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s u m m a r y

Background & objectives: Early life is a critical window for adiposity programming and metabolic profile
may affect this programming. We investigated if plasma metabolites at age 3 months were associated
with fat mass, fat free mass and abdominal subcutaneous and visceral fat outcomes at age 2 years in a
cohort of healthy infants and if these associations were different between infants receiving exclusive
breastfeeding (EBF) and those with exclusive formula feeding (EFF).
Methods: In 318 healthy term-born infants, we determined body composition by Dual Energy X-ray
absorptiometry (DXA) and visceral fat by abdominal ultrasound at 2 age years. High-throughput meta-
bolic profiling was performed on blood samples collected at age 3 months. Tertiles were generated for
each body composition outcome and differences in plasma metabolite levels at age 3 months between
infants with high and low body composition outcomes at age 2 years were evaluated in general, as well
as separately in EBF- and EFF-infants.
Results: Distinct plasma metabolite variables identified at age 3 months were associated with body
composition at 2 years. These metabolites included several classes of lyso-phospholipids. Associations
between the metabolites at age 3 months and fat mass index, fat mass percentage, fat free mass index
and visceral fat at 2 years were predominantly found in EBF-infants.
Conclusion: Associations between plasma metabolite levels at age 3 months and high body fat mass at 2
years depend on infant feeding type. These findings contribute to our insight into the importance of
infant feeding on adiposity programming in early life.
© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Childhood obesity is a global public health threat [1]. Excess
adiposity at young age has not only short-term, but particularly
long-term morbidity, such as insulin resistance, type 2 diabetes
mellitus and cardiovascular disease [1,2]. The first months of life are
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a critical window for adiposity programming, affecting adult
metabolic health and body composition [3]. Multifactorial risk
factors influence this course, but the exact mechanisms have not
yet been elucidated. Our research group found that especially rapid
weight gain in the first 6 months of life is an important risk factor
for a higher fat mass and an unfavorable metabolic profile in young
adults [3]. In addition, infants with a rapid rise in fat mass in the
first 6 months of life have higher fat mass percentage trajectories
up until at least age 2 years [4]. Recently, we have added that fat
mass and fat free mass track already from age 3 months to at least
age 4 years [5]. Infant feeding is also reported to influence body
composition during the first 6 months of life. Infants with exclusive
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breastfeeding have different growth trajectories with more sub-
cutaneous fat accumulation, different serum concentrations of
appetite regulating hormones and less tracking of fat mass per-
centage compared with formula fed infants [5e7]. It remains un-
clear how dietary exposure in the first months of life affects later
life body composition and we seem to be lacking the tools to study
this. Unravelling the risk factors involved in adiposity programming
will increase the ability to identify infants at risk of excess adiposity
at an early age and may thus provide the opportunity to develop
more targeted preventative strategies.

Excessive body and visceral fat in children and adults are asso-
ciated with adverse plasma lipid profiles [8,9]. Especially branched
chain amino acids (BCAAs) concentrations were reported to be
higher in childrenwith obesity [10]. In infants, themetabolic profile
is also associated with growth patterns [11,12]. At age 3 months,
plasma levels of phosphatidylcholine (PC) (20:4/18:0), PC plas-
malogen (36:4) and sphingomyelin (d18:1/16:0) have been asso-
ciated with poor weight gain, while PC (18:1/16:0) and PC
plasmalogen (34:1) were associated with accelerated weight gain
[11,12]. Recently, we have reported that LysoPC(22:2), dimethy-
larginine and several other plasma metabolites at age 3 months
modestly predict the truncal-to-peripheral skinfold ratio (T:P-ratio)
at age 2 years [13]. The metabolic profile in the first months of life
could, therefore, potentially be involved in adiposity programming.
However, the association between early life plasma metabolites
and measured body composition including visceral fat in later in
life has never been described.

Themetabolic profile in early life is strongly influenced by infant
feeding, since differences in metabolic profiles have been described
between children with exclusive breastfeeding and exclusive for-
mula feeding [11e14]. In breastfed infants, total PC levels in plasma
are higher and linoleic acid is less incorporated than palmitate into
the phospholipid fraction as compared to that of formula fed in-
fants [12,15]. However, after the cessation of breastfeeding and the
introduction of complementary food, these differences inmetabolic
profile dissolve [12].

The metabolic profile in early life, whether or not influenced by
infant feeding type, could have consequences for adiposity pro-
gramming. The primary objective of the current study was to
investigate if plasma metabolites at age 3 months are associated
with fat mass, fat free mass, abdominal subcutaneous fat (ASF) and
visceral fat outcomes at age 2 years in a cohort of healthy infants.
Secondly, we investigated if these associations were different be-
tween infants with exclusive breastfeeding and those with exclu-
sive formula feeding at age 3 months. We hypothesized that
specific metabolites in early life are associated with body compo-
sition at age 2 years and that these associations depend on infant
feeding type.

2. Methods

2.1. Subjects

The study population consisted of 318 healthy infants partici-
pating in the Sophia Pluto study, a birth cohort aiming to provide
detailed data on early growth- and body composition trajectories in
infancy and childhood. Infants were recruited from several mater-
nity wards in Rotterdam, The Netherlands. All participants met the
following inclusion criteria: born term (�37 weeks of gestation)
and singleton. Exclusion criteria were severe asphyxia (defined as
an Apgar-score below 3 after 5 minutes), sepsis or the need for
respiratory ventilation or any maternal disease or medication use
that could interfere with fetal growth, including maternal cortico-
steroids, diabetes mellitus or intrauterine infection, and known
congenital or postnatal disease that could interfere with infant
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growth. The Medical Ethics Committee of Erasmus Medical Centre
approved the study. We obtained written informed consent of all
parents or caregivers with parental authority.

2.2. Data collection and measurements

Outpatient clinic visits were scheduled at age 3 months and 2
years. The same trained staff carried out the measurements ac-
cording to local standard procedures. Birth data were taken from
hospital and midwife records. Parental characteristics and feeding
type were obtained by interviews at the clinic visits and by ques-
tionnaires. Exclusive breast feeding (EBF) was defined as receiving
only mother's milk at the 3 months study visit. Exclusive formula
feeding (EFF) was defined as receiving only infant formula at the 3
months study visit. Mixed feeding (mix) was defined as receiving
both mother's milk and infant formula at the 3 months study visit.

