference list of included 
studies were searched for additional articles for inclusion.

There were no language restrictions; only cohort and 
case control studies were included. Letters to the editor, 
editorials, comments, expert opinions, any type of review, 
experimental animal studies, case reports, intervention 
trials, and cross- sectional studies were all excluded. We 
intend to show the capacity of metabolomics to predict 
hypertensive disorders without interference of any inter-
vention. Thus, it is absolutely necessary to guarantee the 
temporal relation between timing of sample (before) 
and outcome (after). This is the reason for including just 
cohort and case control studies.

Data extraction and quality assessment
Trained reviewers (JM, DFL) proceeded studies’ screening 
(using EndNote software), data extraction and synthesis, 
and risk of bias evaluation (Quality Assessment of Diag-
nostic Accuracy Studies- 217). Disagreements were solved 
by a third reviewer (MLC).
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Summary of data and meta-analysis
For all included studies, we have extracted data on 
research characteristics and metabolomics details. If the 
study comprised training and validation datasets, we have 
extracted metabolomics data from the validation group 
of women. When the study has not definitively identified 
a given metabolite, we have extracted all possible metab-
olites. We have extracted data of metabolites combined 
with other biomarkers, when available. We have used 
the Human Metabolome Database,18 the Kyoto Encyclo-
paedia of Genes and Genomes19 and the Lipid Maps20 for 
matching each metabolite chemical class and subclass, 
and metabolic pathways and processes.

When available, data on accuracy measures on metabo-
lomics performance in predicting hypertensive disorders 
of pregnancy were extracted. We planned to perform the 
estimation of likelihood ratios and hierarchical summary 
receiver operator characteristic curve,21 and the assess-
ment of heterogeneity and publication bias.22

Patient and public involvement
Considering this is a systematic review, patients and the 
public were not involved in this study at all.

RESULTS
Main findings
The literature search for this systematic review was 
performed in June 2019 with a further rerun in February 
2022. Figure 1 summarises the flow chart of studies’ selec-
tion and final inclusion. We excluded studies (online 
supplemental material 3) due to study design (25 studies) 
or lack of identification of metabolites (5 studies). 
Regarding duplicated data, only the most recent and 
complete study was included (6 studies).

Overall, 32 studies were selected: 25 case control 
studies23–47 and 7 cohort studies48–54 (table 1). 
Studies from the same research project but eval-
uating different metabolites43 46 or popula-
tions24 28 29 33 36 38 39 were included. Most studies were 

Figure 1 Flow chart of study identification, screening, eligibility and inclusion. From Moher et al.78
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developed in Europe23 25 28 29 31 33 36 38 39 42 43 46 48–52 and North 
America32 34 35 40 41 44 45 47 54; there was only one research from 
Latin America,26 two from Oceania24 53 and another three 
from Asia.27 30 37 Twelve studies have sampled maternal spec-
imens in the first trimester,31 32 34 35 42 43 46 48 50–53 15 studies have 
sampled in the second trimester,23 24 27 29 30 33 36–39 41 44 45 49 54 
four studies have sampled at least two times25 26 40 47 in 
pregnancy, and one study included women in late third 
trimester28 (figure 2). Four studies24 33 38 40 have performed 
training and validation with different populations.

Studies have defined pre- eclampsia as hypertension 
developed in pregnancy associated with proteinuria11 13–15 
or end- organ dysfunction.12 Although not consistentlly, 
chronic hypertension or other illnesses,24 27 29 33 36–39 41 45 55 
and multiple pregnancies25 27 30 32 33 36 37 39 41 42 45 52 were 
reasons for participants exclusion. When chronic hyper-
tensive women were included, there were women taking 
aspirin as prophylaxis.23 53 Then, there are no specific data 
on superimposed pre- eclampsia or multiple pregnan-
cies. Similarly, there are no studies on white coat hyper-
tension, masked hypertension, or transient gestational 
hypertension. Only three studies have brought data on 
gestational hypertension.32 37 51 Small for gestational age 
(SGA) infants were fully excluded31 or included only in 
pre- eclampsia group, either because they were excluded 
from control groups,23 34 or because this variable was not 
used as for matching cases and controls.24 29 36

