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Abstract

Background and aims Metabolomics offers a promising approach to objectively assess food intake and nutrition-related
health risks. Three different dietary patterns (DPs) associated with cardiometabolic health were previously identified at 2
years of age in the EU Childhood Obesity Project and were used as reference patterns for longitudinal scoring throughout
childhood: “Core foods” DP (CORE), rich in vegetables, fruits, fish, meat, and olive oil; “Animal protein sources” DP
(PROT), high in white meat, processed meat, flavoured milk, snacks, fish, and vegetables; and “Poor-quality fats and sugars”
DP (F&S), high in soft cheese, butter, added sugars, and juices. This study aimed to identify metabolomic signatures of these
DPs.

Methods Targeted liquid chromatography-tandem mass spectrometry quantified 236 metabolites in blood samples collected
at ages 5.5 and 8 years from 421 children, with 156 children contributing samples at both timepoints. Associations between
DPs and metabolite levels were assessed using adjusted linear mixed models. Metabolite set enrichment analysis (MSEA)
was conducted across 23 distinct sets of related metabolites.

Results Forty-eight metabolites associated with DPs, although they did not remain significant after false discovery rate cor-
rection. Five showed associations with multiple DPs. For example, LPC a C22:6 showed associations with opposite effect
directions for CORE and F&S (3=0.108, p=0.038, q=0.539; B=—0.140, p=0.025, q=0.484, respectively). The ratio PC aa
C40:5/PC aa C40:6 was negatively associated with CORE (p=— 0.207, p=3.81x 10>, q=0.016) and positively with F&S
(B=0.136, p=0.020, q=0.463). CORE and F&S showed opposite directions in seven of the eight metabolite groups signifi-
cant in the MSEA. A group of phosphatidylcholines containing polyunsaturated fatty acids (including DHA) was positively
associated with PROT (NES: 1.837, p=0.001, q=0.017).

Conclusions Distinct metabolite groups were associated with adherence to specific dietary patterns in children. Consis-
tent findings across metabolite classes and dietary components suggest biologically plausible metabolomic signatures that
require confirmation in independent cohorts.
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PROT Animal protein sources dietary pattern PC aa Diacyl-phosphatidylcholine
F&S Poor-quality fats and sugars dietary pattern q Adjusted p-values by Benjamini-Hochberg
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false discovery rate

DHA Docosahexaenoic acid

NES Normalized enrichment score
EU CHOP  EU Childhood Obesity Project
EDTA Ethylenediaminetetraacetic acid
MS Mass spectrometry

QC Quality control

CP Control plasma, CP-1 and CP-II

FIA-MS/MS Flow-injection analysis—mass spectrometry

LMM Linear mixed models
FDR False discovery rate
BMI Body mass index

PC Phosphatidylcholine

PUFA Polyunsaturated fatty acid

FFA Free fatty acid

C10:2 Decadienoylcarnitine

C16:0 Palmitoylcarnitine

C9:0 Nonanoylcarnitine

PC ac Acyl-alkyl-phosphatidylcholine

SM Sphingomyelin

Fischer ratio Branched-chain AAs / aromatic AAs

AA Amino acid

C2/C0 Acetylcarnitine / free carnitine

C2+C3/C0O0  Acetyl- and propionyl-carnitines / free
carnitine

C16+C18/C0Palmitoylcarnitine + stearoylcarnitine/ free
carnitine

C0/C16:0 Free carnitine / palmitoylcarnitine

C8:0/C16:0 Octanoylcarnitine / palmitoylcarnitine

TCAcycle Tricarboxylic acid cycle

DPA Docosapentaenoic acid

PLA: Phospholipase A

Introduction

Diet is an important contributor to health promotion and dis-
ease prevention [1]. However, accurately assessing dietary
intake remains a major challenge in nutritional epidemiol-
ogy [2]. Individuals often do not reliably report their dietary
intake, and this challenge becomes even greater in children,
where information is frequently obtained from proxy report-
ers (e.g., family members or day-care attendants), leading
to over-reporting and under-reporting rates estimated at
around 19% and 10.6%, respectively [2].

Although improving dietary assessment is important,
accurately characterising the relationship between diet and
metabolism also requires accounting for differences in how
individuals metabolically respond to dietary exposures [3,
4]. This inter-individual variability in metabolic responses
is influenced by a variety of factors, including genetics,
age, biological variables (such as absorption, excretion) [5],
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environmental conditions, and other lifestyle factors [6],
making it challenging to objectively estimate the associa-
tion between diet and their metabolic outcomes [7].

Metabolomics has emerged as a powerful approach for
the comprehensive characterization of metabolic pathways,
constituting a complex network of interrelated biochemi-
cal reactions [8]. By simultaneously profiling a wide range
of metabolites, metabolomics enables the identification of
metabolic profiles associated with environmental exposures,
including diet, and with health and disease outcomes [4, 6,
9]. Metabolomics applied to nutritional research, known as
nutrimetabolomics, provides a powerful tool for identifying
metabolite signatures of dietary habits and for elucidating
the complex biological pathways through which diet influ-
ences metabolism and long-term health [10, 11].

Available literature about nutrimetabolomics mainly
focused on specific food groups rather than the overall diet,
particularly in paediatric cohorts [12]. For example, hippu-
rate was reported as a robust biomarker for fruit and vegeta-
bles consumption in children [13]. However, diet influences
metabolism through complex interactions between its mul-
tiple components. Thus, analysing dietary patterns (DPs) is
essential to capture these combined effects of diet on health
[14-17].

The present study aimed to identify individual metabo-
lites and groups of metabolites associated with DPs in Euro-
pean children.

