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Metabolomic signatures associatedwith fetal
growth restriction and small for gestational
age: a systematic review

Agustin Conde-Agudelo1 , Jose Villar 1,2 , Milagros Risso3,
Aris T. Papageorghiou 1,2, Lee D. Roberts 4 & Stephen H. Kennedy 1,2

The pathways involved in the pathophysiology of fetal growth restriction
(FGR) and small for gestational age (SGA) are incompletely understood. We
conduct a systematic review to identify metabolomic signatures in maternal
and newborn tissues and body fluids samples associated with FGR/SGA. Here,
we report that 825 non-duplicated metabolites were significantly altered
across the 48 included studies using 10 different human biological samples, of
which only 56 (17 amino acids, 12 acylcarnitines, 11 glycerophosphocholines,
six fatty acids, two hydroxy acids, and eight other metabolites) were sig-
nificantly and consistently up- or down-regulated in more than one study.
Three amino acid metabolism-related pathways and one related with lipid
metabolism are significantly associated with FGR and/or SGA: biosynthesis of
unsaturated fatty acids in umbilical cord blood, and phenylalanine, tyrosine
and tryptophan biosynthesis, valine, leucine and isoleucine biosynthesis, and
phenylalaninemetabolism in newborn dried blood spot. Significantly enriched
metabolic pathways were not identified in the remaining biological samples.
Whether these metabolites are in the causal pathways or are biomarkers of
fetal nutritional deficiency needs to be explored in large, well-phenotyped
cohorts.

The phenotypic term fetal growth restriction (FGR) is used to describe
a highly heterogeneous syndrome characterised by the fetus’ failure to
achieve its genetic growth potential compared to international growth
standards1–3. The term small for gestational age (SGA) is used to
describe an infant bornwith a birthweight less than the 10th centile for
gestational age and sex. Using such standards1–3 to avoid the bias
associated with population-specific charts4, it has been estimated that
23.4 million newborns (17.4% of all liveborn babies worldwide) in 2020
were SGA5. Nearly a quarter (22.4%) of the 2.4 million neonatal deaths
worldwide were attributable to preterm (<37weeks’ gestation) or term
(≥37 weeks’ gestation) SGA5, and 21.2% of stillbirths at ≥22 weeks’
gestation were SGA6.

Both growth-restricted and SGA fetuses are at higher risk of
perinatal morbidity and mortality compared with non-growth-
restricted and/or appropriate for gestational age (AGA) fetuses7–10. In
addition, surviving growth-restricted and SGA infants have an
increased risk for death, stunting, wasting, neurodevelopmental
impairment during childhood, reduced intelligence quotient and
cognitive performance, autism spectrum disorders, depression, and
chronic diseases in adulthood10–18.

Awide range of analyticalmethods have been employed to screen
for FGR; however, none of the biomarkers proposed to date are suf-
ficiently accurate for screening, prevention, treatment development or
routine clinical practice19,20. Metabolomics, despite its limited use in
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clinical practice, may be a more suitable methodology20–22 having
accelerated understanding of metabolic diseases and detected silent
phenotypes (only present in specific physiological conditions)23,
thereby establishing biomarkers that precede disease pathology24–26.

Therefore, a critical appraisal of the existing metabolomic evi-
dence is required to shed new light on the metabolic pathways
involved in the pathophysiology of FGR/SGA13. So, we conducted a
systematic review aiming to identifymetabolomic signatures in tissues
and biofluids of pregnant women, placentas, umbilical cords and
newborns associated with FGR/SGA compared to the corresponding
reference group.

Results
Selection, characteristics and risk of bias of studies
Figure 1 summarises the process of identification and selection of
studies. Our search strategy identified 3134 citations. After removing
duplicates and clearly ineligible records, we assessed 115 potentially
eligible studies for possible inclusion, from which we excluded 67
based on parameters outlined in our methodology. Forty-eight
studies27–74, which included a total of 4228 women and 820,271 new-
borns, met the inclusion criteria, reflecting the paucity of mother-
offspring dyad studies.

The main characteristics of included studies are presented
in Table 1. Nineteen studies were conducted in
Europe28,30–32,34–36,40,42,43,45,46,49,54,56,58,59,64,69, 14 in Asia37,38,48,51,52,55,60,61,63,66,68,70,72,74,
eight in theUnitedStates33,44,47,50,57,62,71,73, two inAustralasia41,65, four inboth
Europe and Australasia27,29,53,67, and one in Egypt39. There were 37 case-
control studies27–32,34–41,43,44,46–54,56–60,66,68–72,74, eight cross-sectional
studies33,42,45,55,61–63,67, two cohort studies64,73 and one case-cohort study65.
Thesamplesizesrangedfrom1727 to87864women(median,77)and1429 to
736,43562newborns(median,80).Thenumberofcasesrangedfrom927 to

147,28762 and the corresponding number of controls ranged from 827 to
589,14862. Thirty-five (73%) studies had <50 FGR or SGA cases.

Metabolomics were assessed in the following biological samples:
maternal plasma or serum (19 studies29,31,32,40,42,43,48–50,52–54,56,64,65,70,72–74),
maternal urine (three studies36,47,53), maternal hair (two studies37,41),
maternal faeces (one study70), amniotic fluid (one study66), placenta
(five studies27,57,60,71,72), umbilical cord blood
(21 studies29–32,34,39,40,42–45,54,56,58,59,63,64,67,72–74), newborn dried blood spots
(seven studies33,38,51,55,61,62,68), newborn urine (three studies28,35,69), and
breast milk (one study46). Fourteen studies29,31,32,40,42,43,53,54,56,64,70,72–74

collectedmultiple biological samples (Table 1). Among the studies that
assessed metabolomics in maternal samples, only 7 reported on fast-
ing status at the time of sample collection: in six studies, the time
elapsed between last food intake and sampling was at least eight
hours31,43,50,53,54,56, whereas in the remaining study74 the samples were
collected in a “fasting state”.

Gestational age was determined from the woman’s last menstrual
period alone in one study55, from the woman’s last menstrual period
and confirmed by ultrasound in the first trimester in
11 studies32,34,36,43,47,49,50,56,60,64,68, and from the woman’s last menstrual
period and confirmed by ultrasound in either the first or second tri-
mester in four studies30,40,52,71. The remaining 32 studies did not report
on the methods used for determining gestational age. Twenty-one
studies included only term infants27,29,31,32,36,37,41–43,45,47,49,51,53–55,59,61,63,72,74,
three included only preterm infants28,33,69, and 24 included both pre-
term and term infants30,34,35,38–40,44,46,48,50,52,56–58,60,62,64–68,70,71,73. None of
these 24 studies reported results separately for preterm and term
infants.

