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Proteomic profiling in
personalized nutrition: a
systematic review and
methodological frameworks of
randomized controlled trials

Mirko Marino, Sofia Tura, Marco Rendine, Daniela Martini,
Cristian Del Bo'* and Patrizia Riso

Department of Food, Environmental and Nutritional Sciences (DeFENS), Universita degli Studi di
Milano, Milan, Italy

Background: Personalized nutrition aims to tailor dietary advice by accounting
for interindividual variability. However, the application and integration of pro-
teomic profiling within dietary intervention studies have not yet been systemati-
cally mapped.

Methods: A PRISMA-aligned systematic review (PROSPERO CRD420251011886)
of randomized controlled trials (RCTs) was conducted searching PubMed,
Embase, and Scopus. We included RCTs with a dietary intervention incorporat-
ing a genotype- and/or phenotype-based personalization component and pro-
tein profiling measured with high-throughput or multiplex platforms (including
MS-based, aptamer-based, and multiplex immunoassays).

Results: Twenty-six trials were included, with sample sizes ranging from 14 to 805
participants. Most interventions were supplementation-based (n = 19), whereas
seven trials assessed food-based interventions. Personalization strategies were
mostly phenotype-based (n = 17), less frequently genotype-based (n = 7), and
only one trial implemented a fully individualized dietary intervention. Proteomic
analyses were mainly performed on blood-derived matrices (n = 24). Targeted
profiling approaches predominated (n = 20), most commonly using multiplex
immunoassays, while untargeted mass spectrometry-based methods were less
frequent (n = 6). Due to substantial heterogeneity in study designs, analytical
platforms, and outcome definitions, a quantitative synthesis was not feasible.
Most trials were judged at high risk of bias, mainly driven by missing outcome
data and selective reporting, particularly in exploratory and subgroup analyses.
Conclusion: In personalized nutrition RCTs, proteomic profiling is currently
employed predominantly as a targeted, secondary outcome to characterize
subgroup-specific molecular responses, with limited use as a tool to inform
stratification or guide intervention design. Future research should prioritize ade-
quately powered trials with pre-specified proteomic outcomes and the integra-
tion of standardized proteomic workflows to enhance interpretability and clinical
translation.
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1 Introduction

Traditional nutritional guidelines and recommendations have
been developed at the population level, with the primary objectives of
preventing nutrient deficiencies and reducing the burden of chronic
diseases. Although this approach has yielded substantial public health
benefits, it assumes largely homogeneous responses and does not fully
account for interindividual differences in genetics, physiology, envi-
ronment, and behavior (1, 2). In this context, the field of personalized
nutrition (PN) has emerged, aiming to tailor dietary interventions to
the individual level (3). PN encompasses approaches that differ in the
level of individualization. Stratified nutrition refers to recommenda-
tions targeted to subgroups sharing specific characteristics, whereas
tailored nutrition adapts dietary advice based on selected individual
features. Precision nutrition generally implies a more comprehensive
integration of multi-dimensional data, while personalized nutrition
represents the most individualized level, aiming to integrate genetic,
phenotypic, clinical, lifestyle, and environmental information to opti-
mize health outcomes (3-6). While stratified or tailored nutrition
provides recommendations for subgroups sharing specific character-
istics, PN extends this approach to the individual by integrating
genetic, phenotypic, clinical, lifestyle, and environmental information
to optimize health outcomes (4, 6). The biological basis of PN lies in
the interplay of genotype and phenotype. Genetic variability, captured
through single nucleotide polymorphisms (SNPs) or aggregated into
genetic risk scores (GRS), influences nutrient metabolism, dietary
responsiveness, and disease susceptibility (2, 7-13). The phenotype,
including both clinical features (age, sex, body mass index, body com-
position, health status) and molecular traits (metabolites, protein
expression, microbiome composition), reflects dynamic interactions
between genetic predisposition and environmental exposures and
modulates dietary responses (14-19). Behavioral and environmental
factors further contribute to shaping these responses (3, 20, 21).