In table 2, characteristics of the included studies regarding 
metabolomics techniques and accuracy measures are 
shown according to the primary and secondary outcomes. 
The majority of studies did not present data according 
to gestational age of delivery. The most common tech-
nique was LC- MS,24 26 27 29 31 33–38 40 41 43–48 51 53 55 followed 

by H- NMR25 39 49 50 52 and GC- MS.23 42 Bahado- Singh 
et al25 (H- NMR followed by LC- MS), Bilodeau et al54 
(high- performance liquid chromatography- MS/MS and 
GC- flame ionisation detector), Lee et al30 (GC- MS and 
LC- MS), and Harville et al32 (LC- MS and NMR) have 
used two complementary techniques. Most studies anal-
ysed blood samples,23 24 26–28 30–46 48 50–54 two studies anal-
ysed urine47 49 and one study analysed both, urine and 
blood29 (figure 2). There were no studies carrying out 
analyses on maternal hair or amniotic fluid. All studies 
that used H- NMR25 32 39 49 50 52 and four that applied 
LC- MS24 28 32 38 were untargeted evaluations. Eleven 
studies reported lipidomic analysis and/or amino acid 
analysis.23 26 30 35 40 42 43 46 48 53 54 Six studies described 
vitamin D analysis, all of them using LC- MS.29 34 36 41 44 51 
Five studies reported environmental exposures, focusing 
on caffeine,45 bisphenol A,27 phthalates47 and per and 
polyfluoroalkyl substances (PFAS).31 37 Two studies 
have looked for differences in pre- eclampsia prediction 
according to foetal sex.28 47 There were five metabolites 
in common between pre- eclampsia and SGA prediction 
(sphinganine 1- phosphate, sphingosine 1- phosphate, 
tyrosine, vitamin D, N1, N12- diacetylspermine).56

For pre- eclampsia requiring delivery at any gesta-
tional age, the lowest area under the curve (AUC) was 
for isoprostane 8- epi- prostaglandin F2α (0.55),23 and the 
highest (AUC 0.95) was for a model composed by cera-
sinone, bolasterone, and two unidentified metabolites, 
presented as retention time and mass (6.30_477.7721 m/z, 
5.86_313.1070 m/z).32 For early- onset pre- eclampsia, 
the AUC of untargeted metabolomics in first trimester 
maternal blood varied from 0.673 (ultraperformance 
liquid chromatography- MS, UPLC- MS/MS)38 to 0.835 

Figure 2 Characterisation of study selection regarding biological samples, sampling moment and metabolomic analysis 
techniques applied. GC- FID, gas- chromatography flame ionisation detector; H- NRM, hydrogen nuclear MR spectroscopy; 
HPLC, high- performance liquid chromatography; LC- MS, liquid- chromatography- mass spectrometry.
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(H- NMR).50 For late- onset pre- eclampsia, the AUC of 
untargeted metabolomics in first trimester maternal 
blood was 0.629 (H- NMR)52; in second trimester, 0.92 
(UPLC- MS)24 and in third trimester, 0.761 (H- NMR and 
LC- MS/MS).25

When analysed together with non- metabolomics 
biomarkers (table 3), the best performance was achieved 
by taurine combined with maternal prior risk and 
mean arterial blood pressure (MAP) (AUC 0.93 in first 
trimester for early onset pre- eclampsia)43; followed by 
3- hydroxyisovalerate, arginine, glycerol combined with 
uterine arteries pulsatility index (AUC 0.917 in first 
trimester for early onset pre- eclampsia)50; and leptin/
ceramide(d18:1/25:0) ratio in in first and second 
trimester (AUC 0.876 and 0.892, respectively) for pre- 
eclampsia at any gestational age.40

