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Abstract

Background: Precision nutrition is based on the integration
of individual's phenotypical and biological characteristics
including genetic variants, epigenetic marks, gut microbiota
profiles, and metabolite fingerprints as well as medical
history, lifestyle practices, and environmental and cultural
factors. Thus, nutriomics areas including nutrigenomics,
nutrigenetics, nutriepigenetics, nutrimetabolomics, and
nutrimetagenomics have emerged to comprehensively
understand the complex interactions between nutrients,
diet, and the human body’s molecular processes through
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precision nutrition. Summary: This document from the
Ibero-American Network of Nutriomics and Precision Nu-
trition (RINN22; https://rinn22.com/) provides a compre-
hensive overview of the concepts of precision nutrition
approaches to guide their application in clinical and public
health as well as establish the position of RINN22 regarding
the current and future state of precision nutrition. Key
Messages: The progress and participation of nutriomics to
precision nutrition is an essential pillar for addressing diet-
related diseases and developing innovative managing
strategies, which will be promoted by advances in bio-
informatics, machine learning, and integrative software, as
well as the description of specific novel biomarkers. In this
context, synthesizing and critically evaluating the latest
developments, potential applications, and future needs in
the field of nutrition is necessary with a holistic perspective,
incorporating progress in omics technologies aimed at
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precision nutrition interventions. This approach must ad-
dress and confront healthy, social, food security, physically
active lifestyle, sanitation, and sustainability challenges with
preventive, participatory, and predictive strategies of per-
sonalized, population, and planetary nutrition for a precision

tailored health. © 2024 The Author(s).
Published by S. Karger AG, Basel

Introduction

A suboptimal diet and nutritional imbalances are
considered important contributors to the global preva-
lence of diet-related diseases including obesity, diabetes,
cardiovascular diseases, liver damage, and some types of
cancers, with a high global incidence [1]. National nu-
tritional guidelines designed to influence consumer eating
behavior and dietary patterns have relatively little health
impact, despite the well-established adverse influence of
excessive consumption of saturated fats, salt, and simple
sugars [2]. Therefore, health objectives, as well as the
purposes of sustainability plans, highlight the need for
integrated efforts by the population, governments, and
social organizations to prioritize nutritional guidelines
that promote the intake of in natura or minimal pro-
cessed foods, such as whole grains, fruits, vegetables, nuts,
seeds, and legumes [3]. However, the concept of “single or
total diet” concerning to national and international di-
etary guidelines does not take into account physiological,
emotional, and sociocultural factors that drive human
behavior. Moreover, eating behavior and responses to
food are also subject to genetic, phenotypic, and meta-
bolic determinants, the medical history, and lifestyle
practices, such as eating habits and physical activity, as
well as sociocultural and economic differences among
countries related to the food and gastronomic environ-
ment, dietetics, and the educational context [4]. This
range of potential influences on health has led to the
development of personalized and precision nutrition
strategies to improve dietary patterns aimed at better
nutrition and public health.

In this context, “personalized nutrition” has been defined
as a health approach in which individualized data and
clinical information are used along with available metabolic
traits to design and prescribe specific, unique, and targeted
typed nutritional advice and support for human being
health [5]. In turn, the general term “precision nutrition” is
defined as a methodology to objectively quantify and
complementarily integrate genetic, metabolic, and lifestyle
information on a global scale often using omics technologies
or proxies such as genetics, epigenetics, metabolomics, and

RINN?22, Precision Nutrition, and
Nutriomics

metagenomics (Fig. 1). These omics approaches or global
methods are focused on the comprehensive analysis and
characterization of large sets of biological molecules that
holistically make up the structure, function, and dynamics
of an organism using high-quality analytical techniques
performance and bioinformatics tools [5]. In fact, precision
nutrition encompasses “nutriomics,” whose term refers to
the integration of nutrition with omics technologies, thus
emerging the areas of nutrigenomics, nutrigenetics, nu-
triepigenetics, nutrimetabolomics, and nutrimetagenomics
to comprehensively understand the complex interactions
between nutrients, diet, and the human body’s molecular
processes as well as personality and psychological features
[6]. A distinction between the two concepts is that per-
sonalized nutrition typically considers individualizing
characteristics such as gender, age, diet, and habitually
available baseline health markers, while precision nutrition
adopts a more dynamic and multifactorial approach en-
compassing nutriomics knowledge together with socio-
economic, psychosocial, and clinical information, and food
environments [7]. This document from the Ibero-American
Network of Nutriomics and Precision Nutrition (RINN22;
https://rinn22.com/) provides a comprehensive overview of
the concepts of precision nutrition technologies to guide
their application in clinical and public health as well as
establish the position of RINN22 regarding the current and
future state of precision nutrition.

Nutrigenetic Approaches

Nutritional genetics or nutrigenetics has been con-
ventionally defined as the study of the effect of genetic
variation on the dietary response in carriers of mutations,
variants or genetic polymorphisms [8]. In fact, genome-
wide association studies (identifying relationships be-
tween genotypes and phenotypes/diseases) and whole-
genome genotyping analysis (providing an overview of
the entire genome) have contributed to the identification
of a number of genetic variants that influence individual
outcomes upon dietary advice, which are located in genes
related to energy intake, appetite, adipogenesis/lipid
metabolism, inflammation, and insulin resistance [4].

In the last decades, the increasing prevalence of obesity
has led to the investigation of genes responsible for energy
homeostasis, such as FTO gene, whose polymorphisms
have shown to influence body composition with a vari-
ation in weight of around 1-2 kg under equal personal
conditions for each risk allele [9]. Several studies of the
polymorphisms in the FTO gene appear to interact with
dietary factors in relation to adiposity phenotypes and
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Fig. 1. Overview of the past, present, and future of nutritional recommendations and internal and environmental
factors and omics tools of an integrative precision nutrition approach.

nutritional responsiveness, as well as appetite [10]. In
patients with type 2 diabetes, the high-fat and low-fiber
intakes were associated with risk allele (A) of the FTO
gene rs9939609 polymorphism [11]. Also, a cross-
sectional study of Chilean children was conducted in
order to assess the association between the rs9930609
variant of the FTO gene and eating behavior. Overweight
carriers of the A allele showed higher scores on food
responsiveness, emotional overeating, enjoyment of food,
and food choice subscales. Contrary to this, they scored
lower on both satiety responsiveness and slowness in
eating [12]. Additionally, a study in Brazilian individuals
with type 2 diabetes demonstrated that the C allele of the
rs7204609 polymorphism in the FTO gene increased the
chance for the presence of metabolic syndrome, especially
central obesity, and microalbuminuria, regardless of
energy and nutrient intake [13].

