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Context: Accurately assessing dietary intake in children and adolescents is chal-
lenging due to the limitations of traditional self-reported methods. Metabolomics
has emerged as a valuable tool for assessing the body’s biochemical response to
specific foods, food groups, or dietary patterns, thereby improving the evaluation
of diet-health relationships. However, evidence on how diet influences metabolo-
mic profiles in pediatric populations remains limited.

Objective: To evaluate the evidence on the relationship between nutritional inter-
ventions or habitual dietary intake and metabolites measured in blood or urine
among children and adolescents.

Data Sources: A systematic search was conducted in PubMed, Cochrane, and
Embase databases up to September 2024

Data Extraction: This systematic review was conducted in accordance with the
principles of the Cochrane Collaboration, and PRISMA guidelines were followed.
Randomized clinical trials and observational studies in children and adolescents
were included.

Data Analysis: From 659 records, 8 studies met the inclusion criteria, involving
5992 participants across 12 countries. The included studies reported associations
across 3 dietary categories: dietary patterns, food groups, and specific food ingre-
dients. Both targeted and untargeted metabolomic analyses were used to identify
diet-related biomarkers in blood and urine. Positive associations were observed
between higher adherence to the Mediterranean diet and greater fruit and vegeta-
ble consumption with metabolites such as hippurate, trigonelline, and proline
betaine. In contrast, higher intake of ultra-processed foods and adherence to vegan
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diets were inversely associated with branched-chain amino acids and aromatic
amino acids such as tyrosine and docosahexaenoic acid.

Conclusion: This review identifies several metabolites consistently associated with
specific dietary components across different studies in children and adolescents.
These findings support the potential of metabolomics for validating dietary bio-
markers and improving the accuracy of dietary assessment in pediatric popula-
tions. Although metabolomic markers reflect actual dietary intake, their implica-
tions for health outcomes remain to be explored.

Systematic Review Registration: PROSPERO registration no. CRD42024506437.
Key words: children, adolescents, diet, metabolomics, biomarkers.

INTRODUCTION

Unbhealthy dietary habits contribute to approximately 11
million deaths annually." However, accurate evaluation
of individual dietary intake remains a challenge.
Traditional methods, such as food-frequency question-
naires, 24-hour dietary recalls, and food diaries are
commonly used, but are associated with several limita-
tions, including underreporting, recall errors, and diffi-
culty in accurate assessment of portion sizes.” Even
more important, food consumption affects individuals
differently due to other relevant factors, including
metabolism, physical activity, exposure to environmen-
tal toxins, and genetic predisposition. Although assess-
ing dietary intake and other lifestyle factors provides
valuable insights, conventional assessments provide
only a partial understanding of the complex interactions
between diet and health.

Metabolomic analyses detect and quantify a wide
range of metabolites in cells, tissues, organs, or biological
fluids.” While many of these metabolites are of low molec-
ular weight (<1500 Da), metabolomics also captures larger
molecules such as certain lipids and lipoproteins. Unlike
traditional compound-specific methods, metabolomics
enables the parallel measurement of numerous metabo-
lites, providing a more comprehensive picture of the bio-
chemical state of an organism, which is influenced by
multiple factors, including diet, disease, environmental
factors, and genetic background.® Metabolomics has
emerged as a crucial method for evaluating and identifying
an individual’s response to specific foods, food groups, or
dietary patterns, thereby determining the most effective
diet or lifestyle interventions to promote health benefits.”

Diet-related metabolomic studies in adults have
predominantly focused on analyzing the effects of spe-
cific food or food group intakes on metabolite altera-
tions.®® Recently, research on the association between
dietary patterns and metabolite profiles has gained
attention, particularly in exploring how different dietary
patterns, and specifically, the Mediterranean diet,
impact metabolite concentrations.”'® Key metabolites

associated with these dietary patterns include lipids
such as docosahexaenoic acid (DHA); eicosapentaenoic
acid (EPA); certain lysophospholipids, phosphatidylcho-
lines (PCs), and acylcarnitines; as well as organic acids
and derivatives, including pipecolate, homostachydrine,
and hippurate.'”™"> Several systematic reviews have
already summarized findings from diet-related metabo-
lomic studies in adults.'*"

In comparison to the wealth of studies on the rela-
tionship between dietary intake and metabolomic pro-
files in adults, most dietary studies in children have
focused on early-life nutrition, such as the effects of
infant feeding practices (eg, breastfeeding or formula
feeding) or on dietary supplements, rather than on
habitual food intake beyond infancy and its metabolic
impact.'®'” Interest in how habitual dietary intake dur-
ing childhood and adolescence influences metabolic
profiles has been increasing, as these developmental
periods are widely recognized as critical windows for
the prevention of metabolic diseases.'® Although some
studies have begun to explore these associations, com-
prehensive evidence remains limited. Further research
is needed to identify valid dietary biomarkers in pedia-
tric populations, and integrating of ’omics techniques
could enhance our understanding of diet-related meta-
bolic processes.'”

To our knowledge, no systematic review has yet
compiled the available evidence on how nutritional inter-
ventions or habitual dietary intake influence metabolo-
mic profiles in children and adolescents. This systematic
review aims to fill that gap by evaluating existing studies
on diet-related blood and urine metabolites in this popu-
lation and exploring their potential implications for met-
abolic pathways and health outcomes.

METHODS

Protocol and Registration

This systematic review was conducted in accordance
with the principles of the Cochrane Collaboration.*’
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The PRISMA (Preferred Reporting Items for Systematic
Reviews and Meta-Analyses) guidelines were followed
for reporting.”' The protocol for this systematic review
was registered in PROSPERO (registration ID:
CRD42024506437).

Research Question

The research question for this review was as follows:
How does dietary intake influence metabolite levels dur-
ing childhood and adolescence? Is there a relationship
between the consumption of specific foods, food groups,
or dietary patterns and the metabolomic signatures
observed in urine or blood?

Eligibility Criteria

The inclusion of studies was determined according to
the Population, Intervention, Comparison, Outcomes,
and Study design (PICOS) framework (Tablel).
Eligible studies included children and adolescents from
birth to 18 years, whether healthy or with specific condi-
tions that did not require dietary modifications. Studies
were excluded if participants had diseases or medical
conditions requiring specific therapeutic diets (eg,
gluten-free diet or ketogenic diet). However, studies
were considered eligible if no individualized diet had
been prescribed and any dietary recommendations were
intended only to promote general healthy eating.
Interventions could encompass any types of dietary or
nutritional interventions. Observational studies examin-
ing habitual or current dietary intake were also eligible.
However, interventions involving supplements, formula
feeding, or breastfeeding were excluded. Additionally,
studies focusing on habitual or current dietary intake
related to nutrient intake were not included.