All predictive metabolites of hypertensive disorders 
of pregnancy according to chemical class and subclass, 
and metabolic pathways possibly involved are presented 
as online supplemental material 4. Ten metabolites 
could not be found in the metabolome databases (U4, 
U10, U14, U35,49 hexadecenoyleicosatetraenoyl- Sn- 
glycerol24; SM C28:1, SM C30:1, LysoPC C19:0,30 diben-
zylamine,32 perfluoroheptanoic acid37). There were 121 
different metabolites, from ten different super classes. 
The majority of metabolites corresponded to amino 
acids, peptides, and analogues (23 compounds); fatty 
acid esters (11 compounds); fatty acids and conjugates 
(10 compounds); and carbohydrates and carbohydrate 
conjugates (5 compounds). They are mainly involved 
with ammonia recycling; amino acid metabolism; arachi-
donic acid metabolism; lipid transport, metabolism and 
peroxidation; fatty acid metabolism; cell signalling; galac-
tose metabolism; nucleotide sugars metabolism; lactose 
degradation; and glycerolipid metabolism. There were 10 
benzoic acids and derivatives, but only hippurate has a 
known pathway. Citrate was found in common for predic-
tion of pre- eclampsia in any gestational age,49 early50 and 
late- onset25 disease. Octenoylcarnitine,46 octanoylcarni-
tine,46 acetone,25 50 linoleylcarnitine,46 stearoylcarnitine,46 
tetradecenoylcarnitine46 were predictive for both early 
and late pre- eclampsia. Vitamin D was the only metabolite 
involved simultaneously with pre- eclampsia,41 late onset24 
pre- eclampsia and gestational hypertension.51

Summary of included studies
The untargeted studies provided a great number of 
predictive metabolites. Kenny et al showed a decrease of 
13 metabolites (NMR)39 and an increment of another 40 
metabolites (LC- MS)24 in blood analysis between 14 and 
16 weeks of nulliparous pregnant women exclusively. In a 
validation phase with a list of 14 different metabolites, the 
OR of developing pre- eclampsia, at any gestational age, 
was 23 (95% CI 7 to 73), with AUC 0.92.24 These same 
metabolites were validated in a different population,33 
and the dilinoleoyl- glycerol has achieved an AUC 0.70 
(95% CI 0.59 to 0.82).H
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Bahado- Singh et al applied metabolomics to predict 
early- onset and late- onset cases.25 50 52 Using maternal 
first trimester blood (11–13 weeks), those authors rein-
forced the theory of the multiple phenotypes for pre- 
eclampsia.57 58 2- hydroxybutyrate was identified as 
predictor of early- onset pre- eclampsia,50 whereas carni-
tine, pyruvate and acetone resulted in an AUC of 0.629 
for late- onset disease. This latter AUC increased to 0.734 
by combining metabolites and uterine Doppler veloci-
metry and maternal weight.52 Finally, in a two- step eval-
uation in the first and third trimester to predict term 
pre- eclampsia (≥37 weeks), a combination of metabolo-
mics and proteomics yielded an AUC of 0.817.25

Through an untargeted urinary metabolome analysis, 
Diaz et al49 showed decreased levels of acetate, formate, 
fumarate (all involved with the Krebs cycle), succinate 
and isoleucine; and increased levels of 4- deoxyerythronic 
acid, a degradation product of 3- hydroxybutyrate49 
between 14 and 26 weeks. Finally, still working with an 
untargeted approach, Sovio et al demonstrated an increase 
of 4- hydroxyglutamate serum levels among women 
who developed early- onset pre- eclampsia, measured at 
12 weeks.38 Its prediction performance was improved by 
addition of pregnancy- associated plasma protein A and 
PlGF.38

Regarding lipidomic or amino- acid studies, Odibo et 
al adjusted four metabolites (hydroxyhexanoylcarnitine, 
phenylalanine, glutamate, alanine) for maternal vari-
ables (maternal body mass index, ethnicity and diabetes) 
and the AUCs were similar with the four- metabolite 
model (0.82) or when only the three amino acids were 
used for predicting pre- eclampsia (0.81). Additionally, 

the four metabolites have demonstrated equal AUCs for 
predicting pre- eclampsia at any gestational age (0.82) 
or in cases of early onset disease (0.84).35 In the first 
trimester, Shanmugalingam et al53 showed lower levels 
of 15- epilipoxin- A4, which is possibly involved with the 
aspirin mechanism of pre- eclampsia prophylaxis. Chap-
pell et al showed an increment in 8- epi- prostaglandin 
F2α from 20 to 24 weeks in the pre- eclampsia group.23 
Recently, Bilodeau et al reinforced that F2- isoprostanes 
isomers from class VI were increased in the pre- eclampsia 
group.54 The prostaglandins’ metabolites are markers of 
lipid peroxidation, which pointed to an oxidative stress 
status, but presented modest accuracy.23 54