The case definitions included the following: birthweight for
gestational age <10th customised (six studies29,36,41,46,53,54) or non-
customised (22 studies31–33,37–39,42,44,45,47,50,51,55,57,61–64,68,71,73,74) centile;
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Fig. 1 | PRISMA flow diagram. This figure illustrates the PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) flow diagram detailing the study
selection process. The diagram includes the number of records identified, screened, assessed for eligibility, and included in the systematic review. FGR fetal growth
restriction; SGA small for gestational age. Source: PageMJ,McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC,Mulrow CD, et al. The PRISMA 2020 statement: an updated
guideline for reporting systematic reviews. BMJ 2021;372:n71. doi: 10.1136/bmj.n71. For more information, visit: https://www.prismastatement.org/prisma-2020-flow-
diagram.
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birthweight for gestational age <10th centile plus ultrasound para-
meters (seven studies28,30,34,35,43,49,58); birthweight for gestational age
<5th customised (one study27) or non-customised (two studies65,67)
centile; birthweight or estimated fetal weight (EFW) or abdominal
circumference (AC) for gestational age <3rd centile (two studies52,60);
EFW or AC for gestational age <10th centile (one study66); EFW or AC
for gestational age <10th centile plus ultrasound parameters (two
studies70,72), others (four studies40,56,59,69); and unreported (one
study48). Overall, according to traditional definitions for FGR and SGA
outlined in the Methods section, 31 studies included fetuses/infants
considered SGA28–33,35–37,39,41,42,44–47,50,51,53,54,57,59,61–64,66,68,71,73,74, 12 included
fetuses/infants considered growth-restricted27,34,49,52,56,58,60,65,67,69,70,72,
four included both SGA and fetuses/infants considered growth-
restricted38,40,43,55 and in one it was unknown48. There were several
categories of reference group: birthweight for gestational age between
the 10th-90th centiles (19 studies30,32,33,35,38–40,45,50,54,55,61,62,64,68,70,71,73,74);
birthweight ≥10th centile (eight studies34,44,47,49,56–58,63); other intervals
of birthweight centiles (seven studies31,42,43,46,51,52,67); “uncomplicated/
normal/healthy pregnancies or healthy/AGA newborns” (nine
studies27–29,37,41,48,53,66,72); birthweight Z-score between −1 and +1 SD (one
study59); and unreported (four studies36,60,65,69).

Twenty-six studies used an untargeted metabolomic
approach27–31,34–37,39,41,45–47,49,52–54,59,60,66,69–72,74, 18 used a targeted
approach32,33,38,40,42,48,50,51,55,58,61–65,67,68,73, and four used both
approaches43,44,56,57. The analytical platforms used for metabolite
detection included liquid chromatography (ultra/high/ultra-high per-
formance) coupled to mass spectrometry (LC-MS) in
24 studies27,29,30,33,38,39,45,48–53,55,59,61–65,68–70,74, nuclear magnetic resonance
(NMR) spectroscopy in 11 studies28,31,34–36,43,46,54,56,60,67, gas chromato-
graphy coupled to mass spectrometry (GC–MS) in seven
studies32,37,40,47,66,71,72, flow injection analysis (FIA) in one study42, LC-MS
and NMR in two studies44,57, LC-MS and FIA in two studies58,73, and LC-
MS and GC-MS in one study41.

Multivariate approaches that were used to analyse metabolites
individually, as well as the relationships among the individual meta-
bolites, included multivariate linear regression models
(15 studies33,36,37,41,42,45,49,50,53,55,56,62,63,67,72), partial least square dis-
criminant analysis (PLS-DA) or orthogonal PLS-DA (seven
studies29,43,44,54,57,69,71), principal component analysis (PCA) (three
studies27,30,65), and both PLS-DA/orthogonal PLS-DA and PCA
(12 studies28,31,34,35,39,46,58–60,66,73,74). Software for metabolic pathway ana-
lysis was used in 12 studies28,39,44,46,48,57,66,69–71,73,74.

The risk of bias in each included study is summarised in Supple-
mentary Fig. 1. No studywas judged to be at low risk of bias for all eight
domains. Only 13 studies (27%) fulfilled at least six of the eight criteria
for low risk ofbias29,34,43,45,49,53,55,58,60,69,71,72,74. Eleven studieswere deemed
to be at low risk of bias for five domains31,33,44,46,47,50,57,65,67,70,73, whereas
the remaining 24 studies (50%) had four or more methodological
flaws27,28,30,32,35–42,48,51,52,54,56,59,61–64,66,68. The most common deficiencies
were related to unblinded interpretation of metabolomics results to
fetal growth status of participants, overfitting in the analyses, and lack
of reporting on handling of specimens and pre-analytical procedures.

Among the 13 studies that met at least six of the eight criteria for
low risk of bias, 1129,34,43,49,53,55,58,60,71,72,74 provided data for metabolomic
profiles and pathway analyses in different biological samples. The
remaining two studies did not provide data to these analyses45,69.

Overall, a total of 825 non-duplicated metabolites were sig-
nificantly altered across the 48 included studies, ofwhich 46%wereup-
and 54% down-regulated. Eighty significantly altered metabolites were
reported in more than one study (fatty acyls, 35%; amino acids, 31%;
glycerophospholipids, 21%; others, 13%), 29 in more than two studies
(amino acids, 52%; fatty acyls, 24%; glycerophospholipids, 21%; others,
3%), and 20 in more than three studies (amino acids, 60%; glycer-
ophospholipids, 20%; fatty acyls, 20%).

Metabolomic profiles in maternal plasma or serum
Nineteen studies assessed metabolomic profiles in maternal plasma
(11 studies29,31,40,43,48,50,53,56,65,73,74) and serum (eight
studies32,42,49,52,54,64,70,72): three only ≤20 weeks’ gestation29,53,64, two
between 24 and 28 weeks’ gestation52,73, three in the third
trimester65,70,74, two collected serial samples in the first, second and
third trimester of pregnancy49,50, and nine collected the sampleswithin
24 h before birth, or during or after birth31,32,40,42,43,48,54,56,72 (Table 1).