Table 1. PICOS Criteria for Inclusion of Studies

The comparison varied depending on the type of study:
in intervention studies, it could refer either to a group
that does not receive the dietary intervention (usual
diet) or to a comparison between 2 different interven-
tions. In observational studies, although there is no for-
mal control group, comparisons can be made across
categories of exposure. Studies were required to evaluate
at least 1 of the following outcomes: the correlation
between food intake and blood or urine metabolites or
the relationship between the consumption of specific
foods and variations in the concentration of certain
metabolite groups, either as differences in changes com-
pared with baseline (in intervention studies) or as dif-
ferences between groups with different levels of intake
(in observational studies). Case reports, protocols,
reviews, or systematic reviews were not considered for
inclusion in this systematic review. Only studies pub-
lished in English were considered eligible.

Search Strategy

A comprehensive literature search was conducted in
PubMed, Embase, and The Cochrane Library on
November 13, 2023. The search strategy included both
free-text terms and medical subject heading (MeSH)
terms, combined to retrieve studies on metabolomics
related to the outcomes of interest. The complete search
strategy is detailed in Table S1. To ensure the review
included the most recent evidence, an updated search
was performed covering the literature up to September
2,2024.

Study Selection and Data Extraction

The studies retrieved from the search results were
imported into Rayyan software (Rayyan Systems, Inc.,

Parameter

Criteria

Population

Children or adolescents from birth to 18 y old. Healthy individuals and those with certain

conditions who do not require dietary modifications other than adherence to a healthy,
age-appropriate diet. Participants already following a prescribed or restrictive diet at

baseline were excluded.
Dietary or nutritional interventions evaluating the impact of foods, food groups, or dietary

Intervention/exposure

patterns on metabolomic outcomes.
Exposure to habitual or current dietary intake of dietary patterns, food groups, or specific
food items and their association with metabolomic profiles.

Comparison

In dietary or nutritional intervention studies, comparisons could involve a group that does

not receive the dietary intervention (usual diet) or a second dietary intervention. In obser-
vational studies, comparisons could be made across categories of exposure.

Outcome

Associations between dietary intake and individual metabolites or groups of metabolites

measured in blood or urine. Studies using both targeted and untargeted metabolomic
analyses were included. Eligible analytical techniques comprised LC-MS/MS and NMR-

based metabolomics.
Randomized clinical trials (RCTs), nonrandomized intervention studies, and observational

Study design
studies.

Abbreviations: LC-MS/MS, liquid chromatography—tandem mass spectrometry; NMR, nuclear magnetic resonance.
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Cambridge, MA, USA) for screening and manage-
ment.”> Duplicate records were removed prior to
screening.

Subsequently, 2 reviewers (M.G.-L. and 1.G.) inde-
pendently screened titles and abstracts to assess their
eligibility. For studies considered potentially relevant,
full-text articles were retrieved and assessed independ-
ently by 2 reviewers. Any discrepancies between
reviewers were resolved through consensus with a third
reviewer (V.L.). All excluded articles were categorized
according to the reason for their exclusion, which is
detailed in Figure 1.

A standardized template, implemented within a
Microsoft Excel spreadsheet (Microsoft Office, version
1808 [10351.20054]; Microsoft Corporation, Redmond,
WA, USA), was used to analyze and extract data from

Identification of studies via databases

the included articles. Study characteristics collected
included author name and year of publication, type of
study, population, country, sample size, nutritional
intervention/exposure, methodology used for dietary
data collection, urine or blood sample, fasting status,
targeted or untargeted metabolic analyses, analytical
technique, food/food group/dietary pattern metabolite
associations, statistical analyses, confounders, and
adjustments. Data extraction was conducted in dupli-
cate and in parallel by 2 reviewers to ensure consistency
and accuracy.

Risk-of-Bias and Study Quality Assessment

The methodological quality of the included studies was
evaluated using the RoB2 assessment tool” for

Records removed before screening:

\4

Duplicate records removed (n = 24)

Records excluded with reasons (n=621)

v

Wrong population (n = 190)
Disease with special diet (n = 51)
Background article (n = 29)
Wrong drug/intervention (n = 83)
Wrong outcome (n = 230)

Wrong publication type (n = 36)
Not English language (n = 2)

Article excluded with reasons (n = 6)

Wrong outcome (n = 4)

4

= Records identified from 3
-% electronic databases (n = 659)
L)
5'.;: PubMed (n = 334)
- Embase (n = 315)
= Cochrane (n = 10)
)
S A4
Records screened for title and
abstract (n = 635)
Y3
=
=
@
o
[s]
)
v
Full-text articles assessed for
eligibility (n = 14)
'
‘—
o \.4
S
3 Studies included in review (n = 8)
g
—

Figure 1. Flow Chart of the Study Selection Process

Disease with special diet (n =1)
Wrong population (n =1)
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randomized clinical trials (RCTs) and the National

14 for

Institutes of Health (NIH) quality assessment too
observational studies. Specifically, the NIH tool for
cross-sectional studies was applied to studies with that
design and the NIH tool for case-control studies was
used for the 1 case-control study included. For the
RoB2 tool, the evaluation focused on the randomization
process, deviation from intended interventions, missing
outcome data, measurement of the outcome, selection
of the reported result, and overall risk of bias. Each
domain, as well as each study overall, was rated as hav-
ing low, some, or high risk of bias. The NIH quality
assessment tool examined key methodological aspects,
including the research question or objective, study pop-
ulation, participation rate, inclusion and exclusion crite-
ria, sample size, exposure(s), association exposure-
outcome, levels of the exposure as related to the out-
come, exposure measures, exposure(s) assessed, out-
come measures, assessors blinded, loss to follow-up,
and confounding variables. For this tool, each criterion
was categorized as low, fair, or high risk of bias.

Given the metabolomic focus of this systematic
review, the Biomarker-based Cross-sectional Studies
(BIOCROSS) tool was also applied to assess the quality
of biomarker measurement and data modeling.”” This
tool complements the above assessments by specifically
evaluating key aspects of biomarker reliability in cross-
sectional studies, including sample collection, process-
ing, storage, analytical procedures, and statistical
interpretation.

With regard to the substantial methodological vari-
ability inherent in metabolomic studies, the BIOCROSS
tool allowed us to critically appraise if these factors were
adequately reported and controlled for each study.
Particular attention was given to how quantification
was performed, as these parameters can substantially
affect metabolite concentration results and their compa-
rability across studies.

Each selected article was independently assessed by
2 authors and subsequently discussed in a meeting
involving all authors engaged in the quality assessment
process. The synthesis of the risk-of-bias assessment
was conducted using the Risk-of-bias Visualization
(ROBVIS) tool.*®

Synthesis of Results

Due to the heterogeneity in study design, populations,
and types of interventions, a meta-analysis was not con-
ducted. Therefore, the results were synthesized narra-
tively and summarized based on study characteristics
and outcome measures.

