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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 (β = 0.108, p = 0.038, q = 0.539; β=− 0.140, p = 0.025, q = 0.484, respectively). The ratio PC aa 
C40:5/PC aa C40:6 was negatively associated with CORE (β=− 0.207, p = 3.81 × 10− 5, q = 0.016) and positively with F&S 
(β = 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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MSEA	� Metabolite set enrichment analyses
LPC a	� Lysophosphatidylcholine (acyl)
β	� Estimated regression coefficient from the 

linear mixed model
p	� p-value
PC aa	� Diacyl-phosphatidylcholine
q	� Adjusted p-values by Benjamini-Hochberg 

Abbreviations
BiomarKid	� Biomarker signatures of diet, physical activ-

ity and sleep in children and youth
DP	� Dietary pattern
CORE	� Core foods dietary pattern
PROT	� Animal protein sources dietary pattern
F&S	� Poor-quality fats and sugars dietary pattern
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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 ae	� Acyl-alkyl-phosphatidylcholine
SM	� Sphingomyelin
Fischer ratio	� Branched-chain AAs / aromatic AAs
AA	� Amino acid
C2/C0	� Acetylcarnitine / free carnitine
C2 + C3/C0	� Acetyl- and propionyl-carnitines / free 

carnitine
C16 + C18/C0	�Palmitoylcarnitine + stearoylcarnitine/ free 

carnitine
C0/C16:0	� Free carnitine / palmitoylcarnitine
C8:0/C16:0	� Octanoylcarnitine / palmitoylcarnitine
TCA cycle	� Tricarboxylic acid cycle
DPA	� Docosapentaenoic acid
PLA₂	� Phospholipase A₂

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], 

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; ​h​t​t​​p​s​:​/​​/​w​w​​w​.​h​​e​a​l​t​h​y​d​i​e​t​f​o​r​h​e​a​l​t​h​y​l​i​f​e​.​e​u​/​p​r​o​j​e​c​t​/​b​i​
o​m​a​r​k​i​d​​​​​)​. 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 β estimates from the LMM with 
DP described above, the MSEA was performed applying the 
fgsea R package (version 1.30.0) the MSEA [28] with 1000 

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 β 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 

Table 1  Sample population characteristics
Timepoint 5.5 years
(± 1 month)

Timepoint 8 years
(± 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/m2) 15.64 [14.72, 16.82] # 16.55 [15.06, 

18.2]
BMI (z-score) 0.24 [− 0.38, 0.96] # 0.44 [− 0.43, 1.29]
Energy intake (kcal/
day)

1396 [1227, 1568] * 1617 [1420, 1769]

Protein (g/day) 50.93 [42.52, 58.78] * 59.99 [51.08, 
71.29]

Fat (g/day) 53.46 [44.25, 62.18] * 65.29 [54.29, 
75.91]

Carbohydrates (g/day) 174.94 [148.71, 
204.01] *

192.11 [167.18, 
221.63]

Dietary fibre (g/day) 9.64 [7.34, 11.69] * 11.72 [9.52, 13.99]
CORE (z-score) 0.51 [− 0.05, 1.14] * 0.89 [0.20, 1.66]
PROT (z-score) 0.02 [− 0.53, 0.49] * 0.32 [− 0.30, 0.93]
F&S (z-score) − 0.12 [− 0.55, 0.68] * − 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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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).

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 

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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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 C16:1, 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 (β=-0.459 
vs. β=-0.168; p = 6.01 × 10− 4). There were also associations 
observed at only one timepoint, such as PC aa C30:0, which 

Table 3  Sums and ratios associated with DP
CORE PROT F&S
β p q β p q β 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 0.915 − 0.106 0.013 0.409
Long chain FFAs/Very long chain FFAs − 0.021 0.659 0.942 − 0.095 0.045 0.553 − 0.115 0.050 0.566
C2/C0 0.107 0.042 0.549 0.024 0.643 0.937 − 0.077 0.231 0.774
C2 + C3/C0 0.108 0.040 0.542 0.023 0.665 0.944 − 0.077 0.229 0.772
C16 + C18/C0 0.025 0.646 0.938 − 0.152 0.005 0.281 − 0.052 0.432 0.881
C0/Acylcarnitine C16:0 0.026 0.633 0.936 0.170 0.002 0.180 0.059 0.372 0.861
Acylcarnitine C8:0/Acylcarnitine C16:0 − 0.003 0.947 0.992 0.110 0.028 0.495 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 0.932 − 0.095 0.054 0.581 − 0.105 0.016 0.434
PC aa C38:3/PC aa C38:4 − 0.109 0.039 0.541 − 0.150 0.004 0.263 − 0.127 0.041 0.545
PC aa C40:5/PC aa C40:6 − 0.207 3.82 × 10− 5 0.016 − 0.042 0.414 0.875 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; 
β: 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/C0: 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
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was indirectly associated with PROT exclusively at 8 years 
(β=-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.