Six studies (one at ≤20 weeks’ gestation64, one at 24–28 weeks’
gestation73 and four in the peripartum period31,32,42,56) did not identify
significantly up- or down-regulated metabolites. In the remaining
13 studies (three at ≤20 weeks’ gestation29,50,53, five at >20 weeks’
gestation49,52,65,70,74, and five in the peripartum period40,43,48,54,72), a total
of 156 non-duplicated metabolites had significantly different con-
centrations between the FGR/SGA and the corresponding reference
groups (103 up-regulated and 53 down-regulated). Eight of the 156
metabolites were significantly up- or down-regulated inmore than one
study (pregnanediol-3-glucuronide in studies at ≤20 weeks’ gestation;
malic acid in studies at >20 weeks’ gestation and in the peripartum
period; and alanine, isoleucine, lysine, serine, phenylalanine, and
4-aminobutyric acid in studies in the peripartum period) and only one
(alanine in studies in the peripartum period) in more than two studies
(Table 2).

Metabolomic profiles in maternal plasma or serum at ≤ 20
weeks’ gestation
Five studies29,49,50,53,64, assessed metabolomic profiles in plasma or
serum of pregnant women at ≤20 weeks’ gestation (Table 1). Up-
regulated metabolites in FGR/SGA pregnancies that were reported in
individual studies included cervonyl carnitine and sphingolipids-
related metabolites29, plasmalogen49, eicosanoids related to hydro-
xyeicosatetraenoic and dihydroxyeicosatrienoic acids50, and glycer-
ophospholipids (mainly phosphatidylserines, phosphatidy-
lethanolamines and phosphatidylcholines), sphingolipids, glycer-
olipids, and fatty acyls53. Two studies29,49 reported that steroids-related
metabolites were usually down-regulated in SGA pregnancies. One
study64 did not find any significantly altered metabolites between
women who subsequently delivered SGA infants and controls at
13 weeks’ gestation.

The total number of metabolites significantly different between
the FGR/SGA and reference groups was 52 (45 up- and seven down-
regulated), of which only one (pregnanediol-3-glucuronide) was sig-
nificantly and consistently down-regulated in more than one study
(Table 2), primarily likely due to differences in analytical platforms and
focus on different metabolite classes of each study from the descrip-
tion provided.

Metabolomic profiles in maternal plasma or serum
at > 20 weeks’ gestation and in the peripartum period
Sixteen studies evaluated metabolomic profiles at >20 weeks’ gesta-
tion (n = 749,50,52,65,70,73,74) or in the peripartum period
(n = 931,32,40,42,43,48,54,56,72) (Table 1). Most studies evaluating metabolomic
profiles at 24–28 weeks’ gestation and in the third trimester reported
few metabolites significantly altered50,52,65,73,74. Only one study70 iden-
tified 13 significantly altered metabolites in the third trimester (nine
up- and four down-regulated). Among the nine studies that evaluated
metabolomicprofiles in theperipartumperiod, four31,32,42,56 didnotfind
any significantly altered metabolites and three40,43,54 reported only a
few altered metabolites. In the remaining two studies, one48 reported
18 significantly altered metabolites (15 up-regulated, mainly amino
acids, and three down-regulated) and the other72 reported 31 altered
metabolites (13 up-regulated, mostly derivatives of amino acids, keto
acids and carboxylic acids, and 18 down-regulated,mostly unsaturated
and saturated fatty acids and organic compounds).

Review article https://doi.org/10.1038/s41467-024-53597-4

Nature Communications |         (2024) 15:9752 13

www.nature.com/naturecommunications


The total number of metabolites significantly different between
the FGR/SGAand referencegroupswas 109 (44at >20weeks’gestation
[27 up- and 17 down-regulated], and 65 in the peripartum period [32
up- and 33 down-regulated]). Overall, seven metabolites were sig-
nificantly altered in more than one study, of which five showed a
consistent trend (isoleucine, lysine, serine and 4-aminobutyric acid,
up-regulated in all studies; and malic acid, down-regulated in all stu-
dies) and two an inconsistent trend (alanine, up-regulated in three
studies and down-regulated in one; and phenylalanine, up-regulated in
one study and down-regulated in one study) (Table 2).

Metabolomic profiles in maternal hair
Two studies investigated the metabolomic profiles of maternal hair
samples in SGA cases, one at 26-28 weeks’ gestation37 and the other in
the secondand third trimesters of pregnancy41 (Table 1). Overall, a total
of 33 non-duplicated metabolites had significantly different con-
centrations between the SGA and reference groups (11 up- and 22
down-regulated), of which only two were significantly altered in more
than one study (margaric acid and myristic acid, both up-regulated in
the two studies) (Table 2). In one study37, most of the 32 significantly
alteredmetabolites reportedwere amino acids, amino acid derivatives

and fatty acids. The other study41 reported that three metabolites (all
long-chain fatty acids) were significantly up-regulated in the second
trimester and none in the third trimester.

Metabolomic profiles in maternal urine
Three studies evaluatedmetabolomic profiles of FGR/SGA in maternal
urine, two at ≤20 weeks’ gestation36,53 and one at 10 and 26 weeks’
gestation47 (Table 1). A total of 20 non-duplicated metabolites had
significantly different concentrations between the FGR/SGA and
reference groups (nine up- and 11 down-regulated). None of these
metaboliteswere significantly altered inmore thanone study (Table 2).
One47 of the three studies found only up-regulated metabolites and
two36,53 found only down-regulated metabolites. Lower levels of
metabolites involved in nutrient transport anddetoxificationpathways
in women with SGA pregnancies were reported in one study53. The
remaining two studies36,47 did not identify any perturbed pathways.

Metabolomic profiles in maternal faeces
Metabolomic profiles of FGR/SGA inmaternal faeces were examined in
one study70, which reported significant differences in the concentra-
tions of 23 metabolites (seven up- and 16 down-regulated) in women
with FGR pregnancies compared to women with AGA pregnancies in
the third trimester (Table 1). Pathway analysis showed that lipid, amino
acid, sphingolipid, fatty acid, and steroid hormone metabolism was
enriched in the FGR group.

Metabolomic profiles in amniotic fluid
Only one study66 evaluated the metabolomic profiles of FGR/SGA
pregnancies in amniotic fluid at a mean gestational age of 30 weeks
(Table 1). A total of 47 differentially expressed metabolites were
identified of which 23 were up-regulated (mainly metabolites involved
in glucose metabolism such as malic acid, glycolic acid, maleic acid,
and D-glycerate) and 24 down-regulated (mainly amino acids such as
glutamate, phenylalanine, valine and leucine).