Materials and methods
Study design and population

Data were obtained from the EU Childhood Obesity Project
(EU CHOP) trial, initially designed as a double-blind, ran-
domized clinical trial conducted in healthy infants from Ger-
many, Belgium, Italy, Poland, and Spain during the first year
of life (October 2002—July 2005) [18]. The study included
an observational follow-up with multiple visits until 8 years
of age. Detailed descriptions of the EU CHOP study are
available elsewhere [18-20]. The EU CHOP consortium
later contributed to the BiomarKid project (Biomarker sig-
natures of diet, physical activity and sleep in children and
youth; https://www.healthydietforhealthylife.eu/project/bi
omarkid). The main objective of BiomarKid was to char-
acterize metabolomic and proteomic signatures of dietary
patterns, physical activity, sedentary behaviour, and sleep
and their interactions using omics approaches. For the pres-
ent analysis, we used data from visits at ages ~ 5.5 and ~ 8
years, based on the availability of both dietary and metabo-
lomic data at each timepoint. The analyses were conducted
cross-sectionally using the two timepoints.


https://www.healthydietforhealthylife.eu/project/biomarkid
https://www.healthydietforhealthylife.eu/project/biomarkid
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Dietary data

Three-day food records were used to capture dietary intake
of children, completed by caregivers at several timepoints
from ages 2 to 8 years. Information on procedures for
assessing dietary intake was published [21].

For the DP analysis, the food items were classified based
on their nutritional profile and level of food processing into
29 major food groups [18]. An exploratory factor analysis
was applied to dietary data at 2 years, and three different DP
were identified. The first one was labelled as “Core foods”
DP (CORE), characterized by high consumption of vege-
tables, fruits, fish, olive oil, white and red meat. The sec-
ond was named “Animal protein sources” DP (PROT), as
it was positively loaded by white and processed meat, fish,
eggs, flavoured milk, vegetables and snacks. The third was
labelled “Poor-quality fats and sugars” DP (F&S), as it was
characterized by high consumption of saturated spreads,
such as butter, added sugars, and fruit juices and soft cheese,
and negatively loaded for olive oil and fish. The three DPs
were extracted at several timepoints until 8 years and were
consistently identified across all timepoints. There were
minor differences in factor loadings and the contribution
of specific food groups across ages, but the overall struc-
ture and interpretation of these three DPs were remarkably
stable throughout childhood [18]. To enable longitudinal
assessment of adherence to the same dietary patterns across
childhood, pattern coefficients derived at 2 years were
applied at subsequent timepoints. This approach was chosen
to ensure comparability of dietary pattern scores over time,
as age-specific patterns would not be directly comparable
across repeated assessments. Additional information on fac-
tor loadings can be found elsewhere [15]. Each participant
received an adherence score for each DP at the respective
timepoints (5 and 8 years).

The dietary intake was converted into nutrients (carbohy-
drates, sugars, fats, proteins, fibre) using a Nutrcalc software
[21], based on BLS II.3 food composition [22]. In addition,
protein was categorized as animal (other than dairy), dairy
and plant protein; fats were categorized as healthy fats (from
olive oil, nuts, and fish) or unhealthy fats (sum of processed
and animal fats). Processed fats were those from bakery
products, butter, and pastries; animal fats were those from
meat, eggs, and dairy (Supplementary Material 1).

Metabolite profiling

Blood samples were collected in ethylenediaminetetraace-
tic acid (EDTA) tubes at the ages of 5.5 and 8 years, cen-
trifuged and stored at study centres at — 70 °C and — 80
°C, respectively. Fasting of at least 6 h was intended but
was not always possible, particularly in Germany, and the

participant’s fasting status was recorded. Plasma metabo-
lites were quantified at the Dr. von Hauner Kinderspital
(Ludwig-Maximilians-University, Munich at the Depart-
ment of Paediatrics, Children’s Hospital), using targeted
mass-spectrometry (MS)-based metabolomics. A detailed
description of biological sample preparation, instruments
and analysis protocols used was published by Kirchberg
et al. [23], and information about annotation, labelling and
quantification was provided in Supplementary Material 2.
Samples from ages 5.5 and 8 years were measured sepa-
rately at their times of availability. Measurements were per-
formed in six batches per each platform and timepoint. Each
batch contained at least six quality control (QC) samples
and four samples of human control plasma (CP) at two dif-
ferent dilutions (CP-I and CP-II) from RECIPE (Munich,
Germany). Exception was flow-injection analysis—mass
spectrometry (FIA-MS/MS) platform, where CP samples
were not measured. Metabolomics data QC was performed
as detailed in the Supplementary material. After QC, 272
and 258 metabolites remained at 5.5 and 8 years, respec-
tively. Missing values were imputed separately for the two
timepoints employing R-package missForest (version 1.5)
[24], which uses a random forest approach. For analyses in
this study, the 236 metabolites from both timepoints were
used. A set of 42 metabolite ratios and 48 sums linked to
specific enzymatic or other biological functions previously
reported [25] were calculated and was added to the dataset
(Supplementary Material 1). All metabolite variables were
log2-transformed and scaled separately per timepoint.

Statistical analysis

Associations between DP, food groups and nutrients with
individual metabolite levels were analysed by linear mixed
models (LMM), adjusting for sex, energy intake (kcal/
day), body mass index (z-score) [26], season and age
(visit), while subject and country (Germany, Belgium, Italy,
Poland, or Spain) were included as random effects. All
numerical covariates were scaled for the analysis. To con-
trol for LMM multiple testing, p-values were adjusted by
the Benjamini-Hochberg false discovery rate (FDR) correc-
tion (q < 0.05). Ratio and sum associations were considered
informative beyond the individual metabolite associations
only if the p-value for the ratio or sum was lower than the
smallest p-value observed for the single metabolites (p-gain
= min (p-values of single metabolites contained in ratio (or
sum))/ p-value (ratio (or sum)) > 1) [27]. Sensitivity analy-
sis was conducted by fitting separate LMMs to the 5.5-year
and 8-year data, excluding subject as random effect and
age as fixed effect in the models. Differences in beta esti-
mates were tested using Wald z-tests. In addition, Pearson
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correlation between beta estimates of the two timepoints
was calculated.