A higher prevalence of obesity and other car-
diometabolic diseases has also been linked to variants
in circadian-related genes, affecting transcriptional/

4 Lifestyle Genomics 2025;18:1-19
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translational feedback loops that govern circadian
rhythms. Indeed, nutrigenetic research has focused on the
study of the interactions between circadian-related genes
and nutrients, aiming to modulate disease risk and ac-
count for individual differences in responses to nutri-
tional programs [14]. Thus, CRY, PER, BMAL, and REV-
ERB variants have been associated with changes in body
weight, food intake, or type 2 diabetes [14]. Specifically,
the CLOCK variants rs3749474 and rs1801260 have been
linked to higher body weight in a Spanish population of
overweight/obese subjects recruited into a weight loss
program [15]. In line with these findings, a study carried
out in the USA with overweight participants found an
association of these SNPs and also for the CLOCK
rs4580704 SNP with total energy intake [16].

Another example of nutrigenetics is related to the close
association between the MTHFR C677T polymorphism
and the risk of cardiovascular disease. This variant re-
duces the activity of the MTHFR enzyme and contributes
to hyperhomocysteinemia, reduced folate levels, and

Ramos-Lopez et al.
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several cardiovascular diseases [17]. This association has
been recently replicated in a meta-analysis and has
confirmed the effect of this variant on coronary artery
disease showing a higher and significant risk for the
dominant model TT + TC versus CC in the Chinese
population [18].

Potential applications of nutrigenetic approaches are
also focused on the treatment of hepatic steatosis. In this
sense, a systematic review concluded that individuals
homozygous for PNPLA3 148M might benefit with the
adoption of lifestyle changes, including calorie restriction
and physical exercise, while benefit less or not at all from
omega 3 fatty acids to reduce hepatic steatosis [19]. In
addition, a study that prescribed a dietary treatment with
an energy restriction of 30% of the individual’s re-
quirements for 6 months found that subjects carrying the
T allele (CT/TT genotypes) of the SH2BI rs7359397
polymorphism displayed a greater decrease in liver fat
content compared to CC genotype carriers [20].

In addition, several precision nutrition studies have
used nutrigenetic approaches to design and deliver in-
dividually tailored dietary advice. Thus, the Food4Me
project was the first controlled proof-of-concept study on
personalized nutrition [21]. In this study, participants
from seven European countries were genotyped for five
polymorphisms known to substantively impact nutrient
metabolism: FTO, FADSI, TCF7L2, APOE, and MTHFR
[21]. After 6 months of the intervention, these researchers
found an improvement in diet quality (Healthy Eating
Index), changes in energy intake and reductions in red
meat consumption, salt, and saturated fat in participants
who received personalized advice compared to the
control [22]. Moreover, subsequent analyzes of the
Food4Me project revealed a benefit from genotype-based
counseling (including ADRB2, AGT, APOE, FTO, GC,
and CETP genes) to reduce the intake of foods rich in salt,
sugars, and saturated fats and to improve adherence to
the Mediterranean diet [23]. This nutrigenetic study
focused on genotypes with potential scientific evidence to
benefit from changes in diet and physical activity [23].

In this same field, a 4-month nutritional intervention
that incorporated genetic, phenotypic, and lifestyle in-
formation in a decision algorithm found evidence of
genotype interactions with dietary intervention [24]. This
design included a calculation of genetic risk scores based
on 95 SNPs related to obesity, appetite, and weight loss
induced by low-calorie diets, allowing the personalized
prescription of diets with different distribution of mac-
ronutrients (moderately high in protein and low-fat,
respectively) to Spanish participants with overweight/
obesity [24]. Furthermore, this trial showed an influ-

RINN?22, Precision Nutrition, and
Nutriomics

ence of genotype on the regulation of blood cholesterol,
finding that an energy-restricted and moderately high-
protein diet could be more beneficial than a low-fat diet in
reducing serum cholesterol among subjects with obesity
who were carriers of the PPARGCIA Gly482Gly
genotype [25].

Furthermore, a nutrigenetic study verified whether a
genetic risk score of the plasma triglyceride response to an
n-3 fatty acids supplementation (2.7 g/d of docosahex-
aenoic and eicosapentaenoic acids) developed within a
French Canadian sample can explain the plasma tri-
glyceride response to n-3 fatty acids in Mexicans [26].
Findings of the study showed that the predictive capacity
slightly differs between ethnic groups, suggesting that
nutrigenetic studies need to be expanded by examining a
broader range of multiracial populations to ensure that
precision nutrition approaches avoid racial or ethnic bias
with the potential to be effective for each individual [26].

Nutrigenomic Approaches

Nutritional genomics, or nutrigenomics, refers to the
study of the effect of foods, nutrients, dietary products,
bioactive compounds, or dietary patterns on gene ex-
pression and function [27]. The knowledge of the precise
effect of a certain type of diet on gene expression leads to
the preparation of new nutrigenomic tools (e.g., func-
tional foods) for preventive and therapeutic purposes.
Thus, advances in nutrigenomics have provided greater
understanding of the role of different foods and bioactive
nutrients in cellular physiology and homeostatic control.
Notable examples of such diet-induced metabolic regu-
latory pathways include the increased expressions of the
insulin gene upon glucose consumption or the ChREBP
gene on glycolysis as well as the positive impact of in-
gestion of fat in the expression of the PPAR gene in the
metabolism of lipids or energy intake that downregulates
the gene expression of ghrelin. Dysfunctions or alter-
ations in these pathways are often responsible for the
appearance of metabolic disorders such as obesity, insulin
resistance, type 2 diabetes, cardiovascular events, and
cancer [27].

Important evidences have shown the positive effect of
weight loss through different strategies on gene expres-
sion profile and metabolic disorders. For example, in
individuals with obesity, survivin gene expression levels
were reduced following weight loss due a very low-calorie
ketogenic diet or bariatric surgery, achieving values
similar to those of the normal weight individuals [28].
Also, bariatric surgery was capable to modify the

Lifestyle Genomics 2025;18:1-19 5
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expression of 1,366 genes related to lipid metabolism,
insulin resistance, inflammation, and immune response.
These transcriptomic changes were related to the weight
loss after surgical procedure [29].