Metabolomic profiles in placenta
Five studies assessed metabolomic profiles of FGR/SGA in placental
samples27,57,60,71,72, of which one27 did not provide clear data on altered
metabolites. Overall, a total of 217 non-duplicated metabolites were
reported to be significantly altered across studies (38 up- and 179
down-regulated), of which just 10, mostly amino acids, were sig-
nificantly altered in more than one study (Table 3) and one (taurine)
was significantly altered in more than two studies. Importantly, only

Table 3 | Significantly up-regulated and down-regulated
metabolites that were reported in >1 study in placenta
samples

Metabolite No. of
studies

Up-regulated,
No. of studies

Down-regulated,
No. of studies

Consistent trenda

Glycine 2 0 257,71

Glycerophosphocholine 2 260,71 0

Lactic acid 2 260,71 0

Inconsistent trend

Taurine 3 160 257,71

Glutamine 2 160 157

Asparagine 2 171 157

Aspartic acid 2 171 157

Tyrosine 2 171 157

Isoleucine 2 171 157

Leucine 2 172 157

aThe trend of one metabolite was considered consistent if it showed the same direction of
change in all studies.

Table 2 | Significantly up-regulated and down-regulated
metabolites that were reported in >1 study in maternal bio-
logical samples

Metabolite No. of
studies

Up-regulated, No.
of studies

Down-regulated,
No. of studies

Maternal plasma/serum

≤20 weeks’ gestation (5 studies29,49,50,53,64)

Consistent trenda

Pregnanediol-3-
glucuronide

2 0 229,49

Inconsistent trend

None --- --- ---

>20 weeks’ gestation/peripartum period (16 studies31,32,40,42,43,48–50,52,54,56,65,70,72–74)

Consistent trenda

Isoleucine 2 248,54 0

Lysine 2 248,72 0

Serine 2 248,72 0

4-aminobutyric acid 2 248,72 0

Malic acid 2 0 270,72

Inconsistent trend

Alanine 4 348,54,72 143

Phenylalanine 2 148 154

Maternal hair

≤20 weeks’ gestation (no studies)

None --- --- ---

>20 weeks’ gestation/peripartum period (2 studies37,41)

Consistent trenda

Margaric acid 2 237,41 0

Myristic acid 2 237,41 0

Inconsistent trend

None --- --- ---

Maternal urine

≤20 weeks’ gestation (3 studies36,47,53)

None --- --- ---

>20 weeks’ gestation/peripartum (1 study47)

None --- --- ---
aThe trend of one metabolite was considered consistent if it showed the same direction of
change in all studies.
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three metabolites from the initial 217, had a consistent trend: glycer-
ophosphocholine and lactic acid, up-regulated in two studies60,71; and
glycine, down-regulated in two studies57,71. The remaining seven sig-
nificantly altered metabolites (all amino acids) had an inconsistent
trend across the included studies (Table 3). Pathway analysis from one
study57 revealed abnormalities that were consistent with fetal hepatic
dysfunction in suspected FGR. Another study71 reported that meta-
bolic pathways related to the hypoxia response and amino-acid uptake
and metabolism were associated with SGA.

Metabolomic profiles in umbilical cord blood
Among the 21 studies that assessed metabolomic profiles in umbilical
cord blood, 20 reported significant differences in metabolite con-
centrations between the FGR/SGA and reference groups. A total of 308
non-duplicated metabolites were significantly altered (155 up- and 153
down-regulated), of which 45 metabolites were significantly altered in
more than one study and 18 in more than two studies (Table 4).

The amino acids phenylalanine, alanine, valine, isoleucine, and
glutamine, four lysophosphatidylcholines (16:1, 18:1, 18:2, 20:3), and
carnitine were the most reported altered metabolites. Of the 46 sig-
nificantly altered metabolites in more than one study, 24 showed a
consistent trend across studies: 17 were down-regulated in all studies
(five lysophosphatidylcholines, five phosphatidylcholines, three fatty
acids, gamma-linolenic acid, choline, cholesterol, and glucose) and
seven were up-regulated in all studies (four amino acids, decanoyl
carnitine, dodecanoid acid, and triglyceride). The remaining 22 meta-
bolites showed an inconsistent trend (Table 4).

Metabolomic profiles in newborn dried blood spots
Seven studies, all using a targeted approach, evaluated metabolomic
profiles of SGA in dried blood spots taken from a heel prick between
12 hours and 8 days after birth for newborn metabolic
screening33,38,51,55,61,62,68. In general, metabolites associated with acyl-
carnitine were upregulated in most studies. Only one study reported
that most acylcarnitines assessed were down-regulated68.

A total of 112 non-duplicated metabolites had significantly dif-
ferent concentrations between SGA and AGA neonates (80 up- and 32
down-regulated), of which 31 were significantly altered in more than
one study and 12 in more than two studies (Table 5). Of the 31 sig-
nificantly altered metabolites in more than one study, 18 showed a
consistent trend across studies: 14 were up-regulated in all studies (10
acylcarnitines and four amino acids) and four were down-regulated in
all studies (three amino acids and one acylcarnitine). The remaining
13 significantly altered metabolites in more than one study had an
inconsistent trend (nine acylcarnitines and four amino acids).

Metabolomic profiles in newborn urine
Three studies evaluated metabolomic profiles of FGR in newborn
urine28,35,69. All samples were taken within 48 h of birth. A total of 76
non-duplicated metabolites were significantly altered across studies
(31 up- and 45 down-regulated) of which three were significantly and
consistently altered in more than one study (myo-inositol, creatinine
and creatine, up-regulated in all studies) (Table 5). No metabolite was
significantly altered in more than two studies. One study28 reported
three metabolic pathways associated with FGR (one involved in the
metabolismof arginine and proline, one associatedwith the urea cycle
and the third correlated with the metabolism of glycine, serine and
threonine) and another69 reported metabolic pathways related to
tryptophan and histidinemetabolism and aminoacyl-tRNA and steroid
hormone biosynthesis.