Nutrition Reviews® Vol. 00(00):1-18

RESULTS

The search process identified 659 records, of which 635
remained after the removal of duplicates. Following title
and abstract screening, 621 studies were excluded. The
full texts of the remaining 14 articles were assessed for
eligibility, and 6 were excluded for the following rea-
sons: wrong outcomes (n=4), involvement of children
with diseases requiring special diets (n=1), or wrong
population (n=1). Finally, 8 eligible studies, involving a
total of 5992 children and adolescents from 12 countries,
were included in the final analysis (Figurel). A list of
excluded full-text studies, including citations and reasons
for exclusion, is provided in Table S2. The 8 eligible
studies reported a total of 9 associations: 3 on dietary pat-
terns, 3 on food groups, and 3 on food ingredients, as
1 study contributed to 2 different categories.

Study Characteristics

Among the 8 studies included in this review, 3
were RCTs” " and 5 were observational studies.”">*
Tables 2 and 3 summarize the key characteristics of
these included studies.

The studies were published between 2018 and 2023,
with participant ages ranging from 5 months to 17 years.
Most studies involved healthy children, with only 2
studies including participants with specific health con-
ditions, such as abnormal lipid profiles*® and hyperten-
sion.”” These studies were included because no specific
therapeutic diets were implemented, and dietary recom-
mendations were focused on general improvements in
dietary quality.

Among the RCTs, the interventions extended
between 4 weeks and 7 months. They assessed the effects
of a meat-based vs dairy-based complementary diet,”’”
rice-bran supplementation compared with a control
group,”” and rice bran, navy bean, and combined rice
bran plus navy bean supplementation compared with
each other and with a control group®® on metabolomic
outcomes (Table 2). These ingredients were selected
due to their nutritional profile: rice bran is rich in fiber
and bioactive compounds, such as y-oryzanol, and navy
beans provide protein, fiber, and polyphenols, all of
which have been associated with metabolic health
benefits.

The only case-control study compared hypertensive
and healthy children, assessing the impact of nut con-
sumption on metabolite profiles.”> Nuts are rich in
unsaturated fats, fiber, and phytosterols, which may
influence lipid metabolism and cardiovascular health.

In the observational studies, different methods
were used to collect dietary intake data, including food-
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Table 2. Summary of Characteristics of Included Randomized Clinical Trial Studies

First author,
year

Type of study Country

Participants

Age range Duration Diet intervention (dietary pat-
tern/food group/food ingre-
dient) (No. of participants) (sex:

M/F)

Tang, 202177 Randomized

clinical trial

United States  Healthy

Baxter, 2022°®¢  Randomized
clinical trial
abnormal

lipids

Pfluger, 2022%°  Randomized Mali Healthy
clinical trial

United States  Children at risk
of CVD due to

5-12mo 7 mo * Dietary pattern: meat-based
complementary diet (n = 26)
(NR) vs dairy-based comple-
mentary diet (n =25) (NR)
8-13y 4wk * Food ingredient: rice-bran sup-
plementation (n=9) (4/5) vs
navy bean supplementation
(n=10) (5/5) vs navy bean +
rice-bran supplementation
(n=10) (5/5) vs control group
(n=9) (5/4)
6-12mo 6mo * Food ingredient: rice-bran
supplementation (n = 24)
(12/12) vs control group
(n=24)(12/12)

Abbreviations: CVD, cardiovascular disease; F, female; M, male; NR, not reported.

frequency questionnaires (FFQs), the KIDMED ques-
tionnaire (Mediterranean Diet Quality Index for chil-
dren and adolescents) for assessing the adherence to the
Mediterranean diet, the NOVA classification for ultra-
processed food (UPF) intake, and 3- to 4-day dietary
records.

Seven studies conducted metabolomic analyses on
blood samples, with 3 also analyzing metabolites in
urine, and only 1 study focusing exclusively on urine
metabolites. Tables 4 and 5 summarize the analytical
techniques used across the studies. The most commonly
used analytical techniques were liquid chromatogra-
phy-tandem mass spectrometry (LC-MS/MS), includ-
ing both high-performance liquid chromatography
(HPLC) and ultra-high-performance liquid chromatog-
raphy (UHPLC) systems, and proton nuclear magnetic
resonance (1H NMR) spectroscopy. The overall risk-of-
bias assessment for the included studies is summarized
in Figure 2. On average, the overall risk of bias was eval-
uated as ranging from low to moderate.

Associations Between Dietary Intake and Metabolites

Tables 4 and 5 summarize associations between metab-
olites and dietary intake reported across the included
studies that were considered both statistically significant
(P <.05). The findings are categorized according to
whether the metabolites were associated with dietary
patterns, food groups, or specific food ingredients. For a
comprehensive overview, all significant positive and
negative associations between dietary patterns, food
groups, food ingredients, and the identified metabolites
are detailed in Table S3.

Associations Between Dietary Patterns and
Metabolites

Three studies (1 RCT and 2 observational) investigated
the associations between adherence to specific dietary
patterns and metabolite profiles.”””"** An RCT com-
paring meat-based and dairy-based complementary
diets assessed their effects on metabolomic profiles in
infants.?” Significant increases in essential amino acids,
including isoleucine, valine, and phenylalanine, and a
significant decrease in threonine compared with base-
line were observed in both study groups from 5 to
12 months (P <.005 for all), along with an increase in
concentration levels of certain acylcarnitines over the
same period. However, no significant differences were
found between intervention groups for these metabo-
lites. In contrast, trimethylamine N-oxide (TMAOQ) lev-
els increased significantly only in the meat-based group
from 5 to 12 months (P=.043), but no significant dif-
ferences were observed between the diet groups over
time (Table 4).

According to the findings from Stratakis et al,’!
higher adherence to the Mediterranean diet, measured
using the KIDMED index, was associated with higher
urinary levels of tyrosine, pantothenic acid, p-hydroxy-
phenylacetate, urea, acetate, hippurate, p-cresol sulfate,
trimethylamine, and N-methylnicotinic acid (P < .05
for all) (Table 5).