The relationship between DP and groups of correlated
metabolites was examined using metabolite set enrichment
analysis (MSEA). Metabolites were first grouped via hierar-
chical clustering based on their Pearson correlation matrix.
To perform clustering, a dissimilarity matrix was derived as
1 — correlation, and hierarchical clustering was conducted
using complete linkage. The dendrogram was visually
inspected to select a cut height that balanced cluster size
with biological plausibility. A cut height of 0.8 resulted in
39 metabolite groups, of which 23 contained at least three
metabolites and were included in the MSEA. Using the
assignments of metabolites to these groups to define metab-
olite sets and the metabolite § estimates from the LMM with
DP described above, the MSEA was performed applying the
fasea R package (version 1.30.0) the MSEA [28] with 1000

Table 1 Sample population characteristics

Timepoint 5.5 years ~ Timepoint 8 years

(+ 1 month) (£ 1 month)

Sample n 294 283
Age (years) 5.51[5.49, 5.54] 8.03 [7.99, 8.07]
Sex n (%) girls 153 (52.0) 142 (50.2)
Fasting n (%) 275 (94.2) 262 (93.2)
Country n (%)

Germany 16 (5.4) 19 (6.7)

Belgium 35(11.9) 24 (8.5)

Italy 118 (40.1) 60 (21.2)

Poland 50 (17) 74 (26.1)

Spain 75 (25.5) 106 (37.5)
Season n (%)

Winter 66 (22.6) 88 (31.2)

Spring 74 (25.3) 83 (29.4)

Summer 66 (22.6) 45 (16)

Fall 86 (29.5) 66 (23.4)
BMI (kg/m?) 15.64 [14.72,16.82] % 16.55 [15.06,

18.2]

BMI (z-score)

Energy intake (kcal/

day)
Protein (g/day)

Fat (g/day)

Carbohydrates (g/day)

Dietary fibre (g/day)
CORE (z-score)
PROT (z-score)
F&S (z-score)

0.24 [- 0.38,0.96] *
1396 [1227, 1568]

50.93 [42.52, 58.78] "
53.46 [44.25, 62.18] "

174.94 [148.71,
204.0171"

9.64 [7.34, 11.69] *
0.51 [-0.05,1.14] ¥
0.02 [~ 0.53,0.49] *
-0.12[-0.55,0.68] *

0.44 [~ 0.43,1.29]
1617 [1420, 1769]

59.99 [51.08,
71.29]

65.29 [54.29,
75.91]

192.11 [167.18,
221.63]

11.72 [9.52, 13.99]
0.89[0.20, 1.66]
0.32 [~ 0.30, 0.93]

~0.03 [~ 0.64,
1.02]

Age: at blood collection; BMI: body mass index; CORE: core foods
dietary pattern; PROT: animal protein sources dietary pattern; F&S:
poor quality fats and sugars dietary pattern; *data was collected at
6 years; "data was collected at 5 years; numerical variables were
expressed as median [25th percentile, 75th percentile]
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permutations. The analysis yielded a normalized enrich-
ment score (NES) for each metabolite group, indicating the
enrichment of metabolites in the group in the association
results. A high and positive NES indicates that metabolites
from this group are enriched (e.g., concentrated) at the top of
the metabolite list ranked by B estimate, suggesting they are
more abundant in individuals with stronger adherence to the
DP. Conversely, a negative NES indicates that metabolites
of the respective group are enriched in the associations with
negative effect directions, suggesting that these metabolites
tend to be less abundant with stronger adherence to the DP.
NES values were adjusted by group size to account for dif-
ferences in the metabolite group composition. Statistical
significance of a NES was determined using a permutation-
based approach. P-values were adjusted for multiple-testing
with Benjamini-Hochberg. All statistical analyses were per-
formed using R (version 4.4.0).

Ethics

The study was conducted in accordance with the Dec-
laration of Helsinki [29] and the standards of good clini-
cal practice [30]. Ethics committees at each study centre
approved the BiomarKid study protocol (IISPV 095/2022,
LMU Ethik-Kommission-Nr: 02070 & Project Nr: 555 — 15
UMIL 0009763, CHC Liege 13/48/671, CHMI n°682).

Results
Participant’s characteristics

We included 421 children at ages 5.5 and 8 years from the
EU CHOP study with dietary intake and metabolite data
available. Of these, 156 children had data from both time-
points. Main characteristics are presented in Table 1.

Metabolites associated with DP

A total of 48 out of the 236 metabolites quantified in 577
blood samples were significantly associated with at least
one of the three DPs. Specifically, 23, 18, and 12 metabo-
lites were associated with the CORE, PROT and F&S DP in
the LMM, respectively (p<0.05) (Table 2). Although indi-
vidual metabolite associations did not generally remain sig-
nificant after FDR correction, several associations showed
consistent biological patterns across multiple related metab-
olites, metabolite ratios, and enrichment analyses.

Among the 23 metabolites associated with CORE, 12
metabolites were phosphatidylcholines (PCs), many of
which contained docosahexaenoic acid (DHA, C22:6)
as one of the two fatty acid sidechains [31]. PCs with



251

Page 5 of 13

(2026) 65:251

European Journal of Nutrition

urpeAwoguryds (NS {[AN[e-[Aoe aurjoysjAprieydsoyd :ae D {[Aoeip aurjoyojApneydsoyd :ee H{ ({(JAoe) surjoyojApneydsoydosA] :e D41 ‘QunuresjAousuou ():6D)
‘ounuresjLojwed (:91) QUITUIBO[AOUDIPROAP Z:01D PIoe A1e] 001 1y ‘onjea-d paysnlpe o1er A10A00s1p as[e] :b ‘onjea-d :d {[opowr pax1w Jeaul] oy} WOIJ JUIIIJI0D UOISSIITOI POjeuInso
‘urayyed A1ejarp siedns pue syey Ajjenb 1ood 929, ‘urejred Arejarp sooinos urejold jewtue ;] OYd ‘uloied Arejarp spooj 2100 (0D (500 > b 10 d) jueoyruSis A[jeonsne)s are pjoq ur sanjep