2.3. Anthropometrics

Weight was measured to the nearest 5 g by an electronic infant
scale (Seca 717, Hamburg, Germany). Length was measured in su-
pine position to the nearest 0.1 cm by an infantometer (Seca 416).
SD-scores of weight, length and weight-for-length were calculated
using Dutch references [16] by Growth Analyser software (www.
growthanalyser.org).

2.4. Body composition

Body composition was measured with air-displacement pleth-
ysmography (ADP) by Peapod (Infant Body Composition System
(COSMED)) during the visits at age 3 months, as described in detail
elsewhere [17]. ADP was conducted using the samemachine. It was
used and calibrated daily according to the user's manual [18]. ADP
was validated earlier against a reference 4-compartment model
and reliability was determined with a CV of 7.9% for fat mass per-
centage (FM%) [19].

At age 2 years, body compositionwasmeasured by DXA scan (GE
Prodigy Advance R000279 and encore v14.1 software). Children
wore only underwear and were swaddled in a cotton blanket. A
vacuum cushion (465 75,100, Schmidt, Germany) was used to avoid
movement artifacts, which has similar results at age 6 months
compared to ADP [20]. During the study, the same DXA machine
was used and calibrated daily, according to the protocol recom-
mended by the supplier. CV for FM% was 3.2% [21]. Fat mass index
(FMI) was calculated as fat mass divided by length in meters
squared (kg/m2) and fat free mass index (FFMI) as fat free mass
divided by length in meters squared (kg/m2).

2.5. Abdominal fat

Visceral and subcutaneous fat depth were determined at age 3
months and 2 years, using ultrasound (Prosound 2 ultrasound with
a UST-9137 convex transducer (both Hitachi Aloka Medical, Zug,
Switzerland). Assessments were made in supine position, with the
transducer on the intercept of the xiphoid line and the waist
circumference measurement plane. Visceral fat was measured in
the longitudinal plane from the peritoneal boundary to the corpus
of the lumbar vertebra with a probe depth of 9 cm and subcu-
taneous fat in the transverse plane from the cutaneous boundary to
the linea alba with a probe depth of 4 cm. Minimal pressure was
applied. Validity and reproducibility of measurements were
confirmed in the Cambridge Baby Growth Study (CBGS), the rela-
tive interobserver technical error of measurement was 3.2% for
visceral depth and 3.6% for subcutaneous depth [22]. If the
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vertebrae were not visualized, measurement was considered un-
successful and were excluded from analyses.
2.6. Sample collection

Blood samples were collected at age 3 months and 2 years by
capillary toe or finger prick sampling after the infants had fasted for
�2 hours. Blood was collected in heparin microtubes (BD Micro-
tainer®) and centrifuged to prepare plasma. The samples were
stored at �80 �C until transportation on dry ice to the University of
Cambridge (United Kingdom (UK)) for metabolomics analysis.
2.7. Metabolic profiling

Metabolic profiling was performed with the high throughput
platform at the Metabolic Research Laboratories of the Institute of
Metabolic Science, University of Cambridge, UK. The samples were
analysed using a liquid chromatography mass spectrometry
method [23] ultimately yielding results of the absolute and rela-
tive concentration of 349 individual metabolites and lipids. The
protein precipitation liquid extraction protocol was performed as
described previously [23]. Briefly, 50 mL of plasma was transferred
into a 2 mL screw cap Eppendorf plastic tube (Eppendorf, Ste-
venage, UK). Immediately, 650 mL of chloroformwas added to each
sample, followed by thorough mixing. Then, 100 mL of the internal
standards (5 mM in methanol), 100 mL of the carnitine internal
standards (5 mM in methanol) and 150 mL of methanol was added
to each sample, followed by thorough mixing, after which 400 mL
of acetone was added to each sample. The samples were vortexed
and centrifuged for 10 minutes at ~20,000g to pellet any insoluble
material. The supernatant was pipetted into separate 2 mL screw
cap amber-glass auto-sampler vials (Agilent Technologies, Chea-
dle, UK). The organic extracts were evaporated to dryness using a
Concentrator Plus system (Eppendorf, Stevenage, UK) run for 60
minutes at 60 �C. The samples were reconstituted in 100 mL of a 2:
1: 1 mixture of propan-2-ol, acetonitrile and water, and then
thoroughly vortexed. The reconstituted sample was transferred
into a 250 mL low-volume vial insert inside a 2 mL amber glass
auto-sample vial ready for liquid chromatography with mass
spectrometry detection (LC-MS) analysis.

Chromatographic separation was achieved using Shimadzu
HPLC System (Shimadzu UK Limited, Milton Keynes, UK) with the
injection of 10 mL onto a Waters Acquity UPLC® CSH C18 column
(Waters, Hertfordshire, UK); 1.7 mm, I.D. 2.1 mm � 50 mm,
maintained at 55 �C. Mobile phase A was 6:4 acetonitrile and a
10 mM ammonium formate solution in water. Mobile phase B was
9:1 propan-2-ol and a 10 mM ammonium formate solution in
acetonitrile. The flow was maintained at 500 mL per minute
through the following gradient: 0.00 minutes_40% mobile phase
B; 0.40 minutes_43% mobile phase B; 0.45 minutes_50% mobile
phase B; 2.40 minutes_54% mobile phase B; 2.45 minutes_70%
mobile phase B; 7.00 minutes_99% mobile phase B; 8.00 mi-
nutes_99% mobile phase B; 8.3 minutes_40% mobile phase B; 10
minutes_40% mobile phase B. The sample injection needle was
washed using 9:1, propan-2-ol and acetonitrile. The mass spec-
trometer used was the Thermo Scientific Exactive Orbitrap with a
heated electrospray ionisation source (Thermo Fisher Scientific,
Hemel Hempstead, UK). The mass spectrometer was calibrated
immediately before sample analysis using positive and negative
ionisation calibration solution (recommended by instrument
manufacturer). Additionally, the mass spectrometer scan rate was
set at 4 Hz, giving a resolution of 25,000 (at 200 m/z) with a full-
scan range ofm/z 100 to 1800 with continuous switching between
positive and negative mode.
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2.8. Data processing