Hovinen et al** reported that vegan participants had
significantly higher levels of unconjugated primary bile
acids and a lower taurine-to-glycine conjugation ratio of
bile acids compared with omnivores. Furthermore, circu-
lating levels of essential amino acids, such as isoleucine,

Nutrition Reviews® Vol. 00(00):1-18
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Bias arising from the randomization process

Bias due to deviations from intended interventions

Bias due to missing outcome data
Bias in measurement of the outcome

Bias in selection of the reported result
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D3: Bias due to missing outcome data.
D4: Bias in measurement of the outcome.
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Figure 2. Traffic Light Plots (Left) and Summary Plots (Right) lllustrating the Risk of Bias Within the Randomized Clinical Trials Using the
RoB2 tool (A), Cross-sectional Studies Evaluated With the NIH Quality Assessment Tool (B), Case-Control Study Assessed Using the NIH
Quality Assessment Tool for Case-Control Studies (C), and Quality of Biomarker Measurements Using the BIOCROSS tool (D)

Abbreviations: BIOCROSS, Biomarker-based Cross-sectional Studies; NIH, National Institutes of Health.

valine, and taurine, were also significantly lower in
vegans (P< .05 for all). Additionally, vegans showed
reduced levels of docosahexaenoic acid (DHA) (P < .001)

and increased levels of long-chain fatty acid carnitine
esters and lysophosphatidylcholine (Lyso-PC) 18:1 com-
pared with omnivorous participants (Table 5).
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Table 4. Summary of Biological Sample, Metabolomic Technique, and Metabolite Associations of Included Randomized Clinical

Trial Studies

First author, year Biological sample

and time point

Analytical technique

Dietary pattern/food group/food ingredient
and metabolite association

Tang, 202177 Blood
5,12 and, 24 mo of age

Baxter, 202228 Blood
At baseline and at week 4

Pfluger, 2022%° Dried blood spots

From 7-12mo

Untargeted and targeted:
UHPLC-MS/MS

Untargeted and targeted:
UPLC-MS/MS

Untargeted: RP/UPLC-MS/MS

Untargeted metabolomics:

151 metabolites annotated

Essential amino acids: | threonine (Prpgr = .004)
and 71 valine (Pgpg = .021) from 5 to 12 mo
with no differences between diet groups

Acylcarnitines: T acylcarnitine C5 (Prpgr = .021)
and T acylcarnitine C5:1 (Pgpg = .001) from 5
to 12 mos in both diet groups

Targeted metabolomics:

Essential amino acids: 1 isoleucine (Prpr = .047),
1 valine (Pgpg = .001), T phenylalanine (Prpg
=.002), | threonine (Prpg = .010) from 5 to
12 mo in all participants. No significant differ-
ences from 12 to 24 mo or between meat- and
dairy-based complementary diet groups over
time.

Acylcarnitines: T acylcarnitine C4 (Prpr = .047),
T acylcarnitine C5 (Pgpg = .013), and 7
acylcarnitine C5:1 (Prpr = .04) from 5 to
12 mo. A decrease in acylcarnitine C4 from
12 to 24 mo (Prpg = .005) after the interven-
tion ended. No significant differences between
diet groups.

TMAQO: No significant differences between diet
groups over time. T TMAO from 5 to 12 mo
only in the meat group (Pgpg = .043).

Untargeted metabolomics:

From the 138 — 175 metabolites modulated by
diet according to untargeted analyses, 11
were targeted for quantification: pyridoxal,
salicylurate (2-hydroxyhippurate), apigenin,
xanthurenate, myoinositol, pipecolate,
S-methylcysteine, S-methylcysteine sulfoxide,
trigonelline, N-methylpipecolate, and
salicylate.

Targeted metabolomics:

T Trigonelline (P =.04) and 1 pipecolate
(P =.04) after 4 wk in navy bean group
compared with baseline and the control group
(P < .05 for both)

1 Trigonelline (P =.04) after 4 wk in the rice-
bran group compared with baseline and the
control group (P < .05)

1 Xanthurenate (P=.01) in the rice-bran group
after 4 wk compared with baseline

| N-Methylpipecolate (P =.04) in the rice-bran
group after 4 wk compared with baseline

Navy bean + rice-bran group showed no
significant associations.

Untargeted metabolomics:

A total of 796 metabolites identified, with 94
showing significant differences in 2-way
ANOVA with repeated measures.

Amino acids and related metabolites: T gluta-
mate (P=.029), T cysteinylglycine (P <.01),

1 glycine (P=.016), T tryptophan betaine
(P=.026), | glutamine (P=.020), | nicotina-
mide adenine dinucleotide (NAD+) (P=.031),

Nutrition Reviews® Vol. 00(00):1-18
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Table 4. Continued

First author, year Biological sample

and time point

Analytical technique

Dietary pattern/food group/food ingredient
and metabolite association

and | salicylate (P=.035) in rice-bran supple-
mentation compared with the control group

Fatty acids: 1 stearate (18:0) (P <.05), | acetyl-
carnitine (C2) (P=.005)

Glycerophospholipids: | 1-stearoyl-2-docosahex-
aenoyl-GPC (18:0/22:6) (P <.01), | 1-palmi-
toyl-2-docosahexaenoyl-GPC (16:0/22:6)
(P=.011), and | 1-stearoyl-2-oleoyl-GPC
(18:0/18:1) (P =.023) in rice-bran—fed infants
compared with the control group

Sphingoid bases: T sphingosine (P =.005) and
sphinganine (P =.012) in rice-bran-supple-
mented infants

Abbreviations: ANOVA, analysis of variance; FDR, false discovery rate; GPC, glycero-phosphocholine; RP/UPLC-MS/MS, ultra-high-per-
formance liquid chromatography (reverse-phase)-tandem mass spectrometry; TMAO, trimethylamine N-oxide; UHPLC-MS/MS, ultra-

high-performance liquid ¢
dem mass spectrometry.

Associations Between Food Groups and Metabolites

Three studies investigated the associations between the
consumption of specific food groups and metabolite
profiles.’* > Of these, 2 studies focused on the impact
of UPF intake on metabolite levels.”"**

Stratakis et al’’ reported negative associations
between UPF intake and levels of branched-chain
amino acids (BCAAs), specifically valine and leucine as
well as other amino acids and organic acids, including
taurine, tyrosine, 4-deoxythreonic acid, urea, 3-hydrox-
yisovalerate, hippurate, 2-hydroxyisobutyrate, and N-
methylnicotinic acid (P < .05 for all).

Similarly, Handakas et al’> found inverse associa-
tions between UPF intake and BCAAs, such as valine,
isoleucine, and leucine, consistent with Stratakis et al’s
findings (P < .05 for all). They also observed that higher
UPF consumption was related to lower levels of acetate,
cholines, phosphoglycerides, sphingomyelins, and PCs
(P < .05 for all). Furthermore, total, free, and esterified
cholesterol, along with total saturated and polyunsatu-
rated fatty acids (PUFAs), including conjugated linoleic
acid and DHA, were also reduced with greater UPF
intake (P < .05 for all). In contrast, positive associations
were observed between UPF consumption and metabo-
lites such as glutamine, citrate, and creatinine in blood
(P < .05 for all) (Table 5).