Omics technologies (i.e., genomics, transcriptomics, proteomics,
and metabolomics) enable the characterization of molecular mecha-
nisms underlying individual responses to diet. Nutriomics, defined as
the integration of nutrition research with omics platforms, facilitates
the identification of individual molecular signatures of dietary expo-
sure (4, 22-27). When combined with machine learning and high-
throughput data acquisition, multi-omics approaches can manage and
interpret large-scale datasets, facilitating the identification of metabolic
subtypes and predictive markers that may inform personalized dietary
recommendations (24-27). Among these technologies, proteomics
offers a direct insight into functional molecular responses, as proteins
represent the primary effectors of biological processes. Unlike static
genomic information, the proteome is dynamic and responsive to
dietary and environmental stimuli, reflecting changes in protein
expression, post-translational modification and molecular interactions
(28-30). Proteomics has evolved from low-throughput biochemical
techniques to high-throughput platforms, including mass spectrome-
try and other multiplex and affinity-based assays (31-36). These tech-
nologies allow comprehensive profiling of proteins in various biological
matrices, providing both qualitative and quantitative profiling of pro-
teins across diverse biological matrices, thereby facilitating the elucida-
tion of molecular mechanisms linking dietary exposure to health
outcomes (37-41). Nutritional proteomics, or nutriproteomics, applies
these tools to investigate diet-protein interactions, contributing to bio-
marker discovery and potentially supporting the design of personalized
nutrition strategies guided by individual proteomic profiles (39-41).
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Despite these technological advancements, the integration of high-
throughput proteomics (HTP) into PN interventions remains relatively
unexplored in randomized controlled trials (RCTs). Existing studies
and narrative or omics-focused reviews have primarily examined asso-
ciations between diet and proteomic profiles or discussed technological
potential, with limited attention to how proteomic data are operation-
ally incorporated into intervention design and implementation. To
date, no systematic synthesis has examined how proteomic profiling is
operationally embedded in personalized nutrition RCTs, whether it
serves as a driver of intervention design or is primarily employed as a
secondary outcome measure, and how these differing applications
influence methodological rigor and translation readiness.

The present systematic review provides a methodological map-
ping of the use of proteomic profiling in personalized nutrition RCTs.
Specifically, it summarizes how proteomics is operationalized in inter-
vention design and evaluation, including whether it informs person-
alization strategies or is primarily used as an outcome measure. By
systematically characterizing these aspects, this review aims to identify
current methodological limitations and to inform the design of future
proteomics-driven personalized nutrition trials.

2 Methods

This systematic review was conducted in accordance with the
PRISMA (Preferred Reporting Items for Systematic Reviews and
Meta-Analyses) guidelines (42) and was prospectively registered in
PROSPERO (CRD420251011886).

2.1 Eligibility criteria

Eligibility criteria were defined using the PICOS framework (43),
which guided the formulation of the research question and supported
the development of a structured search strategy. The PICOS elements
are summarized in Table 1. Given the evolving definition of personal-
ized nutrition, dietary intervention studies were considered eligible
when personalization was implemented either: (i) a priori, as indi-
vidualized dietary interventions tailored to participant characteristics,
or studies enrolling populations selected based on a specific genotype,
even if all participants received the same intervention; (ii) a posteriori,
when all participants received the same intervention, but outcomes
were analyzed according to stratification by genotypic or phenotypic
characteristics, assessed at baseline or emerging post-intervention.

2.1.1 Exclusion criteria

Studies were excluded if they: (i) were conducted exclusively in
athlete populations; (ii) did not report intervention-related changes in
specific proteins or protein panels (i.e., proteomic outcomes were not
presented at the protein level); or (iii) were not published in English.

2.1.2 Justification for genotype- and
phenotype-based inclusion

Genotype-selected studies were included even when the interven-
tions were identical across participants, as genotypic variation is
inherent and stable, enabling the evaluation of differential responses
attributable to genetic differences. In contrast, phenotype-selected

frontiersin.org


https://doi.org/10.3389/fnut.2026.1826381
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org

Marino et al.

TABLE 1 PICOS framework applied to the present review.

PICOS element  Eligibility criteria

Population (P) Children, adolescents, adults and older subjects,
regardless of anthropometric and health/

pathological status, hospitalized or not.

Intervention (I) Dietary interventions in which personalization
was applied, either by personalizing the
intervention to individual characteristics (e.g.,
genotypic or phenotypic profiles), by conducting
the study in populations defined by specific
genotypes, or by stratifying outcomes according

to baseline or post-intervention genotypic/

phenotypic features.

Comparison (C) Control group (placebo, standard/control diet) or

comparison between different subgroups.

Outcome (O) Protein changes assessed via high-throughput
proteomic analysis (e.g., mass spectrometry,

protein pathway array, Olink, multiplex bead-
based assays, multiplex aptamer-based assays,

proteomic chip).

Study design (S) Randomized controlled trials.

studies were included only if the study design enabled meaningful
comparisons across phenotypic strata. Recruitment based solely on
phenotypic characteristics, without the capacity to assess differential
outcomes, was considered insufficient for inclusion. Athlete-focused
studies were excluded because dietary interventions in these popula-
tions are typically designed to address sport-specific performance goal
rather than individualized health-related nutritional requirements.