All.RAW files were converted to.mzXML files using msConvert
(ProteoWizard) [24]. Converted files were subsequently processed
in R (v3.3.1) using the CAMERA package [25] with peak picking
performed using the centWave method as this enables for the
deconvolution of closely eluting and slightly overlapping peaks.
Metabolite variables included within the final dataset were
defined as peaks that had an intensity at least 3 times higher in
analytical samples relative to the extraction blanks and that was
present in at least 90% of the analyzed samples. For each sample
all signals are expressed relative to the total signal strength. If
possible, metabolite variables were putatively annotated by
matching measured accurate masses to entities in the Human
Metabolome database (www.hmdb.ca) and the metabolomics
workbench (www.metabolomicsworkbench.org). Resulting iden-
tities were cross-checked manually based on retention time and
isotopic pattern and additional ion adducts (see Supplementary
Information Table 1).

2.9. Statistical analysis

Because body composition outcomes have sex-specific differ-
ences from an early age onwards, tertiles for FM%, FMI, FFMI, ASF
and visceral fat were generated for boys and girls separately. These
were subsequently merged into group tertiles for ‘high’, ‘moderate’
and ‘low’ (Supplementary Table 2) [5]. Comparison was done using
ManneWhitney U-test for non-parametric parameters, as most
metabolite signals were not normally distributed based on manual
checks of histograms. Differences between metabolic biomarkers,
in ‘high’ versus ‘low’ tertiles, were calculated using non-parametric
Wilcoxon rank-sum tests, for the total group (EBF, EFF and mix fed
infants combined) and for EBF- and EFF-infants separately. To cor-
rect the false discovery rate, we used a lenient p-value cut-off
p < 0.005, based on half the square root of the signals and the
high degree of co-dependency between the signals as described
previously [11].

3. Results

Clinical characteristics are presented in Table 1. Of the total
study population, 55.0% was male, 71.8% was Caucasian. One hun-
dred twenty one infants were exclusively breastfed (EBF) and 130
exclusively formula fed (EFF) at age 3 months. FMI and abdominal
subcutaneous fat (ASF) were highest in EBF-infants at age 3
months. At age 2 years, there were no differences in clinical char-
acteristics between EBF and EFF.

3.1. Plasma metabolites at age 3 months and body composition at 2
years

At age 3 months, two plasma metabolites were associated with
FMI and FM% at age 2 years (Table 2). At age 3 months, dimethy-
larginine plasma level was higher in EBF-infants with high FMI at
age 2 years compared with those with low FMI. Oxidised triglyc-
eride (TG 55:10; O) levels at age 3 months were higher in the total
group and associated with high FMI at age 2 years. The levels were
also elevated at age 3 months in EBF infants and associated with
high FM% at 2 years. For EFF-infants, these metabolites at 3 months
did not show a relationship with FMI or FM% at 2 years.

Three other metabolites at age 3 months were associated with
FFMI at age 2 years. LPE 18:2 levels at age 3 months were higher in
EBF-infants with high FFMI at age 2 years, compared to EBF-infants
with low FFMI. Two, not further identified, phospholipids species
showed higher levels at age 3 months in the total group with high
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Table 1
Clinical characteristics.

Exclusive breast
feeding at age
3 months

Exclusive formula
feeding at age
3 months

p-value

N 121 130
Boys (%) 62 (51.2%) 76 (58.5%) 0.250
Gestational age (weeks) 39.91 (1.15) 39.45 (1.22) 0.002
Ethnicity 0.054
Caucasian 76 (62.8%) 95 (73.1%)
Black 8 (6.6%) 9 (6.9%)
Asian 1 (0.8%) 1 (0.8%)
Latin-American 1 (0.8%) 0
Mix 32 (26.4%) 15 (11.5%)
Missing 3 (2.5%) 10 (7.7%)

Birth weight SDS 0.29 (1.12) 0.36 (1.16) 0.630
Birth length SDSa 0.89 (1.03) 0.40 (1.34) 0.020
Age 3 months
Weight SDS 0.58 (1.14) 0.46 (1.06) 0.371
Length SDS 0.43 (0.80) 0.34 (0.90) 0.390
FM% 23.46 (4.57) 22.05 (4.84) 0.021
FMI (kg/m2) 3.79 (0.99) 3.54 (10.96) 0.051
FFMI (kg/m2) 12.20 (0.87) 12.37 (0.94) 0.153
ASF (cm) 0.43 (0.12) 0.39 (0.11) 0.005
Visceral fat (cm) 2.29 (0.56) 2.41 (0.60) 0.121
Age 2 years
Weight SDS �0.26 (1.06) �0.22 (1.03) 0.746
Length SDS 0.20 (0.97) 0.30 (0.96) 0.393
FM% 17.56 (3.75) 18.02 (3.72) 0.391
FMI (kg/m2) 2.82 (0.77) 2.89 (0.75) 0.550
FFMI (kg/m2) 13.09 (0.88) 13.00 (0.85) 0.439
ASF (cm) 0.35 (0.09) 0.33 (0.10) 0.292
Visceral fat (cm) 2.15 (0.58) 2.22 (0.60) 0.361

Data expressed as mean (SD) or N(%). Significant p-values are boldfaced.
Abbreviations: ASF ¼ abdominal subcutaneous fat, FM% ¼ fat mass percentage,
FMI ¼Fat Mass Index, FFMI ¼ Fat Free Mass Index, SDS ¼ Standard Deviation Score.

a Birth length available in 75 infants with exclusive breastfeeding, 64 infants with
exclusive formula feeding.