The study by Lau et al’® examined the relationship
between the consumption of various food groups, such
as cereals, meat, fish, dairy, potatoes, vegetables, fruits,
sweets, bakery products, and beverages, and specific
metabolite profiles. In blood, fish consumption was sig-
nificantly associated with increased levels of several PC
species, including PC aa C36:6, PC aa C38:0, PC ae
C38:6, and PC aa C38:6 (aa: suggested diacyl [acyl-acyl]
structure; ae: suggested acyl-alkyl [ether] structure)
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romatography—tandem mass spectrometry; UPLC-MS/MS, ultra-performance liquid chromatography-tan-

(P <.001 for all). In contrast, the consumption of bak-
ery products was associated with decreased levels of
these same PC species (P <.001 for all). Meat intake
was positively associated with PC ae C36:3, PC ae
C36:4, PC ae C36:5, and PC ae C38:5 (P <.001 for all).
Additionally, the consumption of beverages, particularly
soft and fizzy drinks, was associated with decreased lev-
els of 2 acylcarnitines (C5:1, C6:1) and a sphingolipid
(SM [OH] C16:1) (P < .001) (26) (Table 5). In the same
study, urine metabolite analyses revealed significant
associations with various food groups. Meat intake was
associated with higher creatine levels (P <.001), while
fruit and vegetable consumption correlated with higher
hippurate levels (P <.001 for both). Fruit intake was
also positively associated with proline betaine, N-meth-
ylnicotinic acid, and scyllo-inositol (P <.001 for all),
and negatively associated with amino acids such as glu-
tamine, alanine, and leucine (P <.001 for all). Dairy
intake was positively associated with pantothenate levels
(P<.001), and beverage consumption was inversely
associated with 3-hydroxybutyrate/3-aminoisobutyrate
(P <.001)* (Table 5).

Associations Between Food Ingredients and
Metabolites

Three studies examined the relationships between the
intake of specific food ingredients and metabolite pro-
files.”®**** In the study by Baxter et al,”® navy bean
supplementation led to increased blood levels of
trigonelline and pipecolate (P=.04 for both), while
rice-bran supplementation was associated with elevated
levels of trigonelline (P<.05) and xanthurenate
(P=.01). However, the combination of navy bean and
rice bran did not show any significant association with
metabolite levels (Table 4).
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Table 5. Summary of Biological Samples, Metabolomic Technique, and Metabolite Associations of Included Observational Studies

First author, Biological sample Analytical technique Dietary pattern/food group/food ingredient and
year and time point metabolite association
Lau, 2018% Blood and urine Blood/targeted: LC-MS/MS and Blood metabolites
6-11y FIA-MS/MS 1 PCaa C36:0, PC aa C36:5, PC aa C36:6, PC aa C38:0, PC
Urine: TH NMR spectroscopy aa (38:6, PC aa C40:1, PC aa C42:2, PC ae C38:0, PC ae
(38:6, and PC ae C40:6 with fish consumption
(P <.001)

| PCaa C36:6, PC aa C38:0, PC aa C38:6, PC aa C40:6, PC
ae C38:0, PC ae C38:6, PC ae C40:2, PC ae C40:6, and 2
sphingolipids (SM [OH] C14:1, SM [OH] C16:1) with bak-
ery products intake (P <.001)

1 PCae C36:3, PC ae C36:4, PC ae C36:5, PC ae 38:5 with
meat consumption (P <.001)

| PCaa C38:0, PC aa C38:6, PC ae C38:5, PC ae 38:6, PC
ae C40:6 with sweets consumption (P <.001)

T Acetylornithine with fruit intake (P <.001)

| 2 Acylcarnitines (C5:1, C6:1) and 1 sphingolipid (SM
[OH] C16:1) with beverage consumption (soft and fizzy
drinks) (P <.001)

1 PCaa C28:1, PC aa/ae C30:0, SM (OH) C14:1, and | PC
aa 38:0, PC ae C38:6 with dairy consumption
(P <.001)

| PCae C30:0, PC ae C34:0, SM (OH) C14:1 with potatoes
intake

Urine metabolites

1 Creatine with meat intake (P < .001)

1 Hippurate with both fruit (P < .001) and vegetable
(P <.001) intake

1 Proline betaine, N-methylnicotinic acid, and scyllo-ino-
sitol with fruit consumption (P <.001)

1 Pantothenate with dairy intake (P <.001)

1 Acetate with potato intake (P < .001)

| Glutamine, alanine, and leucine with fruit intake
(P <.001)

| 3-Hydroxybutyrate/3-aminoisobutyrate with beverage
consumption (P <.001)

Stratakis, Urine TH NMR spectroscopy Urine metabolites
20223 6-11y Higher adherence to KIDMED:

1 Pantothenic acid, T p-hydroxyphenylacetate, T urea,
1 acetate, 1 hippurate, T p-cresol sulfate, T tyrosine,
1 trimethylamine and T N-methylnicotinic acid (P < .05
for all)

Higher consumption of UPFs:

| 4-Deoxythreonic acid, | taurine, | urea, | 3-hydroxyi-
sovalerate, | hippurate, | valine, | tyrosine, | leucine,
| 2-hydroxyisobutyrate, and | N-methylnicotinic acid
(P < .05 for all)

Handakas, Blood TH NMR spectroscopy Cross-sectional analyses
20222 Cross-sectional at 7y UPF:
Prospective at 13y | Tyrosine, | phenylalanine, | acetate, | isoleucine,

| leucine, | valine, | cholines, | phosphoglycerides,
| sphingomyelin, and | phosphatidylcholines

| Conjugated linoleic acid and | DHA (P < .05 for all
after Bonferroni correction)

1 Glutamine, T citrate, and T creatinine (P < .05 for all
after Bonferroni correction)

Prospective analyses

| Ratios of DHA to total fatty acids, | ratios of omega-3
fatty acids to total fatty acids, | very large HDL, | ratio
of free and total cholesterol to total lipids in medium
and large HDL and IDL (P < .05 after Bonferroni
correction for all)

(continued)

Nutrition Reviews® Vol. 00(00):1-18 1

9202 YdJel\ Sz uo Jesn wnyibojojewseH 4S9 Aq | 292/ #8/SOSIENUALINU/SE0 L 0| /I0P/[0IIB-80UBAPE/SMBIASIUOINLIINU/WO02 dNo olwapede//:sdiy Woll papeojumo(]



Table 5. Continued

First author, Biological sample

Analytical technique

Dietary pattern/food group/food ingredient and

year and time point metabolite association
Qin, 2023 Blood Targeted: LC-MS/MS T Phosphatidylglycerol (43:6) (P=.052), T phosphati-
10-13y dylcholine (18:0/20:3) (P < .05), and T phosphatidyle-