Several precision nutrition studies have used nu-
trigenomic approaches to design and offer personalized
dietary advice. A paradigmatic example links the intake of
a “cafeteria” diet in an animal model with the expression
of UCPI and PPAR genes depending on the time of intake
[30]. Also, in the randomized NOW study, it was
demonstrated that participants assigned to receive the
nutrigenomic-oriented group lifestyle program signifi-
cantly reduced their total fat intake [31]. Other trials
based on nutrigenomic approaches support the potential
of prescribed interventions in these individuals to mo-
tivate long-term changes in specific nutrients, such as
total fat intake [32]. However, recent reviews highlight
important gaps in the evidence for the effective inte-
gration of nutrigenomics approaches into the behavioral
sciences [33]. In particular, motivations for behavior
change are likely to be specific to the nature of the in-
tervention and the target population. Thus, interventions
targeting weight control in middle-aged adults may be
more sensitive to nutrigenomic messages compared to
interventions aimed at young adults, who may be less
motivated to improve their health [33]. Besides, the use of
motivational particular optimist strategies to increase
adherence to nutritional interventions shows improve-
ments in weight loss responses in subjects with
obesity [34].

Human intervention studies have also been conducted
to examine the impact of meals and snacks on gene
expression pathways. In a recent randomized postpran-
dial crossover study, transcriptomic regulation of adipose
tissue after a high-lipid meal was investigated in men with
and without metabolic syndrome ([35]. The results
demonstrated increases in gene expression related to
cellular nutrient responses in control participants after a
high-fat meal, while the response was lower in men with
metabolic syndrome [35]. Specifically, in healthy men,
genes related to the activation of cellular metabolism and
nutrient response pathways were upregulated, such as
mTOR pathways through the activation of MAPKI,
STAT3, and TGFB3 genes [35]. Whereas, a trial con-
ducted in healthy adults analyzed the effects of a single
dose of high-polyphenols cocoa powder on gene ex-
pression in circulating white cells. The polyphenols intake
modified the expression of genes in anti-inflammatory
and antioxidant pathways. The clustering of the tran-
scriptional profile of the analyzed samples suggested that
differences were mainly dependent on the baseline ex-

6 Lifestyle Genomics 2025;18:1-19
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pression profile of each individual [36]. Another study
carried out in Latin America evaluated the effect of a diet
based on fruits, avocado, whole grains, and trout on the
expression of genes related to obesity. After 8 weeks of
intervention, the expression of inflammatory genes
(NFKBI, IL6, IL1b) and oxidative stress genes (NFE2L2)
decreased with the intervention diet [37]. Furthermore,
the European NUGENOB study showed that changes in
the expression of genes involved in the functions of
hormone-sensitive lipase or leptin were more attributable
to the reduction in caloric intake than to the proportion of
fat consumed in diets of weight loss [38].

To gain insight into mechanistic studies and the
molecular effects of foods, the exploration of multiple-
omic experiments available in public databases (which
have generated gene expression data following the
treatment of different systems with different food nu-
trients and bioactive compounds) will offers excellent
possibilities for future personalized nutrition based on
nutrigenomics. Indeed, there are several such databases,
including NutriGenomeDB [39] and others.

Nutriepigenetic Approaches

Nutrition is one of the most studied and best un-
derstood lifestyle factor associated with epigenetics,
which refers to heritable changes in gene expression that
are not attributable to alterations in the DNA sequence
[40]. Thus, epigenetic signatures, especially DNA
methylation patterns and non-covalent histone modifi-
cations, are modifiable and susceptible to environmental
factors such as diet [41]. In particular, methyl donor
nutrients, such as folate, methionine, choline, and some B
vitamins, play a relevant role in DNA methylation by
participating as methyl donors or coenzymes in one-
carbon metabolism, modifying the DNA methylation
and expression of miRNAs with modulating capacity on
the genes involved. In this context, nutriepigenetic re-
search encompasses the study of the effect of foods and
nutrients that can impact epigenetic marks and cellular
phenotypes with interest for precision nutrition [42]. In
this context, a systematic review described different in-
teractions between fatty acids and epigenetic features
[43]. Particularly, omega 3 (docosahexaenoic and eico-
sapentaenoic acids) have been related to the prevention of
metabolic alterations such as lipid metabolism distur-
bances, inflammation, and insulin resistance), whereas
omega 6 (arachidonic acid) have been associated with an
increased risk for these metabolic alterations through
epigenetic mechanisms. These include DNA methylation
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(hyper or hypomethylation), acetylation or deacetylation
of histones, and miRNAs related to repression, or acti-
vation of genes.

Knowledge of the range of foods, bioactive com-
pounds, and dietary patterns that exert epigenetic effects
is growing. In this regard, low folate intake in patients
with metabolic syndrome has been associated with hy-
pomethylation of the CAMKK2 gene at specific CpGs
sites related to insulin resistance [44]. Meanwhile, higher
fruit intake was related to better glucose tolerance in
healthy subjects, partially mediated by lower TNFa«
methylation in Brazilian young adults [45]. Still in young
Spanish people, DNA methylation levels of TNF« gene
were associated with n-6 PUFA intake, while those young
women with higher truncal fat showed lower methylation
levels of TNFa promoter in white blood cells and higher
plasma TNFa concentrations, reinforcing a complex
nutriepigenomic network [46]. Interestingly, changes in
DNA methylation levels of the circadian gene BMALI
were associated with the effects of a weight loss inter-
vention on blood lipid levels in women [47]. Similarly,
adherence to the Mediterranean diet was associated with
changes in methylation of inflammation-related genes in
volunteers at high cardiovascular risk [48]. Furthermore,
a higher regional level of methylation in the TXNIP gene
was significantly associated with improvements in insulin
resistance when following a weight loss diet [49]. Also,
array analysis performed in blood showed DNA meth-
ylation changes in individuals with obesity after short-
term hypocaloric intervention [50]. Moreover, the ben-
eficial effects of a very low-calorie ketogenic diet therapy
in patients with obesity involve changes in the methyl-
ation levels of genes involved in the insulin signaling
pathway, such as HRAS, RPTOR, INSR, ACACB, MKNK2,
PRKCZ, TSC2, and PRKAG2, as well as genes involved in
adipocyte signaling such as CHUK, TRAF2, CAMKKI,
ACACB, RELA, and PRKAG?2 [51].