Rijvers et al48 and Khalil et al42 studied the metabo-
lism of asymmetric dimethylarginine (ADMA), which is 
considered an important inhibitor of nitric oxide action. 
Rijvers et al found an increase of L- arginine/ADMA ratio 
at 12 weeks in the pre- eclampsia group,48 and a consistent 
decrease in L- arginine between 16 week and 20 week in 
the pre- eclampsia compared with the gestational hyper-
tension group. This can be clinically relevant since L- argi-
nine supplementation is possible.59 Khalil et al found 
lower levels of L- arginine and L- homoarginine at 11–13 w 
in the early- onset pre- eclampsia, and unchanged levels 
in the late- onset group, even after the excluding chronic 
hypertensive women.42

Koster et al46 showed that stearoylcarnitine was a 
common biomarker for both early- onset and late- onset 
pre- eclampsia. In a model composed of stearoylcarni-
tine, prior risk and MAP, the detection rate improved 
by 45% and 21%, for early and late- onset cases of pre- 
eclampsia, respectively. Dobierzewska et al26 have studied 

Table 3 Accuracy measures of metabolites and other pregnancy- related biomarkers

Maternal 
specimen

Trimester of 
pregnancy Metabolites

Additional variables 
considered in prediction 
models

AUC of 
metabolites+additional 
variables model (95% CI)

Pre- eclampsia at any gestational age

Blood First Dilinoleoyl- glycerol heptadecanoyl- 2- hydroxy- sn- 
glycero- 3- phosphocholine

PlGF 0.78 (0.69 to 0.88)29

    Ceramide(d18:1/25:0)* Leptin 0.87632

Blood Second 25OHD VEGF +sFLT- 1/PlGF 0.8515

    Ceramide(d18:1/25:0)* Leptin 0.89232

Blood Third 4- hydroxyglutamate s- Flt- 1/PlGF 0.83425

Early onset pre- eclampsia (delivery <34 weeks)

Blood First Taurine Prior risk +MAP 0.9310

    Stearoylcarnitine Prior risk +MAP 0.74714

    3- hydroxyisovalerate, arginine, glycerol UtPI 0.91712

Late onset pre- eclampsia (delivery ≥34 weeks)

Blood first Pyruvate, carnitine, glycerol UtPI 0.72219

Blood first Stearoylcarnitine Prior risk +MAP 0.82814

Blood first and third Urea, SM C18:1 (first), Hexose, Citrate (third) Maternal BMI (12 w)+MAP 
(32 w)

0.80520

*Increased leptin/Ceramide(d18:1/25:0) ratio in pre- eclamptic women.
AUC, area under the curve; BMI, body mass index; MAP, mean arterial pressure; UtPI, uterine arteries pulsatility index.
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sphingolipids that have been related to trophoblast 
differentiation and invasion. In the ceramide profile, the 
Cer 14:0 was decreased in both first and third trimesters 
of pre- eclampsia group, while Cer 16:0 was significantly 
increased in cross- gestational pre- eclampsia plasma 
samples between first and second trimesters. Plasma 
levels of dihydro- sphingosine- 1 decreased from the first 
to the second trimester among the pre- eclampsia group, 
and SM 18:0 increased through gestation of these partici-
pants.26 Still studying ceramides, Huang et al40 have found 
decreasing levels of ceramide (d18:1/25:0) from 5 to 29 
weeks, which increased the leptin/ceramide (d18:1/25:0) 
ratio. Lee et al proposed a model constituted by SM C28:1, 
SM C30:1, LysoPC C19:0, LysoPE C20:0 and propane- 
1,3- diol, achieving an AUC of 0.868 for identifying 
pre- eclampsia.30

Gong et al28 analysed serum samples in different 
moments of pregnancy, but it was at 36 weeks when N1, 
N12 diacetylspermine were higher in women who later 
present pre- eclampsia, especially in the case of a female 
fetus.28 This was the only study in common with our 
previous systematic review about SGA infant’s prediction 
using metabolomics.56