2.1.3 Proteomic inclusion criteria

Studies were considered to use high-throughput proteomics if
protein measurement was conducted using platforms such as mass
spectrometry, protein arrays, or multiplex-based technologies, irre-
spective of the number of proteins quantified; no minimum threshold
was applied. Proteomic approaches were categorized as targeted or
untargeted according to the analytical approach described. Studies
were excluded if they did not report which proteins or protein com-
ponents were modulated by the intervention.

2.1.4 Study design and publication criteria

Only RCTs were included to ensure a high level of evidence for
intervention effects. Observational studies, case reports, study proto-
cols, and other non-randomized designs were excluded to reduce the
risk of confounding and enhance methodological comparability
across included studies. We acknowledge that observational studies
are common in the field of personalized nutrition and can provide
valuable insights into real-world associations and hypothesis genera-
tion; however, they were excluded in order to focus on intervention-
based evidence and to improve the internal validity and comparability
of proteomic outcomes across studies.

Eligibility was further restricted to articles published in English
between January 2010 and May 2025 to capture recent developments
in personalized nutrition and high-throughput proteomic profiling.
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2.2 Search strategy

A comprehensive literature search was conducted in PubMed,
Embase, and Scopus, to identify papers published from January 2010
to 25 May 2025. Search filters were applied to restrict results to human
studies published in English during the specified time frame. The ini-
tial search yielded 5,447 records. The complete search strings for each
database are reported in Supplementary material 1 (Research
strategy).

2.3 Study selection

To ensure reliability, all records were independently screened and
selected by two reviewers (S.T. and M.R.), with discrepancies
resolved by a third reviewer (M.M.). Retrieved records were imported
into Rayyan for deduplication and screening. After removal of dupli-
cates, title and abstract were screened according to predefined inclu-
sion and exclusion criteria. The remaining records underwent
full-text assessment to confirm eligibility. Full-text screening was
performed manually. Any uncertainty regarding study inclusion was
resolved through discussion among two reviewers (S.T. and M.R.),
with the consultation of a third reviewer (M.M.) in case of
disagreement.

2.4 Data extraction

Data were independently extracted by two investigators (S.T. and
M.R.) using a standardized Excel spreadsheet to ensure consistency
across studies. For each included trial, general information was first
recorded, including the article title, year of publication, and country
of origin. Additional information included population characteristics
(sample size, age, sex distribution, body mass index, and baseline
health status), study design (duration of the intervention, type of
intervention, dietary vs. supplementation), comparator condition
(e.g., standard diet, placebo, or other control). Furthermore, the per-
sonalization strategy adopted in each study was classified as either
phenotype-based or genotype-based. Regarding the proteomics com-
ponent, the analytical platform used (e.g., mass spectrometry, protein
pathway arrays, multiplex-based methods, or Olink) was recorded,
along with whether the approach was targeted or untargeted. Finally,
the biological matrix analyzed (e.g., plasma, serum, urine, or other
sample types) and the proteomic outcomes assessed (i.e., specific pro-
teins or protein panels) were documented.

2.5 Risk of bias assessment

The risk of bias of the included RCTs was independently assessed
by two reviewers (S.T. and M.R.) using the Cochrane Risk of Bias 2
(RoB-2) tool (44). Any disagreements were resolved through discus-
sion between the two reviewers, and when consensus was not reached,
a third reviewer (M.M.) was consulted for adjudication.

2.6 Data synthesis

Given the heterogeneity of interventions, personalization frame-
works, platforms, and outcome definitions, we did not perform meta-
analysis. Results were synthesized descriptively. The synthesis was
structured according to the type of personalization strategy (geno-
type-based, phenotype-based, combined) and the proteomic approach
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employed (targeted vs. untargeted). Emphasis was placed on identify-
ing reporting patterns and key methodological indicators including
study type, trial registration, choice of analytical platform, and risk-
of-bias domains, particularly those related to missing outcome data
and selective reporting.

3 Results
3.1 Study selection

The study selection process was conducted and reported in accor-
dance with the PRISMA 2020 guidelines. The selection workflow is
summarized in the PRISMA flow diagram (Figure 1). A total of 5,447
records were identified through searches of three electronic databases.
After removal of 2,068 duplicates, 3,379 records were screened by title

10.3389/fnut.2026.1826381

and abstract, leading to the exclusion of 1,600 articles. Of the 1,779
full texts assessed for eligibility, 40 could not be retrieved and 1,713
were excluded for reasons including lack of high-throughput pro-
teomic analyses, absence of a dietary intervention or personalization
strategy, non-randomized design, or non-English publication. Reasons
for exclusion were not mutually exclusive. Therefore, the sum of exclu-
sions by reason exceeds the total number of excluded reports.
Ultimately, 26 RCTs were included in the systematic review (45-70).