Regarding the effect of maternal diet during pregnancy
on the methylome and health of newborns, epigenomic-
scale analysis revealed that prenatal exposure to famine
was related to epigenetic signatures (intermediate levels of
DNA methylation) in pathways associated with growth
and metabolism neonatal [52]. Findings from the
MANOE study showed that maternal dietary intake
supplemented with methyl group donors (folate, betaine,
and choline) can influence infant DNA methylation rates
(hypomethylation) in genes related to appetite regulation,
growth, and development [53].

In addition to the effects on DNA methylation, several
miRNAs have been identified as potential biomarkers in
response to different diets and foods. Thus, miRNAs are
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modified by the dietary polyphenols found in fruits,
vegetables, tea, coffee and wine, with implications in
brown adipocyte regulation [54]. Also, a systematic re-
view presented how the consumption of pistachio, a nut
with high content of MUFA, polyphenols, and caroten-
oids, can affect glucose metabolism by modulation of
specific miRNA involved in the PI3K-AKT signaling
pathway [55]. Regarding fat intake, seven circulating
miRNAs related to adiposity (miR-130a-3p, miR-142-5p,
miR-144-5p, miR-15a -5p, miR-22-3p, miR-221-3p, and
miR-29¢-3p) were associated with response to a low-fat
dietary intervention prescribed for weight loss [56], while
let-7b, a miRNA related to pro-inflammatory pathway
appeared to be modulated by oleic acid [57]. As a proof of
concept of personalized dietary intervention to specifi-
cally modulate circulating miRNAs, 1-year intervention
in Huntington disease patients specifically modulated
deregulated miRNAs [58]. Similarly, plasma levels of
miR-23a-3p expression were positively correlated with
sodium intake and negatively correlated with dietary
vitamin E, while vitamin D intake was inversely associ-
ated with miR-1277-5p and miR-144-3p expressions in
healthy European volunteers [59]. In subjects with
metabolic syndrome, treatment with a grape pomace
supplement led to improvements in glycemic control
related to changes in expression of miR-30c and miR-222,
two microRNAs associated with insulin resistance and
diabetes [60]. Several miRNAs has been also associated to
postprandial response to fats, including miR-206-3p,
miR-27-5p or miR-409-3p [61]. Circulating miRNAs
transported in exosomes are being incorporated into
nutritional studies [62]. Postprandial analysis of circu-
lating miRNAs is being actively incorporated into nu-
tritional studies and will help to shape precision nutrition
approaches.

The health benefits of consuming dietary bioactive
compounds (such as genistein, sulforaphane, curcumin,
resveratrol, and epigallocatechin) appear to be mediated,
at least in part, by epigenetic mechanisms that include the
regulation of histone acetyltransferase and deacetylase
activities [63]. Specifically, it was shown that consump-
tion of 68 g of broccoli (equivalent to a daily dietary intake
of 105 mg of sulforaphane) showed hyperacetylation of
histones H3 and H4 in circulating blood cells in healthy
human volunteers [64]. Furthermore, in vitro experi-
ments revealed that quercetin (a dietary polyphenol
found in many fruits, vegetables, nuts, and red wine)
exerted anti-inflammatory and antitumor effects through
inhibition of histone acetylation activity [65]. Other
bioactive compounds with potential histone inhibitory
activities (a promising therapeutic approach in the
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clinical setting) include short-chain fatty acids, iso-
flavones, indoles, organosulfur/organ selenium agents,
and sesquiterpene lactones [66].

Nutrimetabolomic Approaches

Nutrimetabolomic research focuses on analyzing the
profile of metabolites in biofluids, cells and tissues,
providing an invaluable tool for the description of bio-
markers of intake and response to food, as well as the
characterization of nutrient metabolic pathways [67].
Advances in analytical and informatics technologies have
led to the rapid adoption of metabolomics investigations
to pinpoint and individualize various pathophysiological
conditions and chronic diseases [68]. In particular, the
application of metabolomic approaches has shown po-
tential to improve the accuracy of dietary assessment
through the identification of biomarkers of food intake
and the typing of metabolites and metabolic signatures
that can serve as targets for precision nutrition inter-
ventions [69]. There are currently two preferred me-
tabolomics strategies: untargeted metabolomics, which
involves an exhaustive analysis of all measurable me-
tabolites in a sample, being especially useful when there is
no a priori metabolic hypothesis; and targeted metab-
olomics, based on the measurement of previously defined
metabolites, yielding high sensitivity and selectivity of
targets of interest [70]. In untargeted metabolomics, the
compound identifications and quantifications remain
challenging for all detected metabolites or metabolic
features; while for targeted metabolomics the coverage of
detected metabolites is generally limited because it is
difficult to obtain all the required chemical standards for
the metabolites of interest [71].

Future perspectives in “nutriomics” research identify
three metabolomic opportunities to improve the accuracy
of dietary assessment and adherence to nutritional pat-
terns in the field of nutritional epidemiology: (1) deter-
mination of food intake based on biomarker levels
supported by dietary surveys and feeding studies, (2)
classification of individuals in dietary patterns based on
plasma and urinary metabolic profiles, and (3) applica-
tion in association studies of the metabolome with
pathophysiological profiles related to nutrition for its
application in dietary interventions in the health and
illness [72]. Many of these endeavors require rapid and
effective data integration with powerful bioinformatics
tools.

Research in dietary metabolomics has traditionally
focused on describing specific metabolites, such as 2-
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hydroxy-3-methylbutyric acid as a biomarker to char-
acterize the habitual ethanol consumer [73]. Many other
analyzes have identified combinations of metabolites,
known as metabolic signatures, that are associated with
dietary exposures, consumption of specific foods, or
specific diseases [74]. In fact, metabolic signatures can be
used to identify population groups at risk of a certain
chronic disease since with a blood or urine sample the risk
of disease can be estimated, as well as to simultaneously
estimate the associated dietary intake in a way precision
personalized [75].