Table 2
Relative metabolite levels at age 3 months associated with body composition at age 2 ye

Metabolite Feeding type Relative plasma metabol

FMI (kg/m2) at age 2 years Low tertile

Dimethylarginine All 2.92E-05 (±3.27E-05)
EBF 1.89E-05 (±2.04E-05)
EFF 4.5E-05 (±4.04E-05)

TG 55:10; O (M þ Naþ) All 4.30E-05 (±1.11E-05)
EBF 4.24E-05 (±1.09E-05)
EFF 4.26E-05 (±1.09E-05)

FM% at age 2 years Low tertile

TG 55:10; O (M þ Naþ) All 4.24E-05 (±1.13E-05)
EBF 4.17E-05 (±1.10E-05)
EFF 4.22E-05 (±1.09E-05)

FFMI (kg/m2) at age 2 years Low tertile

LysoPE 18:2 (Mþ1) All 0.000230 (±0.00012)
EBF 0.000199 (±0.00006)
EFF 0.000260 (±0.00016)

C48H94N2O8P All 0.001587 (±0.00051)
EBF 0.001606 (±0.00062)
EFF 0.001556 (±0.00044)

C48H96N2O8P All 0.000776 (±0.00029)
EBF 0.000834 (±0.00023)
EFF 0.000779 (±0.00029)

Metabolite variables (protonated ions (M þ Hþ) or as given, further details in suppl info t
ratio. Normalised to total signal strength data for each metabolite signal. Tertiles were
difference in plasma level between high and low tertile. Significant p-value <0.005 (cor
exclusive formula fed infants, FFMI ¼ fat free mass index, FMI ¼ fat mass index, FM%
triglyceride.
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FFMI at age 2 years compared to those with low FFMI. Again, none
of these 3metabolites showed a relationship with FFMI at 2 years in
EFF-infants.

3.2. Plasma metabolites at age 3 months and abdominal fat at 2
years

Three metabolites at age 3 months associated with abdominal
subcutaneous fat (ASF) at age 2 years (Table 3). Oxycholesterol
levels at age 3 months were lower in infants with high ASF at age 2
years in all infants. PC 42:8 levels were higher at age 3months in all
and in EBF-infants with high ASF at age 2 years, whereas PC 38:3
levels at age 3 months were only higher in EFF-infants with high
ASF at age 2 years.

Twelve other metabolites at age 3 months were associated with
visceral fat at 2 years (Table 3). These were mainly lysophosopho-
lipids (LysoPC 14:0, LysoPC 16:3, LysoPC 16:1, LysoPC 16:0, LysoPS
21:1, LysoPS 25:6 and LysoPA 23:1), as well as dimethylarginine,
diacylglycerol (DG 40:10) and sphingomyelin (SM 35:2; O2). All
plasma levels of LysoPCs and the DGwere higher at age 3months in
infants with high visceral fat at age 2 years, while all three LysoPSs,
LysoPA, SM and dimethylarginine levels were higher at age 3
months in infants with low visceral fat at 2 years. These results
were mostly driven by EBF-infants. Only for LysoPA 23:1, the dif-
ference between the tertiles was more prominent in EFF-infants.

4. Discussion

Our data show that several plasma metabolites at age 3 months
are associated with progression towards a high FMI, FM%, FFMI and
visceral fat at age 2 years. The associated metabolites are mainly
different classes of lyso-phospholipids. Most of the associations
were strongly dependent of infant feeding type. We found most
ars.

ite levels at age 3 months (mol ratio; mean ± SD) p-value

High tertile

3.83E-05 (±4.22E-05) 0.1331
5.43E-05 (±4.91E-05) 0.0007
2.85E-05 (±3.26E-05) 0.0950
4.78E-05 (±0.87E-05) 0.0030
4.82E-05 (±0.85E-05) 0.0207
4.76E-05 (±0.84E-05) 0.0571

High tertile

4.78E-05 (±0.80E-05) 0.0007
4.88E-05 (±0.68E-05) 0.0030
4.73E-05 (±0.82E-05) 0.0476

High tertile

0.000280 (±0.00016) 0.0275
0.000282 (±0.00013) 0.0010
0.000260 (±0.00017) 0.9918
0.001842 (±0.00036) 0.0004
0.002005 (±0.00030) 0.0025
0.001712 (±0.00035) 0.1218
0.000912 (±0.00025) 0.0020
0.000964 (±0.00025) 0.0329
0.000859 (±0.00024) 0.2343

able 1) associated with FMI, FM% and FFMI. Metabolite levels are provided as molar
merged from sex-specific tertiles (further details in suppl info table 2). p-value is
rected for FDR) are boldfaced. Abbreviations: EBF: exclusive breastfed infants, EFF:
¼ Fat mass percentage, LysoPE ¼ lysophosphatidylethanolamine, TG.O ¼ oxidised



Table 3
Relative metabolite levels at age 3 months associated with abdominal subcutaneous and visceral fat at 2 years.

Metabolite Feeding type (n) Relative plasma metabolite levels at age 3 months (mol ratio; mean ± SD) p-value

Subcutaneous fat at age 2 years Low tertile High tertile

Oxid Chol (M-2H2O) All 3.17E-06 (±1.59E-06) 2.55E-06 (±1.51E-06) 0.0032
EBF 2.63E-06 (±1.31E-06) 2.57E-06 (±1.64E-06) 0.8617
EFF 3.19E-06 (±1.63E-06) 2.45E-06 (±1.42E-06) 0.0344

PC 42:8 All 0.000734 (±0.00030) 0.000892 (±0.00028) 0.0002
EBF 0.000687 (±0.00037) 0.000951 (±0.00023) 0.0013
EFF 0.000762 (±0.00023) 0.000823 (±0.00031) 0.3177

PC 38:3 All 0.012896 (±0.00355) 0.014161 (±0.00318) 0.0104
EBF 0.014895 (±0.00423) 0.015504 (±0.00356) 0.5220
EFF 0.011468 (±0.00218) 0.012929 (±0.00150) 0.0009

Visceral fat at age 2 years Low tertile High tertile

Dimethylarginine All 4.79E-05 (±4.84E-05) 2.93E-05 (±3.45E-05) 0.0025
EBF 5.16E-05 (±4.58E-05) 2.66E-05 (±3.28E-05) 0.0122
EFF 5.06E-05 (±5.20E-05) 2.98E-05 (±3.53E-05) 0.0498