3.2 General characteristics of included
studies

The main characteristics of the included trials are summarized in
Supplementary material 2 (Data extraction). The studies were pub-
lished between 2011 and 2025 and included diverse geographical set-
tings, including United States (n = 5) (49, 52, 54, 61, 68), Spain (n = 3)
(56, 64, 67), Norway (n = 2) (46, 51). Of the 26 trials, 11 reported

[ Identification of studies via databases and registers ]
)
Records identified from: Records removed before
15 Databases (n = 5447) screening:
§ Duplicat d d
L > uplicate records remove
= (n =2068)
= PubMed (n = 1067)
K=
Embase (n = 1971)
P \4
Records screened Records excluded**
—>
(n=3379) (n=1600)
A4
Reports sought for retrieval Reports not retrieved
2 (n=1779) (n = 40)
[
o
e
& v
Reports assessed for eligibility Reports excluded:
—_> (n =171 3)
(n=1739)
absence of high-throughput
proteomics (n = 1468)
absence of personalized
intervention (n = 265)
e/
\4
= Studies included in review
o
S| [ (n=26)
£
FIGURE 1
PRISMA flow diagram of the systematic review.
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primary RCT findings (49, 53-55, 58, 60, 62, 65, 66, 70, 71), whereas
15 were secondary analyses of previously conducted RCTs (45-47,
49-51, 55, 56, 58, 60, 62, 63, 66-68). Trial registration was reported in
19 studies (45-47, 49-63, 67). Nineteen studies (46-49, 53-65, 67, 70)
employed parallel-group design, while 7 used a crossover design (45,
50-52, 66, 68, 69). The nutritional interventions were heterogeneous
and predominantly supplementation-based (n = 19) (45-47, 50-55,
57-60, 62, 63, 65, 66, 69, 70), including w-3 fatty acids, probiotics,
micronutrients, and bioactive compounds. The remaining 7 trials
assessed dietary or food-based interventions (48, 49, 56, 61, 64, 67,
68), such as macronutrient modifications, specific dietary patterns, or
individualized dietary approaches. Sample sizes varied considerably
ranging from 14 to 805 participants, and intervention duration ranged
from 4 weeks to 36 months. Four studies were conducted in pediatric
population (58-60, 63), whereas the remaining trials enrolled adults,
including sex-specific cohorts. Study populations ranged from healthy
individuals to participants with metabolic or clinical conditions
including obesity, type 2 diabetes, coronary heart disease, cirrhosis,
anemia, and allergy. Five studies selected participants based on spe-
cific genotypic characteristics (50, 51, 53, 59, 63), including familial
hypercholesterolemia, p’-thalassemia/Hb E, Duchenne muscular dys-
trophy-related deletions, or genetic susceptibility to type 1 diabetes.
Personalization strategies were implemented through genotype- or
phenotype-based stratification in all trials, although only one study
applied a fully individualized dietary intervention. Proteomic analyses
were primarily conducted in blood-based matrices (n = 24) (45-53,
55-59, 61-70), with only two studies analyzing alternative biological
matrices (nasal fluid and fecal samples) (54, 60).