Hovinen, 20213*  Blood and urine
17y MS/MS

Blood/untargeted: flow injec-

tion-TOF MS

Urine/targeted: IPC-MS

thanolamine (P-22:0/18:2) (P < .05) with nut intake

Blood/targeted: GLC and HPLC-  Blood untargeted metabolites

872 Metabolites were identified, 136 showed significant
differences between vegan and omnivore diet

| Isoleucine, valine, and taurine (P < .05 for all) in
vegans

Blood targeted metabolites

T Unconjugated primary bile acids (P =.047) and | taur-
ine to glycine conjugation ratio of bile acids (P =.047)
in vegans than in omnivores

1 Folate, |vitamin A, vitamin D,, and vitamin D3 in
vegans compared with omnivore participants (P < .05
for all associations)

| DHA (P < .001), total cholesterol (P < .001), LDL choles-
terol (P <.001), and HDL cholesterol (P < .05) in vegans
compared with omnivores

1 Long-chain fatty acid carnitines 18:4 (P <.001) and |
lysophosphatidylcholine (Lyso-PC) 18:1 (P <.05) in
vegans compared with omnivores

Urine targeted metabolites

No significant differences in creatinine levels between
diet groups

Abbreviations: aa, a diacyl (acyl—acw structure; ae, acyl-alkyl (ether) structure; DHA, docosahexaenoic acid; FIA-MS/MS, flow-injec-

tion-analysis mass spectrometry; G
liquid chromatography—-mass spectrometry; |

gas—li%ﬂd chromatography; HDL, high-density lipoprotein; HPLC-MS/MS, high-performance
L, intermediate-density lipoprotein; IPC-MS, ion pair chromatography-mass spectrome-

try; KIDMED, Mediterranean Diet Quality Index for children and adolescents; LC-MS/MS, liquid chromatography tandem mass spec-
trometR/; LDL, low-density lipoprotein; PC, phosphatidylcholine; TOF MS, time-of-flight mass spectrometry; UPF, ultra-processed food;

TH NMR, proton nuclear magnetic resonance.

Pfluger et al*” reported that rice-bran supplementa-

tion significantly increased levels of several amino acids
and related metabolites, including glutamate, glycine,
cysteinylglycine, and tryptophan betaine, compared
with the control group (P < .05 for all). In contrast, nic-
otinamide adenine dinucleotide (NAD+), salicylate,
and glutamine levels were significantly higher in the
control group (P < .05 for all). Additionally, participants
receiving  rice-bran  supplementation  showed
significant increases in several phosphatidylcholines
(P < .05 for all) and in acylcarnitine C2 (P=.005) com-
pared with controls® (Table 4).

The case-control study, which investigated the asso-
ciations of nut consumption with metabolite profile in
hypertensive compared with healthy children, found
positive associations between nut intake and increased
levels of several phospholipids, including phosphatidyl-
glycerol (PG) (43:6) (P=.052), PC (18:0/20:3) (P <.05),
and phosphatidylethanolamine (PE) (P-22:0/18:2)
(P <.05) (Table 5). All analyses were conducted in the
full study population, including both hypertensive
(cases) and normotensive (controls) children.
Mediation analysis indicated that PG (43:6) had a signif-
icant mediating effect on the association between nut
intake and systolic blood pressure (SBP), acting as a
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negative regulator (B = —-0.023; 95% CI: —0.055, —0.006;
P=.049). Phosphatidylcholine (18:0/20:3) also showed
a potential lowering effect on SBP, although its indirect
effect was not significant in the final path model. The
total effect of nut consumption on SBP approached stat-
istical significance (B=-0.047; 95% CI: —0.097 to
0.002; P =.064), suggesting that the influence of nuts on
blood pressure may be mediated primarily through lipid
metabolites such as PG (43:6).*

Metabolites Associated With Multiple Dietary
Components

Several key metabolites, such us BCAAs, tyrosine,
trigonelline/N-methylnicotinic ~ acid, 1-palmitoyl-2-
docosahexaenoyl-glycero-phosphocholine (GPC (16:0/
22:6)), and hippurate were consistently associated with
various dietary components across the reviewed studies.
For consistency, metabolite names are presented as
reported in the original studies. In some cases, different
annotations refer to the same or similar analytes—for
example, LysoPC a Cl18:1, as identified using flow-
injection-analysis mass spectrometry (FIA-MS/MS) in
Biocrates Kkits, corresponds to Lysophosphatidylcholine
18:1 (LPC (18:1)), and GPC (16:0/22:6) is the major

Nutrition Reviews® Vol. 00(00):1-18

9202 YdJel\ Sz uo Jesn wnyibojojewseH 4S9 Aq | 292/ #8/SOSIENUALINU/SE0 L 0| /I0P/[0IIB-80UBAPE/SMBIASIUOINLIINU/WO02 dNo olwapede//:sdiy Woll papeojumo(]



Glutamine [ ) [ ]
Isoleucine =
Leucine - me
Phenylalanine - (@]
Pipecolate
Taurine .
Tyrosine - ne
Valine - me
Pantothenate [
Trigonelline / N-methylnicotinic acid - (]
Acetate -
LPC (18:1)
GPC (16:0/22:6) / PC aa 38:6 GPC
(18:0/22:6)
Cholesterol sulfate
DHA
Sphingosine
Orotidine
Salicylate
Hippurate
Stachydrine / Proline betaine

(]
U

Q 2
o‘? R & JEI
& dQ

%6(.

Legend
Association direction:

(o} @ Inverse
(o] @ Positive

Sample:

@ Blood
B Urine

Study type:
O Randomized Clinical Trial
@ Observational

000 OO

Metabolite group:

B Amino acids
o [ Cofactors and Vitamins
o [ Energy

00 Lipids

Nucleotide

o Xenobiotics

o N
& o & P

%0 @& @

Figure 3. Metabolites Associated With Dietary Components Across the Reviewed Studies
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component of PC aa C38:6 in human plasma.’
Figure 3 illustrates these key metabolites and their asso-
ciations with multiple dietary components.

Figure 4 illustrates the number of significant asso-
ciations with dietary components based on sample

type, measurement method, and predominant

Nutrition Reviews® Vol. 00(00):1-18

metabolite groups identified. In blood samples, signifi-
cant associations were primarily observed with metabo-
lites from the lipid group, as well as amino acids. In
contrast, urine samples predominantly showed significant
associations with amino acids, cofactors and vitamins,
and xenobiotics.
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DISCUSSION

This systematic review summarizes the evidence on the
associations between dietary patterns, specific food
groups, and food ingredients intake with metabolite pro-
files in children and adolescents. Adherence to healthy
dietary patterns, such as the Mediterranean diet, along
with the inclusion of nutrient-rich foods, was linked to
particular metabolomic profiles. Conversely, frequent
consumption of UPFs was consistently associated with
distinct metabolite patterns, including lower levels of
several essential amino acids and lipid metabolites.