LysoPC 14:0 (Mþ1) All 2.06E-05 (±0.94E-05) 2.62E-05 (±1.25E-05) 0.0005
EBF 2.0E-05 (±0.99E-05) 2.49E-05 (±1.19E-05) 0.0760
EFF 2.1E-05 (±0.91E-05) 2.57E-05 (±1.32E-05) 0.0691

LysoPC 16:3 All 5.02E-05 (±2.04E-05) 6.15E-05 (±2.24E-05) 0.0003
EBF 4.67E-05 (±1.62E-05) 5.86E-05 (±2.16E-05) 0.0150
EFF 5.43E-05 (±2.28E-05) 5.94E-05 (±2.17E-05) 0.3270

LysoPC 16:1 All 0.000106 (±5.01E-05) 0.000125 (±4.14E-05) 0.0046
EBF 0.000109 (±4.08E-05) 0.000139 (±3.72E-05) 0.0020
EFF 8.99E-05 (±3.87E-05) 0.000104 (±3.35E-05) 0.0971

LysoPC 16:0 All 0.006089 (±0.0016) 0.006783 (±0.0014) 0.0020
EBF 0.005690 (±0.0014) 0.006414 (±0.0015) 0.0459
EFF 0.006257 (±0.0017) 0.007016 (±0.0014) 0.0430

LysoPC 16:0 (Mþ1) All 0.001566 (±0.00064) 0.001831 (±0.00049) 0.0016
EBF 0.001434 (±0.00055) 0.001608 (±0.00062) 0.2352
EFF 0.001688 (±0.00064) 0.001986 (±0.00037) 0.0181

LysoPA 23:1 All 0.000155 (±0.00016) 9.10E-05 (±0.00012) 0.0069
EBF 0.000179 (±0.00016) 8.25E-05 (±0.00012) 0.0665
EFF 0.000159 (±0.00016) 9.6E-05 (±0.00012) 0.0016

LysoPS 21:1 (Mþ1) All 0.000375 (±0.00018) 0.000283 (±0.00015) 0.0002
EBF 0.000408 (±0.00016) 0.000278 (±0.00013) 0.0006
EFF 0.000371 (±0.00019) 0.000301 (±0.00017) 0.0900

LysoPS 22:2 All 1.78E-05 (±1.17E-05) 1.35E-05 (±0.88E-05) 0.0044
EBF 1.94E-05 (±1.20E-05) 1.26E-05 (±0.85E-05) 0.0096
EFF 1.75E-05 (±1.15E-05) 1.36E-05 (±0.85E-05) 0.1034

LysoPS 25:6 All 0.000164 (±8.41E-05) 0.000124 (±7.04E-05) 0.0005
EBF 0.000169 (±8.48E-05) 0.000112 (±6.24E-05) 0.0023
EFF 0.000169 (±8.86E-05) 0.000138 (±7.52E-05) 0.1088

DG 40:10 (M þ NH4
þ) All 0.000286 (±0.00017) 0.000359 (±0.00018) 0.0033

EBF 0.000244 (±0.00011) 0.000286 (±0.00012) 0.1490
EFF 0.000374 (±0.00023) 0.000401 (±0.00022) 0.6005

SM 35:2; O2 All 0.000956 (±0.00018) 0.000881 (±0.00018) 0.0040
EBF 0.001029 (±0.00013) 0.000955 (±0.00016) 0.0432
EFF 0.000909 (±0.00019) 0.000815 (±0.00016) 0.0232

Metabolite variables (protonated ions (M þ Hþ) or as given, and further details in suppl info table 1) associated with FMI, FM% and FFMI. Metabolite levels are provided as
molar ratio. Normalised to total signal strength data for eachmetabolite signals. Tertiles were merged from sex-specific tertiles (further details in suppl info table 2). p-value is
difference in plasma level between high and low tertile. Significant p-value <0.005 (corrected for FDR) are boldfaced. Abbreviations: DG ¼ diacylglycerol, EBF: exclusive
breastfed infants, EFF: exclusive formula fed infants, LysoPA ¼ lysophosphosphatidic acid, LysoPC ¼ lysophosphatidylcholine, LysoPS ¼ lysophosphatidylserine, Oxid
Chol ¼ Oxycholesterol, PC ¼ phosphatidylcholine, SM ¼ sphingomyelin.
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differences in plasma metabolite levels at age 3 months, between
low and high tertile body fat mass infants at age 2 years to be
apparent in EBF-infants, while only a few associations were seen for
EFF-infants.

Lyso-phospholipids are phospholipids with only one fatty acid
attached to the glycerol backbone and are mostly the result of the
hydrolysis of phospholipids by lipases [26] and through the
autotaxin-LysoPA-lipid phosphate phosphatase 3 axis [27]. Several
of the identified metabolites (dimethylarginine, LysoPA, LysoPS,
LysoPE and LysoPG) are known to be associated with pro-
inflammatory pathways in preadipocytes [28,29] and with in-
flammatory processes [30e32], mainly via interaction with Toll-
like receptor dimers [33] and peroxisome proliferator-activated
receptor gamma (PPAR-g) [34], and/or the development of car-
diovascular disease via G protein-coupled receptors (GPCRs) [35].
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Our findings could, therefore, suggest that the identified metabo-
lites at age 3 months are involved in adiposity development and
systemic low-grade inflammatory processes, seemingly starting
from early age onwards.

Our findings also show that the association between metabolite
profile at age 3 months and body composition at age 2 years is
dependent of infant feeding type. From our previous work, we
know that feeding type and milk composition has a major impact
on metabolic profiles of infants [11e14]. We now add that these
differences in metabolic profile in early life, can potentially be
involved in differences in adiposity programming between EBF-
and EFF-infants.