Regarding targeted vitamin D analysis, all studies have 
applied LC- MS.29 34 36 41 44 51 In general, they found lower 
serum vitamin D concentrations in women who later 
developed pre- eclampsia, both in blood36 and urine,29 
suggesting that dysregulation of vitamin D metabolism 
occurs early in pregnancy. Indeed, Woodham et al have 
pointed reduced odds of 38% of developing severe pre- 
eclampsia for a 10 nmol/L increase in 25(OH)D level 
between 15 and 20 weeks.41 However, results did not reach 
statistical significance when a threshold was applied. In 
nested case–controls34 44 or cohort51 studies, there were 
no differences between vitamin D status among pre- 
eclampsia group and controls. In the model proposed by 
Woodham et al combining 25OHD, VEGF and sFLT- 1/
PlGF ratio, the AUC was 0.851, a higher value than either 
marker alone.41 Vitamin D3 derivatives were found in the 
untargeted analysis of Kenny et al24 but upregulated in 
pre- eclampsia cases.41

Two studies have evaluated maternal exposure to 
bisphenol A and its metabolites.27 47 The di(2- ethylhexyl) 
phthalate was increased in all trimesters.47 Its HR for 
development of pre- eclampsia varied from 1.79 (95% CI 
1.30 to 1.52), with 4–16 weeks, to 2.92 (95% CI 1.61 to 
5.28) with 33–38 weeks. The mono(2- ethyl- 5- oxohexyl) 
phthalate, the mono(2- ethyl- 5- carboxypentyl) phthalate 
and the Σdi(2- ethylhexyl) phthalate were associated to 
increased HRs for pre- eclampsia when evaluated in urine47 
from both the first and the second half of pregnancy. 
When the findings were analysed according to fetal sex, 
exposure to bisphenol and di(2- ethylhexyl) phthalate was 
only associated to pre- eclampsia in pregnancies of female 
fetuses.47 In maternal serum,27 free bisphenol was higher 
in pre- eclamptic women compared with normotensive 
controls, even when superimposed pre- eclampsia cases 
were excluded. The cut- off of >4.4 µg/L was associated 

with increased odds of 16.46 (95% CI 5.42 to 49.95) of 
developing pre- eclampsia (adjusted for maternal age, 
parity, and body mass index).27

In another analysis of environmental factors, Eichel-
berger et al found no differences in paraxanthine or 
caffeine levels, but the paraxanthine/caffeine ratio was 
lower in pre- eclampsia (0.23 vs; normotensive women, 
0.37, p=0.02).45 This represented a decreased risk of 
developing pre- eclampsia with increasing paraxanthine/
caffeine ratio (OR 0.53, 95% CI 0.31 to 0.90). Finally, 
regarding the PFASs, Rylander et al31 and Huo et al37 have 
found no differences between pre- eclamptic women and 
normotensive controls in blood samples from the first or 
second trimester, respectively. However, levels of perfluo-
rohexane sulfonate between 0.53 and 0.78 ng/mL were 
associated to higher odds of pre- eclampsia (aOR 1.67, 
95% CI 1.02 to 2.74)31; and of perfluoroheptanoic acid, 
to higher odds of gestational hypertension (aOR 1.38; 
95% CI 1.01 to 1.87).

In the last study to evaluate gestational hypertension, 
Harville et al32 identified higher concentrations of 2,6- 
Di- tert- butyl- 4- hydroxymethylphenol in blood samples 
between 6 and 14 weeks. This metabolite is derived from 
2,6- Di- tert- butyl- 4- methylphenol, a synthetic phenolic 
antioxidant used widely in foods, polymers, and cosmetics 
to slow oxidation. It has been linked to induce cellular 
DNA damage.

Quality assessment and risk of bias
The synthesised data for all included studies is shown 
on figure 3. Regarding the risk of bias, the majority of 
studies were rated low for ‘Patient Selection’ and ‘Flow 
and Timing’ domains. On the contrary, most studies were 
classified as unknown risk of bias in ‘Index Test’ and 
‘Reference Standard’ domains due to missing informa-
tion whether diagnosis and metabolomics analysis were 
interpreted independently of each other. Virtually, all 
studies were ranked as low with regard to applicability, 
with minor exceptions32 47 49 53 60 (online supplemental 
material 5).

