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Abstract

Several studies suggest that low birthweight resulting from restricted intrauterine growth can

leave a metabolic footprint which may persist into adulthood. To investigate this, we per-

formed metabolomic profiling on 5036 female twins, aged 18–80, with weight at birth infor-

mation available from the TwinsUK cohort and performed independent replication in two

additional cohorts. Out of 422 compounds tested, 25 metabolites associated with birthweight

in these twins, replicated in 1951 men and women from the Hertfordshire Cohort Study

(HCS, aged 66) and in 2391 men and women from the North Finland Birth 1986 cohort

(NFBC, aged 16). We found distinct heterogeneity between sexes and, after adjusting for

multiple tests and heterogeneity, two metabolites were reproducible overall (propionylcarni-

tine and 3-4-hydroxyphenyllactate). Testing women only, we found other metabolites associ-

ated with lower birthweight from the meta-analysis of the three cohorts (2-hydroxy-butyric

acid and γ-glutamylleucine). Higher levels of all these metabolites can be linked to insulin

resistance, oxidative stress or a dysfunction of energy metabolism, suggesting that low birth-

weight in both twins and singletons are having an impact on these pathways in adulthood.

Introduction

The ways in which the foetus adapts to environmental factors including the changes during

birth have an impact on the development of the foetus into adulthood and current research
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attempts to discern the mechanisms by which foetal programming affects adult disease [1]. As

previously described [2] low birthweight (LBW), defined as weight at birth lower than 2500

grams, has been linked with childhood mortality [3], morbidity [4] and asthma [5]. LBW is

also associated with multiple disorders progressing into adulthood, such as metabolic syn-

drome [6], Type 2 Diabetes [7], cardiovascular diseases [8], respiratory diseases [9] and osteo-

porosis [10].

Birthweight is directly affected by the length of gestation and prenatal growth rate but other

factors such as maternal health, nutrition and smoking during pregnancy also play a role.

Genetic contribution to birth weight has previously been investigated [11, 12], but to date,

these variants only describe a small component of phenotypic variance. [11, 13]. Given the

high relevance of LBW to health at older age, the molecular links between birthweight and

age-related disease has attracted much interest.

DNA methylation differences in monozygotic (MZ) twins discordant for birthweight can

control for many potential confounders, specifically differences in genetic background, early-

life environmental exposures, age, sex and cohort effects. Although MZ twins do not necessar-

ily share the same in utero environment, they are much more closely matched than unrelated

individuals, and they offer a unique opportunity to study the link between early life factors and

adult health. Currently, birthweight differences in twins are thought to originate from placen-

tal function and the differences in fetal access to nutrition that is affected by the position of

the fetus in utero as well as the umbilical cord. Generally, singletons and twins develop at a

similar rate until the 30th week of gestation, after which uterine restriction is a major contrib-

uting factor to twin births [14]. A lighter MZ twin has a greater likelihood of being genuinely

growth restricted [15]. One recent study also suggested that discordance in birthweight in MZ

twins is associated with differences in IQ and telomere length, which is a biomarker of ageing

[16].

Several studies have looked at the interaction between birthweight and metabolomics. Wil-

son et al found that children at different stages of prematurity are metabolically distinct. Of

373,819 children born at term (>36 wk gestation), 26,483 near-term children (33–36 wk gesta-

tion), 4,354 very premature children (28–32 wk gestation), and 1,146 extremely premature

children (<28 wk gestation), the amino acids showed consistent trends across categories of

prematurity. The levels of arginine, leucine, and valine were at least 50% different between the

cohorts of extremely premature and term children [17]. The Rhea cohort measured urinary

metabolites at the end of the first trimester and found they are associated with increased risk of

negative birth outcomes: preterm birth (PB) and fetal growth restriction (FGR) [18]. Another

study collected urinary metabolites within 12 hours from 23 infants with intrauterine growth

restriction (IUGR), large size for gestational age (LGA), and 10 control infants with appropri-

ate weight for gestational age (AGA). The analyses suggest that increased urinary inositol may

constitute a marker of altered glucose metabolism during fetal development in IUGR and LGA

newborns [19]. Moreover, sex differences in the metabolites that correlate with birthweight are

apparent in newborns [20]. More recently, Wurtz et al investigated the association between a

panel of lipids, lipproteins and amino acids in 15414 adults and adolescents from Finland and

2874 adolescents from the UK and found that higher levels of cholesterol (except HDL), tri-

glycerides and lipoproteins (except Apo A) were associated with lower weight at birth after

adjustment for confounders [21].

In this study, we explored the hypothesis that birthweight differences are reflected in the

metabolic profile and persist into adulthood and to do so we have used cohorts with very dif-

ferent age ranges, TwinsUK (age range 18–80 years) for discovery and two birth cohorts- one

sampled at age 66 years and the other at 16 years for replication.

Metabolomics of birthweight
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Research design and methods

Study cohorts

TwinsUK is the largest registry of adult twins in the United Kingdom. It started in 1992 and

currently encompasses approximately 12,000 volunteer twins from all over the UK [22]. Not

all the TwinsUK participants had birthweight data available and of those that did, not all had

metabolite data so in total, we had 5,036 participants (1262 DZ pairs and 1257 MZ pairs) to

study with regards birthweight. The study was approved by St. Thomas’ Hospital Research

Ethics Committee, and all twins provided informed written consent. The Hertfordshire

Cohort Study: from 1911 to 1948 in Hertfordshire (UK), each birth was notified by the attend-

ing midwife and the birthweight was recorded. Subsequently, health visitors who saw each

child during infancy recorded his or her weight at the age of 1 year. 1,760 men and 1,447

women born in Hertfordshire between 1931 and 1939 who were singleton births and had both

birth and infant weights recorded and were still resident in East Hertfordshire in the late 1990s

were traced using National Health Service Central Registry data. Permission to contact 3,126

men and 2,973 women was obtained from the general practitioners. Of these subjects 1,684

(54%) of the men and 1,541 (52%) of the women agreed to take part in a home interview in

which trained nurses collected information on the medical and social history. The subjects

were then invited to a local clinic for several investigations [23, 24]. After sample preparation

and validation, metabolite data was available for 1951 individuals, 850 males and 1101 females.

The East and North Hertfordshire Ethical Committees granted ethical approval for the study

and all participants gave written informed consent. Northern Finland Birth Cohort 1986

(NFBC1986) is a population-based birth cohort, including all mothers in the two north-

ernmost provinces of Finland with children whose expected date of delivery was between July

1985 and June 1986. Birth data including birth weight were coded from hospital records at the

time of delivery for 9432 live-born children. Blood serum samples were taken from 6265 chil-

dren attending the clinical examination in the 16-year follow-up study between August 2001

and June 2002. In total, 2500 serum samples were sent for metabolite measurements; a random

sample of 1644 and a selected set of 372 individuals exposed to gestational diabetes, gestational

hypertensive disorders, preterm birth (<37 weeks) or on a high, (n = 242) or low (n = 242) tail

of birth weight distribution. Accordingly, the analyses were adjusted for the sampling strata

and gestational age. After sample preparation and validation, metabolite data was available for

2391 individuals, 1213 males and 1178 females. Ethical approval was obtained from the ethical

committee of Northern Ostrobothnia Hospital District and all participants were given written

informed consent.