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 ae 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).

Table 4  Metabolites associated with food groups and nutrient intake
Metabolite β p q Metabolite β p q

Carbohydrates PC aa C38:0 − 0.276 9.64 × 10−5 0.030 Ani-
mal 
protein

FFA 26:4 − 0.199 5.40 × 10−5 0.021
PC ae C36:4 − 0.318 1.99 × 10−5 0.011 PC aa C30:0 − 0.174 1.17 × 10−3 0.147
PC ae C36:5 − 0.292 1.07 × 10−4 0.032 PC aa C38:0 0.189 1.78 × 10−4 0.046
PC ae C38:6 − 0.346 7.03 × 10−6 0.005 PC ae C34:2 0.221 1.51 × 10−5 0.009
SM C41:1 − 0.284 1.85 × 10−4 0.047 PC ae C36:3 0.208 5.76 × 10−5 0.021
SM C41:2 − 0.305 6.44 × 10−5 0.021 PC ae C36:4 0.301 5.30 × 10−9 < 0.001

Total sugar Alanine 0.194 2.92 × 10−4 0.064 PC ae C36:5 0.309 2.30 × 10−9 < 0.001
Fischer ratio − 0.188 3.21 × 10−4 0.065 PC ae C38:5 0.230 6.78 × 10−6 0.005
PC aa C30:0 0.163 3.09 × 10−3 0.232 PC ae C38:6 0.271 2.91 × 10−7 0.001

Grains LPC a C16:0 0.210 5.76 × 10−6 0.005 PC ae C34:2/PC aa C32:2 0.232 1.09 × 10−6 0.002
LPC a C16:1 0.193 2.27 × 10−5 0.011 Fish PC aa C38:6 0.211 2.72 × 10−6 0.004
LPC a C18:0 0.186 9.69 × 10−5 0.030 PC aa C40:6 0.221 5.11 × 10−7 0.001
LPC/PC 0.225 6.43 × 10−7 0.002 PC ae C38:6 0.180 6.17 × 10−5 0.021

Healthy fats Alanine − 0.196 6.31 × 10−4 0.097 PC ae C40:0 0.208 3.77 × 10−6 0.004
Fischer ratio 0.171 1.41 × 10−4 0.040 PC ae C40:6 0.171 1.05 × 10−4 0.032
LPC a C22:6 0.231 6.30 × 10−5 0.021 PC aa C40:5/PC aa C40:6 − 0.278 1.00 × 10−10 < 0.001
PC aa C38:6 0.256 2.13 × 10−5 0.011 Pro-

cessed 
meat

Pyruvic acid − 0.158 1.34 × 10−4 0.038
PC ae C38:6 0.221 1.96 × 10−4 0.048 TCA cycle − 0.173 3.03 × 10−5 0.013

PC ae C40:6 0.220 1.57 × 10−4 0.043 Dairy 
protein

LPC e C16:0 0.192 2.64 × 10−5 0.012
PC aa C40:5/PC aa 
C40:6

− 0.232 2.28 × 10−5 0.011 PC aa C30:0 0.159 7.44 × 10−4 0.108

Olive oil olives PC aa C40:5/PC aa 
C40:6

− 0.202 1.71 × 10−4 0.045 Polyunsaturated FFAs/
Saturated FFAs

− 0.169 1.96 × 10−4 0.048

Processed food 
fats

FFA 15:1 − 0.197 1.11 × 10−4 0.032 SM C32:1 0.170 5.54 × 10−5 0.021

Protein PC ae C36:4 0.333 1.30 × 10−6 0.002 SM C39:1 0.188 5.74 × 10−5 0.021
PC ae C36:5 0.338 9.49 × 10−7 0.002 Milk 

yogurt
PC aa C32:1 0.174 3.76 × 10−5 0.016

PC ae C38:6 0.329 3.81 × 10−6 0.004 PC ae C34:0 0.201 1.49 × 10−5 0.009
PC ae C34:2/PC aa 
C32:2