Meta-analysis
We found that one- third of included studies were 
designed around a prediction aim23–25 27 35 38 41 50 52 and we 
extracted accuracy measures when possible (tables 2 and 
3). The other studies only presented statistical differences 
between groups. Unfortunately, there were discrepancies 
regarding type of maternal sample or gestational age at 
sampling, and metabolomics technique. Then, it was not 
possible to perform a meta- analysis.

DISCUSSION
Hypertensive disorders constitute one of the leading 
causes of maternal morbidity and mortality worldwide. 
In this systematic review, we have found that amino 
acids and fatty acids were the most common chemical 
subclasses associated with pre- eclampsia. Similarly, the 

https://dx.doi.org/10.1136/bmjopen-2021-054697
https://dx.doi.org/10.1136/bmjopen-2021-054697
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main pathways involved in pre- eclampsia were lipid 
metabolism, mitochondrial beta- oxidation of short 
chain saturated fatty acids, and cell signalling (figure 4). 
Our findings can improve disease understanding and 
contribute to future studies as a guide of pathways to be 
explored with the purpose to better treat the disease.

Amino acids and related compounds
Amino acids, peptides and analogues were the most common 
chemical subclass. Taurine, glycine and glycylglycine were 
decreased in women who developed pre- eclampsia.39 43 The 
function of taurine has been associated with cytoprotection, 
involving the placentation process and the spiral artery 
remodelling. Nevertheless, a reduction in taurine activity 
may be associated with impaired placentation, which is 
correlated with the pathophysiology of pre- eclampsia.43 
Glycylglycine is strongly associated with homocysteine levels 
and participates in the metabolic pathway that antagonises 
homocysteine: lower glycine levels promote higher homo-
cysteine levels. Homocysteine is linked to cardiovascular 
risk and endothelial dysfunction.

Indeed, a reduction in arginine and homoarginine 
was observed among pre- eclampsia patients.42 These are 
substrates for oxide nitric synthesis, a potent vasodilator 
with a major function in endothelial cells. ADMA is an 
inhibitor of the enzyme responsible for NO production; 
there is evidence that elevated ADMA levels are associ-
ated with endothelial dysfunction, and consequently, 
pre- eclampsia.48 61 NO is an important regulator of 
trophoblast implantation, differentiation, motility, inva-
sion and apoptosis.42 Decreased levels of arginine and 
homoarginine in blood samples of pre- eclampsia patients 
reinforce the involvement of NO molecule in the aeti-
ology of the disorder.42 50

Carnitine is a non- essential amino acid strongly associ-
ated with lipid metabolism. Its function is to bind to fatty 
acid, form acyl- carnitine and shuttle it to mitochondria, 
to integrate the mitochondrial oxidative metabolism.52 
The increment of carnitine might be associated to the 
oxidative stress observed in pre- eclampsia.24 25 35 46 49 52

Lipids
Maternal serum lipids are markedly elevated in healthy 
pregnancies, probably a hormone- induced increase.62 
Pre- eclamptic women may have even higher levels.63 The 
lipidome—the group of lipid metabolites—contains key 
mediators of vascular tone (sphingosine), inflammation 
(prostaglandins) and insulin sensitivity (free fatty acids).24 
Lipids are involved in the aetiology of pre- eclampsia either 
indirectly, as a substrate, or directly, as a disease mediator.63 
Lipid peroxides may cause endothelial cell activation and 
reinforce the action of diabetes mellitus and essential 
hypertension as important risk factors to pre- eclampsia.23

In a healthy pregnancy, the proangiogenic biochemical 
scenario, sphingosine- 1- phosphate and its receptors are 
up- regulated. Ceramide levels are also increased, reflecting 
the trophoblastic apoptosis process, observed because of 
normal syncytial fusion of villous trophoblasts.63 On the 
other hand, in pre- eclampsia, low levels of sphingosine- 
1- phosphate (angiogenic) and high levels of ceramides 
(proapoptotic) were found in serum analyses of third 
trimester pre- eclampsia cases.26 The increase of sphingo-
myelin SM:18 might serve not only as atherogenic marker 
of pre- eclampsia development and progression, but also 
the marker of cardiovascular complications developed 
later in women who had previous pre- eclamptic preg-
nancies. Recent studies have demonstrated that serum 
elevation of sphingomyelin SM:18 positively correlates 

Figure 3 Assessment of risk of bias (left) and applicability concerns (right) of included studies.
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with parameters of insulin resistance and liver function 
in obese adults64 and correlates with markers of NFkB 
activation and, thus, markers of intracellular inflamma-
tion.64 The ceramides might be biomarkers for cardiovas-
cular disease in later life, which points attention to its role 
in hypertension in pregnancy.65 As ceramide and their 
synthesising enzymes (eg, ceramide synthases) have been 
shown to be significantly upregulated in the mouse uterus 
during early gestation,44 66 the role of ceramides in the 
normal human pregnancy and its relationship with pre- 
eclampsia etiopathogenesis needs to be further explored.