Differences between plasma metabolite levels at age 3 months
and ‘high’ or ‘low’ FM%, FMI, FFMI and visceral fat at 2 years were
predominantly seen in EBF-infants. In EBF-infants, early life plasma
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metabolites which associated with later body composition were
predominately LysoPC, LysoPE and sphingomyelin (SM). These
polyunsaturated phospholipids were previously reported to be
related toweight-to-age andweight-to-length trajectories until age
2 years [36]. Also, LysoPC and SM plasma levels are reported to be
different between infants with EBF and EFF [37,38]. This could
potentially be linked to the milk fat globule membrane (MFGM),
which coats fat droplets in human milk, but is absent in formula
feeding in The Netherlands [37,38]. This phospholipid layer consists
mostly of PC and PE in combination with sphingolipids, predomi-
nantly in SM form [38]. The MFGM is associated with neuro-
developmental outcomes and microbiome development [38]. Our
findings suggest that the MFGM could potentially also be involved
in adiposity programming.

In EFF-infants, LysoPAwas associatedwith visceral fat outcomes.
Like LysoPC and LysoPE, this metabolite is a lyso-phospholipid, but
from a different class. Lyso-phospholipids levels are a marker for
phospholipid turnover and the product of lipases [39]. While
LysoPA in EFF-infants is generally not a major phospholipid in the
circulation, it is involved in biosynthesis of the more abundant
classes of phospholipids like the PC lipids [40]. Together, these
findings suggest that phospholipids are important in body
composition development and fat distribution and that the supply
and incorporation of phospholipids is different between EBF- and
EFF-infants.

With the rapid increase in childhood obesity, it is imperative
that we understand what factors predispose infants to unfav-
ourable body composition, so that we can develop approaches to
identify infants at risk for excess adiposity and adequate preventive
tools. Our work shows that already at age 3 months, metabolic
processes occur that could be involved in differences in future body
composition. Moreover, it shows that caution is needed to combine
the results for EBF-infants with those from EFF-infants. Our find-
ings could contribute to more targeted and individualized pre-
ventive strategies, as well as an opportunity for early treatment
options by improving infants diet, either directly for formula, or
indirectly through the mother for breastmilk. Further work in this
area is, therefore, crucial.

Our work has several strengths and weaknesses. It is important
to note the exceptional quality of the body composition data that
was crucial to show how both breast- and formula feeding have
very different long-term effects on body composition, through the
infant's metabolism. Another strength was the use of tertiles
which were balanced for sex, which helped to assess the rela-
tionship between plasma metabolite variables and body compo-
sition outcomes. However, from these observational data it is
difficult to infer causality. The differences between the plasma
metabolites precede the body composition differences, but can be
either the cause or the result of mechanisms and processes in
metabolism that influence later body composition. The impact of
feeding type, although expected, was much clearer than antici-
pated. As none of the metabolite associations with body compo-
sition outcomes were independent from feeding type, analysis of
the whole cohort diluted any signal, whereas testing of the EBF
and EFF sub-groups reduced the statistical power. Another limi-
tationwas its scoping nature in relation to the specific metabolites
involved. However, there was no clear evidence in the literature to
enable us to focus the metabolite profiling. Our findings show that
especially lyso-phospholipid analysis is important, hence future
projects can use more targeted and quantitative methods to
externally validate these findings in other, more diverse study
populations. In addition, more research is needed to further un-
derstand these relationships and study how these relationships
hold in infants that receive both breast- and formula (mixed)
feeding.
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In conclusion, distinct plasma metabolites at age 3 months are
associated with body composition at 2 years, measured as FMI, FM
%, FFMI and abdominal fat distribution. Associations between
plasma levels at age 3 months and high or low body composition
outcomes were infant feeding type specific and were predomi-
nantly found in EBF-infants. These findings contribute key insights
into the importance of the type of infant feeding on adiposity
programming in early life.

Funding

This study was funded by the EU Commission to the JPI HDHL
program ‘Call III Biomarkers’ for the project: BioFN - Biomarkers for
Infant Fat Mass Development and Nutrition (Grant agreement No
696295), administrated in Denmark by Innovation Fund Denmark
(grant number 4203-00005B), Netherlands Organisation for Health
Research and Development(ZonMW) (grant number 529051013),
in the UK by Biotechnology and Biological Sciences Research
Council (BB/P028195/1) and Danone Nutricia Research, The
Netherlands (to Rotterdam). AK is supported by the NIHRCam-
bridgeBiomedical Research Centre (146281) and KKO is funded by
the Medical Research Council (MC_UU_00006/2).

Author contributions

AK, AHK, SB and KO were in charge of designing the study. IvB
and AHK were in charge of the cohort, design, and collecting of the
data and samples. AK performed the metabolomics and bio-
informatic analysis. Drafting the manuscript was primarily done by
IvB under supervision of AHK and AK. All authors were involved in
writing the manuscript and had final approval of the submitted
version.

Conflict of interest

None of the authors declare conflict of interest.

Acknowledgements

Sophia Pluto.
We thank all infants and their parents for their participating in

the Sophia Pluto Study. Furthermore, we greatly acknowledge Mrs.
J. van Nieuwkasteele, Mrs. M. Huibregtse-Schouten, Mrs. C.
Bruinings-Vroombout, Mrs. E. Lems, Ms. N. Khieroe, Mrs. S.
Besteman-Voortman, Mrs. J. Bontenbal-van de Wege, research
nurses, for their assistance with data collection. We also want to
thank Bert van de Heijning for his scientific review and comments.

Cambridge.
This work would not have been possible without the help and

enthusiasm of the late Prof David Dunger, he helped with the grant
application and suggested to look for the link between early life
metabolism and later body composition outcomes. We want to
thank Dr Benjamin Jenkins for his support in the laboratory.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.clnu.2022.04.015.

References

[1] WHO. Report of the commission on ending childhood obesity. World Health
Organization; 2016. Report No.: 9241510064.

[2] Maffeis C, Morandi A. Body composition and insulin resistance in children. Eur
J Clin Nutr 2018;72(9):1239e45.

https://doi.org/10.1016/j.clnu.2022.04.015
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref1
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref1
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref2
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref2
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref2


I.A.L.P. van Beijsterveldt, P.N. Myers, S.G. Snowden et al. Clinical Nutrition 41 (2022) 1290e1296
[3] Leunissen RW, Kerkhof GF, Stijnen T, Hokken-Koelega A. Timing and tempo of
first-year rapid growth in relation to cardiovascular and metabolic risk profile
in early adulthood. JAMA 2009;301(21):2234e42.