7980 PLED 9S00 8660 8860 1000— 8650 6700 CII'0 LbLS UMOWUN STLO 6S1'0 T600— T660 6760 £000— 80v0 TIOO  SEI'0 9:8€D €8 Dd
€690 980°0 LOI'0O— €0S'0 0£0°0 €I1'0— S$860 €060 9000 — S¥89 UMOWNUN 8TLO ¥91'0 LLOO— L9L'O 1TTO T00— 6¥SO €400 101°0— €:8€D v Od
6680 16v°0 1400 6960 TSL'O SI00— 0810 TO0°0 LiI'0— S099 UMOWNUN [L9°0 1110 160°0— 980 9140  THO'0 SPED 80070 6510 0:8€D €8 Dd
6960 I8L0  SI00 €860 ¥88°0  LOO0 ¥SK'O 6100  TII'0 CTWOINS 8L60 THS'0 €100— €60 LI90 8200 6vSO THO0  TII'O 0:9€D 8 Dd
0€6'0 9650 €€00— I1€60 TO90  LTOO 6vF0 8100  HTI'0 TTWOWS T060 TISO 1400— O0ES0 9€0°0 601°0— €€60 LI9O 9200 €:7€D ve Od
1060 SOS0 PPO0— 6980 S6E0  9Y0°0 LSEO 0100  SEI°0 I:TPD NS TL8'0 TOP'0 1S0°0— €LV'0 TTO0 111°0— T99'0 +01'0 6L0°0— 1:7€D ¥8 Od
ELY'0 €T0°0 E€P10— PS80 LEVO I¥00— 6€8°0 LIEO  1S0°0 LIPDINS $98°0 6LE0 8S0°0— €LV'0 €20°0 TTI'0— I18T0 S00°0 0SI0— 0:0€D 8 Dd
7850 SSO0 080°0— €760 SLSO  9T00 CTISO TEO'0 96070 TOPD NS €9L°0 91T0  6V0°0 0PSO 8€0°0 660°0— TI60 SKL'O S10°0— 0:020 ®¢ Dd
TTS0 SE0°0 LTI0— THLO SSI'0 0LO0 0980 OLE0  LP0O 1:6€D NS ¥8F°0 STO0 OvI'0— 8L60 SS80 6000 0PSO 8€0°0 8010 9:770® 2d1
1190 1L0°0 TIT'0— 6ZC0 €000 6¥1°0— 2090 9900 160°0— TTEOWS 6¥S0 THO'0  6T1°0 9PL0 S6I0  990°0 6060 €ES0  TEOO 810 0d1
€060 YISO 1400— 8T60 6850 8200 L6Y'0 8T0°0  SII'0  9:0vDA®Dd 16L0 €STO  SLOO +OVO 1100 LEI'O— [L60 S6L°0 +10°0— 0:60
€660 6560 €000 09L°0 €I1TO SSO0— Ovv'0 LIOO  911°0 1:0vD 28 Dd €860 6L8°0 010°0— OPE0 800°0 SPI'0O— 1890 LII'0 S80°0— 0:910
S€6'0 0£9°0 1€0°0— 1LK0 1T0°0  ITI0 €40 €20°0  1TI'0  9:8€D°8Dd 0I¥'0 PI00 1910 SLL'O SETO 9900 SLLO E€ETO $90°0— 010
8L6'0 8¥8°0  TIO0 LISO PE0'0 6010 ¥88°0 6£4°0  0V00 $:9€D98Dd  €8¥°0 STO'0 OPI'0— 9560 0TLO 6100 ¥SL'O SOTO  L90°0 $:9¢ Vid
LT6'0 L8S0  €€0°0 II+'0 PIO0  STI'0 CE8'0 €I€0  TSO0  #9€D9®Dd L860 9160 SO00— TLTO $00'0 110 8080 0STO €400 €97 Vid
960 09,0 €10°0— 1560 9690 8100— 00S0 6700 TOI'0  ¥HED®Dd 1L80 00v'0 +SO0O— 8880 SPF'O  OKO0 89Y'0 12070  0T1'0 $:0T Vdd
1190 0L00  ¥II'0 91T0 €000 SSI'0 ¥E€6'0 9790  STOO €PEDDd 9960 69L°0 8100— ¥6r'0 LTOO 1110 SS6'0 ¥ILO 8100— T0T vdd
06L°0 1STO  TLO'O 6190 LLOO 0600 0SSO €p0°0 €010 THEDA DA 1S8°0 LSS0 8SO0— 6960 68L0  ¥I00 9950 0S0°0 6600 0:81 Vd
0170 $10°0 6SI°0— LSS0 9¥0°0 SOI'0O— OVL'0 $8I'0  0L00  0:¥€D°®Dd 80K0 €100 091'0— 6v60 889°0 1200— €60 8190 9200 1:S1 Vild
9L'0 €610 1L00 6vS0 THO'0 TOI'0— €8L°0 SPTO 6S0°0 - 1:97098 Dd 8560 ¥TLO 1700 TOS0 89T0  SSO'0 €50 LEOO  TOI'0 surmne],
S€6'0 0€9°0  STO0 TISO SE0'0  S60°0 1180 €8T0  TSO0  TIHPOBEDd 9950 0S0°0 6800 +EL0 ILI'0  €L0°0 8€8°0 9TE0 8y0°0— Pioe ddiprouriry-n
0760 ¥95°0  9€0°0 TISO TEO'0 <TI0 €660 8560 €000 9D ®EDd 8060 LTSO  8E00 1660 0v6'0 $000— 9950 6¥0°0 860°0 — aursoI]
€6v°0 LTO0 191°0— 9680 SLFO  6£0°0 6660 L660 0000 1:zpD e Dd L6V'0 8200 TEI'0 1S60 00L'0 0T00— 1860 ¥L80 80070 aukID
LI60 $SS0 8T00— SPL'O T61'0 $900— €€S°0 LEOO €01'0—  +OvDEEODd 11T0 2000 8810 8660 €660 0000 $0SO 0£0°0 O11°0— aurue]y
b a d b a d b d d b d d b d d b d d
S 10dd 2900 S®d 10dd 2900

dd Yam pajeroosse sj[oqeIdAl ¢ d|qeL

pringer

As



251 Page 6 of 13

European Journal of Nutrition (2026) 65:251

polyunsaturated fatty acids (PUFAs), such as PC aa C38:6,
PC ae C38:6 and PC ae C40:6, were higher in children with
greater CORE adherence.