3.3 Personalization approaches

All trials included incorporated at least one level of personaliza-
tion, in accordance with the predefined eligibility criteria.
Personalization strategies were heterogeneous, differing both in their
biological basis (phenotype-based, genotype-based, or combined) and
in the timing of their implementation, either at baseline or following
the dietary intervention. Phenotype-based personalization was the
most frequently adopted approach, reported in 17 studies (45-49, 52,
56-58, 60-62, 65-67, 69, 70). In 8 trials (47, 48, 57, 58, 60, 61, 65, 66),
personalization was implemented at baseline through stratification
according to individual characteristics, including metabolic, biochemi-
cal, physiological, or clinical features. The criteria used for baseline
stratification varied considerably, reflecting diverse conceptual frame-
works of personalization. In 9 studies phenotype-based personalization
was applied through exploratory analyses, in which participants were
stratified after completion of the intervention (45, 46, 49, 52, 56, 62, 67,
69, 70). Among these, 5 studies (46, 49, 52, 62, 67) applied phenotype-
based personalization post-intervention stratifying participants
according to differential responses to a common dietary intervention.
In most cases, participants were categorized as responders or non-
responders based on changes in clinical or biological outcomes, while
one study classified participants according to weight maintenance suc-
cess. Genotype-based personalization was applied in 7 studies. In all
cases (50, 51, 54, 59, 63, 64, 68), genetic characteristics were used a
priori to define the study population or stratify participants at baseline.
Although in a minority of cases some participants were classified based
on phenotypic or familial criteria rather than direct genotyping, the
personalization strategy was primarily driven by genetic determinants.
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Two studies combined multiple personalization approaches within the
same trial (53, 55). These included combinations of genotype-based
recruitment alongside phenotype-based stratification, as well as inte-
gration of both baseline and post-intervention phenotype-based per-
sonalization. In one study (53), genotype was used as an inclusion
criterion at baseline and phenotype stratification was conducted as an
exploratory analysis. In the other study (55) both genotype- and phe-
notype-based personalization were investigated through post-interven-
tion exploratory analyses. Only one study implemented a fully
individualized dietary intervention, tailoring nutritional recommenda-
tions according to individual leukocyte activation test results (61), rep-
resenting an extreme form of phenotype-based personalization at the
individual level. This study was classified within the baseline stratifica-
tion group. Overall, the included studies demonstrated substantial
heterogeneity in personalization strategies, both in terms of biological
basis and timing of application.

3.4 Proteomic approaches and investigated
pathways

Across the included studies, proteomic analyses were predomi-
nantly based on targeted approaches. Twenty trials employed targeted
proteomics and 6 adopted untargeted strategies. In targeted studies, the
number of proteins assessed varied widely, ranging from single biomark-
ers to large multiplex panels comprising more than 1,000 proteins (48,
61, 62). Only one study conducted a metaproteomic analysis focused on
microbial protein profiling (61). Targeted proteomic profiling was most
frequently performed using multiplex immunoassays (1 = 17), repre-
senting the predominant analytical approach across the included trials
(45-50, 53-55, 57-59, 63, 64, 66, 69, 70). These platforms were primarily
based on bead-based or electrochemiluminescence technologies.
MS-based proteomics constituted the second most frequently adopted
strategy (n = 9) (45, 51, 52, 56, 60, 62, 65, 67, 68) and exhibited consider-
able heterogeneity in analytical depth, encompassing both targeted and
discovery-driven workflows. An aptamer-based assay was used in one
study (61). The proteomic targets were mainly circulating proteins
involved in inflammation, metabolic regulation, and iron metabolism,
reflecting the predominant use of blood-derived matrices (i.e., plasma
and serum). Inflammatory pathways represented the most frequently
investigated biological domain. Cytokines were the most assessed mark-
ers and were often analyzed in combination with other inflammatory
mediators, including acute-phase proteins, chemokines, growth factors,
and adhesion molecules. Adipokines were evaluated in a smaller
number of studies, either alone or in combination with inflammatory
markers. Proteins related to iron metabolism were investigated in studies
focusing on iron supplementation, while lipid metabolism-related pro-
teins were assessed in a single trial involving participants with familial
hypercholesterolemia. Finally, six studies (52, 56, 60, 65, 67, 68) adopted
exploratory or discovery-based proteomic strategies without predefining
specific protein targets. Overall, the included trials primarily relied on
targeted multiplex approaches, complemented by a smaller number of
untargeted analyses aimed at identifying broader proteomic signatures.

3.5 Proteomic findings and outcomes
Across the included studies, proteomic outcomes were reported

using heterogeneous platforms, protein panels, and outcome defi-
nitions. Accordingly, quantitative synthesis was not feasible, and
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results are summarized descriptively by the main personalization
strategy.

3.5.1 Genotype-based personalization

Studies applying genotype-based personalization (n = 7) (50, 51,
54, 59, 63, 64, 68) primarily investigated supplementation-based inter-
ventions and focused on targeted assessments of inflammatory or
metabolic protein profiles. Most trials evaluated cytokine responses
following w-3 or DHA supplementation, while a smaller number of
studies investigated adipokines, lipid metabolism proteins, or
employed untargeted proteomic approaches. Overall, these studies
suggested that genetic background modulates inflammatory and met-
abolic proteomic responses to dietary interventions. Genotype-
specific differences were reported in cytokine regulation,
apolipoprotein dynamics, and broader proteomic signatures. However,
variability in the specific protein targets assessed and in reporting for-

mats across trials limited direct comparability of findings.
3.5.2 Phenotype-based personalization