In this context, some pioneering studies have found
relationships between cocoa consumption and intake
markers, based on metabolomic analysis, which in
turn were associated with metabolites related to mood
[76]. Indeed, the intake of cocoa extract within an
energy-restricted diet contributed to an increase in
plasma concentrations of hydroxy-vanillic acid,
whose concentration was associated with a reduction
in depressive symptoms and with subtle changes in
monoamines [77]. In addition, a metabolomic assay
investigated the possible role of the administration of
a-lipoic acid (naturally occurring in beets, carrots,
potatoes, spinach, and broccoli) in the reduction of
body weight healthy overweight/obese women [78].
The results evidenced anti-obesity effects of a-lipoic
acid, which were mediated by metabolites such as
isomers of trihydroxy-dioxohexanoate or dihydroxy-
oxohexanedionate [78]. Moreover, a nutritional in-
tervention study identified 22 urinary compounds
specific to golden berry, demonstrating its bioavail-
ability and detoxifying effects [79]. Besides, the ap-
plication of metabolomics allowed the monitoring of
lycopene after a nutritional intervention with tomato
sauces [80]. Furthermore, chromatography/mass
spectrometry metabolomics was also a useful tool to
analyze and predict the response to a weight loss
dietary intervention, where baseline palmitoleic acid
(C16:1) was found to predict weight loss and that
isoleucine decreased significantly in serum samples
after a weight reduction intervention [81].

Certainly, a number of cutting-edge studies have
used metabolomic approaches to understand indi-
vidualized responses to dietary intake and metabolic
outcomes [82]. Therefore, integrative precision nu-
trition approaches have potential to combine physi-
ological, behavioral, and nutritional factors in targeted
dietary counseling and support, as well as to recognize
metabolic pathways to precisely implement person-
alized nutrition through integrated metabolomic
strategies.

Ramos-Lopez et al.
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Nutrimetagenomic Approaches

Metagenomics is defined as the exhaustive study of
microbial and host genetic material (DNA and RNA) in
patient samples without prior need for culture [83]. The
gut microbiome has a vast potential for genetic infor-
mation influencing host physiology including enterocyte
structure, immunity, and energy homeostasis, with a
potential for explain human variability in dietary re-
sponse “nutrimetagenomics” [84]. As a result, analysis of
fecal microorganisms has allowed to find associations
between bacterial species and metabolic alterations such
as obesity, diabetes, or hepatic steatosis [85]. Lately, the
determination of intestinal microbial profiles has been
associated with dietary patterns or the intake of different
foods or nutrients, providing a new instrumental possi-
bility to measure dietary intake without resorting to te-
dious traditional questionnaires [86].

Initial studies have demonstrated the potential for
metagenomic approaches to be used at the population
level, such as the Belgian Flemish Gut Flora Project,
which has generated one of the best characterized fecal
microbiota databases currently available [87]. As part of
the project, fiber consumption was identified as one of the
most influential dietary determinants in the intestinal
microbiome, along with fatty acids, polyphenols, and
various glycans, which would not be possible without
technical advances in metagenomic equipment with high
analytical performance [87]. Since then, subsequent
studies have used similar metagenomic approaches in
longitudinal trials, including a study of Chinese adults,
where a healthy dietary pattern was associated with in-
creased diversity of microbial gene families associated
with metabolic pathways, as well as modifications in
symbiotic functions [88].

Some trials have applied metagenomic approaches to
understand individualized responses to dietary intake.
Thus, in an 8-week trial of Danish adults at risk of
metabolic syndrome, metagenomics analyses revealed
that a diet rich in whole grains induced a reduction in E.
ramosum (a bacteria associated with obesity), which
could help explain the observed reduction in body weight
and low-grade inflammation [89]. Recently, it was evi-
denced that 8-week consumption of Brazilian nuts in-
creased fecal propionic acid and potentially beneficial
bacteria such as Ruminococcus, Roseburia, Bacteroides,
and Lachnoclostridium in overweight women [90]. Also,
in a substudy of the DIETFITS project, it was revealed
that dietary intervention (lower carbohydrate or lower fat
diets) resulted in substantive changes in the microbiota
3 months after the start of the intervention, primarily due
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to specific changes typical of the low-carbohydrate diet,
although this exchange was not maintained at 12 months
[91]. These authors speculate that this finding could be
the result of a microbiome-based “memory” of obesity, in
which there is a resistance of the microbiota to dietary
change by the host and the presence of a homeostatic
force in the microbial community to return to a previous
state in patients with metabolic syndrome [91]. This
microbial resistance could have important implications
for precision nutrition approaches, which aim to achieve
sustained changes in diet, gut microbiota and health in
individuals with obesity, and warrants further research
focused on accuracy of personalized nutrition [91]. In
fact, an Israeli study demonstrated a great ability to
predict postprandial glycemia with a metagenomic ap-
proach accompanied by dietary information and body
composition data [92].

Continuous Monitoring of Biological, Physiological,
Diet, and Lifestyle Parameters: The Era of Biosensors
and Deep Phenotyping

With the rapid development of information tech-
nology and artificial intelligence, people have acquired
the abilities to capture data about when, what, and
how much people eat and drink, which begins to shed
light on intelligent and precise food nutrition. Tra-
ditional dietary assessment methods and lifestyle
determinations, including food frequency question-
naires, diet records, diet recalls, exercise activity,
sleep, or quality of life questionnaires, have limited
resolution and suffer from a number of important
limitations [93]. Diaries are burdensome to complete,
food frequency questionnaires only capture average
food intake, and both suffer from difficulties in self
estimation of portion size and biases resulting from
misreporting. Online and app versions of these
methods have been developed, but issues with mis-
reporting and portion size estimations remain. Hence,
intelligence software has been developed because they
are more effective than traditional systems in terms of
dietary assessment, nutrient recommendations, and
health monitoring. In this regard, “Al nutritionist” is
an intelligent software that includes wearable devices
and sensors, mobile applications, and web-based tools
to provide detailed dietary analyses through users’
self-monitoring, thereby providing tailored profes-
sional advice [94]. This tool has been gradually ad-
vancing the efficiency of dietary recording, nutritional
assessment, and nutrient recommendations.
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Continuous monitoring of vital/physiological signals
over extended temporal windows plays a substantial role
in a comprehensive perspective on the overall health
status of an individual, enabling early disease prediction,
self-directed diagnostics, personalized therapeutics, and
improved management of chronic health conditions.
Recent advances in wearable electronics, particularly
those incorporated within skin-integrated or textile-based
devices, have facilitated the continuous on-body biosignal
monitoring during daily activities [95]. In this context,
continuous ketone monitoring in response to diet is being
incorporated into precise nutrition approaches. Other
continuous monitoring biosensors are being developed
including those to evaluate triglyceride levels or choles-
terol levels using smart contact lens or many other in-
telligent wrist-based monitoring that evaluate physical
activity, stress, and sleep, among many other parameters.
In addition, precise nutrition services are being com-
mercialized using at-home sampling and testing using
DNA collection kits, fecal collection kits, dried blood spot
cards, and continuous glucose monitors, which are now
commercially available. More comprehensive devices
under development may replace some of the current
options and enable higher resolution and real-time nu-
trient, behavior, and health tracking [96].