In the case of PROT, most associated metabolites were
also PCs, showing notable positive associations with sev-
eral long-chain, polyunsaturated PCs (e.g., PC aa C43:6,
PC aa C44:12, PC ae C36:5) and negative associations with
shorter and saturated PCs (e.g., PC aa C20:0, PC aa C30:0,
PC aa C32:1). The F&S pattern showed the lowest number
of associated metabolites and the most diverse ones.

Five metabolites were associated with more than one DP
(Fig. 1). CORE and PROT were inversely associated with
PC aa C30:0 and directly associated with PC ae C38:6.
Opposite effect directions were observed for alanine and
LPC a C22:6 with the CORE and F&S. Higher adherence
to PROT and F&S were associated with lower levels of PC
ae C34:0.

Associations between DPs and metabolite sums and
ratios are presented in Table 3. After FDR correction, only

the ratio of PC aa C40:5/PC aa C40:6 was significantly
associated with CORE (p-gain: 3188.84). In contrast, this
ratio was positively associated with F&S (p-gain: 27.94).
The Fischer ratio (branched-chain AAs/aromatic AAs)
was positively associated with CORE (p-gain: 10.39) and
inversely with F&S (p-gain: 23.75). The ratio of long-chain
FFAs/very long chain FFAs was inversely associated with
PROT (p-gain: 1.81) and F&S (p-gain: 2.21). Ratio of PC aa
C38:3/PC aa C38:4 was negatively associated with CORE
(p-gain: 1.08), PROT (p-gain: 56.02) and F&S (p-gain:
4.01).

Metabolites associated with food groups and
nutrient intake

PCs containing PUFAs, such as PC aa C38:6, PC ae C38:6,
PC aa C40:6 and PC ae C40:6, were higher in children with
greater fish intake (Table 4).

PC aa C30:0
PC ae C38:6

E

19

Alanine ‘

LPC a C22:6

Fig. 1 Overview association results between metabolites and dietary
patterns (DPs). In total, 48 metabolites were associated with at least
one DP. Five metabolites were associated with more than one DP.
CORE: core foods dietary pattern, PROT: animal protein sources
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PC ae C34:0

dietary pattern; F&S: poor quality fats and sugars dietary pattern; LPC
a: lysophosphatidylcholine (acyl); PC aa: phosphatidylcholine diacyl;
PC ae: phosphatidylcholine acyl-alkyl
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Table 3 Sums and ratios associated with DP

CORE PROT F&S

B P q B )4 q § P q
Sums
Polyunsaturated acylcarnitines -0.072 0.176 0.738 —0.084 0.116 0.680  0.145 0.024  0.479
Ratios
Fischer ratio 0.118 0.009 0.380  0.030 0.551 0915 -0.106 0.013 0.409
Long chain FFAs/Very long chain FFAs —0.021 0.659 0942 —0.095 0045 0553 —0.115 0.050 0.566
C2/CO 0.107 0.042 0.549  0.024 0.643 0937 -0.077 0231 0.774
C2+C3/C0 0.108 0.040 0.542  0.023 0.665 0944 -0.077 0.229 0.772
C16+C18/C0 0.025 0.646 0938 —-0.152 0.005 0281 —0.052 0432 0.881
CO0/Acylcarnitine C16:0 0.026 0.633 0936 0.170 0.002 0.180  0.059 0372 0.861
Acylcarnitine C8:0/Acylcarnitine C16:0 —0.003  0.947 0992 0.110 0.028 0495 0.116 0.062  0.596
Monounsaturated PCs/Saturated PCs —-0.108  0.039 0.541  0.018 0.736  0.960  0.067 0.279  0.808
Polyunsaturated PCs/Monounsaturated PCs ~ 0.041 0.368 0.859  0.089 0.052  0.573  0.138 0.015  0.430
PC aa C36:3/PC aa C36:4 0.025 0.611 0932 -0.095 0.054 0581 —0.105 0.016 0.434
PC aa C38:3/PC aa C38:4 -0.109  0.039 0541 -0.150 0.004 0263 —0.127 0.041 0.545
PC aa C40:5/PC aa C40:6 -0.207 3.82x107°  0.016 —0042 0414 0875 0.136 0.020  0.463

Table includes metabolite sums and ratios significant at least with one DP (p< 0.05) and p-gain> 1. Values in bold are statistically significant (p
or q <0.05). CORE: core foods dietary pattern; PROT: animal protein sources dietary pattern; F&S: poor quality fats and sugars dietary pattern;
B: estimated regression coefficient from the linear mixed model; p: p-value; q: false discovery rate adjusted p-value; Fischer ratio: branched-
chain amino acids (AAs)/aromatic AAs; FFAs: free fatty acids; C2/CO0: acetylcarnitine/free carnitine; C2+C3/C0: acetyl- and propionyl-car-
nitines/free carnitine; C16+C18/C0: palmitoylcarnitine +stearoylcarnitine/ free carnitine; C0/ C16:0: free carnitine/ palmitoylcarnitine; C8:0/
C16:0: octanoylcarnitine/palmitoylcarnitine; PC: phosphatidylcholine; PC aa: phosphatidylcholine diacyl

Specifically, PC ae C38:6 was directly associated with
total protein, animal protein, healthy fats, and indirectly
associated with carbohydrates. PC ae C36:4 and PC ae
C36:5 showed a similar pattern, as they were positively
associated with protein and animal protein intake and nega-
tively associated with carbohydrates. In contrast, PC aa
C30:0 was indirectly associated with animal protein and
directly associated with total sugar and dairy protein.