[4] de Fluiter KS, van Beijsterveldt I, Breij LM, Acton D, Hokken-Koelega ACS.
Association between fat mass in early life and later fat mass trajectories. JAMA
Pediatr 2020;174(12):1141e8.

[5] van Beijsterveldt I, de Fluiter KS, Breij LM, van der Steen M, Hokken-
Koelega ACS. Fat mass and fat-free mass track from infancy to childhood: new
insights in body composition programming in early life. Obesity 2021;29(11):
1899e906.

[6] Breij LM, Abrahamse-Berkeveld M, Acton D, De Lucia Rolfe E, Ong KK, Hokken-
Koelega ACS. Impact of early infant growth, duration of breastfeeding and
maternal factors on total body fat mass and visceral fat at 3 and 6 Months of
age. Ann Nutr Metab 2017;71(3e4):203e10.

[7] Breij LM, Mulder MT, van Vark-van der Zee LC, Hokken-Koelega ACS. Appe-
tite-regulating hormones in early life and relationships with type of feeding
and body composition in healthy term infants. Eur J Nutr 2017;56(4):
1725e32.

[8] Oliosa PR, Zaniqueli DDA, Barbosa MCR, Mill JG. Relationship between body
composition and dyslipidemia in children and adolescentes Relacao entre
composicao corporal e dislipidemias em criancas e adolescentes. Ciência
Saúde Coletiva 2019;24(10):3743e52.

[9] Lozano P, Henrikson NB, Morrison CC, Dunn J, Nguyen M, Blasi PR, et al. Lipid
screening in childhood and adolescence for detection of multifactorial dysli-
pidemia: evidence report and systematic review for the US preventive ser-
vices task force. JAMA 2016;316(6):634e44.

[10] Butte NF, Liu Y, Zakeri IF, Mohney RP, Mehta N, Voruganti VS, et al. Global
metabolomic profiling targeting childhood obesity in the Hispanic population.
Am J Clin Nutr 2015;102(2):256e67.

[11] Furse S, Billing G, Snowden SG, Smith J, Goldberg G, Koulman A. Relationship
between the lipid composition of maternal plasma and infant plasma through
breast milk. Metabolomics 2019;15(10):129.

[12] Prentice P, Koulman A, Matthews L, Acerini CL, Ong KK, Dunger DB. Lipidomic
analyses, breast- and formula-feeding, and growth in infants. J Pediatr
2015;166(2):276e281 e6.

[13] van Beijsterveldt I, Snowden SG, Myers PN, de Fluiter KS, van de Heijning B,
Brix S, et al. Metabolomics in early life and the association with body
composition at age 2 years. Pediatr Obes 2022;17(3):e12859.

[14] Furse S, Richardson L, Koulman A. The validation of biomarkers of metabolic
efficacy in infant nutrition. Nutr Bull 2018;43(3):296e300.

[15] Acharjee A, Prentice P, Acerini C, Smith J, Hughes IA, Ong K, et al. The trans-
lation of lipid profiles to nutritional biomarkers in the study of infant meta-
bolism. Metabolomics 2017;13(3):25.

[16] Sch€onbeck Y, Talma H, van Dommelen P, Bakker B, Buitendijk SE, HiraSing RA,
et al. The world's tallest nation has stopped growing taller: the height of
Dutch children from 1955 to 2009. Pediatr Res 2013;73(3):371e7.

[17] Breij LM, Kerkhof GF, De Lucia Rolfe E, Ong KK, Abrahamse-Berkeveld M,
Acton D, et al. Longitudinal fat mass and visceral fat during the first 6 months
after birth in healthy infants: support for a critical window for adiposity in
early life. Pediatr Obes 2017;12(4):286e94.

[18] COSMED. Pea pod brochure English. Available from: https://www.cosmed.
com/hires/Pea_Pod_Brochure_EN_C03838-02-93_A4_print.pdf.

[19] Ellis KJ, Yao M, Shypailo RJ, Urlando A, Wong WW, Heird WC. Body-compo-
sition assessment in infancy: air-displacement plethysmography compared
with a reference 4-compartment model. Am J Clin Nutr 2007;85(1):90e5.

[20] de Fluiter KS, van Beijsterveldt I, Goedegebuure WJ, Breij LM, Spaans AMJ,
Acton D, et al. Longitudinal body composition assessment in healthy term-
born infants until 2 years of age using ADP and DXA with vacuum cushion.
Eur J Clin Nutr 2020;74(4):642e50.
1296
[21] van Beijsterveldt I, van der Steen M, de Fluiter KS, Spaans S, Hokken-
Koelega ACS. Body composition and bone mineral density by Dual Energy X-
ray Absorptiometry: reference values for young children. Clin Nutr
2022;41(1):71e9.

[22] De Lucia Rolfe E, Modi N, Uthaya S, Hughes IA, Dunger DB, Acerini C, et al.
Ultrasound estimates of visceral and subcutaneous-abdominal adipose tissues
in infancy. J Obes 2013;2013:951954.

[23] Jenkins B, Ronis M, Koulman A. LC-MS lipidomics: exploiting a simple high-
throughput method for the comprehensive extraction of lipids in a rumi-
nant fat dose-response study. Metabolites 2020;10(7).

[24] Chambers MC, Maclean B, Burke R, Amodei D, Ruderman DL, Neumann S, et al.
A cross-platform toolkit for mass spectrometry and proteomics. Nat Bio-
technol 2012;30(10):918e20.

[25] Kuhl C, Tautenhahn R, Bottcher C, Larson TR, Neumann S. CAMERA: an in-
tegrated strategy for compound spectra extraction and annotation of liquid
chromatography/mass spectrometry data sets. Anal Chem 2012;84(1):
283e9.

[26] Sevastou I, Kaffe E, Mouratis MA, Aidinis V. Lysoglycerophospholipids in
chronic inflammatory disorders: the PLA(2)/LPC and ATX/LPA axes. Biochim
Biophys Acta 2013;1831(1):42e60.