Metabolomic profiles in breast milk
Metabolomic profiles of SGA in breast milk were assessed in one
study46, which reported significantly different concentrations of seven
metabolites (five up- and two down-regulated) in milk/colostrum on

Table 4 | Significantly up-regulated and down-regulated
metabolites that were reported in >1 study in umbilical cord
blood samples

Metabolite No. of
studies

Up-regulated,
No. of studies

Down-regulated,
No. of studies

Consistent trenda

LysoPC (16:1) 6 0 629,42,58,59,64,73

PC (36:3) 3 0 358,59,64

Leucine 3 334,39,54 0

Choline 3 0 331,34,44

Triglyceride 3 334,43,56 0

Glutamic acid 2 230,39 0

Trans-4-hydroxyproline 2 258,72 0

LysoPC (14:0) 2 0 242,59

LysoPC (16:0) 2 0 258,73

LysoPC (18:0) 2 0 258,73

LysoPC (20:4) 2 0 258,73

PC (36:1) 2 0 258,59

PC (36:4) 2 0 244,59

PC (38:4) 2 0 244,59

PC (40:4) 2 0 244,59

Decanoyl carnitine 2 259,73 0

Dodecanoid acid 2 232,40 0

2-aminoadipic acid 2 258,72 0

Stearic acid 2 0 232,72

Gamma-linolenic acid 2 0 232,72

Eicosatrienoic acid 2 0 232,72

Arachidonic acid 2 0 232,72

Cholesterol HDL 2 0 256,67

Glucose 2 0 231,34

Inconsistent trend

Phenylalanine 6 430,31,39,72 234,54

LysoPC (18:1) 5 144 442,58,59,73

Alanine 5 339,54,58 231,34

Valine 4 330,39,54 134

Isoleucine 4 330,39,54 156

Glutamine 4 234,58 231,34

LysoPC (18:2) 4 144 329,58,73

LysoPC (20:3) 4 144 358,59,73

Carnitine 4 339,58,74 144

Tryptophan 3 130 254,58

Proline 3 230,58 131

Tyrosine 3 239,58 134

Histidine 3 130 239,67

PC (38:3) 3 144 258,59

Methionine 2 130 139

Arginine 2 130 139

PC (24:0) 2 144 158

PC (32:0) 2 144 158

Acetyl carnitine 2 158 144

Butiryl carnitine 2 158 144

Hexacosanedioic acid 2 159 129

Caffeine 2 130 159

HDL high-density lipoprotein, PC phosphatidylcholine.
aThe trend of one metabolite was considered consistent if it showed the same direction of
change in all studies.

Review article https://doi.org/10.1038/s41467-024-53597-4

Nature Communications |         (2024) 15:9752 15

www.nature.com/naturecommunications


the third to fourth day postpartum between mothers of SGA infants
and controls (Table 1).

Analysis of metabolic pathways
Despite several metabolic pathways being significantly enriched in
unadjusted analyses, only four metabolic pathways were found to be
significantly enriched in adjusted analyses (FDR <0.05): one in umbi-
lical cord blood (biosynthesis of unsaturated fatty acids with an FDR p

value of 0.016 and an impact value of 0.0) (Fig. 2 and Supplementary
Table 1) and three in newborn dried blood spots (phenylalanine, tyr-
osine and tryptophan biosynthesis; valine, leucine and isoleucine
biosynthesis; and phenylalanine metabolism, with FDR p values of
0.014, 0.021, and0.021, respectively, and impact values of 1.0, 0.0, and
0.36, respectively) (Fig. 3 and Supplementary Table 2). Dried blood
spots were taken for newborn screening of inborn metabolic diseases,
although studies reported that newborns with genetic metabolic dis-
eases were excluded from analyses.

There were no significantly enriched metabolic pathways (FDR ≥
0.05) in maternal plasma/serum at >20 weeks’ gestation or in the
peripartum period (Supplementary Fig. 2 and Supplementary Table 3)
and in placenta (Supplementary Fig. 3 and Supplementary Table 4).
Pathway analyses in maternal plasma/serum at ≤20 weeks’ gestation,
maternal hair, and newborn urine could not be performed because of
therewereonly fewsignificantly andconsistently up- ordown-regulated
metabolites in more than one study in such biological samples.

Discussion
Principal findings
A total of 825 non-duplicated metabolites were significantly altered
(46%up- and 54%down-regulated) across the 48 studies included in this
systematic review using 10 different human biological samples. Only 56
metabolites (17 amino acids, 12 acylcarnitines, 11 glyceropho-
sphocholines, six fatty acids, two hydroxy acids, and eight other
metabolites) were reported to be significantly up- or down-regulated in
more than one study with a consistent direction of the association, i.e.
up- or down-regulated in all studies reporting that metabolite. Only
pregnanediol-3-glucuronide was reported consistently down-regulated

Biosynthesis of unsaturated fatty acids (FDR  p = 0.016) 

Glycerophospholipid metabolism (FDR p = 0.134) 

Neomycin, kanamycin and gentamicin biosynthesis (FDR p = 0.472)

Linoleic acid metabolism (FDR p = 0.874) 

Fig. 2 | Pathway analysis for significantly and consistently up- and down-
regulated metabolites (N = 24) that were reported in more than one study in
umbilical cordbloodsamples.Themetabolomeviewshows allmatchedpathways
according to the p values from the pathway enrichment analysis and pathway
impact values from the pathway topology analysis. Each circle in the figure repre-
sents a metabolic pathway. The colour of the circle indicates the significance level
(Raw p) in the enrichment analysis; darker colour (redder) indicates greater sig-
nificance. The size of the circle reflects the pathway impact value in the topology
analysis, such that the larger the circle, the larger the impact value. Only the bio-
synthesis of unsaturated fatty acids was found to be significantly enriched in
adjusted analyses (false discovery rate p value < 0.05). FDR false discovery rate.
Source data are provided as a Source Data file.

Table 5 | Significantly up-regulated and down-regulated
metabolites that were reported in >1 study in neonatal
samples