These findings align with previous hypothesis-driven
studies that have reported associations between healthy
dietary patterns, food groups, or specific food ingredients
and markers of metabolic status."® Metabolomics offers
an opportunity to further characterize these associations
by exploring the molecular pathways involved and the
potential interactions between dietary components.

To our knowledge, this is the first systematic review
specifically focusing on the relationship between nutri-
tional interventions or habitual dietary intake and bio-
markers obtained through metabolite profiling using
LC-MS/MS, FIA-MS/MS, and proton nuclear magnetic
resonance (‘H-NMR) in blood and urine samples of
children and adolescents. Children and adolescents dif-
fer from adults not only due to growth demands but
also because of age-specific differences in metabolism,
dietary patterns, gut microbiota composition, and hormo-
nal regulation. These factors can shape metabolic
responses to diet, requiring a specifically tailored approach
to metabolomic research in the pediatric population.
Although a systematic review published in 2022 included
both adults and children and investigated similar associa-
tions between diet and metabolomic profiles, only 2 of the
35 included studies were conducted in children or adoles-
cents, and these studies assessed outcomes that differed
from those defined in our protocol.”® This highlights the
limited evidence available in the pediatric population and
underscores the novelty and relevance of our structured
approach.

Interpretation of Results

Two of the included studies found that higher levels of
hippurate were associated with greater adherence to
the Mediterranean dietary pattern, higher fruit and
vegetable intake, and lower consumption of UPFs. 303!
These associations likely reflect the Mediterranean diet’s
abundance in fruits, vegetables, and fish, which are rich
in bioactive compounds with anti-inflammatory and
antioxidant properties, thereby supporting overall meta-
bolic health.”” In adults, hippurate levels have been
shown to increase following a Mediterranean diet
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intervention'? and the consumption of polyphenol-rich
diets that include fruits, vegetables, berries, fatty fish,
and coffee,"****" all of which are key components of the
Mediterranean diet. While polyphenols in adults are pre-
dominantly derived from non-fruit and non-vegetable
sources, such as coffee, tea, and cocoa, children and ado-
lescents typically consume less of these beverages. As a
result, the urinary excretion of hippuric acid likely primar-
ily reflects their fruit and vegetable intake. Hypothesis-
driven research from the DONALD (Dortmund
Nutritional and Anthropometric Longitudinally Designed)
study demonstrated that urinary hippuric acid may serve
as a valuable biomarker for fruit and vegetable intake
in children using traditional analytical methods.***
Similarly, a systematic review further supported the poten-
tial of hippuric acid as a promising candidate biomarker
for fruit and vegetable consumption during childhood and
adolescence, although only one of the included studies
used high-precision metabolomic techniques."’

With regard to UPFs, 2 studies included in this sys-
tematic review found a negative association between
their consumption and levels of tyrosine’"”* and
BCAAs, including leucine,’"** valine,”"** and isoleu-
cine.’* This negative association may be explained by
the low nutrient quality of UPFs, which are typically
low in high-quality proteins. Furthermore, the intake of
these foods may displace nutrient-dense, protein-rich
whole foods from the diet, leading to a reduction in pro-
tein intake and consequently lower plasma BCAA
levels.

In adults, a recent study identified a negative asso-
ciation between UPF intake and circulating valine con-
centrations, supporting the idea that high-UPF diets
may be linked to lower levels of certain BCAAs across
age groups.** In children, elevated plasma BCAA levels
have also been associated with worse metabolic out-
comes, including obesity and insulin resistance.*’

Although BCAAs have been widely studied in
adults for their association with insulin resistance in
individuals with obesity and type 2 diabetes, the exact
underlying mechanism remains unclear.*>*” Elevated
plasma BCAA levels have also been linked to inflamma-
tion and alterations in the gut microbiota, which may
impair amino acid absorption and metabolism. A study
by Pedersen et al*® found that a gut microbiome with a
higher capacity for BCAA biosynthesis and a reduced
number of bacterial transporters for this BCAA metabo-
lism was associated with increased plasma BCAA levels.
However, this should not be interpreted as a protective
effect of UPF consumption. BCAAs are essential amino
acids, particularly important for growth during
childhood.

Furthermore, Hovinen et al** also found that circu-
lating levels of essential amino acids, including
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isoleucine, valine, and taurine, were significantly lower
in the vegan dietary pattern. In contrast, Tang et al*’
did not observe significant differences in amino acids or
blood metabolite levels between meat-based and dairy-
based complementary diets in infants under 1 year of
age. One possible explanation for this finding is that
this last RCT involved infants from 5months of age,
and all were fed with the same cow-milk-based formula
as their primary food source (and primary source of
essential amino acids). The only difference between
groups was the complementary foods introduced. Since
both meat and dairy are considered high-quality protein
sources according to the World Health Organization
(WHO) Digestible Indispensable Amino Acid Score
(DIAAS),” consuming similar amounts of dairy
resulted in similar amino acid blood profiles, regardless
of differences in the amino acids provided in the still-
limited intake of complementary food at that age.
Continuing with the vegan dietary pattern, a study
included in this review found significantly higher levels
of unconjugated primary bile acids and a higher glycine-
to-taurine conjugation ratio of bile acids compared with
the omnivorous dietary pattern.’* This suggests that bile
acid biosynthesis is the pathway most significantly
affected by these diet patterns. These results are consis-
tent with those observed in adults, where primary and
glycine-conjugated bile acids were also found to be
higher in vegans than in omnivores.”® Additionally,
vegans showed lower levels of DHA, low-density-
lipoprotein (LDL), and high-density-lipoprotein (HDL)
cholesterol. This could be explained by the absence of
animal-based foods, which are primary sources of DHA.
Furthermore, a plant-based diet is typically low in satu-
rated fats, which may contribute to reduced LDL choles-
terol, while lower HDL levels may reflect the absence of
specific nutrients found in animal fats. DHA plays a crit-
ical role in brain and visual development during child-
hood. Low DHA levels have been associated with poorer
cognitive performance and attention, highlighting the
need for adequate intake during growth periods.”">*
Three studies have identified associations between
trigonelline and N-methylnicotinic acid (a secondary
metabolite of trigonelline) and various food ingredients,
food groups, and dietary patterns.”>**>" Specifically, a
significant inverse association was found with the intake
of UPFs,”' whereas positive associations were observed
with adherence to the Mediterranean diet’' and with fruit
consumption.”® Additionally, in the study by Baxter et
al®® trigonelline levels were higher in participants receiv-
ing navy bean or rice-bran supplementation compared
with the control group without supplementation. The
observed associations may be attributed to the natural
presence of trigonelline in foods such as coffee, legumes,
cereals, fruits, and vegetables, which are common in
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Mediterranean diets. In contrast, the inverse association
observed in infants with diets rich in UPFs may reflect
displacement of natural foods by other types of processed
foods. Several reviews have reported that trigonelline
shows multiple beneficial effects, including neuroprotec-
tion, antioxidant activity, and improved glucose metabo-
lism. It also enhances lipid regulation, reduces adipose
tissue accumulation, and decreases tumor cell invasive-
ness by modulating oxidative stress and cancer-related
pathways, as shown in animal models.”>>* While evi-
dence in humans remains limited,” preliminary data of
in vitro studies have demonstrated the antioxidant prop-
erty of trigonelline.”® Additionally, in adults, a correlation
has been found between urinary trigonelline levels and a
reduction in glycated hemoglobin (HbA1c).”’