0.266 2.15 × 10−5 0.011 Polyunsaturated PCs/
Monounsaturated PCs

− 0.150 1.48 × 10−4 0.041

Values in bold indicate q-values ≤ 0.05. β: 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



1 3

Page 9 of 13    251 European Journal of Nutrition          (2026) 65:251 

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 

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 

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-

transformed p-values, with larger cycles indicating higher statistical 
significance. AAs: amino acids; PCs: phosphatidylcholines; FFAs: free 
fatty acids; SMs: sphingomyelins
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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 A2 (PLA2) 
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 
PLA2 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 

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 ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​0​7​/​s​0​0​3​9​4​-​0​
2​6​-​0​4​0​9​8​-​1​​​​​.​​

Acknowledgements  We would like to thank all individuals involved 
in the CHOP study and the Biomarkid consortium, the participants and 
their primary caregivers, and all collaborators contributing to this proj-
ect. Figure 1 was created using BioRender.com.

Author contributions  Conceptualization: VG, BK, JE, VL; methodol-
ogy: GK, VL; formal analysis: LV, GK, IG; investigation: VG, MG-L, 
NF, BK, EV, DG, JE, and VL; data curation: LV, GK, VG; writing – 
original draft: IG; writing – review and editing: IG, VL, LV, GK, BK, 
VG, JH, HD, MG-L, JE, KK, EV; visualization: IG, LV, GK, JE; su-
pervision: GK, VG, BK, JE; project administration: GK, JH, VG, BK, 
KK, JE, VL; funding acquisition: GK, VG, BK, KK, JE, and VL. All 
the authors reviewed and agreed with the content of the manuscript.

Funding  Open Access funding provided thanks to the CRUE-CSIC 
agreement with Springer Nature. This project has received funding 
from the European Union’s Horizon 2020 Research and Innovation 
programme under the ERA-NET Cofound action Number 727565, 
JPI-HDHL-INTIMIC 2021; Instituto de Salud Carlos III (ISCIII) and 
Next Generation EU funds for actions of the Recovery, Transformation 
and Resilience Plan (PRTR) under grant agreement AC21_2/00010 
(IISPV); Bundesministerium für Bildung und Forschung (BMBF) under 
grant agreements 01EA2203A (LMU) and 01EA2203B (HMGU); and 
Österreichische Forschungsförderungsgesellschaft mbH (FFG), Bun-
desministerium für Frauen, Wissenschaft und Forschung (BMFWF), 

and the MissionERA program under grant agreement FO999890543 
(MUV). The Childhood Obesity Project was funded by the 5th Frame-
work Program [QLRTe2001e00389 & QLK1-CT-2002-30.582], the 
6th Framework Program (contract number FOOD-CT-2005-007036), 
the 7th Framework Program (FP7-KBBE-2007-1, ref. nº 212.652; and 
FP7- 289346-EarlyNutrition) and the European Union’s Horizon 2020 
research and innovation programme under the ERA-NET Cofound ac-
tion (no 727565) - JPI Call PREPHOBES (PCI2020-120.697-2, En-
dObesity Project) of the European Commission. This manuscript does 
not necessarily reflect the views of the Commission and in no way 
anticipates the future policy in this area. BK is the Else Kroner- Se-
niorprofessor of Paediatrics co-funded by the Else Kroner-Fresenius-
Foundation, Bad Homburg. Germany, LMU and LMU University 
Hospitals, Munich, Germany, [No. 2020_EKSP.119. 2020]. VL holds 
a Serra Hunter Fellowship from Generalitat de Catalunya. IG holds a 
predoctoral PFIS grant (FI22/00166) from the Instituto de Salud Car-
los III. GK received funding (through her institution) from the Nation-
al Institutes of Health/National Institute on Aging through following 
grants and supplements thereto: U01AG061359 and U19AG063744.

Data availability  The data that support the findings of this study are 
not publicly available due to access restrictions. Access to the data 
may be granted upon reasonable request and with permission from the 
data owner.