[27] Jose A, Kienesberger PC. Autotaxin-LPA-LPP3 Axis in Energy metabolism and
metabolic disease. Int J Mol Sci 2021;22(17).

[28] Leiguez E, Motta P, Maia Marques R, Lomonte B, Sampaio SV, Teixeira C.
A representative GIIA phospholipase A2 activates preadipocytes to produce
inflammatory mediators implicated in obesity development. Biomolecules
2020;10(12).

[29] Garces F, Lopez F, Nino C, Fernandez A, Chacin L, Hurt-Camejo E, et al. High
plasma phospholipase A2 activity, inflammation markers, and LDL alter-
ations in obesity with or without type 2 diabetes. Obesity 2010;18(10):
2023e9.

[30] Nijveldt RJ, Teerlink T, Van Der Hoven B, Siroen MPC, Bron JL, Kuik DJ, et al.
Hoge plasmaconcentratie van asymmetrisch dimethylarginine (ADMA) als
onafhankelijke sterftevoorspeller bij intensivecarepati€enten. Ned Tijdschr
Geneeskd 2004;148(16):782e7.

[31] Frasch SC, Bratton DL. Emerging roles for lysophosphatidylserine in resolution
of inflammation. Prog Lipid Res 2012;51(3):199e207.

[32] Aoki J, Inoue A, Okudaira S. Two pathways for lysophosphatidic acid pro-
duction. Biochim Biophys Acta 2008;1781(9):513e8.

[33] Bexkens ML, Houweling M, Burgers PC, Luider TM, Tielens AGM, van
Hellemond JJ. A mono-acyl phospholipid (20:1 lyso-PS) activates Toll-Like
Receptor 2/6 hetero-dimer. Chem Phys Lipids 2020;232:104951.

[34] Luquain C, Sciorra VA, Morris AJ. Lysophosphatidic acid signaling: how a small
lipid does big things. Trends Biochem Sci 2003;28(7):377e83.

[35] Perrakis A, Moolenaar WH. Autotaxin: structure-function and signaling. J Lipid
Res 2014;55(6):1010e8.

[36] Gonzales GB, Brals D, Sonko B, Sosseh F, Prentice AM, Moore SE, et al. Plasma
lipids and growth faltering: a longitudinal cohort study in rural Gambian
children. Sci Adv 2021;7(38):eabj1132.

[37] He X, Parenti M, Grip T, Domellof M, Lonnerdal B, Hernell O, et al. Metabolic
phenotype of breast-fed infants, and infants fed standard formula or bovine
MFGM supplemented formula: a randomized controlled trial. Sci Rep
2019;9(1):339.

[38] Brink LR, Lonnerdal B. Milk fat globule membrane: the role of its various
components in infant health and development. J Nutr Biochem 2020;85:
108465.

[39] Lambeau G, Gelb MH. Biochemistry and physiology of mammalian secreted
phospholipases A2. Annu Rev Biochem 2008;77:495e520.

[40] Psychogios N, Hau DD, Peng J, Guo AC, Mandal R, Bouatra S, et al. The human
serum metabolome. PLoS One 2011;6(2):e16957.

http://refhub.elsevier.com/S0261-5614(22)00127-3/sref3
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref3
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref3
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref3
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref4
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref4
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref4
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref4
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref5
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref5
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref5
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref5
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref5
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref6
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref6
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref6
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref6
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref6
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref6
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref7
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref7
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref7
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref7
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref7
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref8
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref8
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref8
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref8
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref8
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref8
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref9
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref9
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref9
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref9
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref9
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref10
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref10
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref10
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref10
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref11
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref11
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref11
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref12
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref12
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref12
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref12
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref13
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref13
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref13
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref14
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref14
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref14
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref15
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref15
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref15
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref16
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref16
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref16
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref16
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref16
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref17
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref17
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref17
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref17
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref17
https://www.cosmed.com/hires/Pea_Pod_Brochure_EN_C03838-02-93_A4_print.pdf
https://www.cosmed.com/hires/Pea_Pod_Brochure_EN_C03838-02-93_A4_print.pdf
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref19
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref19
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref19
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref19
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref20
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref20
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref20
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref20
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref20
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref21
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref21
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref21
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref21
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref21
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref22
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref22
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref22
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref23
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref23
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref23
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref24
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref24
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref24
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref24
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref25
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref25
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref25
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref25
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref25
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref26
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref26
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref26
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref26
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref27
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref27
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref28
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref28
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref28
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref28
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref29
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref29
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref29
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref29
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref29
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref30
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref30
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref30
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref30
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref30
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref30
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref31
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref31
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref31
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref32
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref32
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref32
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref33
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref33
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref33
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref34
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref34
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref34
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref35
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref35
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref35
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref36
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref36
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref36
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref37
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref37
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref37
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref37
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref38
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref38
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref38
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref39
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref39
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref39
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref40
http://refhub.elsevier.com/S0261-5614(22)00127-3/sref40

	Distinct infant feeding type-specific plasma metabolites at age 3 months associate with body composition at 2 years
	1. Introduction
	2. Methods
	2.1. Subjects
	2.2. Data collection and measurements
	2.3. Anthropometrics
	2.4. Body composition
	2.5. Abdominal fat
	2.6. Sample collection
	2.7. Metabolic profiling
	2.8. Data processing
	2.9. Statistical analysis

	3. Results
	3.1. Plasma metabolites at age 3 months and body composition at 2 years
	3.2. Plasma metabolites at age 3 months and abdominal fat at 2 years

	4. Discussion
	Funding
	Author contributions
	Conflict of interest
	Acknowledgements
	Appendix A. Supplementary data
	References