Metabolite selection

Two commercial panels of metabolites were used for discovery in the TwinsUK cohort. The

correlation between the Biocrates and Metabolon panels, discussed below, was r = 0.678 (95%

CI 0.45–0.87) Metabolites were collected from adults and analyses where birth weight informa-

tion was available.

Biocrates panel

The serum samples were collected after an overnight fast of all the study subjects. They were

stored in −80˚C freezers from which they were retrieved and sent to Germany for metabolite

measurements. A targeted metabolomic assay was done in samples of fasting serum from par-

ticipants in the British TwinsUK study (n = 1,003) using the Biocrates Absolute IDQ™-kit p150

(BIOCRATES Life Sciences AG, Innsbruck, Austria), as previously described [25, 26]. Briefly,
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the flow injection analysis (FIA) tandem mass spectrometry (MS/MS) method is used to quan-

tify 163 known small molecule metabolites simultaneously by multiple reaction monitoring.

Quantification of the metabolites is achieved by reference to appropriate internal standards.

Reproducibility of the assay was performed in 23 serum samples. The mean of the coefficient

of variation (CV) for the 163 metabolites was 0.07 and 90% of the metabolites had a CV of

<0.10. Metabolite concentrations were normalized and scaled to have a mean of zero and a

variance of 1.

Metabolon panel

Metabolomics data in the TwinsUK samples was also measured by Metabolon Inc., Durham,

USA as previously described [27]. Briefly, metabolite concentrations were measured in fasting

blood samples using an untargeted GC/MS and LC/MS platform. Measurements were scaled

by run-day median and inverse normalized. Missing data were imputed using the day mini-

mum and metabolites with more than 20% missing were excluded from the analysis.

Statistical analyses

All analyses were performed using R (version 3.1.2) using the lme4 (version 1.1) package.

Correlations between metabolites and birthweight were calculated using linear mixed mod-

els, correcting for age, BMI and family relatedness (as random intercept). The data was consis-

tently normalized. The Biocrates and Metabolon platforms were tested in the TwinsUK cohort

for associations with birthweight. Those showing an association with p<0.05, were carried for-

ward for testing in the two additional cohorts (HCS and NFBC).

Sample preparation

100μl of human serum were mixed with 10μl of internal standard. For protein precipitation,

850μl of methanol were added, the mixture was vortexed two times for 5 seconds and centri-

fuged for 3 minutes at 10˚C and 14.000 rcf.

LC-MS/MS-method 1 (metabolite measurement without derivatisation)

200μl of the supernatant were transferred into a new V-vial and dried under vacuum for 1

hour at 45˚C. The dried material was re-dissolved in 100μl of 20% methanol and 6 metabolites

were measured directly using LC-MS/MS. For direct analyses, an LC-MS/MS instrument of

the TSQ Vantage series (Thermo Scientific), a reversed-phase C-18 column (Dionex Acclaim

PolarAdvantage II, 4.6 x 50mm, 3μm) and following chromatographic conditions were used:

100% water/0.2% formic acid (1 min, isocratic), linear gradient to 100% methanol/0.1% formic

acid (3 min), 100% methanol/0.1% formic acid (2.5 min, isocratic) and linear gradient back to

100% water/0.2% formic acid (1.5 min).

LC-MS/MS-method 2 (metabolite measurement after derivatisation)

700μl of the supernatant obtained after protein precipitation and centrifugation were trans-

ferred into a second V-vial and dried under vacuum for 2 hours at 45˚C. For derivatisation,

100μl of 3N HCl/1-butanol were added, the mixture was vortexed, incubated at 60˚C for 7.5

minutes and dried under vacuum for 45 min at 45˚C. The dried material was re-dissolved in

100μl of 20% acetonitrile/0.1% formic acid and 19 metabolites were measured using LC-MS/

MS. For analyses of derivatised samples, an LC-MS/MS instrument of the TSQ Quantum Ac-

cess Max series (Thermo Scientific), a reversed phase C-8 column (Zorbax XDB, 4.6x75mm,

3.5μm) and following chromatographic conditions were used: 15% acetonitrile and 85% water
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(0.1 min), linear gradient to 100% acetonitrile (6.5 min), 100% acetonitrile (1.5 min, isocratic)

and linear gradient back to 15% acetonitrile and 85% water (1 min).

Validation

Each standard was measured three times and the limits of quantitation and detection (LOQs

and LODs) were determined using ValiData3.00. To evaluate matrix effects, these standards

were mixed with 100μl of human control serum from a healthy male volunteer and also ana-

lysed. No matrix interferences were observed. To guarantee repeatability, human control

serum was analysed for 5 times on three different days. Repeatability was confirmed. To test

the precision of the method, human control serum was measured ten times in a row. Robust-
ness was tested by varying three steps during sample preparation, namely vortexing of samples

(one time/30 seconds vs. two times/5 seconds), centrifugation (6 minutes instead of 3 min-

utes), and derivatisation time (10 minutes instead of 7.5 minutes). Each modification was ana-

lysed three times. Results showed that the methods were precise and robust.

Statistical analysis discovery and replication. Cohorts and sexes were analysed separately.

Because the metabolon panel does not give absolute but only relative concentrations that are

then normalized we also standardized the replication data so that every metabolite has a

mean = 0 and a standard deviation of 1 in each of the cohorts. The results of the 25 metabolites

carried out for replication were meta-analyzed using inverse variance fixed effect and meta-

analysis implemented in the R package meta (version 4.3). In total 422 different compounds

were tested at the discovery stage (the sum of known Metabolon + Biocrates is 455 com-

pounds, but 23 metabolites are included in both panels). Therefore to adjust for multiple test-

ing the Bonferroni p-value is 1.1 x 10−4

ROC analysis

Relative (or receiver) operating characteristic (ROC) curves are a graphical representation of

the relationship between sensitivity and specificity of a laboratory test over all possible diag-

nostic cutoff values [28].

Results

The descriptive characteristics of the discovery and replication cohorts are presented in Table 1.

Twenty five metabolites from the Metabolon and Biocrates platforms were identified as cor-

related with birthweight in the TwinsUK cohort (Table 2). Assays were therefore developed to

test these metabolites in serum from the two singleton replication cohorts from the UK and

Finland comprising both men and women (Table 1).