Declarations

Conflict of interest  IG, VG, MG-L, NF, BK, EV, DG, JE, and VL par-
ticipate in industry co-funded-research or consultancy not related to 
this paper. The authors declare that above mentioned grants and funds 
do not pose any conflict of interest for the development of the present 
manuscript. GK is (co-)inventor (through Duke University/Helmholtz 
Zentrum München) on patents regarding applications of metabolomics 
in diseases of the central nervous system and hold equity in Chymia 
LLC and IP in PsyProtix and Atai that are exploring the potential for 
therapeutic applications targeting mitochondrial metabolism in depres-
sion. LV, JH, HD, and KK declare no conflicts of interest.

Open Access   This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and the 
source, provide a link to the Creative Commons licence, and indicate 
if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless 
indicated otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your intended 
use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this licence, visit ​h​t​t​​p​:​/​/​​c​r​e​​a​t​i​​v​e​c​o​m​m​o​n​s​.​o​
r​g​/​l​i​c​e​n​s​e​s​/​b​y​/​4​.​0​/​​​​​.​​

References

1.	 Afshin A, Sur PJ, Fay KA, Cornaby L, Ferrara G, Salama JS et 
al (2019) Health effects of dietary risks in 195 countries, 1990–
2017: a systematic analysis for the global burden of disease study 
2017. Lancet. https:/​/doi.or​g/10.10​16/S0​140-6736(19)30041-8

2.	 Gomes D, Luque V, Xhonneux A, Verduci E, Socha P, Koletzko B 
et al (2018) A simple method for identification of misreporting of 
energy intake from infancy to school age: Results from a longitu-
dinal study. Clin Nutr. https:/​/doi.or​g/10.10​16/j.​clnu.2017.05.003

https://doi.org/10.1007/s00394-026-04098-1
https://doi.org/10.1007/s00394-026-04098-1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/S0140-6736(19)30041-8
https://doi.org/10.1016/j.clnu.2017.05.003


1 3

  251   Page 12 of 13 European Journal of Nutrition          (2026) 65:251 

3.	 Chen L, Zhernakova DV, Kurilshikov A, Andreu-Sánchez S, 
Wang D, Augustijn HE et al (2022) Influence of the microbi-
ome, diet and genetics on inter-individual variation in the human 
plasma metabolome. Nat Med. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​3​8​/​s​4​1​5​9​1​-​0​
2​2​-​0​2​0​1​4​-​8​​​​​​​

4.	 Brouwer-Brolsma EM, Brennan L, Drevon CA, Van Kranen 
H, Manach C, Dragsted LO et al (2017) Combining traditional 
dietary assessment methods with novel metabolomics techniques: 
Present efforts by the Food Biomarker Alliance. Proc Nutr Soc. 
https:/​/doi.or​g/10.10​17/S0​029665117003949

5.	 Gu H, Pan Z, Xi B, Hainline BE, Shanaiah N, Asiago V et al 
(2009) 1H NMR metabolomics study of age profiling in children. 
NMR Biomed. https:/​/doi.or​g/10.10​02/nb​m.1395

6.	 Kosmides AK, Kamisoglu K, Calvano SE, Corbett SA, Androula-
kis IP (2013) Metabolomic fingerprinting: Challenges and oppor-
tunities. Crit Rev Biomed Eng. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​6​1​5​/​C​r​i​t​R​e​v​B​
i​o​m​e​d​E​n​g​.​2​0​1​3​0​0​7​7​3​6​​​​​​​

7.	 Xu T, Holzapfel C, Dong X, Bader E, Yu Z, Prehn C et al (2013) 
Effects of smoking and smoking cessation on human serum 
metabolite profile: results from the KORA cohort study. BMC 
Med. https:/​/doi.or​g/10.11​86/17​41-7015-11-60

8.	 Sébédio JL (2017) Metabolomics, Nutrition, and Potential Bio-
markers of Food Quality, Intake, and Health Status. Adv Food 
Nutr Res. https:/​/doi.or​g/10.10​16/bs​.afnr.2017.01.001

9.	 O’Gorman A, Gibbons H, Brennan L (2013) Metabolomics in the 
identification of biomarkers of dietary intake. Comput Struct Bio-
technol J. https:/​/doi.or​g/10.59​36/cs​bj.201301004

10.	 Shibutami E, Takebayashi T (2021) A scoping review of the appli-
cation of metabolomics in nutrition research: The literature sur-
vey 2000–2019. Nutrients. https:/​/doi.or​g/10.33​90/nu​13113760

11.	 Brennan L (2013) Metabolomics in nutrition research: Current 
status and perspectives. Biochem Soc Trans. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​
4​2​/​B​S​T​2​0​1​2​0​3​5​0​​​​​​​