Although next-generation wearables are being devel-
oping, the next frontier in this topic is the brain-computer
interface, and how and when this will be incorporated
into nutritional intervention studies remains unknown.
But the new era of precise nutrition (Fig. 2) will provide a
better understanding of disease prevention and health
maintenance.

Precision Nutrition: “Big Data” and “Machine
Learning”

The evolution of “omics” technologies and emerging
bioinformatics analyzes of “Big Data” have deepened
the understanding and characterization of chronic
diseases related to nutrition through the application of
artificial intelligence or machine learning (ML)
methods. These refer to the ability to design algorithms
and other information categorization/grouping strat-
egies to produce inferences or find patterns from the
statistical analysis of very large datasets [97]. These
approaches are capable of managing huge and complex
matrices of data, incorporating potential interactions
and mediations, or identifying linear and nonlinear
associations as well as classify subjects or categorize
groups [98].

10 Lifestyle Genomics 2025;18:1-19
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Extracting valuable insights from “omics” data re-
mains a challenge in bioinformatics, which often needs
increasingly innovative methods for efficient handling
and to reach effective conclusions and results. In this
sense, ML plays an important role in the integration and
interpretation of “multi-omics” techniques aimed at
nutritional research, including genomics, epigenomics,
transcriptomics, proteomics, metabolomics, and meta-
genomics. This information can be used for computa-
tional modeling, mining of data, grouping of samples, and
categorization of nutritypes based on the response to
dietary intake, as well as the implementation of nutri-
tional “scores” or quantitative nutriindexes [99]. The
combination of these tools can be translated into practical
applications of clinical and population human nutrition,
such as supporting decision-making and development of
diet optimization schemes, providing a general and in-
tegrative vision for precision nutrition [100]. However,
there are some factors that limit the current use of ML in
research and practice including the need to create large
datasets with diverse participants and health conditions
to compute accurate ML models as well as externally
validate them on large and heterogeneous samples to
ensure generalization to different populations. To over-
come these limitations, it may require researchers to
collaborate and combine huge emerging international
databases, developing standards for data sharing given
the clinical diverse data ecosystems [101]. Also, the
creation of customized, scalable, computational, and
analytical tools to increase speed and capable of dealing
with data heterogeneity, in addition to the ability to
process and group them in a coherent way, has been a
strategy to mitigate these issues, while the application of
multitask learning may enhance the model’s predictive
performance. Furthermore, training health professionals
to interpret and properly use the information generated
by ML and other artificial intelligence methods are es-
sential together with appropriate bioinformatics pro-
grams. In any case, artificial intelligence instruments still
need supervision for skilled professionals.

In fact, a common application of precision nutrition is
the creation of computational decision algorithms. In this
context, an integrative approach with ML algorithms was
performed to predict obesity using genetic, epigenetic,
and environmental data and exploring gene-gene and
gene-diet interactions [102]. Furthermore, an ML model
based on routine, quantitative, and easy-to-measure
variables (such as age, systolic blood pressure, conven-
tional blood/urine tests, and dietary intake values) was
able to detect the presence and extent of the subclinical
atherosclerosis in young and asymptomatic individuals

Ramos-Lopez et al.
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Fig. 2. The landscape of the eras of personalized nutrition. Levels of advice in the development of a personalized

nutrition approach.

[103]. Another example of ML applications includes
findings from the PREDICT 1 clinical trial, which
identified individual variations in postprandial triglyc-
eride and glucose responses to standardized meals using
genetic, metabolic, microbiome, and meal context data
[104]. Similarly, a ML algorithm integrating blood
markers, dietary habits, anthropometry, physical activity,
and gut microbiota composition was fine-tuned to ac-
curately predict individual glycemic responses to real-life
meals [105]. Indeed, algorithmic prototypes have been
published to prescribe hypocaloric weight loss diets that
are moderately high in protein or low in lipid based on
phenotypic and genotypic markers and information on
lifestyle and dietary preferences [106].

The application of “Big Data” and ML has significant
potential to advance nutrition and nutritional epidemi-
ology. Specifically, ML can be used to improve the ac-
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curacy and validity of dietary determinations and provide
more potential tools for modeling dietary complexity and
its relationship to disease. Interestingly, findings from the
ATTICA study revealed that ML techniques led to a more
accurate assessment of the association between dietary
patterns and 10-year cardiometabolic risk [107]. Such
advances in the application of ML and other artificial
intelligence approaches to food and nutritional epide-
miology have been encouraged by concurrent develop-
ments of dietary intake monitoring based on omics
technologies [108]. Another important tool in ML and
“Big Data” analysis is the design and use of biomarkers.
Potential nutritional applications of biomarkers include
quantifying dietary intake, analyze metabolic and path-
ophysiological responses to food or diet components,
characterize therapeutic targets, identify individuals with
specific nutritional deficiencies, provide information on
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interindividual variations in response to diets, and help
design personalized nutritional recommendations for
particular metabolic phenotypes to achieve optimized
health [109].