Several metabolites show strong unadjusted associations in women, while we found limited

evidence of an association between the metabolites tested and birthweight in men (Table 3).

Table 1. Descriptive statistics of TwinsUK, Hertfordshire and North Finland birth cohorts.

cohort TwinsUK NFBC1986 NFBC1986 HCS HCS

country UK Finland Finland UK UK

type of study Twins singletons singletons singletons singletons

sex Females Males Females Males Females

n 5036 1213 1178 850 1101

birthweight kg (SD) 2.42 (0.58) 3.63 (0.72) 3.43 (0.71) 3.53 (0.52) 3.34 (0.49)

BMI kg/m2 (SD) 25.31 (4.68) 21.36 (3.78) 21.34 (3.31) 27.16 (3.81) 27.39 (4.72)

age years (SD) 54.01 (13.7) 16.04 (0.38) 16.05(0.38) 65.96 (2.81) 66.61 (2.71)

https://doi.org/10.1371/journal.pone.0194316.t001

Metabolomics of birthweight

PLOS ONE | https://doi.org/10.1371/journal.pone.0194316 March 22, 2018 5 / 13

https://doi.org/10.1371/journal.pone.0194316.t001
https://doi.org/10.1371/journal.pone.0194316


Overall, we found that there was heterogeneity in the associations between metabolites and

birthweight in both males and females (Table 4)

After adjusting for multiple tests two metabolites are associated in both sexes combined,

namely propionylcarnitine and hydroxyphenyllactate (Table 4). A larger number of metabo-

lites are associated in women including 2-hydroxy-butyric-acid, and acetylcarnitine (Table 3).

Given the heterogeneity between males and females and the lack of clear associations in

men because of the lower sample size we concentrated on the metabolite markers in women.

After excluding metabolites that showed high collinearity (by means of a stepwise regression)

a logistic regression model was fitted using all metabolites that showed nominal association

with birthweight in females. The outcome was low birthweight defined as the bottom tertile of

the distribution in each cohort separately. We calculated the area under the curve (AUC)

based on the coefficients from the meta-analysis. For TwinsUK the AUC was 0.592 with 95%

confidence interval of 0.575–0.608; for HCS females it was 0.584 [0.547–0.621] and for NFBC

females 0.606 [0.572–0.640].

Discussion

In this study we report a clear metabolomic signature for lower birthweight detectable in ado-

lescence, adult and old age in three independent cohorts looking at a vast array of metabolic

pathways (not just lipids and lipoproteins).

Table 2. Metabolites associated with birthweight in the TwinsUK cohort.

METABOLITE beta SE Pvalue platform

Acetylcarnitine -0.040 0.011 3.20E-04 Biocrates

Aspartate -0.068 0.026 1.17E-02 Metabolon

Dodecanoylcarnitine -0.039 0.012 7.40E-04 Metabolon

g-Glutamylleucine -0.062 0.025 2.41E-02 Metabolon

g-Glutamylvaline -0.071 0.026 1.09E-02 Metabolon

Glutamate -0.053 0.024 3.41E-02 Metabolon

Glutarylcarnitine -0.037 0.010 2.60E-04 Biocrates

Glycine 0.087 0.027 1.92E-03 Metabolon

C-glycosyltryptophan -0.107 0.023 4.29E-06 Metabolon

Hexadecanedioic-acid -0.021 0.011 4.96E-02 Metabolon

Isovalerylcarnitine -0.067 0.025 1.04E-02 Metabolon

Kynurenine -0.082 0.024 6.11E-04 Metabolon

2-methylbutyroylcarnitine -0.080 0.026 5.18E-03 Metabolon

N-Acetylglycine 0.068 0.027 1.60E-02 Metabolon

N-Acetylthreonine -0.078 0.026 1.79E-02 Metabolon

Oleoylcarnitine -0.066 0.026 1.14E-02 Metabolon

Phenylacetylglutamine -0.054 0.025 4.49E-02 Metabolon

Propionylcarnitine -0.045 0.014 1.00E-03 Metabolon

Pyridoxic-acid -0.042 0.025 4.34E-02 Metabolon

Succinylcarnitine -0.102 0.026 3.91E-04 Metabolon

Tyrosine -0.019 0.008 1.90E-02 Metabolon

Urea -0.106 0.024 1.38E-05 Metabolon

Uric-acid -0.099 0.024 3.86E-05 Metabolon

x2-hydroxy-butyric-acid -0.094 0.026 3.06E-04 Metabolon

x3-4-hydroxyphenyllactate -0.053 0.026 3.87E-02 Metabolon

https://doi.org/10.1371/journal.pone.0194316.t002
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Table 3. Metabolites associated with birthweight (adjusted for age and BMI) in both sexes from all 3 cohorts.

HCS men NFBC men Meta analysis: men HCS women NFBC women Meta analysis: women

metabolite B SE B SE B SE P-value B SE B SE B SE P-value

2-hydroxy-butyric-acid -0.009 0.018 0.114 0.033 0.004 0.016 0.78 -0.055 0.017 -0.054 0.035 -0.0682 0.013 3.19E-07

Propionylcarnitine -0.037 0.018 -0.021 0.034 -0.041 0.016 0.0116 -0.029 0.020 -0.092 0.034 -0.0468 0.011 2.26E-05

Urea 0.000 0.018 -0.057 0.037 -0.012 0.017 0.46 -0.028 0.017 -0.054 0.039 -0.0570� 0.013 2.05E-05

2-methylbutyroylcarnitine -0.024 0.018 -0.018 0.035 -0.034 0.016 0.0358 -0.030 0.017 -0.092 0.036 -0.0531� 0.013 6.29E-05

Acetylcarnitine -0.019 0.018 0.081 0.038 -0.010 0.016 0.54 -0.022 0.017 -0.036 0.039 -0.0359� 0.009 6.78E-05

Isovalerylcarnitine -0.010 0.021 -0.011 0.036 -0.012 0.019 0.50 -0.030 0.019 -0.107 0.036 -0.0552� 0.014 0.00011

γ-Glutamylleucine -0.005 0.016 -0.008 0.020 -0.012 0.013 0.34 -0.029 0.025 -0.050 0.019 -0.05478 0.014 0.00011

Uric-acid 0.004 0.015 -0.021 0.034 -0.002 0.014 0.88 -0.031 0.022 -0.023 0.035 -0.05741 0.015 0.00015

Oleoylcarnitine -0.019 0.016 0.030 0.025 -0.011 0.013 0.43 -0.045 0.019 -0.014 0.026 -0.05217 0.014 0.00013

Kynurenine -0.002 0.019 -0.008 0.036 -0.012 0.017 0.49 -0.027 0.017 -0.037 0.037 -0.04838 0.013 0.00022

Glycine 0.004 0.018 0.020 0.035 0.006 0.016 0.72 0.026 0.015 0.102 0.038 0.0433 0.013 0.0006