12.	 Gispert-Llaurado M, Gheorghita I, Vehovec L, Ferré N, Ramírez 
N, Horak J et al (2025) Association between diet and metabolome 
in childhood and adolescence: a systematic review. Nutr Rev (in 
press)

13.	 Lau CHE, Siskos AP, Maitre L, Robinson O, Athersuch TJ, Want 
EJ et al (2018) Determinants of the urinary and serum metabo-
lome in children from six European populations. BMC Med. 
https:/​/doi.or​g/10.11​86/s1​2916-018-1190-8

14.	 Dalrymple KV, Flynn AC, Seed PT, Briley AL, O’Keeffe M, God-
frey KM et al (2020) Associations between dietary patterns, eat-
ing behaviours, and body composition and adiposity in 3-year-old 
children of mothers with obesity. Pediatr Obes. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​
.​1​1​1​1​/​i​j​p​o​.​1​2​6​0​8​​​​​​​

15.	 Luque V, Closa-Monasterolo R, Grote V, Ambrosini GL, Zara-
goza-Jordana M, Ferré N et al (2021) Dietary patterns acquired in 
early life are associated with cardiometabolic markers at school 
age. Clin Nutr. https:/​/doi.or​g/10.10​16/j.​clnu.2021.06.001

16.	 Liberali R, Kupek E, De Assis MAA (2020) Dietary patterns and 
childhood obesity risk: a systematic review. Child Obes. ​h​t​t​​p​s​:​/​​/​d​
o​​i​.​o​​r​g​/​1​0​.​1​0​8​9​/​c​h​i​.​2​0​1​9​.​0​0​5​9​​​​​​​

17.	 Gispert-Llauradó M, Escribano J, Ferré N, Grote V, Koletzko B, 
Ambrosini G et al (2025) Association between early dietary pat-
terns and cardiometabolic health at age 8: a confirmatory analy-
sis of the European Childhood Obesity Project. Nutr J 24(1):18. 
https:/​/doi.or​g/10.11​86/s1​2937-025-01080-1 PubMed PMID: 
39881311

18.	 Luque V, Escribano J, Closa-Monasterolo R, Zaragoza-Jordana 
M, Ferré N, Grote V et al (2018) Unhealthy dietary patterns estab-
lished in infancy track to mid-childhood: the EU childhood obe-
sity project. J Nutr. https:/​/doi.or​g/10.10​93/jn​/nxy025

19.	 Koletzko B, Von Kries R, Closa R, Escribano J, Scaglioni S, 
Giovannini M et al (2009) Lower protein in infant formula is 

associated with lower weight up to age 2 y: a randomized clinical 
trial. Am J Clin Nutr. https:/​/doi.or​g/10.39​45/aj​cn.2008.27091

20.	 Weber M, Grote V, Closa-Monasterolo R, Escribano J, Langh-
endries JP, Dain E et al (2014) Lower protein content in infant 
formula reduces BMI and obesity risk at school age: follow-up of 
a randomized trial. Am J Clin Nutr. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​3​9​4​5​/​a​j​c​n​.​1​
1​3​.​0​6​4​0​7​1​​​​​​​

21.	 Verwied-Jorky S, Schiess S, Luque V, Grote V, Scaglioni S, Vec-
chi F et al (2011) Methodology for longitudinal assessment of 
nutrient intake and dietary habits in early childhood in a transna-
tional multicenter study. J Pediatr Gastroenterol Nutr. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​
o​​r​g​/​1​0​.​1​0​9​7​/​M​P​G​.​0​b​0​1​3​e​3​1​8​1​f​2​8​d​3​3​​​​​​​

22.	 Dehne LI, Klemm C, Henseler G, Hermann-Kunz E (1999) The 
German food code and nutrient data base (BLS II.2). Eur J Epide-
miol. https:/​/doi.or​g/10.10​23/A:​1007534427681

23.	 Kirchberg FF, Hellmuth C, Totzauer M, Uhl O, Closa-Monaster-
olo R, Escribano J et al (2020) Impact of infant protein supply and 
other early life factors on plasma metabolome at 5.5 and 8 years 
of age: a randomized trial. Int J Obes. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​3​8​/​s​4​1​
3​6​6​-​0​1​9​-​0​3​9​8​-​9​​​​​​​