LPC a C22:6 was associated with healthy fats intake, and
alanine was associated with both total sugar and healthy
fats.

The ratio of PC aa C40:5/PC aa C40:6 was significantly
associated with healthy fats (p-gain: 114.77), fish consump-
tion (p-gain: 7160.98), and the olive oil and olives food
group (p-gain: 938.30).

The Fischer ratio (branched-chain AAs/aromatic AAs)
was positively associated with healthy fats, (p-gain: 854.90)
and inversely with total sugar consumption (p-gain: 738.64).

There were positive associations between LPC a C16:0,
LPC a Cl16:1, and LPC a C18:0 with the grain’s food group,
which included both wholemeal and refined cereals. The
LPCs/PCs ratio was also positively associated with grains,
providing more information than each LPC alone (p-gain:
38.05).

PC aa C32:1 and PC ae C34:0 were positively associ-
ated with milk and yogurt food group, while the ratio of
polyunsaturated PCs/monounsaturated PCs was negatively
associated (p-gain: 143.34). LPC e C16:0 was positively
associated with dairy protein, as were two SMs, SM C32:1

and SM C39:1. Conversely, the ratio of polyunsaturated
FFAs/saturated FFAs was negatively associated with dairy
protein (p-gain: 506.04).

Metabolites related to tricarboxylic acid cycle were nega-
tively associated with processed meat (p-gain: 4.42), espe-
cially the pyruvic acid.

Sensitivity analysis

Sensitivity analyses conducted separately at 5.5 and 8 years
showed overall directional consistency of effect estimates
across the two timepoints. Several key associations, includ-
ing those involving fish-related phosphatidylcholines and
the PC aa C40:5/PC aa C40:6 ratio, were observed at both
ages. These findings suggest that the identified metabolomic
patterns are not driven by a single measurement occasion
and support the internal consistency of the results (Supple-
mentary Material 2). All significant associations between
metabolites, sums, and ratios with dietary data at each
timepoint are presented in Supplementary Material 3. For
instance, PC ae C40:6 was positively associated with fish
consumption at 5.5 years, and a comparable trend was seen
at 8§ years, although it did not reach statistical significance.
Similarly, the ratio PC aa 40:5/PC aa C40:6 was negatively
associated with fish intake at both timepoints, and the stron-
ger estimate was observed at 5.5 years as well (f=-0.459
vs. p=-0.168; p=6.01 x 10~*). There were also associations
observed at only one timepoint, such as PC aa C30:0, which
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Table 4 Metabolites associated with food groups and nutrient intake
Metabolite B p q Metabolite B p q

Carbohydrates ~ PC aa C38:0 —0.276 9.64x107 0.030 Ani- FFA26:4 -0.199 540x107° 0.021
PC ae C36:4 -0.318 1.99x107° 0.011 mal ~ PCaaC30:0 -0.174 1.17x107  0.147
PC ae C36:5 -0292 1.07x107* 0.032 Protein pc a, C38:0 0.189  1.78x107* 0.046
PC ae C38:6 —-0.346 7.03x107° 0.005 PC ae C34:2 0.221 1.51x107°  0.009
SM C41:1 -0.284 1.85x107* 0.047 PC ae C36:3 0208  5.76x107°  0.021
SM C41:2 —0.305 6.44x107 0.021 PC ae C36:4 0301  5.30x107° <0.001

Total sugar Alanine 0.194  2.92x107* 0.064 PC ae C36:5 0.309 230x107° <0.001
Fischer ratio —-0.188 3.21x107* 0.065 PC ae C38:5 0230  6.78x10°% 0.005
PC aa C30:0 0.163  3.09x1073 0.232 PC ae C38:6 0271  291x1077 0.001

Grains LPCa Cl16:0 0210  5.76x107° 0.005 PC ae C34:2/PCaa C32:2 0232  1.09x107° 0.002
LPCaCl6:1 0.193  227x107 0.011 Fish  PCaaC38:6 0211  2.72x10°%  0.004
LPCa C18:0 0.186  9.69x107° 0.030 PC aa C40:6 0221  5.11x107  0.001
LPC/PC 0225  6.43x1077 0.002 PC ae C38:6 0.180  6.17x107°  0.021

Healthy fats Alanine -0.196 631x107* 0.097 PC ae C40:0 0.208  3.77x10°%  0.004
Fischer ratio 0.171 1.41x107* 0.040 PC ae C40:6 0.171 1.05x10™*  0.032
LPCa C22:6 0231  6.30x107° 0.021 PC aa C40:5/PC aa C40:6 —0.278 1.00x107'° <0.001
PC aa C38:6 0256  2.13x107° 0.011 Pro-  Pyruvic acid —0.158 1.34x10* 0.038
PC ae C38:6 0.221 1.96x107* 0.048 cessed TCA cycle -0.173 3.03x10°  0.013

meat

PC ae C40:6 0220 1.57x107* 0.043 Dairy LPCe C16:0 0.192  2.64x107°  0.012
PC aa C40:5/PC aa —0.232 2.28x107 0.011 protein PC aa C30:0 0.159  7.44x107% 0.108
C40:6

Olive oil olives PC aa C40:5/PC aa -0.202 1.71x107* 0.045 Polyunsaturated FFAs/ -0.169 1.96x107™* 0.048
C40:6 Saturated FFAs

Processed food FFA 15:1 -0.197 1.11x107* 0.032 SM C32:1 0.170  5.54x107°  0.021

fats

Protein PC ae C36:4 0.333  1.30x107% 0.002 SM C39:1 0.188  5.74x107°  0.021
PC ae C36:5 0.338  9.49x1077 0.002 Milk PCaaC32:1 0.174  3.76x107°  0.016
PC ae C38:6 0.329  3.81x107° 0.004 yogurt PC ae C34:0 0.201 1.49x107°  0.009
PC ae C34:2/PC aa 0266 2.15x107° 0.011 Polyunsaturated PCs/ —0.150 1.48x107* 0.041
C32:2 Monounsaturated PCs

Values in bold indicate g-values < 0.05. B: estimated regression coefficient from the linear mixed model; p: p-value; q: false discovery rate
adjusted p-value; PC aa: phosphatidylcholine diacyl; PC ae: phosphatidylcholine acyl-alkyl; SM: sphingomyelin; Fischer ratio: branched-chain
AAs/aromatic AAs; LPC a: lysophosphatidylcholine (acyl); FFA: free fatty acid; TCA cycle: tricarboxylic acid cycle

was indirectly associated with PROT exclusively at 8 years

(B=-0.223, p=0.002).