Metabolite No. of
studies

Up-regulated,
No. of studies

Down-regulated,
No. of studies

Newborn dried blood spot

Consistent trenda

Free carnitine 5 533,51,55,61,62 0

Butyryl carnitine 3 351,61,62 0

Acetyl carnitine 3 333,51,62 0

Decenoyl carnitine 3 351,61,62 0

Propionyl carnitine 3 0 351,61,62

Proline 3 355,61,62 0

Phenylalanine 2 251,62 0

Leucine 2 251,55 0

Glycine 2 251,62 0

Tyrosine 2 0 233,38

Valine 2 0 255,62

Arginine 2 0 262,68

Octadecadienyl
carnitine

2 233,62 0

Isovaleryl carnitine 2 238,51 0

Tetradecanoyl carnitine 2 251,62 0

Dodecanoyl carnitine 2 261,62 0

Octadecanoyl carnitine 2 261,62 0

Octadecenoyl carnitine 2 261,62 0

Inconsistent trend

Alanine 6 533,51,55,61,62 168

Ornithine 6 438,55,61,62 238,68

Methionine 4 351,55,62 138

Citrulline 3 261,62 168

Octanoyl carnitine 3 261,62 168

Decanoyl carnitine 3 261,62 168

Dodecenoyl carnitine 2 161 168

Tetradecadienoyl
carnitine

2 161 168

Hexadecenoyl carnitine 2 161 162

OH-Octadecenoyl
carnitine

2 161 162

Malonyl carnitine 2 162 168

Hexanoyl carnitine 2 162 168

Acyl carnitine 2 162 168

Newborn urine

Consistent trenda

Myo-inositol 2 228,35 0

Creatinine 2 228,35 0

Creatine 2 228,35 0

Inconsistent trend

None --- --- ---
aThe trend of one metabolite was considered consistent if it showed the same direction of
change in all studies.
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in maternal samples at ≤20 weeks’ gestation, a period very relevant for
the potential prediction of FGR/SGA. The remaining 55 metabolites
were reported in maternal plasma at >20 weeks’ gestation or in the
peripartum period (n = 5); maternal hair at >20 weeks’ gestation (n = 2);
placenta (n = 3); umbilical cord blood (n = 24); newborn dried blood
spots (n = 18), and newborn urine (n = 3) (Supplementary Box 1).

Three amino acid metabolism-related pathways and one related
with lipid metabolism were significantly associated with FGR and/or
SGA: biosynthesis of unsaturated fatty acids in umbilical cordblood, and
phenylalanine, tyrosine and tryptophanbiosynthesis, valine, leucine and
isoleucine (branched chain amino acids, BCAAs) biosynthesis, and
phenylalanine metabolism in newborn dried blood spot. Among these
pathways, phenylalanine, tyrosine and tryptophan biosynthesis and
phenylalanine metabolism had the highest impact values (1.0 and 0.36,
respectively). Significantly enriched metabolic pathways were not
identified in the remaining biological samples. Observationally, how-
ever, across blood samples, those taken from mothers (at >20 weeks’
gestation), umbilical cord blood, and newborn dried bloodspots,
showed perturbation of BCAA metabolism (i.e., the concentrations of
isoleucine/valine/leucine). This may be particularly pertinent since
BCAAs are essential amino acids and can only be, in humans, derived
from the diet. BCAAs are also key for stimulating protein biosynthesis
and tissue development75–78. Moreover, growth-restricted compared to
AGAfetuseshave lowerplasmaconcentrationsofBCAAs in theumbilical
artery and vein79. Hence, one can speculate that common perturbations
of BCAA metabolism in blood samples identified in this systematic
review may contribute to, or reflect, impaired growth of the fetus.

Comparison with existing literature
Only one previous systematic review, including 21 studies, has eval-
uated metabolomic profiles in FGR80. Eighteen metabolites were
identified that were significantly altered (unreported definition of
statistical significance) in more than two studies (nine in neonatal
studies [cord blood and newborn dried blood spot] and nine in
maternal studies [maternal serum/plasma, urine, and hair, placenta
and milk]) of which alanine, valine and isoleucine were reported in
both maternal and neonatal studies. Other metabolites that were sig-
nificantly altered inmore than two studies included citrate and glycine
in maternal studies, and proline, phenylalanine, and glutamine in
neonatal studies. The most significantly enriched metabolic pathways
with relatively high impact values were glutathione metabolism in
maternal studies, glyoxylate and dicarboxylate metabolism and ala-
nine, aspartate, and glutamate metabolism in neonatal studies, and
arginine biosynthesis and arginine and proline metabolism in both
maternal and neonatal studies. Conversely, our review did not identify
any of these metabolic pathways as significantly enriched. Such a dis-
crepancy could be explained by the smaller number of studies inclu-
ded by Yao et al.80; stratification of studies, using different biological
samples, into only maternal and neonatal studies; and the inclusion of
all significantly altered metabolites in pathway analysis without con-
sidering the frequency and consistency of the association.

Strengths and limitations
The major strengths of the present review are: (1) the rigorous meth-
odology used and the complete adherence to the MOOSE guidelines
including following the defined format for summarising the
evidence22; (2) the inclusion of the largest number of mostly recent
studies reported from different populations throughout the world; (3)
the inclusion of studies assessing the association between FGR/SGA
and metabolomics in 10 different biological samples; (4) the stringent
criteria used for including metabolites in pathway analyses; and (5)
separating those studies that examined metabolomic profiles in
umbilical cord blood from those that used newborn dried blood spot
and urine samples.

Despite these efforts, there are specific areas of concern with
these data. First, there was substantial heterogeneity among studies in
terms of design; sample size; participant characteristics; case, control
and outcome definitions; timing of sampling; sample collection and
preparation; data acquisition and processing; metabolomic meth-
odologies used; and analytical and statistical approaches used, which
limits thepossibility of a summary statement. Such largeheterogeneity
could explain the inconsistent trends and conflicting patterns of
metabolites significantly associated with FGR/SGA. Considerably
greater efforts are needed to improve the standardised reporting of
metabolomic studies following recent suggestions81.

Second, a major source of variation across studies was: (1) the use
of very different definitions of FGR and SGA (that are often wrongly
used interchangeably in the literature) and categories of reference
groups, and (2) the failure to recognise the syndromic nature of these
two anthropometric and clinical entities that have multiple inter-
related aetiologies and risk factors. These limitations considerably
undermine both the internal and external validity of studies. Hence, it
is possible that the conflicting results just represent the role of the
different aetiological factors associated with sub-groups of FGR/SGA
that constitute the underlying risk profile of the samples selected.

Third, several studies only reported the significantly altered
metabolites and no information was provided on the metabolites with
non-significant differences in concentrations between the FGR/SGA
and reference groups (selective non-reporting bias). There is also the
risk of publication bias of research findings, depending on the nature
and direction of the results, especially in studies exploring predictive
biomarkers.

Phenylalanine, tyrosine and tryptophan biosynthesis (FDR p = 0.014) 

Phenylalanine metabolism (FDR p = 0.021) 
Valine, leucine and isoleucine biosynthesis (FDR p = 0.021) 

Arginine and proline metabolism (FDR p = 0.324) 
Valine, leucine and isoleucine degradation (FDR p = 0.324) 

Fig. 3 | Pathway analysis for significantly and consistently up- and down-
regulated metabolites (N = 18) that were reported in more than one study in
newborn dried blood spot samples. The metabolome view shows all matched
pathways according to the p values from the pathway enrichment analysis and
pathway impact values from the pathway topology analysis. Each circle in the figure
represents a metabolic pathway. The colour of the circle indicates the significance
level (Raw p) in the enrichment analysis; darker colour (redder) indicates greater
significance. The size of the circle reflects the pathway impact value in the topology
analysis, such that the larger the circle, the larger the impact value. Threemetabolic
pathways were found to be significantly enriched in adjusted analyses (false dis-
covery rate p value < 0.05): phenylalanine, tyrosine and tryptophan biosynthesis;
valine, leucine and isoleucine biosynthesis; and phenylalanine metabolism. FDR
false discovery rate. Source data are provided as a Source Data file.
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Fourth, although NMR has a significantly lower sensitivity and
detects a much smaller number of metabolites than MS-based meth-
ods, both approaches are complementary. However, most studies
included in our review only used one analytical method and made no
comparisons across platforms. This may have resulted in metabolites
being identified on one platform and not another, resulting in less
consistency across studies.