24.	 Stekhoven DJ, Bühlmann P (2012) Missforest-Non-parametric 
missing value imputation for mixed-type data. Bioinformatics 
28(1):112–118. https:/​/doi.or​g/10.10​93/bi​oinformatics/btr597 
PubMed PMID: 22039212

25.	 Kastenmüller G, Raffler J, Gieger C, Suhre K (2015) Genetics of 
human metabolism: An update. Hum Mol Genet. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​
0​.​1​0​9​3​/​h​m​g​/​d​d​v​2​6​3​​​​​​​

26.	 World Health Organization (2009) WHO AnthroPlus for personal 
computers Manual: Software for assessing growth of the world’s 
children and adolescents. Geneva, Switzerland

27.	 Petersen AK, Krumsiek J, Wägele B, Theis FJ, Wichmann HE, 
Gieger C et al (2012) On the hypothesis-free testing of metabolite 
ratios in genome-wide and metabolome-wide association studies. 
BMC Bioinformatics. https:/​/doi.or​g/10.11​86/14​71-2105-13-120

28.	 Alexey, Serushichev fgseaMultilevel.R. GitHub [Internet]. [cited 
2025 Jun 11]. Available from: ​h​t​t​​p​s​:​/​​/​g​i​​t​h​u​​b​.​c​​o​m​/​​a​l​s​e​​r​g​​l​a​b​/​f​g​s​e​a​/​
b​l​o​b​/​m​a​s​t​e​r​/​R​/​f​g​s​e​a​M​u​l​t​i​l​e​v​e​l​.​R​​​​​​​

29.	 World Medical Association Declaration of Helsinki (2000) Ethical 
principles for medical research involving human subjects. JAMA 
284(23):3043–3045. https:/​/doi.or​g/10.10​01/ja​ma.284.23.3043 
PubMed PMID: 11122593

30.	 Dixon JR (1999) The international conference on harmonization 
good clinical practice guideline. Qual Assur 6(2). ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​
1​0​.​1​0​8​0​/​1​0​5​2​9​4​1​9​9​2​7​7​8​6​0​​​​​​​

31.	 Quell JD, Römisch-Margl W, Haid M, Krumsiek J, Skurk T, Hal-
ama A et al (2019) Characterization of bulk phosphatidylcholine 
compositions in human Plasma using side-chain resolving lipido-
mics. Metabolites. https:/​/doi.or​g/10.33​90/me​tabo9060109

32.	 Wiedeman AM, Barr SI, Green TJ, Xu Z, Innis SM, Kitts DD 
(2018) Dietary choline intake: Current state of knowledge across 
the life cycle. Nutrients MDPI AG. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​3​3​9​0​/​n​u​1​0​1​
0​1​5​1​3​​​​ PubMed PMID: 30332744

33.	 Lunn J, Theobald HE (2006) The health effects of dietary unsatu-
rated fatty acids. Nutr Bull 31(3):178–224. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​1​1​
1​/​j​.​1​4​6​7​-​3​0​1​0​.​2​0​0​6​.​0​0​5​7​1​.​x​​​​​​​

34.	 Welch AA, Shakya-Shrestha S, Lentjes MAH, Wareham NJ, 
Khaw KT (2010) Dietary intake and status of n-3 polyunsatu-
rated fatty acids in a population of fish-eating and non-fish-eating 
meat-eaters, vegetarians, and vegans and the precursor-product 
ratio of α-linolenic acid to long-chain n-3 polyunsaturated fatty 
acids: Results from the EPIC-Norfolk cohort. Am J Clin Nutr 
92(5):1040–1051. https:/​/doi.or​g/10.39​45/aj​cn.2010.29457 
PubMed PMID: 20861171

35.	 Yagi S, Fukuda D, Aihara KI, Akaike M, Shimabukuro M, Sata 
M (2017) n-3 polyunsaturated fatty acids: Promising nutrients for 