Challenges for the Development of Precision
Nutrition

The opportunities for precision nutrition are enor-
mous, but the challenges to developing and implementing
such approaches require specific consideration. The
ethical, legal, and social issues of the use of genetic in-
formation and other highly sensitive personal informa-
tion have been reviewed within the content of human
rights requirements and specifically in the context of
personalized nutrition [110]. Although the legal frame-
work surrounding genetic testing remains complex and
country-specific, there is growing concern about the
importance of ethical and social issues. Primarily, re-
sponsible handling of genetic information is critical, as
the results can have far-reaching implications for the
health and legal status of the consumer and their family.
As a result, individuals undergoing genetic testing must
give informed consent, where they become aware of the
benefits and risks associated with such testing. However,
consumer protection goes beyond personal approval, as
the responsible handling of genetic information must also
consider epidemiologically the attributes of these tests.
Quality control includes ensuring that the databases used
and the personalized advice provided by laboratories,
companies, and healthcare professionals are appropriate
[111]. The improvement of the skills and knowledge of
nongenetic health professionals is considered an unmet
need in recent years, which is why there is a growing
number of training and updating resources, which is
essential to satisfy the commercialization of genetics tests.
An example of these conditions are the ethical require-
ments in precision public health that aim to ensure that
the benefit of precision nutrition approaches, based on
advances in genomic research, outweigh any possible
epidemiological risk for people, families, and vulnerable
members of the population [112].

The advances in precision nutrition lead to tran-
scendental considerations about who decides the limits of
the use of genomic biotechnology? Thus, the bioethical
dilemma can be analyzed from the possible risks and
benefits focused on the care of people’s health and life.
Therefore, the integration of precision nutrition into
clinical care requires a bioethical analysis focused on the
unity of the person, which considers the principles of
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therapeutic totality, freedom, and integrity [113]. Future
research should continue to strengthen ethical, legal, and
social procedures for integrating genetic information and
all other sensitive biological, cultural, or behavioral in-
formation into precision nutrition approaches for
personalized care.

The general view of current trends in “omics” tech-
nologies is that they will support the future success of
holistic and global approaches to precision nutrition since
interindividual genetic variations only partially explain
heterogeneity in response to a given diet. Over the past
two decades, nutritional studies and publications on the
gut microbiota and metabolomics have increased expo-
nentially, improving the understanding of the metabolic
pathways through which dietary intake can affect health
and disease [114]. These emerging fields of research
require the use of high-throughput and deep phenotyping
technologies, which provide physiological and genetic
information on the metabolic pathways of foods and
bioactive nutrients. In turn, such concepts will help in-
form the optimal design of precision dietary interventions
to improve and maintain health in people. New frontiers
in “Big Data” and ML will undoubtedly pave the way to
deliver integrated precision nutrition, where multi-omics
approaches can be combined with lifestyle and behavioral
determinants of diet and health to improve diets of the
population on an epidemiological scale. In fact, it is
necessary to have genotypic and phenotypic data, as well
as perinatal, clinical, and demographic/socioeconomic
and, notably, lifestyle determinants, for a holistic and
harmonized interpretation [115]. However, for assuring
an effective implementation of omics research in clinical
care need to take in account the benefits, the risks, as-
sociated ethical and social aspects, and room for inno-
vation. The integration of these components requires a
strong communication between all stakeholders, where
patients should be placed at the center, be involved, and
participate in the research (taking control as much as
possible of their treatment), thus empowering working
with researchers, clinicians, industry, and regulators,
which hopefully will be achieved in the next years [116].

Precision nutrition results will help understand trends
in the design and application of precision nutrition ap-
proaches for use in research, healthcare, and industry
[117]. The global application of precision nutrition re-
quires an understanding of population health, political
issues, and the technological and digital landscape of the
region and country in question, prior to the im-
plementation of such approaches. Furthermore, multi-
disciplinary collaborations between researchers, health
professionals, and the food industry are certain to become
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even more important to aid the generation, interpreta-
tion, and implementation of integrative precision nu-
tritional data. Other challenges derive from the lack of
studies across different populations, since most of the
information was obtained in Caucasian populations, and
the need for harmonized protocols for data collection and
analysis that will allow the comparison and integration of
data from different studies.

Sustainability, Planetary Diets, and Precision
Nutrition

One of the factors that have been poorly considered
when developing precision nutrition approaches is the
sustainability of diets. The modern global food system
seems to be a major contributor to the climate change
crisis, accounting for an estimated 26% of all anthro-
pogenic greenhouse gas emissions, approximately 40% of
land use, and 70% of global freshwater use [118].
Moreover, while global yields of major crops are not
increasing anymore, temperature increase seems to re-
duce global yields of major crops [119]. This raises the
question of how to provide health diets for nearly 10
billion people by 2050. In this context, some initiatives
have been arising including EAT-Lancet Commission on
healthy diets from sustainable food systems aiming to
achieve “planetary health” diet [120] that seeks to opti-
mize both chronic disease prevention as well as global
environmental health through diet. A person following
the EAT-Lancet reference diet would be “flexitarian,”
eating plants on most days and occasionally a small
amount of meat or fish [121]. Although there still exists a
large pathway from the different regions of the world to
resemble the planetary health diet, in many regions,
following the proposed diet would be prohibitively ex-
pensive. Moreover, there are cultural barriers to such a
planetary diet. Thus, there is a need to search for alter-
natives that may be more acceptable and realistic for a
sustainable diet across different groups in the population
or in different regions. Very few studies have been per-
formed regarding the adherence to the EAT-Lancet
sustainable reference diet in Latin America, but esti-
mates suggest a very low adherence [122].

Despite these inconveniences, adherence to planetary
health diet was associated with a lower risk of cardio-
vascular disease in certain regions including North
America [123] or other Latin American countries like
Brazil [124]. These observations support the planetary
health diet as a promising strategy to promote both
human and planetary health. But how to personalize
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when a planetary health diet is proposed? Indeed, diet is
not a one-fits-all recommendation. Moreover, the
widespread use of biosensors and the continuous deep
phenotyping for precision nutrition approach would also
produce a large amount of planetary electronics con-
taminants and energy-consuming on data saving and
analysis that goes against our environment. All these
factors need to be incorporated in future studies of
personalized and precise nutrition approaches in order to
determine whether the benefits of precise nutrition
outweigh the environmental aspects of their
implementation.