3,4-hydroxyphenyllactate -0.040 0.020 -0.009 0.036 -0.045 0.018 0.0135 -0.031 0.017 -0.058 0.037 -0.04641 0.014 0.00061

γ -Glutamylvaline 0.001 0.018 -0.004 0.019 -0.005 0.014 0.73 -0.013 0.016 -0.033 0.020 -0.03502 0.012 0.00313

C-glycosyltryptophan -0.049 0.023 0.022 0.030 -0.033 0.019 0.095 -0.006 0.014 -0.011 0.032 -0.03758 0.011 0.0010

Succinylcarnitine -0.034 0.019 -0.016 0.032 -0.038 0.017 0.0297 -0.005 0.018 -0.031 0.032 -0.04044 0.014 0.0037

Tyrosine 0.002 0.012 -0.016 0.032 -0.006 0.011 0.59 -0.023 0.027 -0.016 0.033 -0.0209 0.007 0.0055

Glutarylcarnitine -0.003 0.019 -0.038 0.036 -0.008 0.017 0.65 0.028 0.015 -0.070 0.037 -0.0181 0.008 0.0251

Pyridoxic-acid -0.036 0.018 -0.032 0.036 -0.036 0.016 0.0357 -0.001 0.015 -0.076 0.037 -0.0162 0.012 0.1945

(�) I2 >72% Cochrane’s Q < 0.0.05.

The random effect meta analysis summary statistics for these four compounds are as follows: Urea: beta (SE) = -0.0718 (0.0297) p = 0.016; 2-methylbutyroylcarnitine:

beta (SE) = -0.0731 (0.0293) p = 0.0125; Acetylcarnitine: beta (SE) = -0.0731 (0.0293) p = 0.0125; Isovalerylcarnitine: beta (SE) = -0.0716 (0.0293) p = 0.0147

https://doi.org/10.1371/journal.pone.0194316.t003

Table 4. Meta-analysis of metabolites showing nominal evidence of association in both sexes (adjusted for age and BMI). Fixed effects (FE) summary effect sizes with

standard errors are shown for all metabolites showing a p<0.05. Random effects (RE) for those where heterogeneity (I2) is higher than 40% or with a Cochrane’s Q< 0.10.

metabolite FE: Beta FE: SE FE: p-value I2 RE: Beta RE: SE RE: p-value

Propionylcarnitine -0.0452 0.009175 8.43E-07 0%

2-methylbutyroylcarnitine -0.0458 0.010312 9.42–06 62.1% -0.060 0.019 0.001

3-4-hydroxyphenyllactate -0.0394 0.010859 2.43–05 21.2%

2-hydroxy-butyric-acid -0.0300 0.010369 0.00014 77.2% -0.036 0.024 0.131

Urea -0.0398 0.010556 0.00014 74.0% -0.056 0.023 0.015

Acetylcarnitine -0.0277 0.007923 0.00015 33.0%

Isovalerylcarnitine -0.0322 0.011408 0.00048 47.3% -0.040 0.016 0.011

Glycine -0.0353 0.010019 0.00328 61.9% 0.041 0.017 0.018

Uric-acid -0.0320 0.010333 0.00729 68.9% -0.046 0.020 0.021

γ-Glutamylleucine -0.0228 0.00968 0.00088 36.6%

Kynurenine -0.0363 0.010514 0.00078 42.8% -0.031 0.014 0.035

Oleoylcarnitine -0.0394 0.009753 0.00104 55.4% -0.023 0.014 0.109

γ-Glutamylvaline -0.0165 0.009155 0.01260 38.8%

C-glycosyltryptophan -0.0231 0.009886 0.00023 77.7% -0.032 0.022 0.149

Succinylcarnitine -0.0452 0.010891 0.00029 58.2% -0.037 0.017 0.029

Tyrosine -0.0457 0.006343 0.00873 0%

Glutarylcarnitine -0.0458 0.007392 0.02603 75.9% -0.018 0.018 0.319

Pyridoxic-acid -0.0394 0.010079 0.0219 23.1% -0.022 0.028 0.441

https://doi.org/10.1371/journal.pone.0194316.t004
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We report that in women there are at least five metabolites consistently negatively associ-

ated with weight at birth. We find only two acylcarnitines associated with birthweight in men.

This could be due to the study design which used a female only cohort for the discovery or it

might reflect true differences between men and women which have been reported in newborns

[20]. It is also worth noting that males weigh 136g more than females at term birth [29]. The

reason for this is unclear and common theories include the action of androgens [30], sexual

bias in metabolism [31] or that the Y-chromosome may be involved in ways that are yet to be

elucidated [32].

Twins are an important group to study regarding birthweight because multiple births have

been on the rise, with an increase of almost 50% from 1984–2004 in the United Kingdom

(98.5% of these are twins), and they have high rates of complications (www.twinsuk.co.uk).

The key assumption is that weight differences in twin pairs come from random differences in

access to nutrition; for example, position in uterus/umbilical cord. Dizygotic twins (DZs) only

share 50% of their genes (like siblings) and almost always have a separate placenta. It is be-

lieved that access to nutrients in DZ twins may differ due to mass/function of placenta or pla-

cental lesions but these effects are usually moderate. On the other hand, MZ twins are formed

from the division of a single ovum, post-fertilization and can have one or two chorions. Severe

differences in nutritional intake due to positioning and/or umbilical cord insertion can lead to

greater weight discrepancies, and therefore a lighter MZ twin is likely to be genuinely growth-

restricted [33]. Maternal behaviour such as smoking status and pregnancy risk factors may

influence the weight at birth of a child and thus the twin model accounts for confounders

related to mother and pregnancy because twins share the same uterine environment and have

the same gestational age. Therefore, the observed effect of birthweight in twins comes from

intra-uterine growth alone.

The most strongly associated metabolite associated in the twins, C- GlyTrp, is only mod-

estly associated in the singleton cohorts (Table 3) and shows very strong heterogeneity. This

compound is also highly correlated with chronological aging in both singletons and twins but

the association with birthweight (already reported in Menni et al 2013) appears to be seen pre-

dominantly in twins [27].

The two compounds associated overall (in both sexes) are an acylcarnitine and hydroxyphe-

nyllactate. Acylcarnitines are derived from mitochondrial acyl-CoA metabolism and have

been associated with diet-induced insulin resistance [34]. Acylcarnitines comprise an acyl

group esterified to L-carnitine, which enables them to cross the mitochondrial membrane.

Several recent studies show increased levels of multiple acylcarnitines in obese, insulin resis-

tant subjects [35] suggesting that accumulating acylcarnitines can interfere with insulin signal-

ling. The negative correlation between birthweight and acylcarnitintes is consistent with the

known role of birthweight in determining insulin resistance in later life [36]. The current data

pinpoint a specific pathway that appears altered in adulthood in individuals with lower

birthweight.