https://doi.org/10.1038/s41591-022-02014-8
https://doi.org/10.1038/s41591-022-02014-8
https://doi.org/10.1017/S0029665117003949
https://doi.org/10.1002/nbm.1395
https://doi.org/10.1615/CritRevBiomedEng.2013007736
https://doi.org/10.1615/CritRevBiomedEng.2013007736
https://doi.org/10.1186/1741-7015-11-60
https://doi.org/10.1016/bs.afnr.2017.01.001
https://doi.org/10.5936/csbj.201301004
https://doi.org/10.3390/nu13113760
https://doi.org/10.1042/BST20120350
https://doi.org/10.1042/BST20120350
https://doi.org/10.1186/s12916-018-1190-8
https://doi.org/10.1111/ijpo.12608
https://doi.org/10.1111/ijpo.12608
https://doi.org/10.1016/j.clnu.2021.06.001
https://doi.org/10.1089/chi.2019.0059
https://doi.org/10.1089/chi.2019.0059
https://doi.org/10.1186/s12937-025-01080-1
https://doi.org/10.1093/jn/nxy025
https://doi.org/10.3945/ajcn.2008.27091
https://doi.org/10.3945/ajcn.113.064071
https://doi.org/10.3945/ajcn.113.064071
https://doi.org/10.1097/MPG.0b013e3181f28d33
https://doi.org/10.1097/MPG.0b013e3181f28d33
https://doi.org/10.1023/A:1007534427681
https://doi.org/10.1038/s41366-019-0398-9
https://doi.org/10.1038/s41366-019-0398-9
https://doi.org/10.1093/bioinformatics/btr597
https://doi.org/10.1093/hmg/ddv263
https://doi.org/10.1093/hmg/ddv263
https://doi.org/10.1186/1471-2105-13-120
https://github.com/alserglab/fgsea/blob/master/R/fgseaMultilevel.R
https://github.com/alserglab/fgsea/blob/master/R/fgseaMultilevel.R
https://doi.org/10.1001/jama.284
https://doi.org/10.1080/105294199277860
https://doi.org/10.1080/105294199277860
https://doi.org/10.3390/metabo9060109
https://doi.org/10.3390/nu10101513
https://doi.org/10.3390/nu10101513
https://doi.org/10.1111/j.1467-3010.2006.00571.x
https://doi.org/10.1111/j.1467-3010.2006.00571.x
https://doi.org/10.3945/ajcn.2010.29457


1 3

Page 13 of 13    251 European Journal of Nutrition          (2026) 65:251 

preventing cardiovascular disease. J Atheroscler Thromb. ​h​t​t​​p​s​:​/​​/​
d​o​​i​.​o​​r​g​/​1​0​.​5​5​5​1​/​j​a​t​.​R​V​1​7​0​1​3​​​​​​​

36.	 Martínez-González MA, Sayón-Orea C, Bullón-Vela V, Bes-Ras-
trollo M, Rodríguez-Artalejo F, Yusta-Boyo MJ et al (2022) Effect 
of olive oil consumption on cardiovascular disease, cancer, type 2 
diabetes, and all-cause mortality: a systematic review and meta-
analysis. Clin Nutr. https:/​/doi.or​g/10.10​16/j.​clnu.2022.10.001

37.	 Rebholz CM, Gao Y, Talegawkar S, Tucker KL, Colantonio LD, 
Muntner P et al (2021) Metabolomic markers of southern dietary 
patterns in the jackson heart study. Mol Nutr Food Res. ​h​t​t​​p​s​:​/​​/​d​o​​
i​.​o​​r​g​/​1​0​.​1​0​0​2​/​m​n​f​r​.​2​0​2​0​0​0​7​9​6​​​​​​​

38.	 Papandreou C, Bulló M, Zheng Y, Ruiz-Canela M, Yu E, Guasch-
Ferré M et al (2018) Plasma trimethylamine-N-oxide and related 
metabolites are associated with type 2 diabetes risk in the Preven-
ción con Dieta Mediterránea (PREDIMED) trial. Am J Clin Nutr. 
https://doi.org/10.1093/ajcn/​​nqy058

39.	 Stratakis N, Siskos AP, Papadopoulou E, Nguyen AN, Zhao Y, 
Margetaki K et al (2022) Urinary metabolic biomarkers of diet 

quality in European children are associated with metabolic health. 
Elife. https:/​/doi.or​g/10.75​54/eL​ife.71332

40.	 Petersen KF, Dufour S, Cline GW, Shulman GI (2019) Regulation 
of hepatic mitochondrial oxidation by glucose-alanine cycling 
during starvation in humans. J Clin Invest. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​1​
7​2​/​J​C​I​1​2​9​9​1​3​​​​​​​

41.	 Tzang CC, Chi LY, Lin LH, Lin TY, Chang KV, Wu WT et al 
(2024) Taurine reduces the risk for metabolic syndrome: a sys-
tematic review and meta-analysis of randomized controlled tri-
als. Nutr Diabetes. https:/​/doi.or​g/10.10​38/s4​1387-024-00289-z 
PubMed PMID: 38755142