Conclusions and Future Perspectives

The progress and participation of nutrigenetics, nu-
trigenomics, nutriepigenetics, nutrimetabolomics, and
nutrimetagenomics to precision nutrition is an essential
pillar for addressing diet-related diseases and developing
innovative managing strategies, which will be promoted
by advances in bioinformatics, ML, and integrative
software as well as the description of specific novel
biomarkers. In this sense, the omics technologies, Big
Data creation, and artificial intelligence methods must be
incorporated in the academic curriculum to qualification
of health professionals, while new research related to data
analysis and interpretation and validation studies in
different populations and stages of life should be a pri-
ority for the development of precision nutrition. More-
over, the nutrition of the future must comprehensively
address and confront healthy, social, food security,
physically active lifestyle, sanitation, and sustainability
challenges with preventive, participatory, and predictive
strategies of personalized, population, and planetary
nutrition for a precision single health. At the polity
policies level, government and industry must provide
substantial financial support for induce the research in
this area, which still has a little number of studies with
high level of scientific evidence (e.g., randomized con-
trolled trials). Government, scientific community, and
society also should discuss potential regulatory rules for
application of nutrition precision with ethical/legal
practice. This agenda is fundamental to nutrition pre-
cision achieve the optimal clinical practice and effectively
benefit the society, applying personalized nutrition rec-
ommendation to health promotion and management of
diseases.

One of the challenges in the next years is to integrate
precision nutrition into public health initiatives. A
problem here is the cost: with the current technology,

Lifestyle Genomics 2025;18:1-19 13
DOI: 10.1159/000542789

620z AInr gz uo ysenb Aq ypd 6822500072 L0L0SY/L/L/8L/3Ppd-Bo1e/B)/woo"1ab1es//:dny woly pepeojumoq


https://doi.org/10.1159/000542789

genetic, epigenetic, metagenomic, and metabolomic
analyses being expensive to be included in the public
health system. Probably, genetic tests focused on
clinically useful gene-diet interactions can be the first
step, for example, the monogenic disorders lactose
intolerance (lactase gene), celiac disease (HLA vari-
ants), phenylketonuria (PAH gene), or bitter tasting
(TAS2R38 gene). Polygenic diseases are more complex,
and the implementation of nutrigenetic analyses in
clinical practice is more expensive, but some targets
can be routinely analyzed. For example, targeting the
APOE gene can help reduce saturated fat intake and
the concomitant cardiovascular risk. Targeting the
FTO gene can help implement more effective nutri-
tional and lifestyle approaches to combat obesity. And
the analysis of polymorphisms in the ACE gene can
help personalize the treatment of hypertension and
cardiovascular disease. Probably epigenetics, miR-
NAomics, and transcriptomics are far to be im-
plemented in the nutritional practice since the sci-
entific community needs more information based on
large cohorts and dietary interventions. Microbiota
analyses are not cheap, but they could be applied to
people with suspicion of dysbiosis and bacterial
overgrowth. To increase the knowledge of the health
status, they can be accompanied by tests of endo-
toxemia and intestinal permeability. Additionally,
there are other analyses that can be very informative of
the nutritional status of the population that can be
more easily implemented, for example, some vitamins
(folic acid, vitamins D, and B12) and minerals (iron,
iodine, maybe magnesium, selenium, and zinc) in
blood, or even the levels of some fatty acids, such as
omega 3 and 6. This sort of nutritional phenotyping
can help detect deficiencies that can be easily over-
come by selective supplementation or dietary advice.
In a similar way, metabolomics can be applied to
categorize individuals into bad/good responders or
slow/fast metabolizers for specific foods or nutrients,
including polyphenols and other phytochemicals.
Understanding the variability of biological re-
sponses to food is crucial for effectively preventing and
managing diet-related diseases. For this reason, it is
imperative to perform new larger, intervention studies
monitoring the individual’s genetics, microbiota and
metabolic parameters, including also reliable analyses
of the exposome (set of human environmental expo-
sures in a lifetime) as well as dietary intake. These
intervention studies contribute to gaining insight into
an individual’s response to dietary intake and for
identification of the specific metabotypes (classifying

14 Lifestyle Genomics 2025;18:1-19
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individuals into similar metabolic groups) to advise
diet plans. This is a promising way to categorize in-
dividuals based on their unique metabolic profiles and
responses, in order to further deliver tailored advice.
Of course, these intervention studies must include
individuals of different genetic backgrounds, dietary
habits, and geographic origins since it is known that
gut microbiota and genetic polymorphisms are greatly
dependent on these factors. For these reasons, it is
mandatory that these studies are multicentric, trans-
national, and conducted at multinational level. It is
especially important to include population from the
developing and least developed countries since most of
the published studies have been conducted in Europe,
North America, and East Asia.

Moreover, there are some areas in which more
clinical and intervention trials are expected including
those related to diseases that are considered the
pandemics of the XXI century because of their in-
creasing rates and the difficulty of treatment: obesity,
type 2 diabetes, liver dysfunction, neurodegenerative
disorders, and some types of cancer (i.e., breast, liver,
colorectal, and other tumors related to the gastroin-
testinal tract). Many of these diseases are related to
aging, which is a problem that will be common to
almost all the countries in the next decades because of
its significant impact on health status, functional ca-
pacity, and quality of life. Of course, the focus on these
diseases must not only be limited to the older pop-
ulations, but the studies must start earlier in life in
order to know the exposome, microbiota, and epige-
netic drivers that can affect the future development of
the diseases. With this approach, it will be easier in the
future to establish preventive measures, including
lifestyle recommendations.

Regarding the guide and position of RINN22 on
precise nutrition and considering the currently (lim-
ited) available studies performed within Ibero-
American countries, we consider the need of focus-
ing on: (i) the promotion of precision nutrition studies,
both clinical and community-based, in order to get
compelling data for future generalization of recom-
mendations at regional level; (ii) incorporate and
standardize — whenever possible in terms of budget and
capabilities — omics technologies to precision nutrition
studies; (iii) increase the number of studied
subjects — Ibero-American studies in general have
personalized nutrition studies with a limited number of
volunteers - in order to benefit from the incorporation
of big data and ML analyses; (iv) incorporate indige-
nous nutrition knowledge and foods for future
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personalization and planetary diet. Ibero-American

have many indigenous populations along the whole

continent, with specific traditional foods that has not

been appropriately characterized in appropriate clinical
trials; (v) try to personalize the diet with available foods

present in each community or region; (vi) try to
practice nutrition with an acute awareness of sus-
tainable resource utilization, aiming to mitigate lasting
detrimental effects on the environment and climate.
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