In infants high levels of hydroxyphenyllactate correlate with citrin deficiency [37]. Citrin is

the hepatic mitochondrial aspartate-glutamate and its deficiency correlates with mitochondrial

dysfunction. In adults, hydroxyphenyllactate is one of several markers for metabolic dysregula-

tion in ovarian cancer [38]. In both instances hydroxyphenyllactate appears to be a marker for

metabolic dysregulation and mitochondrial dysfunction.

A compound associated with birthweight in women after multiple replications is alpha

hydroxybutyrate. Alpha-hydroxybutyric acid, is produced in mammalian tissues (principally

hepatic) that catabolize L-threonine or synthesize glutathione. Oxidative stress or detoxifica-

tion demands can dramatically increase the rate of hepatic glutathione synthesis [39]. Alpha-

hydroxybutyrate has been shown is an early marker for both insulin resistance and impaired
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glucose regulation. The underlying biochemical mechanisms may involve increased lipid oxi-

dation and oxidative stress [40]. This association with low birthweight, although seen only in

women, is consistent with the idea that the biochemical pathways in adulthood altered by

weight at birth, are linked to insulin resistance.

The final compound associated with low birthweight is γ-glutamylleucine. Gamma -gluta-

mylated amino acids are established markers of oxidative stress and reflect glutathione turn-

over [41]. Under conditions of oxidative stress, intracellular glutathione turnover is increased

which in turn activates the enzyme γ-glutamyl transpeptidase to cleave extracellular glutathi-

one to release gamma-glutamylated amino acids which are taken up for intracellular glutathi-

one reconstitution A drop in such amino acids has been reported in response to vitamin E

treatment [41]. We find here that higher levels of γ-glutamyl amino acids are correlated in all

three cohorts with lower birthweight, indicative of a higher oxidative stress status in

adulthood.

Our results are consistent with a study in 3680 newborns that were metabolomically pro-

filed for a panel of 12 aminoacids and 37 acylcarnitines. That study found that circulating lev-

els both amino acids and acylcarnitines were correlated with birthweight females, whereas

only levels of acylcarnitines were associated in males [20]. The two compounds that we find

associated in both men and women here is propinylcarnitine, i.e. an acylcarnitine.

Having tested 422 distinct compounds from very diverse metabolic pathways for discovery,

we have identified four types of compounds (acylcarnitines, gamma-glutamylleucine, hydroxy-

phenyllactate and alpha-hydroxybutyric acid) for which higher levels in adulthood correlate

with lower weight at birth. Acylcarnitines and alpha-hydroxybutyric acid are directly linked to

insulin resistance. Higher levels of gamma-glutamylleucine and alpha-hydroxybutyric acid are

both associated to oxidative stress and hydroxyphenyllactate appears to be a biomarker of

mitochondrial dysfunction. This is compatible with the DOHaD hypothesis but it also points

to the critical role of lower insulin sensitivity and poor energy metabolism in linking depriva-

tion in early life to poor health outcomes in later life.

We note several study limitations

There is strong inter-study heterogeneity for some of the associations, which may be due to

the very different age ranges in these studies, and some of it is introduced by the differences

between sexes. Moreover, the results apply only to populations from Northern Europe (Fin-

land and the UK). On the other hand, we have used three different designs, one of elderly indi-

viduals all from a local area (HCS), a birth cohort sampled at age 16 from Northern Finland,

and a UK-wide twin cohort, hence the results should be generalisable to changes that are estab-

lished in early development that remain throughout lifecourse. In addition, both UK cohorts

and the Finnish study have been shown to be fairly well representative of the UK/ Finnish pop-

ulations as described in the Cohort Profile papers [12, 31, 42].

Low birthweight has been associated, however, with clinical phenotypes that are not directly

related to insulin resistance (e.g. osteoporosis). It is possible that the link with oxidative stress

and energy metabolism underlies the adverse health outcomes indirectly. It is also likely that

other metabolomic signatures in adulthood remain undetected with our approach. The results

presented here suggest that investigating the longitudinal changes in the specific metabolites

detected here may prove particularly useful in understanding the factors influencing unhealthy

aging due to early exposures.

In conclusion, metabolomic profiling detects changes in adolescence, adulthood and old

age that are linked to insulin resistance and oxidative stress, but there is clear heterogeneity

between men and women.

Metabolomics of birthweight

PLOS ONE | https://doi.org/10.1371/journal.pone.0194316 March 22, 2018 9 / 13

https://doi.org/10.1371/journal.pone.0194316


Acknowledgments

TwinsUK: The study was supported by the Wellcome Trust; European Community’s Seventh

Framework Programme (FP7/2007-2013). The study also receives support from the National

Institute for Health Research (NIHR)- funded BioResource, Clinical Research Facility and Bio-

medical Research Centre based at Guy’s and St Thomas’ NHS Foundation Trust in partnership

with King’s College London. This work was funded by the H2020 grant ’Health and Environ-

ment-wide Associations based on Large population Surveys (HEALS)’ - Grant Agreement

Number 603946.

The Hertfordshire Cohort Study was supported by the Medical Research Council (MRC) of

Great Britain; Arthritis Research UK; and the International Osteoporosis Foundation. The

work herein was also supported by the NIHR Nutrition BRC, University of Southampton and

the Oxford NIHR Musculoskeletal BRU, University of Oxford.

NFBC1986 was supported by the Academy of Finland, University Hospital Oulu, Biocenter,

University of Oulu, Finland, the European Commission (Framework 5 award, EURO-BLCS,

QLG1-CT-2000-01643, Framework 7 EurHEALTHAgeing 277849), and the Medical Research

Council, UK.

Author Contributions

Conceptualization: Sarah Jane Metrustry, Ana M. Valdes.

Data curation: Sarah Jane Metrustry, Anja Huber, Christian Reichel, Elaine M. Dennison,

Marjo-Riitta Jarvelin, Ana M. Valdes.

Formal analysis: Sarah Jane Metrustry, Ville Karhunen, Mark H. Edwards, Cristina Menni,

Thomas Geisendorfer, Christian Reichel, Elaine M. Dennison, Cyrus Cooper, Marjo-Riitta

Jarvelin, Ana M. Valdes.

Funding acquisition: Christian Reichel, Cyrus Cooper, Tim Spector, Marjo-Riitta Jarvelin,

Ana M. Valdes.

Investigation: Sarah Jane Metrustry, Thomas Geisendorfer, Christian Reichel, Cyrus Cooper.

Methodology: Ana M. Valdes.

Project administration: Sarah Jane Metrustry, Ana M. Valdes.

Supervision: Cyrus Cooper, Tim Spector, Marjo-Riitta Jarvelin, Ana M. Valdes.