Metabolite groups enriched in associations with DP

Eight of the 23 metabolite groups included in MSEA (Sup-
plementary Material 4) were significantly enriched for the
associations with at least one DP (Fig. 2). CORE and F&S
showed opposite directions in their NES for seven of the
eight metabolite groups. In contrast, PROT did not follow
such a consistent pattern.

A group of urea cycle and pyruvate-linked AAs (e.g., ala-
nine, ornithine, threonine) showed a significant enrichment
in inverse associations with CORE and a positive associa-
tion with F&S. The same trends were seen with the essen-
tial AAs group (e.g., histidine, isoleucine, leucine), but the
enrichment for positive associations with the F&S was not
significant.

@ Springer

Both PROT and CORE were inversely associated with
metabolites enriched for a group of medium and long diacyl
chain PCs (e.g., PC aa C30:0, PC aa C36:1, PC aa C40:4).
A group of PCs with high abundance of saturated and
monounsaturated FAs (e.g., PC aa C36:0, PC aa C38:1, PC
ae C40:1) and a group of even-chain acyl SMs (e.g., SM
C34:1, SM C36:2, SM (C42:1) were significantly enriched
in positive associations with CORE.

A group of polyunsaturated PCs containing DHA (e.g.,
PC aa C38:6, PC aa C40:6, PC ac C40:6) and a group of
long to very long chain FFAs (e.g., FFA 16:3, FFA 18:1, FFA
24:0) were enriched in positive associations with PROT.
F&S was inversely associated with metabolites enriched for
groups of long and very long chain FFAs (e.g., FFA 14:0,
FFA 16:0, FFA 22:1) and odd-chain acyl SMs (e.g., SM
C32:1, SM C33:1, SM C35:1).
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Essential AAs ‘ O
Urea cycle and pyruvate-linked AAs ‘ ‘

Medium and long diacyl chain PCs ‘

Saturated and monounsaturated PCs
Polyunsaturated acyl chain (including DHA) PCs

Long and very-long chain FFAs ‘
0Odd-chain acyl SMs ‘

Even-chain acyl SMs

Fig. 2 Metabolite set enrichment analysis of metabolite groups related
to dietary patterns (DPs). CORE: core foods dietary pattern. PROT:
animal protein sources dietary pattern. F&S: poor quality fats and
sugars dietary pattern. The size of the circles represents the -log10-

Discussion

This study provides novel insights into metabolomic sig-
natures associated with DPs in childhood, using targeted
metabolomics and a comprehensive approach to study
dietary assessment intake. We identified specific metabo-
lites and metabolite clusters associated with three distinct
DPs in children aged 5.5 and 8 year, suggesting that metabo-
lite profiles could reflect habitual dietary intake.

A key consideration when interpreting our findings is the
high-dimensional nature of metabolomics data. As expected,
most individual metabolite associations did not remain sta-
tistically significant after FDR correction. Therefore, our
conclusions are not based on isolated metabolite findings
but rather on the consistency of signals observed across sev-
eral complementary analytical approaches, including indi-
vidual metabolite analyses, metabolite ratios, metabolite set
enrichment analyses, food-group analyses, and sensitivity
analyses across two childhood timepoints. The convergence
of evidence across these analytical levels increases confi-
dence that the reported associations reflect biologically
meaningful dietary signatures rather than random statistical
fluctuations.

Our findings reveal interesting associations between
DHA-containing PCs and a CORE foods DP (a dietary pat-
tern considered healthy and characterised by fish intake,
among others). Importantly, these results are consistent with

Dietary pattern:

O @® CORE

O ‘ PROT

F&S

Adjusted p-value:

@ r<005
O QO p>00s

O o

-1 0 1 2

Normalized enriched score (NES)

transformed p-values, with larger cycles indicating higher statistical
significance. AAs: amino acids; PCs: phosphatidylcholines; FFAs: free
fatty acids; SMs: sphingomyelins

previous report [13], further supporting their robustness.
For instance, PC ae C38:6 (associated with CORE) has been
previously associated with fish intake and negatively with
sweets and bakery products [13]. The main dietary sources
of PCs are choline-rich foods, such as eggs, meat and fish
[32], as well as long-chain PUFAs containing DHA, which
are predominantly found in oily fish [33, 34]. Notably, PC
ae C38:6, together with PC aa C38:6 and PC ae C40:6, was
associated both with fish consumption and with DP that
included fish, reinforcing its value as a DP biomarker. In the
MSEA, the metabolite group of DHA-containing PCs was
associated with PROT rather than CORE, suggesting that
the overall enrichment signal was driven by the coordinated
behaviour of multiple metabolites within the set, many of
which were also strongly associated with animal protein
intake (e.g., PC ae C36:4, PC ae C36:5, PC ae C38:5 and
PC ae C38:6).

Importantly, several metabolites were not identified
solely through dietary pattern analyses but were consis-
tently associated with specific food groups and nutrients
expected to characterize those dietary patterns. This conver-
gence across different dietary exposure metrics supports the
biological plausibility of the findings and reduces the likeli-
hood that the observed associations are due to chance alone.

PCs play a critical role in regulating tissue functions
and energy metabolism, and variations in the FA compo-
sition of PC sidechains can lead to significant functional
differences in cellular processes [31]. For example, the
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docosapentaenoic acid (DPA)/DHA ratio at higher values is
considered to reflect an inflammatory status and has been
related with the risk of obesity and other noncommunicable
diseases [35]. In our study, PC aa C40:5/PC aa C40:6, which
presumably reflects DPA/DHA ratio, was negatively associ-
ated with CORE, fish intake and olive oil, usually consid-
ered cardioprotective [15, 17, 35, 36].