Finally, there are two highly relevant conceptual issues for
interpreting this literature: (1) the reliability of the results of a sys-
tematic review is limited by themethodological quality of the studies
included. In our review, only just over a quarter of included studies
met at least six of the eight criteria for low risk of bias. In addition,
most included studies were case-control and cross-sectional, thus
limiting the power to verify causal relationships between altered
metabolites and FGR/SGA, whichmeans that reverse causality should
be carefully examined since metabolites could be the result of FGR/
SGA rather than a cause. This limitation is key to maternal samples
collected close to birth, as well as umbilical cord blood and newborn
samples. Importantly, none of the included studies assessed neuro-
developmental outcomes and only one study58 evaluated postnatal
growth patterns up to the age of 12 months. (2) The use of pathway
analysis methods has intrinsic limitations, such as arbitrary criteria
for defining pathways and p value cut-offs for selecting significant
metabolites; input data and parameters used; changes in the back-
ground set; reliability of compound identification, and database
updates, among others. Moreover, the statistical techniques used in
pathway analysis consider only the number of statistically significant
metabolites without taking into account the measured fold changes
and trend consistency.

It might also be said that the results of pathway models are self-
fulfilling: if a metabolomic study, especially if targeted, identifies
molecules of related families (such as amino acids, fatty acids, and
markers of glucose metabolism) associated with a phenotype, the
pathway models will inevitably report that amino acid, lipid,
and carbohydrate metabolic pathways are affected by the outcome
of interest. Such a summary description of the underlying metabolic
processes involved in complex syndromes is not necessarily
useful for the identification of therapeutic strategies at the
molecular level.

Clinical and research implications
In conclusion, our systematic review identified a number of altered
metabolites and metabolic pathways that were associated with FGR
and/or SGA. Some of these metabolites appear promising and may
provide new insights for understanding the pathophysiology of these
syndromes and the development of new therapeutic targets. Promis-
ing metabolites include lysophosphatidylcholine 16:1, phosphati-
dylcholine 36:3, leucine, choline, and triglyceride in umbilical cord
blood samples, free carnitine, butyryl carnitine, acetyl carnitine,
decenoyl carnitine, propionyl carnitine, and proline in newborn dried
blood spot, and pregnanediol-3-glucuronide in maternal early-
pregnancy samples. Well-designed and phenotyped studies with a
large number of FGR/SGA cases to allow for stratification according to
aetiology, especially longitudinal cohort metabolomics in plasma or
serum of pregnant women and clinical intervention metabolomics
studies, shouldbe carried out to explore novel biomarkers of FGR/SGA
and determine target metabolic pathways for prevention and treat-
ment. Integratingmetabolomic and other omic data would seem to be
the next step to better elucidate networks ofmolecularmechanisms in
FGR/SGA.

Methods
As a systematic review, our studydidnot involve direct participationof
human subjects and focused solely on previously published and pub-
licly available data. It did not require institutional review board

approval for this reason. The ethical principles governing this study
adhere to the established guidelines for systematic reviews and meta-
analyses. This systematic review was registered with PROSPERO
(CRD42021275753) on September 23, 2021 (https://www.crd.york.ac.
uk/prospero/display_record.php?RecordID=275753) and reported
according to theMOOSE guidelines formeta-analyses of observational
studies82. Two authors (AC-A and MR) initially examined the relevant
literature; AC-A and JV independently reviewed studies for inclusion,
assessed their risk of bias, and extracted data. Disagreements were
resolved through consensus.

Literature search
We searched MEDLINE, EMBASE, LILACS, CINAHL, Scopus, Web of
Science, and the Cochrane Central Register of Controlled Trials (all
from 1998, the year that the termmetabolomics was introduced, to 31
December 2023) using a combination of keywords and text words
related to metabolomics (“metabolomic”, “metabonomic”, “metabo-
lome”, “metabolite”, “lipidomic”, “oxylipins”, “lipid mediators”, “pro-
ton nuclear magnetic resonance”, “liquid chromatography”, “gas
chromatography”, “high-performance liquid chromatography”, “ultra-
performance liquid chromatography”) and FGR and SGA (“fetal growth
restriction”, “fetal growth retardation”, “impaired fetal growth”,
“intrauterine growth restriction”, “intrauterine growth retardation”,
“small for gestational age”, “small for date”, “small for gestation”).
Google Scholar, proceedings of congresses and scientific meetings on
obstetrics, maternal-fetal medicine and omics technologies, reference
lists of identified studies, previously published systematic reviews, and
review articles were also searched. We did not use any language
restrictions. The initial search was performed from 1 June 2023 to 15
June 2023. Searches were re-run on a monthly basis until 2
January 2024.

Eligibility criteria
We included observational (cohort, case-control and cross-sectional)
studies that reported on associations between metabolites measured
using any metabolomic technology in tissues and biofluids of (a)
women with a singleton pregnancy or (b) singleton newborns (within
the first 7 days of life) and FGR or SGA diagnosed by criteria defined by
the authors. Acceptable definitions for FGR included EFW or AC or
birthweight below the 10th, 5th, or 3rd centiles for gestational age/sex
(as reported by the authors) plus indicators of fetal and placental
health such as amniotic fluid volume, biophysical profile, maternal and
fetal Doppler velocimetry, biomarkers, and placental pathology,
among others. Acceptable definitions for SGA included birthweight
below the 10th, 5th, or 3rd centiles or less than twostandarddeviations
below the mean for gestational age/sex regardless of birthweight
reference or standard used. Analysed samples included maternal
blood, urine, faeces and hair, amniotic fluid, placenta, breast milk,
umbilical cord blood, and neonatal blood and urine. Studies not using
ametabolomics technology, animal studies, studies includingmultiple
pregnancies or neonates that did not report singleton data separately,
conference abstracts, case reports, letters, editorials, and reviewswere
excluded from the review.