The case-control study included in this review
identified positive associations between nut intake and
specific phospholipids, particularly PG (43:6), which
showed a significant mediating effect on SBP.* These
findings suggest that lipid metabolites could partly
mediate the cardiometabolic benefits of nuts and high-
light their potential role in the cardioprotective effects
of nut consumption in the pediatric population. While
previous studies in adults have reported associations
between nut intake and various beneficial lipid metabo-
lites,”®>° the association with PG (43:6) has not, to our
knowledge, been previously reported and may represent
a novel finding in children.

All of these findings highlight the potential of
metabolomics to support more personalized and tar-
geted nutritional approaches in children by providing
insights into specific metabolic pathways influenced by
diet. This approach may contribute to more effective
strategies for preventing and managing metabolic disor-
ders in pediatric populations. Furthermore, the identifi-
cation of specific metabolites that are responsive to
dietary interventions opens the door for the develop-
ment of noninvasive biomarkers, providing a promising
tool for monitoring and assessing nutritional status and
metabolic health in this population.

Strengths and Limitations

One of the main strengths of this systematic review is
the possibility to compile data from almost 6000 chil-
dren and adolescents derived from both observational
studies and clinical trials. This large sample increases
the applicability of the findings and provides a robust
basis for exploring associations between dietary intake
and metabolite profiles. Importantly, despite the hetero-
geneity in study designs, populations, and analytical
techniques, several associations were consistently
observed across studies, which strengthens the overall
reliability and relevance of the findings.
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This systematic review includes studies using untar-
geted, targeted, or both types of metabolomic analyses.
Untargeted approaches allow the identification of a
wide range of metabolites, providing a more compre-
hensive understanding of dietary exposures and their
metabolic effects. However, these methods are typically
not absolutely quantitative, as they depend on MS/MS
spectral library matching and often lack isotopically
labeled internal standards (ISTDs) for all detected com-
pounds. In contrast, targeted LC-MS methods quantify a
predefined set of metabolites using ISTDs, allowing for
more accurate and reproducible measurements. FIA-MS/
MS and NMR, used in some of the included studies, are
considered relatively quantitative, as they lack chromato-
graphic separation or absolute calibration.

The diversity of analytical techniques may intro-
duce variability in metabolite identification and quanti-
fication. Nevertheless, combining data across platforms
strengthens the overall synthesis and contributes to a
broader understanding of how diet influences metabolic
profiles in pediatric populations. Exploring metabolite
signatures linked to dietary patterns provides a holistic
approach, offering valuable insights into how these pro-
files may reflect not only food components but also
interactions with environmental exposures, lifestyle
factors, endogenous metabolism, and gut microbiota.
Meanwhile, targeted analyses enable the confirmation
of associations previously established in adult popula-
tions, providing more precise and focused evidence that
supports the reliability of the results. However, it should
be noted that, in 1 study, phospholipids and sphingoli-
pids were analyzed using FIA-MS/MS without chroma-
tographic separation, which may have affected the
specificity of the measurements. This methodological
limitation should be taken into account when interpret-
ing associations involving these lipid species.

This review also has several limitations. The hetero-
geneity among the included studies, in terms of design,
population characteristics, dietary assessment methods,
and analytical techniques, presents challenges in interpret-
ing the results and drawing conclusions. Furthermore,
most of the studies were observational, which limits the
ability to establish causal relationships between dietary
intake and metabolite profiles.

Although RCTs provide more robust evidence, they
are subject to important ethical constraints, such as the
impossibility of assigning children to potentially unheal-
thy dietary patterns. In this context, observational studies
offer valuable complementary evidence for investigating
the role of diet in shaping metabolic profiles. However,
the small sample sizes of RCT's and their focus on specific
supplementation interventions limit the understanding
of long-term dietary effects.
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Another limitation of this study is the inability to
conduct a meta-analysis due to the high methodological
variability across the studies, including differences in
biological samples and metabolomic techniques. This
heterogeneity makes it difficult to synthesize the data
and draw more generalized conclusions.

In addition, the included studies were conducted in
12 different countries. Geographical and cultural differ-
ences in dietary habits may have influenced the
observed metabolic outcomes. Moreover, none of the
included studies reported the specific results of interest
separately for sex, despite evidence that sex differences
may influence metabolomic outcomes. However, most
studies adjusted their analyses for sex, which partially
addresses this limitation. Finally, the overall risk of bias
was rated as low to moderate across the studies, suggest-
ing that, while the findings are generally reliable, some
degree of bias, particularly related to sample size, dietary
exposure assessment, and laboratory measurements,
may still influence the results and limit the ability to
draw firm conclusions about the specific effects of diet-
ary intake on metabolite profiles.

CONCLUSION

This systematic review provides a comprehensive synthe-
sis of the evidence on the associations between dietary
intake and metabolomic profiles in children and adoles-
cents. The findings show that dietary patterns, food
groups, and specific food ingredients are associated with
different metabolite signatures, several of which are con-
sistent with findings in adult populations. Metabolites,
such as BCAAs, tyrosine, hippurate, trigonelline, N-
methylnicotinic acid, and PC aa C38:6, identified in
more than 1 study, may serve as potential biomarkers of
dietary exposures relevant to metabolic health.

Despite the heterogeneity across studies and analyt-
ical methods, the consistency of some associations high-
lights the potential of metabolomics as a promising tool
for evaluating diet-related metabolic profiles in pedia-
tric populations. Future research using longitudinal
designs and standardized methodologies is needed to
clarify causal pathways, validate dietary biomarkers, and
support the development of personalized nutrition
strategies for children and adolescents. Although metab-
olomic markers reflect actual dietary intake, their impli-
cations for health outcomes remain to be explored.
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