Pre- eclampsia has also been correlated with high 
amounts of circulating reactive oxygen species. Among the 
consequences of this, high levels of oxidised cholesterol 
and acylcarnitine can be attributable to oxidation impair-
ment of phosphocoline and fatty acid, respectively.66

Glycerophosphocholines resulted from cell lysis, 
possibly correlated with apoptosis described in pre- 
eclampsia. For the propanoate pathway, late- onset pre- 
eclampsia showed higher concentrations of L- valine, 
2- hydroxybutyric acid, lactic acid, acetone and propan- 
2- ol.52 Decreased glycerol level has been regarded as an 
important biomarker of late- onset pre- eclampsia and this 
may be due to its conversion to triglycerides.57 63

Vitamin D
The included studies on vitamin D showed contradic-
tory results.29 34 36 41 44 51 The heterogeneity of results 
may be attributable to the measurement of only serum 
25(OH)D3 vitamin D, which is considered simplistic.29 
Interestingly, all included studies have considered low- 
risk women and have presented data irrespective of 
gestational age of pre- eclampsia diagnosis. The active 

Figure 4 Pre- eclampsia related metabolites, chemical classes and biological processes. EDC, endocrine disrupting chemical; 
PFAs, polyfluoroalkyl substances.
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metabolite—1,25- dihydroxyvitamin D—is thought to 
increase vascular endothelial growth factor transcrip-
tion,67 which is correlated to placenta functioning and 
adaptation. Besides, vitamin D deficiency may be associ-
ated with an increment of inflammatory cytokine levels, 
such as TNF- alpha, and to a tendency towards T- cell 
activity.68 Thus, its deficiency could potentially contribute 
to the pathophysiology of pre- eclampsia: abnormal 
placental implantation, angiogenesis, excessive inflam-
mation, immune dysfunction.69 Accuracy performance 
of vitamin D was increased when combined with angio-
genic biomarkers (VEGF +sFLT- 1/PlGF).41 Additionally, 
all targeted studies showed lower levels of vitamin D 
metabolites, both in serum and urine, while untargeted 
LC- MS evaluation observed upregulated levels. Then, 
based on our results, we cannot rule out vitamin D role in 
predicting pre- eclampsia in high- risk population or early 
onset or late onset of disease. It seems there is a place for 
investigating its role in composing a multifactorial model 
of prediction.

Environmental exposures
Knowledge of the actual contribution of endocrine 
disrupting chemicals, such as BPA, phthalates and others 
to pre- eclampsia is relevant, given that behavioural atti-
tude can change maternal exposure to these risk factors. 
It is hypothesised that BPA can cross the placenta and 
induce degeneration and necrosis of placental cells, 
disturbing angiogenesis,47 and possibly acting through 
estrogenic- related receptor gama. Phthalates can affect 
placental gene expression determining decreased 
placental growth,64 and may also cause a proinflammatory 
response and increase the oxidative stress.70 Although 
their role in pre- eclampsia remains elusive,27 31 47 60 we 
cannot rule out their role before pregnancy: BPA, phthal-
ates and PFASs are widely present in many products of 
daily life, and usually have half- lives of many years.