Validation: Sarah Jane Metrustry, Elaine M. Dennison, Ana M. Valdes.

Writing – original draft: Sarah Jane Metrustry, Ana M. Valdes.

Writing – review & editing: Sarah Jane Metrustry, Ville Karhunen, Mark H. Edwards, Cris-

tina Menni, Thomas Geisendorfer, Anja Huber, Christian Reichel, Elaine M. Dennison,

Cyrus Cooper, Tim Spector, Marjo-Riitta Jarvelin, Ana M. Valdes.

References
1. Gluckman PD, Hanson MA, Cooper C, Thornburg KL. Effect of in utero and early-life conditions on adult

health and disease. N Engl J Med. 2008; 359(1):61–73. Epub 2008/07/04. https://doi.org/10.1056/

NEJMra0708473 PMID: 18596274; PubMed Central PMCID: PMC3923653.

2. Tsai PC, Van Dongen J, Tan Q, Willemsen G, Christiansen L, Boomsma DI, et al. DNA Methylation

Changes in the IGF1R Gene in Birth Weight Discordant Adult Monozygotic Twins. Twin Res Hum

Genet. 2015; 18(6):635–46. Epub 2015/11/14. https://doi.org/10.1017/thg.2015.76 PMID: 26563994.

Metabolomics of birthweight

PLOS ONE | https://doi.org/10.1371/journal.pone.0194316 March 22, 2018 10 / 13

https://doi.org/10.1056/NEJMra0708473
https://doi.org/10.1056/NEJMra0708473
http://www.ncbi.nlm.nih.gov/pubmed/18596274
https://doi.org/10.1017/thg.2015.76
http://www.ncbi.nlm.nih.gov/pubmed/26563994
https://doi.org/10.1371/journal.pone.0194316


3. McCormick M. The Contribution of Low Birth Weight to Infant Mortality and Childhood Morbidity. New

England Journal of Medicine. 1985; 312:82–90. https://doi.org/10.1056/NEJM198501103120204

PMID: 3880598

4. Wu YW, Xing G, Fuentes-Afflick E, Danielson B, Smith LH, Gilbert WM. Racial, ethnic, and socioeco-

nomic disparities in the prevalence of cerebral palsy. Pediatrics. 2011; 127(3):e674–81. Epub 2011/02/

23. https://doi.org/10.1542/peds.2010-1656 PMID: 21339278; PubMed Central PMCID: PMC3387914.

5. Brooks AM, Byrd RS, Weitzman M, Auinger P, McBride JT. Impact of low birth weight on early childhood

asthma in the United States. Arch Pediatr Adolesc Med. 2001; 155(3):401–6. Epub 2001/03/20. PMID:

11231809.

6. Fagerberg B, Bondjers L, Nilsson P. Low birth weight in combination with catch-up growth predicts the

occurrence of the metabolic syndrome in men at late middle age: the Atherosclerosis and Insulin Resis-

tance study. J Intern Med. 2004; 256(3):254–9. Epub 2004/08/25. https://doi.org/10.1111/j.1365-2796.

2004.01361.x PMID: 15324369.

7. Johansson S, Iliadou A, Bergvall N, de Faire U, Kramer MS, Pawitan Y, et al. The association between

low birth weight and type 2 diabetes: contribution of genetic factors. Epidemiology. 2008; 19(5):659–65.

Epub 2008/08/21. PMID: 18714437.

8. Leeson CP, Kattenhorn M, Morley R, Lucas A, Deanfield JE. Impact of low birth weight and cardiovas-

cular risk factors on endothelial function in early adult life. Circulation. 2001; 103(9):1264–8. Epub 2001/

03/10. PMID: 11238271.

9. Walter EC, Ehlenbach WJ, Hotchkin DL, Chien JW, Koepsell TD. Low birth weight and respiratory dis-

ease in adulthood: a population-based case-control study. Am J Respir Crit Care Med. 2009; 180

(2):176–80. Epub 2009/04/18. https://doi.org/10.1164/rccm.200901-0046OC PMID: 19372251;

PubMed Central PMCID: PMC2714821.

10. Harvey N, Dennison E, Cooper C. Osteoporosis: a lifecourse approach. J Bone Miner Res. 2014; 29

(9):1917–25. Epub 2014/05/28. https://doi.org/10.1002/jbmr.2286 PMID: 24861883.

11. Freathy RM, Mook-Kanamori DO, Sovio U, Prokopenko I, Timpson NJ, Berry DJ, et al. Variants in

ADCY5 and near CCNL1 are associated with fetal growth and birth weight. Nat Genet. 2010; 42

(5):430–5. Epub 2010/04/08. https://doi.org/10.1038/ng.567 PMID: 20372150; PubMed Central

PMCID: PMC2862164.

12. Horikoshi M, Yaghootkar H, Mook-Kanamori DO, Sovio U, Taal HR, Hennig BJ, et al. New loci associ-

ated with birth weight identify genetic links between intrauterine growth and adult height and metabo-

lism. Nat Genet. 2013; 45(1):76–82. Epub 2012/12/04. https://doi.org/10.1038/ng.2477 PMID:

23202124; PubMed Central PMCID: PMC3605762.

13. Jarvelin MR, Sovio U, King V, Lauren L, Xu B, McCarthy MI, et al. Early life factors and blood pressure

at age 31 years in the 1966 northern Finland birth cohort. Hypertension. 2004; 44(6):838–46. https://doi.

org/10.1161/01.HYP.0000148304.33869.ee PMID: 15520301.

14. Cleary-Goldman J, D’Alton ME. Growth abnormalities and multiple gestations. Semin Perinatol. 2008;

32(3):206–12. https://doi.org/10.1053/j.semperi.2008.02.009 PMID: 18482623.

15. Torche F, Echevarria G. The effect of birthweight on childhood cognitive development in a middle-

income country. Int J Epidemiol. 2011; 40(4):1008–18. https://doi.org/10.1093/ije/dyr030 PMID:

21362701.

16. Strohmaier J, van Dongen J, Willemsen G, Nyholt DR, Zhu G, Codd V, et al. Low Birth Weight in MZ

Twins Discordant for Birth Weight is Associated with Shorter Telomere Length and lower IQ, but not

Anxiety/Depression in Later Life. Twin Res Hum Genet. 2015; 18(2):198–209. Epub 2015/03/07.

https://doi.org/10.1017/thg.2015.3 PMID: 25744032.

17. Wilson K, Hawken S, Ducharme R, Potter BK, Little J, Thebaud B, et al. Metabolomics of prematurity:

analysis of patterns of amino acids, enzymes, and endocrine markers by categories of gestational age.

Pediatr Res. 2014; 75(2):367–73. https://doi.org/10.1038/pr.2013.212 PMID: 24216540.