Studies adopting phenotype-based personalization (n = 17) (45-49,
52,56-58, 60-62, 65-67, 69, 70) assessed proteomic responses accord-
ing to clinical, biochemical, or physiological characteristics, stratifying
at baseline prior to the intervention (n = 8) (47, 48, 57, 58, 60, 61, 65,
66), or stratifying participants post-intervention through exploratory
analyses (n =9) (45, 46, 49, 52, 56, 62, 67, 69, 70). Phenotype-based
studies predominantly used targeted multiplex platforms to investigate
inflammatory markers, adipokines, and, less frequently, iron metabo-
lism proteins. Across these trials, differential regulation of inflamma-
tory cytokines, adhesion molecules, adipokines, or iron-related proteins
was frequently observed according to baseline phenotype, suggesting
that initial physiological status influenced molecular responses to
dietary interventions. Untargeted proteomic analyses conducted within
phenotype-based frameworks revealed broader pathway-level differ-
ences, including modulation of immune response, lipid metabolism,
coagulation, and microbial metabolic activity. These exploratory
approaches highlighted phenotype-dependent proteomic signatures
and, in some cases, suggested that dietary interventions attenuated
baseline-related molecular differences. Post-intervention phenotype-
based stratification further demonstrated distinct proteomic patterns
between responders and non-responders across heterogeneous inter-
ventions (46, 49, 52, 62, 67), including supplementation and dietary
strategies. In these studies, both targeted and untargeted approaches
identified response-specific molecular profiles involving inflammatory
mediators, lipid metabolism, immune response, and complement path-
ways. Reporting was generally study-specific and frequently embedded
within subgroup analyses, limiting cross-study comparability.

3.5.3 Multiple personalization approaches

Two studies combined genotype- and phenotype-based strate-
gies or applied multiple phenotype-based classifications within the
same trial (53, 55). These studies generally employed targeted pro-
teomic profiling and reported differential molecular responses
according to combined stratification criteria. Overall, heterogeneity
in personalization frameworks, platforms, and outcome reporting
limited the possibility of cross-study synthesis beyond descriptive

mapping.
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3.5.4 Comparative synthesis of personalization
approaches

An overview of the distribution of personalization approaches,
stratification timing, and proteomic strategies across the included studies
is presented in Figure 2. Genotype-based studies generally used genetic
characteristics a priori, either to define the study population or to stratify
participants at baseline, and most often assessed predefined inflamma-
tory or metabolic protein profiles, particularly cytokines and lipid-related
proteins. In contrast, phenotype-based studies showed greater method-
ological variability, including baseline stratification based on clinical or
physiological characteristics and post-intervention responder/non-
responder classifications. Across both approaches, inflammatory and
metabolic protein panels were the most commonly investigated domains,
but the specific proteins assessed, analytical depth, and reporting formats
differed substantially across studies. Overall, genotype-based approaches
were more closely linked to predefined biological characteristics and
protein panels, whereas phenotype-based approaches captured a broader
range of stratification criteria but were also more heterogeneous.

3.6 Risk of bias assessment

The risk of bias of the 26 included randomized controlled trials
was assessed using the Cochrane Risk of Bias 2 (RoB 2) tool, applying
design-specific algorithms for parallel-group and crossover trials and
considering both intention-to-treat (ITT) and per-protocol (PP) analy-
ses where available. Overall, most studies were judged to have a high
risk of bias. In parallel-group RCTs, the lowest risk of bias was observed
for deviations from intended interventions (D2) and outcome mea-
surement (D4), reflecting objective assay readouts. Intermediate risk
was seen for the randomization process (D1), mainly due to incom-
plete reporting and post-hoc subgroup analyses, while the highest risk
was noted for missing outcome data (D3) and selection of reported
results (D5), particularly in exploratory analyses or outcomes not pre-
specified. Crossover RCTs showed similar patterns. Lowest risk was
generally observed for missing outcome data (D3), outcome measure-
ment (D4), and bias due to period or carryover effects. Higher risk was
common for randomization (D1), deviations from intended interven-
tions (D2), and selection of reported results (D5), often due to incom-
plete reporting, subgroup analyses, or analyses restricted to completers.
Summary assessments of risk of bias according to the ITT principle are
presented in Figure 3 (parallel trials, A; crossover trials, B), while cor-
responding PP analyses are shown in Figure 4 (parallel trials, A; cross-
over trials, B). Detailed domain-level assessments for each study are
provided in Supplementary Figures 1, 2. Overall, although interven-
tion delivery and objective outcome measurement were generally con-
sidered adequate, most included studies, particularly those relying on
subgroup or exploratory proteomic analyses, were judged to be at high
risk of bias. This assessment was primarily driven by concerns related
to missing outcome data and selective outcome reporting.