Another environmental factor that was pointed in our 
review was caffeine. Caffeine metabolism occurs in the 
cytochrome P450 1A2 system, and the primary metab-
olite of dietary caffeine (80% of caffeine by- product) is 
the paraxanthine. The activity of this cytochrome can 
be demonstrated by the ratio of paraxanthine/caffeine. 
During pregnancy, the primary pathway for all caffeine 
clearance happens in maternal cytochrome P450 1A2 
system, as neither placenta nor the fetus demonstrates this 
cytochrome activity.71 The decreased risk of severe pre- 
eclampsia with increasing paraxanthine/caffeine ratio 
suggests that faster caffeine metabolism may be associated 
with a lower risk of pre- eclampsia.45 This is not exactly in 
accordance with other studies, which indicated a direct 
influence of caffeine levels on the risk of pre- eclampsia 
and failed to perform analysis of caffeine metabolism.72 
On the other hand, caffeine and its metabolites are antag-
onists of the adenosine A1 receptors, implicated in prox-
imal tubular sodium reabsorption.73 Although caffeine 
consumption may be associated to elevated blood pres-
sure in the short term (≤3 hours), it does not represent 

a cardiovascular risk factor in the long term (2 weeks) 
for non- pregnant adults.74 Future studies should consider 
daily intake of caffeine, which was not explored in the 
included study, and maternal smoking as potential bias 
since cigarette use induces the P450 1A2 system.75

Methodological quality
Although the majority of included studies were ranked 
having a low risk of bias and low concerns around applica-
bility, there is still a place for improving data reporting in 
metabolomics.76 Interpreting (or using) data from bench 
analyses in a clinical context requires the clear descrip-
tion of reference standards and index tests, and timing of 
index test analysis. As pre- eclampsia has a complex aeti-
ology and is a multifactorial disease, improving patient 
selection should be a focus of attention in subsequent 
studies. Better accuracy could be achieved if data from 
low- risk and high- risk women were to be separated, or 
single versus multiple gestations.

Strengths and limitations
This systematic review can be useful as a guidance of 
metabolites and their performance as predictors of pre- 
eclampsia. We have applied a systematic review strategy in 
eight different electronic databases. Then, we presented 
possible biomarkers of pre- eclampsia that could ground 
future research in this area.

Unfortunately, there are limitations. The inclusion of 
case–control studies could add risk of bias, confounding 
and potential measurement error. However, we under-
stand this is an important strategy to biomarkers selec-
tion and performance evaluation steps in metabolomics6 
in perinatal research. There was great heterogeneity 
among included studies. Per se, metabolomics is an overly 
complex process, influenced by sample collection, storage 
and preparation, analytical platform applied, statistical 
tests performed, time of day collection, fasting or non- 
fasting state prior the samples.6 Thus, results presented in 
the studies must consider all these variables. Because of 
this complexity and authentic heterogeneity of metabolo-
mics, the lack of standardisation of pre- eclampsia concept 
(early and late- onset pre- eclampsia) and time of sample 
collection represented a limitation to our study. Thus, 
the results could not be correlated with this important 
variable. Additionally, since only two studies evaluated 
pre- eclampsia prediction regarding fetal sex, our findings 
should be interpreted with caution.

Conclusion and implications for practice
We have presented a list of 122 different metabolites and 
their accuracy measures, when possible. They are mainly 
involved with ammonia recycling; amino acid and lipids 
metabolism; arachidonic acid metabolism; cell signalling; 
galactose, lactose and nucleotide sugars metabolisms. 
Maternal blood seems to be the best specimen to predict 
early pre- eclampsia if sampled in the first trimester, 
and to predict late- onset pre- eclampsia in the second 
trimester. Future metabolomics platforms should be as 
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comprehensive as possible to evaluate the contributions 
of amino acids, peptides, fatty acid esters and carbohy-
drates conjugates, as pre- eclampsia biomarkers.

Although individual metabolites have low predictive 
measures, they should be considered in multifactorial 
models of metabolites alone or in combination with 
other biomarkers.25 33 38 41 43 46 50 52 Metabolite signature 
may contribute to further insights into the pathogenesis 
of pre- eclampsia and to design screening tests, which 
may contribute to early recognising high- risk women to 
hypertensive disorders In future, it is important to vali-
date citrate and carnitines as common markers between 
early- onset and late- onset pre- eclampsia, considering the 
feasibility of universal screening.25 49 50 Additionally, since 
pre- eclampsia and SGA are related to abnormal deep 
placentation,77 it seems plausible to study both condi-
tions simultaneously, at least considering the metab-
olites found in common (sphinganine 1- phosphate, 
sphingosine 1- phosphate, tyrosine, vitamin D, N1, 
N12- diacetylspermine).56
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