Assessment of risk of bias
The risk of bias in each included study was assessed using a modified
version of QUADOMICS83, an adaptation of the Quality Assessment of
Diagnostic Accuracy Studies (QUADAS)84 tool for studies using omic
technologies. A total of eight domainswere assessed. Each domainwas
judged as having a “low,” “high,” or “unclear” risk of bias. The domains
evaluated and how they were interpreted were as follows:

1. Selectionof participants– “low risk of bias”: all participantswere
selected from the same population and during the same time period;
“high risk of bias”: all participants were not selected from the same
population and/or were not selected during the same time period.
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2. Description of selection criteria – “low risk of bias”: if detailed
informationon inclusion/exclusion criteria and sources of sampleswas
reported; “high risk of bias”: if this information was not reported.

3. Description of procedures and timing of biological sample
collection with respect to clinical factors – “low risk of bias”: the study
report included an analysis of potential factors affecting the metabo-
lite profile, and a procedure to control biases that they might induce;
“high risk of bias”: if this information was not reported.

4. Reporting of handling of specimens and pre-analytical proce-
dures and if they were similar for the whole sample – “low risk of bias”:
the study reported that the whole set of samples underwent the same
pre-analytical process; or the study described in detail any process
related to the pre-analytical handling of the samples that could affect
the results, and a comparison of the results according to the different
procedureswas supplied; “high risk of bias”: if this informationwas not
reported.

5. Description of metabolite extraction methods and analytical
techniques – “low risk of bias”: if the study reported in detail the
metabolite extraction methods and analytical techniques used; “high
risk of bias”: if this information was not reported.

6. Blinded interpretation of metabolomic results to fetal growth
status of participants – “low risk of bias”: if metabolomic results were
interpreted blinded to fetal growth status of participants; “high risk of
bias”: if metabolomic results were not interpreted blinded to fetal
growth status of participants.

7. Control for potential confounding variables – “low risk of bias”:
the main potential confounding variables were identified and
accounted for in the design and analysis; “high risk of bias”: the main
potential confounding variables were not identified and/or accounted
for in the design and analysis.

8. Avoidanceof overfitting in statisticalmodels– “low riskof bias”:
if the models were validated in an independent set of samples or used
some approach to deal with overfitting; “high risk of bias”: if the
models were not validated in an independent set of samples or did not
use some approach to deal with overfitting; or if the study used the
same sample for the training and validation sets.

If there was insufficient information available to make a judge-
ment about these items, then theywere scored as “unclear risk of bias”.

Data extraction
Data were extracted from each included study using a specially
designed form for capturing information on authors, publication
date, study characteristics (experimental design, setting, follow-up
period, attrition and exclusions from the analysis, prospective or
retrospective data collection, blinded interpretation of metabolomic
results), participants (selection, inclusion and exclusion criteria, case
definition, control definition, number of women/neonates in each
study group, baseline characteristics, and country and date of
recruitment), biological samples (sampling time, sample collection
and storage, frequency of sampling, handling of specimens, pre-
analytical procedures, metabolite extraction methods, and analytical
techniques), metabolomics data analysis (feature extraction,
compound identification, statistical analysis and interpretation), and
metabolites (reported metabolite identity by the authors of
the paper (ID), and metabolites with statistically significant
differences in concentration between the FGR/SGA and reference/
control groups).

Data synthesis
Substantial heterogeneity in the analytical platforms used, variation in
multivariate analyses, and incomplete and heterogeneous reporting of
metabolite data and summary statistics prevented us fromperforming
a quantitative meta-analysis and precluded us from determining the
average fold changes of metabolite levels across all studies for any
metabolite.

We separately analysed metabolite alterations as reported in the
publications, in 10 types of biological sample: maternal plasma or
serum, urine, faeces and hair (collected at ≤20 or >20 weeks’ gestation,
or in the peripartum period), amniotic fluid, placenta, umbilical cord
blood, neonatal blood and urine, and breast milk. Metabolites were
identified according to the reported identity (ID) or common namewith
a subsequent standardisation conducted by using the Human Metabo-
lomic Database (HMDB) to assign unique identifiers thereby avoiding
synonymous names. Given most included studies reported the direc-
tionality of the identified metabolites, we initially selected and counted
the total number of significantly up- and down-regulatedmetabolites, as
compared with the corresponding reference group, in each study. A
metabolite was considered as statistically significantly up- or down-
regulated, as reported by the authors of individual studies, regardless of
the p value threshold used for defining statistical significance and the
use of tests for correcting multiple comparisons. Eighty-one percent of
the included studies used a p value <0.05 to determine significance.

Then, we summarised the significantly up- and down-regulated
metabolites that were reported in at least more than one study,
grouping them into maternal samples collected at ≤20 or >20 weeks’
gestation/peripartum period, and neonatal samples (all differentiated
by the type of biological sample), placental samples, and umbilical
cord blood samples, according to themetabolite’s direction of change
between studies. The trend of one metabolite was considered “con-
sistent” if it showed the same direction of change in all studies within
the same parameter and biological sample (e.g. up- or down-regulated
in all studies reporting maternal plasma). Otherwise, the metabolite’s
trend was considered “inconsistent”.

Finally, we imported the significantly up- or down-regulated
metabolites in at least more than one study with a consistent trend to
MetaboAnalyst 5.0 online software (https://www.metaboanalyst.ca)85

for separate pathway analysis in each of the aforementioned groups of
biological samples. The software allows the most relevant pathways
involved in the conditions under study to be identified. A metabolic
pathway was considered to be significantly enriched if its adjusted p
value (false discovery rate, FDR)was<0.05. Sincewewere testingmany
pathways at the same time, the statistical p values from enrichment
analysis were further adjusted for multiple testing (Holm p, p value
adjusted by Holm–Bonferroni method; and FDR p, p value adjusted
using false discovery rate). The impact value (from 0.0 to 1.0) repre-
sents the relative importance of the pathway: the higher the impact
value, the more relevant is the pathway in the condition under study.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The findings from this study are supported by data extracted from
published literature. The relevant studies were identified through a
systematic literature review and can all be accessed online as refer-
enced in the current paper27–74. Study characteristics of all relevant
studies included in the analyses are also provided in Table 1. All data
supporting the findings described in this manuscript are available in
the article and in the Supplementary Information and from the cor-
responding authors upon request. Data that support the findings of
this study have been deposited in the Mendeley Data Repository:
https://data.mendeley.com/datasets/4rsm8zv5x3/1 (https://doi.org/
10.17632/4rsm8zv5x3.1). Source data are provided with this paper.
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