4 Discussion

This systematic review provides a methodological mapping of
RCTs that integrated protein profiling within PN interventions. The
added value of this work lies in the development of a reproducible,
study-level dataset that systematically quantifies how personalization
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FIGURE 2
Overview of personalization approaches and proteomic strategies across included studies. Stratification timing is categorized as baseline (pre-specified)
or post-intervention (exploratory). Counts refer to RCTs. Each RCT was assigned to a single primary category for personalization approach and
proteomic strategy.

strategies are implemented and how protein-profiling platforms are
applied in RCT settings. The available evidence shows substantial het-
erogeneity across interventions, populations, personalization frame-
works, and proteomic methodologies, precluding quantitative
synthesis. Rather than estimating clinical effectiveness, the included
studies primarily illustrate how protein profiling is currently opera-
tionalized in PN research and where methodological readiness
remains limited.

Across the included trials, proteomic profiling was most fre-
quently positioned as an ancillary or secondary endpoint, often within
secondary analyses. In most cases, it was used to characterize sub-
group-specific molecular responses rather than to drive stratification
or intervention logic. This pattern is consistent with the observation
that fully individualized PN strategies were rare, whereas most trials
relied on baseline phenotype stratification or post-intervention
responder classifications. As a result, the predominant role of pro-
teomics in this body of literature appears to be descriptive (character-
izing interindividual variation) rather than operational (guiding
allocation, dose, or decision rules). Platform selection further rein-
forces this interpretation. Targeted multiplex panels predominated,
largely focusing on inflammatory mediators, while untargeted MS
approaches were less frequently adopted. The predominance of tar-
geted assays likely reflects pragmatic considerations including cost,
throughput, sample volume, and established workflows. However, this
emphasis also constrains discovery potential and reinforces reliance
on predefined candidate pathways. As a consequence, cross-study
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comparability is limited, given the heterogeneity in protein panels,
outcome definitions, and reporting formats, as well as the frequent
reliance on study-specific subgroup analyses. Collectively, the mapped
literature suggests that proteomic technologies are increasingly incor-
porated into PN RCTs, they are still seldom embedded as a core com-
ponent of trial design. Taken together, these findings indicate that the
current integration of proteomics in PN remains largely exploratory
and has not yet translated into decision-making frameworks within
trial design.

When examined over time, the included literature suggests a shift
from early exploratory MS-based profiling toward a predominance of
targeted multiplex panels in more recent years. This pattern may
reflect a shift from broad discovery to monitoring predefined proteins,
but it should be interpreted with caution, as publication type (primary
vs. secondary analyses), study aims, and platform availability differed
across time periods. If confirmed in future updates of the evidence
base, this trend could indicate that proteomic integration within PN
research has progressed toward feasibility and standardization, albeit
potentially at the expense of opportunities for discovering novel,
stratification-ready molecular signatures. In particular, cytokine-
focused targeted multiplex panels have become the commonly
adopted approach, likely due to practical advantages such as high
throughput, reproducibility, and limited sample volume requirements
(33). However, most proteomic analyses were conducted as secondary
or ancillary evaluations, confirming expected biological effects rather
than guiding stratification or personalized intervention. Exceptions
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include the SomaScan trial, which applied high-coverage aptamer-
based proteomics in a fully individualized intervention framework
(61), and a study using hepcidin to stratify female blood donors in
response to iron supplementation (62). Early exploratory studies also
illustrated the potential of untargeted proteomics to identify predictive
molecular signatures, such as GSTM1-dependent peptidome changes
following vegetable supplementation (68) or protein profiles distin-
guishing successful from unsuccessful weight maintenance (67). These
studies suggest an early transition from descriptive profiling toward
predictive applications, although such approaches remain limited. In
PN trials, the predominance of targeted proteomics reinforces a model
in which molecular data are primarily used to interrogate predefined
biological pathways rather than to generate novel stratification frame-
works. In the majority of trials, targeted panels were used to test pre-
defined pathways (often inflammatory and metabolic), while fewer
studies used untargeted workflows intended for broader signature
discovery. This aligns with broader trends in clinical research, where
multiplex immunoassays are widely employed to monitor systemic
inflammatory mediators (71-73). The predominance of targeted
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assays also reflects limitations in available disease- or phenotype-
specific proteomic markers suitable for guiding stratification (74).
While the SomaScan study marked a conceptual step forward in inte-
grating large-scale proteomic data for individualized interventions, in
most trials, proteomics served as a confirmatory tool, highlighting the
gap between technological capability and conceptual application.
Notably, the hepcidin study (62) represents one of the earliest exam-
ples of using proteomic data to stratify participants, suggesting that
selected proteins could function both as biomarkers and as stratifica-
tion criteria.