Interestingly, LPC a C22:6 exhibited contrasting asso-
ciations across dietary patterns, being positively associated
with CORE and negatively linked to F&S. This bidirectional
behaviour suggests that LPC a C22:6 may be a particular
informative biomarker, capable of differentiating adherence
to high-quality versus poor quality dietary patterns. Consis-
tent with our findings, a negative association between LPC a
C22:6 and a dietary pattern characterized by high consump-
tion of meat and fast food was observed in adults, although
this association was identified in the discovery phase and
was not replicated in the validation sample [37]. Notably,
higher circulating concentrations of LPC a C22:6 have pre-
viously been associated with a lower risk of incident type
2 diabetes in the PREDIMED study, supporting the poten-
tial relevance of this metabolite as a marker of favourable
metabolic health in adults [38]. Together, these observations
highlight LPC a C22:6 as a potentially informative metabo-
lite; however, further studies are needed to confirm its utility
as a robust biomarker of dietary quality across populations
and age groups.

Plasma alanine was positively associated with adherence
to F&S and inversely associated with CORE, consistent with
the MSEA and previous reports revealing trends to inverse
relationships with fruit intake [13] and a Mediterranean DP
[39]. The glucose—alanine cycle supports hepatic gluconeo-
genesis during fasting, and thus alanine levels reflect shifts
in energy substrate utilization [40]. Therefore, the higher
alanine concentrations observed with adherence to the F&S
could indicate impaired glucose handling and greater reli-
ance on gluconeogenesis, whereas the inverse association
with the CORE may reflect better metabolic efficiency.

Taurine showed a trend for a positive association with
CORE and with olive oil. While the underlying mechanisms
remain unclear, taurine has previously been inversely asso-
ciated with components of metabolic syndrome, suggesting
a potential protective role through antioxidant, anti-inflam-
matory, and endothelial-protective effects [41, 42].

In our study, a higher LPCs/PCs ratio, previously sug-
gested as a marker of enhanced phospholipase A, (PLA,)
activity and pro-inflammatory states [43], was found to
be associated with grain intake. Previous studies have
also reported that consumption of refined grains increases
PLA, activity, whereas their substitution with whole grains
reduces it and may improve glycaemic status [43]. Given
the low consumption and limited variability of whole grain
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intake in our cohort, they were included within the over-
all grains category, which was predominantly composed of
refined grains [18]. Thus, our finding on higher LPCs/PCs
ratio associated with greater grains intake aligns with the
existing literature.

Strengths and limitations

Strengths of our study include a well-characterised, mul-
ticentre European paediatric cohort and the consideration
of several confounders, which enhances the validity of our
results. Furthermore, the analyses across two childhood
timepoints, examining both individual metabolites and
metabolite groups consistently associated with diet, support
the internal consistency of the observed associations, as evi-
denced by the sensitivity analyses. The high dimensionality
of metabolomics data relative to the sample size represents
an important limitation. Although multiple-testing correc-
tion was applied throughout the analyses, most individual
metabolite associations did not survive FDR adjustment and
should therefore be interpreted as exploratory. Nevertheless,
confidence in the findings is supported by several observa-
tions: (i) consistency across two childhood timepoints, (ii)
concordant findings across individual metabolites, metabo-
lite ratios, and metabolite set enrichment analyses, and (iii)
biological coherence with known dietary sources and previ-
ously reported biomarkers. Independent replication in exter-
nal cohorts remains necessary before these associations can
be considered definitive biomarkers of dietary patterns.
Generally, we could corroborate that associations between
metabolites and DPs were also consistently observed at the
level of food groups and nutrients characterising those DPs.
This multi-layered consistency strengthens the interpreta-
tion of our findings. Identifying associations across these
different levels of dietary interpretation is key to uncovering
robust and biologically meaningful relationships.
Adherence scores at ages 5.5 and 8 years were based on
dietary patterns extracted at 2 years. While this approach
ensured comparability of DPs scores across childhood, it
may not have fully captured age-related changes in dietary
behaviours and pattern composition. However, this strategy
was chosen to enable longitudinal assessment of adher-
ence to stable dietary patterns previously identified within
the CHOP cohort, rather than deriving age-specific patterns
that would not be directly comparable across timepoints.
Previous analyses demonstrated that these dietary patterns
remained largely consistent from 2 to 8 years of age and
were associated with subsequent cardiometabolic outcomes.
The use of targeted metabolomics and measurements
obtained at two timepoints across different analytical
batches could have led to the exclusion of metabolites that
could serve as potential biomarkers for diet and DP, thus
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overlooking certain aspects of metabolism. Although sam-
ple collection was standardized, some samples were not
obtained under fasting conditions; this potential confound-
ing effect was addressed by adjusting for country in the
statistical analyses, as all non-fasting samples were from
Germany. Nonetheless, biases in the interpretation of results
cannot be ruled out.

Conclusion

Distinct metabolites and metabolite groups were associ-
ated with adherence to specific dietary patterns in children,
reflecting underlying nutritional exposures. The opposing
metabolic signatures observed between the “Core foods”
and “Poor-quality fats and sugars” patterns suggest that
metabolomics can sensitively differentiate between health-
promoting and adverse dietary behaviours. These findings
provide exploratory evidence that metabolomic profiling
may help characterize adherence to dietary patterns dur-
ing childhood. The consistency observed across metabolite
classes, enrichment analyses, and dietary components sug-
gests biologically meaningful signatures. However, inde-
pendent validation is required before these metabolites can
be considered robust biomarkers of dietary patterns. Further
research should aim to validate these findings and evalu-
ate the identified metabolites as potential biomarkers of diet
and health outcomes in other paediatric cohorts.

Supplementary Information The online  version  contains
supplementary material available at https://doi.org/10.1007/s00394-0
26-04098-1.
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