18. Maitre L, Fthenou E, Athersuch T, Coen M, Toledano MB, Holmes E, et al. Urinary metabolic profiles in

early pregnancy are associated with preterm birth and fetal growth restriction in the Rhea mother-child

cohort study. BMC Med. 2014; 12:110. https://doi.org/10.1186/1741-7015-12-110 PMID: 25012562;

PubMed Central PMCID: PMC4094172.

19. Barberini L, Noto A, Fattuoni C, Grapov D, Casanova A, Fenu G, et al. Urinary metabolomics (GC-MS)

reveals that low and high birth weight infants share elevated inositol concentrations at birth. J Matern

Fetal Neonatal Med. 2014; 27 Suppl 2:20–6. https://doi.org/10.3109/14767058.2014.954786 PMID:

25284173.

20. Ruoppolo M, Scolamiero E, Caterino M, Mirisola V, Franconi F, Campesi I. Female and male human

babies have distinct blood metabolomic patterns. Mol Biosyst. 2015; 11(9):2483–92. https://doi.org/10.

1039/c5mb00297d PMID: 26140445.

Metabolomics of birthweight

PLOS ONE | https://doi.org/10.1371/journal.pone.0194316 March 22, 2018 11 / 13

https://doi.org/10.1056/NEJM198501103120204
http://www.ncbi.nlm.nih.gov/pubmed/3880598
https://doi.org/10.1542/peds.2010-1656
http://www.ncbi.nlm.nih.gov/pubmed/21339278
http://www.ncbi.nlm.nih.gov/pubmed/11231809
https://doi.org/10.1111/j.1365-2796.2004.01361.x
https://doi.org/10.1111/j.1365-2796.2004.01361.x
http://www.ncbi.nlm.nih.gov/pubmed/15324369
http://www.ncbi.nlm.nih.gov/pubmed/18714437
http://www.ncbi.nlm.nih.gov/pubmed/11238271
https://doi.org/10.1164/rccm.200901-0046OC
http://www.ncbi.nlm.nih.gov/pubmed/19372251
https://doi.org/10.1002/jbmr.2286
http://www.ncbi.nlm.nih.gov/pubmed/24861883
https://doi.org/10.1038/ng.567
http://www.ncbi.nlm.nih.gov/pubmed/20372150
https://doi.org/10.1038/ng.2477
http://www.ncbi.nlm.nih.gov/pubmed/23202124
https://doi.org/10.1161/01.HYP.0000148304.33869.ee
https://doi.org/10.1161/01.HYP.0000148304.33869.ee
http://www.ncbi.nlm.nih.gov/pubmed/15520301
https://doi.org/10.1053/j.semperi.2008.02.009
http://www.ncbi.nlm.nih.gov/pubmed/18482623
https://doi.org/10.1093/ije/dyr030
http://www.ncbi.nlm.nih.gov/pubmed/21362701
https://doi.org/10.1017/thg.2015.3
http://www.ncbi.nlm.nih.gov/pubmed/25744032
https://doi.org/10.1038/pr.2013.212
http://www.ncbi.nlm.nih.gov/pubmed/24216540
https://doi.org/10.1186/1741-7015-12-110
http://www.ncbi.nlm.nih.gov/pubmed/25012562
https://doi.org/10.3109/14767058.2014.954786
http://www.ncbi.nlm.nih.gov/pubmed/25284173
https://doi.org/10.1039/c5mb00297d
https://doi.org/10.1039/c5mb00297d
http://www.ncbi.nlm.nih.gov/pubmed/26140445
https://doi.org/10.1371/journal.pone.0194316


21. Wurtz P, Wang Q, Niironen M, Tynkkynen T, Tiainen M, Drenos F, et al. Metabolic signatures of birth-

weight in 18 288 adolescents and adults. Int J Epidemiol. 2016; 45(5):1539–50. Epub 2016/11/29.

https://doi.org/10.1093/ije/dyw255 PMID: 27892411.

22. Moayyeri A, Hammond CJ, Valdes AM, Spector TD. Cohort Profile: TwinsUK and Healthy Ageing Twin

Study. Int J Epidemiol. 2013; 42(1):76–85. https://doi.org/10.1093/ije/dyr207 PMID: 22253318; PubMed

Central PMCID: PMC3600616.

23. Phillips DI, Goulden P, Syddall HE, Aihie Sayer A, Dennison EM, Martin H, et al. Fetal and infant growth

and glucose tolerance in the Hertfordshire Cohort Study: a study of men and women born between

1931 and 1939. Diabetes. 2005; 54 Suppl 2:S145–50. PMID: 16306332.

24. Robinson SM, Batelaan SF, Syddall HE, Sayer AA, Dennison EM, Martin HJ, et al. Combined effects of

dietary fat and birth weight on serum cholesterol concentrations: the Hertfordshire Cohort Study. Am J

Clin Nutr. 2006; 84(1):237–44. PMID: 16825701.

25. Illig KA. An improved method of exposure for transaxillary first rib resection. J Vasc Surg. 2010; 52

(1):248–9. https://doi.org/10.1016/j.jvs.2010.03.022 PMID: 20620771.

26. Mittelstrass K, Ried JS, Yu Z, Krumsiek J, Gieger C, Prehn C, et al. Discovery of sexual dimorphisms in

metabolic and genetic biomarkers. PLoS Genet. 2011; 7(8):e1002215. https://doi.org/10.1371/journal.

pgen.1002215 PMID: 21852955; PubMed Central PMCID: PMCPMC3154959.

27. Menni C, Kastenmüller G, Petersen AK, Bell JT, Psatha M, Tsai PC, et al. Metabolomic markers reveal

novel pathways of ageing and early development in human populations. Int J Epidemiol. 2013; 42

(4):1111–9. https://doi.org/10.1093/ije/dyt094 PMID: 23838602; PubMed Central PMCID:

PMCPMC3781000.

28. Beck JR, Shultz EK. The use of relative operating characteristic (ROC) curves in test performance eval-

uation. Arch Pathol Lab Med. 1986; 110(1):13–20. PMID: 3753562.

29. Lehre AC, Laake P, Sexton JA. Differences in birth weight by sex using adjusted quantile distance func-

tions. Stat Med. 2013; 32(17):2962–70. https://doi.org/10.1002/sim.5744 PMID: 23339075.

30. de Zegher F, Devlieger H, Eeckels R. Fetal growth: boys before girls. Horm Res. 1999; 51(5):258–9.

doi: 23382. https://doi.org/10.1159/000023382 PMID: 10559673.

31. Crawford MA, Doyle W, Meadows N. Gender differences at birth and differences in fetal growth. Hum

Reprod. 1987; 2(6):517–20. PMID: 3667908.

32. Ounsted C, Ounsted M. Effect of Y chromosome on fetal growth-rate. Lancet. 1970; 2(7678):857–8.

PMID: 4097761.