Although less frequently applied, untargeted proteomics enabled
a broader and more exploratory assessment of proteome-wide
responses. MS-based approaches enabled broader, discovery-oriented
assessment of proteome-wide responses. Across heterogeneous inter-
ventions and populations, these findings suggest shared homeostatic
mechanisms underlying nutritional responses, reinforcing the concept
of tightly integrated metabolic-immune networks (75, 76). Sample
sizes were generally small (<30 participants per group) in these stud-
ies, reflecting their exploratory objectives and challenges in
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standardizing analytical pipelines (77). Most studies used plasma or
serum, limiting the insight into tissue-specific mechanisms, whereas
the only metaproteomic study in infants provided a functional per-
spective on gut microbiome interactions with dietary supplementation
(60, 78, 79). Validation of untargeted findings was limited, with only
two early studies performing confirmatory western blot analyses (67,
68), highlighting the need for integrated discovery-validation work-
flows in PN research.

From a personalization standpoint, the reviewed studies confirm
that proteomic responses vary according to genotype or phenotype,
providing empirical support for the core PN principle that individuals
may respond differently to the same dietary intervention (3, 80).
However, most personalization approaches remain subgroup-based,
not fully individualized. This transitional stage represents a critical
phase, laying the groundwork for future studies that can combine
molecular profiling with dietary intervention to achieve truly PN
strategies (74). The wide heterogeneity of study populations, ranging
from infants to older adults and including both healthy individuals
and clinical cohorts underscores the broad applicability of PN and
suggests their potential relevance across life stages and health condi-
tions. The predominance of supplementation-based interventions,

Frontiers in Nutrition

09

especially those targeting probiotics, micronutrients, or bioactive
compounds, reflect a research focus on identifying molecular media-
tors capable of modulating inflammatory and metabolic homeosta-
sis (36).

Regarding study quality, the majority of RCTs were judged at
high risk of bias, consistent across both parallel and crossover
designs. This was largely due to exploratory study designs, second-
ary analyses conducted on subsets of participants, incomplete out-
comes reporting, and deviations from intention-to-treat principles
(81). Outcome measurement was frequently rated at relatively low
risk of bias, reflecting the objective nature of proteomic assay read-
outs. However, overall risk of bias judgments remained high, pri-
marily driven by concerns related to missing outcome data and
selective reporting, particularly in exploratory and subgroup
analyses.

Looking ahead, the advancement of PN toward clinical imple-
mentation will depend on well-powered RCTs characterized by
standardized protocols, integrated proteomic pipelines, and valida-
tion of protein biomarkers as reliable indicators of dietary respon-
siveness (40, 77). In this context, the standardization of proteomic
workflows and the validation of clinically actionable biomarkers
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represent key prerequisites for translation into practice and guide-
line development. Expanding proteome coverage, integrating pro-
teomics with other omics layers, and leveraging advanced
computational tools, including artificial intelligence and machine
learning, will be essential to enable predictive, pathway-based per-
sonalization (4, 24). At the same time, ethical and practical consid-
erations, including data privacy, equitable access, and user-centered
design, will be crucial to translating molecular insights into action-
able dietary recommendations (25, 82). Proteomics is poised to
play a pivotal role in elucidating the molecular mechanisms under-
lying interindividual variability, moving PN from descriptive
observations toward mechanistic and predictive applications. The
evidence reviewed here represents an early but necessary stage in
this trajectory, highlighting both the promise and current limita-
tions associated with integrating HTP approaches into nutritional
research.

5 Conclusion

Proteomic profiling is increasingly embedded in PN RCTs.
However, it is still used mainly as a targeted, secondary outcome
rather than as a tool to inform stratification strategies or guide inter-
vention decisions. Methodological readiness remains constrained by
limitations in prespecification and reporting, which undermine repro-
ducibility and cross-study synthesis.

Future research should prioritize the prespecification of pro-
teomic endpoints and appropriate multiplicity control, ensure
comprehensive reporting of results, including null findings, and
adopt transparent, standardized analytical workflows incorporat-
ing predefined discovery and validation phases. Such measures are
essential to enhance methodological rigor and enable scalable
translation.

In addition, the high analytical costs generally associated with
proteomic technologies currently limit their scalability in large-scale
research settings. Progress in the field will therefore depend on secur-
ing adequate financial support and/or developing more cost-effective
analytical strategies.
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