42.	 Singh P, Gollapalli K, Mangiola S, Schranner D, Yusuf MA, 
Chamoli M et al (2023) Taurine deficiency as a driver of aging. 
Sci. https:/​/doi.or​g/10.11​26/sc​ience.abn9257

43.	 Kim M, Jeung SR, Jeong TS, Lee SH, Lee JH (2014) Replac-
ing with whole grains and legumes reduces Lp-PLA2 activities in 
plasma and PBMCs in patients with prediabetes or T2D. J Lipid 
Res. https:​​​//d​oi.​or​g/10​.11​​94/jlr.M044834

Authors and Affiliations

Irina Gheorghita1,2 · Lara Vehovec3 · Veit Grote4,5 · Jeannie Horak4,5 · Mariona Gispert-Llauradó1,2 · Natalia Ferré1,2 · 
Berthold Koletzko4,5,6 · Hans Demmelmair4,5 · Klaus Kratochwill7,8 · Elvira Verduci9,10 · Dariusz Gruszfeld11 · 
Joaquin Escribano1,2,12 · Gabi Kastenmüller3 · Veronica Luque1,2,13

	 Gabi Kastenmüller
gabi.kastenmuller@helmholtz-munich.de

	 Veronica Luque
pediatria@irbcatsud.cat

1	 Pediatric Nutrition and Human Development Research Unit 
(PediNuR), Universitat Rovira i Virgili (URV), C/ Sant 
Llorenç 21, 43201 Reus, Spain

2	 Institut de Recerca Biomèdica Catalunya Sud (IRBCatSud), 
Reus, Spain

3	 Helmholtz Zentrum München – German Research Center for 
Environmental Health, Institute of Computational Biology, 
Ingolstädter Landstraße 1, D-85764 Neuherberg, Munich, 
Germany

4	 Department of Paediatrics, Dr. von Hauner Children’s 
Hospital, LMU Hospital, LMU-Ludwig-Maximilians-
Universität Munich, Munich, Germany

5	 German Center for Child and Adolescent Health, Munich, 
Germany

6	 Dept. Pediatrics, Chulalongkorn University, Bangkok, 
Thailand

7	 Core Facility Proteomics, Medical University of Vienna, 
Vienna, Austria

8	 Division of Pediatric Nephrology and Gastroenterology, 
Department of Pediatrics and Adolescent Medicine, 
Comprehensive Center for Pediatrics, Medical University of 
Vienna, Vienna, Austria

9	 Department of Health Sciences, University of Milan, Milan, 
Italy

10	 Pediatric Unit, Foundation IRCCS Ca’ Granda Ospedale 
Maggiore Policlinico, Milan, Italy

11	 Neonatal Department, Children’s Memorial Health Institute, 
Warsaw, Poland

12	 Hospital Universitari Sant Joan de Reus, Reus, Spain
13	 Serra Hunter Fellowship, Generalitat de Catalunya, 

Barcelona, Spain

https://doi.org/10.5551/jat.RV17013
https://doi.org/10.5551/jat.RV17013
https://doi.org/10.1016/j.clnu.2022.10.001
https://doi.org/10.1002/mnfr.202000796
https://doi.org/10.1002/mnfr.202000796
https://doi.org/10.1093/ajcn/nqy058
https://doi.org/10.7554/eLife.71332
https://doi.org/10.1172/JCI129913
https://doi.org/10.1172/JCI129913
https://doi.org/10.1038/s41387-024-00289-z
https://doi.org/10.1126/science.abn9257
https://doi.org/10.1194/jlr.M044834
mailto:gabi.kastenmuller@helmholtz-munich.de
mailto:pediatria@irbcatsud.cat

	﻿Association of three different dietary patterns with the metabolomic profiles of children: the BiomarKid project
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Study design and population
	﻿Dietary data
	﻿Metabolite profiling
	﻿Statistical analysis
	﻿Ethics

	﻿Results
	﻿Participant’s characteristics
	﻿Metabolites associated with DP
	﻿Metabolites associated with food groups and nutrient intake
	﻿Sensitivity analysis
	﻿Metabolite groups enriched in associations with DP

	﻿Discussion
	﻿Strengths and limitations

	﻿Conclusion
	﻿References