33. Torche F, Echevarrı́a G. The effect of birthweight on childhood cognitive development in a middle-

income country. Int J Epidemiol. 2011; 40(4):1008–18. https://doi.org/10.1093/ije/dyr030 PMID:

21362701.

34. Schooneman MG, Vaz FM, Houten SM, Soeters MR. Acylcarnitines: reflecting or inflicting insulin resis-

tance? Diabetes. 2013; 62(1):1–8. https://doi.org/10.2337/db12-0466 PMID: 23258903; PubMed Cen-

tral PMCID: PMCPMC3526046.

35. Mihalik SJ, Goodpaster BH, Kelley DE, Chace DH, Vockley J, Toledo FG, et al. Increased levels of

plasma acylcarnitines in obesity and type 2 diabetes and identification of a marker of glucolipotoxicity.

Obesity (Silver Spring). 2010; 18(9):1695–700. https://doi.org/10.1038/oby.2009.510 PMID: 20111019;

PubMed Central PMCID: PMCPMC3984458.

36. Mardones F, Arnaiz P, Pacheco P, Dominguez A, Villarroel L, Eriksson JG, et al. Associations of prena-

tal growth with metabolic syndrome, insulin resistance, and nutritional status in Chilean children.

Biomed Res Int. 2014; 2014:472017. https://doi.org/10.1155/2014/472017 PMID: 25025054; PubMed

Central PMCID: PMCPMC4082911.

37. Kuhara T, Ohse M, Inoue Y, Cooper AJ. A GC/MS-based metabolomic approach for diagnosing citrin

deficiency. Anal Bioanal Chem. 2011; 400(7):1881–94. Epub 2011/03/03. https://doi.org/10.1007/

s00216-011-4766-0 PMID: 21365350.

38. Ke C, Hou Y, Zhang H, Fan L, Ge T, Guo B, et al. Large-scale profiling of metabolic dysregulation in

ovarian cancer. Int J Cancer. 2015; 136(3):516–26. Epub 2014/06/05. https://doi.org/10.1002/ijc.29010

PMID: 24895217.

39. Li L, Zhang GF, Lee K, Lopez R, Previs SF, Willard B, et al. A Western diet induced NAFLD in LDLR(-/)

(-) mice is associated with reduced hepatic glutathione synthesis. Free Radic Biol Med. 2016. https://

doi.org/10.1016/j.freeradbiomed.2016.03.032 PMID: 27036364.

40. Gall WE, Beebe K, Lawton KA, Adam KP, Mitchell MW, Nakhle PJ, et al. alpha-hydroxybutyrate is an

early biomarker of insulin resistance and glucose intolerance in a nondiabetic population. PLoS One.

2010; 5(5):e10883. https://doi.org/10.1371/journal.pone.0010883 PMID: 20526369; PubMed Central

PMCID: PMCPMC2878333.

Metabolomics of birthweight

PLOS ONE | https://doi.org/10.1371/journal.pone.0194316 March 22, 2018 12 / 13

https://doi.org/10.1093/ije/dyw255
http://www.ncbi.nlm.nih.gov/pubmed/27892411
https://doi.org/10.1093/ije/dyr207
http://www.ncbi.nlm.nih.gov/pubmed/22253318
http://www.ncbi.nlm.nih.gov/pubmed/16306332
http://www.ncbi.nlm.nih.gov/pubmed/16825701
https://doi.org/10.1016/j.jvs.2010.03.022
http://www.ncbi.nlm.nih.gov/pubmed/20620771
https://doi.org/10.1371/journal.pgen.1002215
https://doi.org/10.1371/journal.pgen.1002215
http://www.ncbi.nlm.nih.gov/pubmed/21852955
https://doi.org/10.1093/ije/dyt094
http://www.ncbi.nlm.nih.gov/pubmed/23838602
http://www.ncbi.nlm.nih.gov/pubmed/3753562
https://doi.org/10.1002/sim.5744
http://www.ncbi.nlm.nih.gov/pubmed/23339075
https://doi.org/10.1159/000023382
http://www.ncbi.nlm.nih.gov/pubmed/10559673
http://www.ncbi.nlm.nih.gov/pubmed/3667908
http://www.ncbi.nlm.nih.gov/pubmed/4097761
https://doi.org/10.1093/ije/dyr030
http://www.ncbi.nlm.nih.gov/pubmed/21362701
https://doi.org/10.2337/db12-0466
http://www.ncbi.nlm.nih.gov/pubmed/23258903
https://doi.org/10.1038/oby.2009.510
http://www.ncbi.nlm.nih.gov/pubmed/20111019
https://doi.org/10.1155/2014/472017
http://www.ncbi.nlm.nih.gov/pubmed/25025054
https://doi.org/10.1007/s00216-011-4766-0
https://doi.org/10.1007/s00216-011-4766-0
http://www.ncbi.nlm.nih.gov/pubmed/21365350
https://doi.org/10.1002/ijc.29010
http://www.ncbi.nlm.nih.gov/pubmed/24895217
https://doi.org/10.1016/j.freeradbiomed.2016.03.032
https://doi.org/10.1016/j.freeradbiomed.2016.03.032
http://www.ncbi.nlm.nih.gov/pubmed/27036364
https://doi.org/10.1371/journal.pone.0010883
http://www.ncbi.nlm.nih.gov/pubmed/20526369
https://doi.org/10.1371/journal.pone.0194316


41. Cheng J, Joyce A, Yates K, Aouizerat B, Sanyal AJ. Metabolomic profiling to identify predictors of

response to vitamin E for non-alcoholic steatohepatitis (NASH). PLoS One. 2012; 7(9):e44106. Epub

2012/10/03. https://doi.org/10.1371/journal.pone.0044106 PMID: 23028489; PubMed Central PMCID:

PMC3446974.

42. Syddall HE, Westbury LD, Simmonds SJ, Robinson S, Cooper C, Sayer AA. Understanding poor health

behaviours as predictors of different types of hospital admission in older people: findings from the Hert-

fordshire Cohort Study. J Epidemiol Community Health. 2016; 70(3):292–8. Epub 2015/10/21. https://

doi.org/10.1136/jech-2015-206425 PMID: 26481495; PubMed Central PMCID: PMC4783823.

Metabolomics of birthweight

PLOS ONE | https://doi.org/10.1371/journal.pone.0194316 March 22, 2018 13 / 13

https://doi.org/10.1371/journal.pone.0044106
http://www.ncbi.nlm.nih.gov/pubmed/23028489
https://doi.org/10.1136/jech-2015-206425
https://doi.org/10.1136/jech-2015-206425
http://www.ncbi.nlm.nih.gov/pubmed/26481495
https://doi.org/10.1371/journal.pone.0194316

