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Abstract

Background: Metabolic health is shaped by an integrated network involving nutrient availability,
gene regulation, microbial ecology, and metabolic signaling pathways, which collectively regulate
key processes such as glucose homeostasis, lipid metabolism, inflammation, and energy balance.
These interactions influence individual susceptibility to metabolic disorders and responses to
dietary interventions.

Objective: This review evaluates current evidence on the interplay among nutrigenomics, microbial
ecology, and metabolic signaling networks in the regulation of metabolic health and disease.

Methods: Relevant findings from studies investigating nutrient-gene interactions, gut microbiota-
mediated metabolic regulation, and biochemical signaling pathways were critically examined.
Particular attention was given to molecular mechanisms involving short-chain fatty acids, bile acid
signaling, inflammatory cascades, insulin signaling, lipid metabolism, oxidative stress, and epigenetic
regulation. Evidence from multi-omics approaches, including transcriptomics, metabolomics,
metagenomics, and epigenomics, was also assessed.

Results: Current evidence demonstrates that metabolic health is influenced by dynamic interactions
among dietary components, host genetic architecture, microbial metabolism, and cellular signaling
pathways. Dietary patterns significantly affect microbial diversity and metabolic phenotypes, while
microbial metabolites serve as key mediators linking nutrition to host metabolic responses. Advances
in multi-omics technologies have improved understanding of diet-host-microbiome interactions
and have facilitated the identification of molecular pathways underlying metabolic regulation.

Conclusion: Improved understanding of the diet-host-microbiome interactions may enable
the development of more effective and personalized nutritional interventions for the prevention
and management of obesity, type 2 diabetes mellitus, cardiovascular disease, and other
metabolic disorders. Despite significant progress, challenges related to population heterogeneity,
methodological variability, and ethical considerations in genomic nutrition remain important areas
for future research.

Keywords: Nutrient-Gene Interactions; Metabolic Health; Nutrigenomics; Microbial Ecology;
Metabolic Signaling Networks; Precision Nutrition; Gut Microbiome; Obesity; Type 2 Diabetes
Mellitus; Cardiovascular Disease
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Introduction

Metabolic disorders including obesity, insulin resistance, type 2
diabetes mellitus, non-alcoholic fatty liver disease, and cardiovascular
disease remain among the leading causes of global morbidity and
mortality [1]. The rapid rise in these disorders over the past decades
cannot be explained solely by genetic predisposition, indicating a
substantial contribution from environmental and dietary exposures
[1]. Contemporary research increasingly recognizes that dietary
components influence metabolic health not only through caloric
balance but also through direct modulation of gene expression,
microbial ecology, cellular signaling pathways, and epigenetic
regulation [2].

Nutrigenomics describes the influence of nutrients and dietary
compounds on genome function and gene expression, whereas
nutrigenetics focuses on how genetic polymorphisms modify
individual responses to nutrients and dietary interventions [3].
Together, these disciplines form the basis of precision nutrition, an
emerging approach aimed at tailoring dietary interventions according
to genetic makeup, metabolic phenotype, and microbial composition
[4]. Advances in high-throughput sequencing, metabolomics,
transcriptomics, and systems biology have significantly improved
understanding of the molecular relationships among diet, genes, and
metabolism [5].

The gut microbiota has become a central component of metabolic
research because of its critical role in nutrient metabolism, immune
regulation, intestinal barrier maintenance,and hostsignaling pathways
[6]. Human intestinal microorganisms metabolize dietary substrates
into bioactive compounds including short-chain fatty acids, bile acid
derivatives, branched-chain amino acids, trimethylamine, and indole
metabolites, many of which directly influence insulin sensitivity,
inflammatory signaling, lipid metabolism, and energy homeostasis
[7]. Alterations in gut microbial composition, commonly referred to
as dysbiosis, have been consistently associated with obesity, metabolic
syndrome, type 2 diabetes mellitus, and cardiovascular disease [8].

The relationship between diet and microbial ecology is
bidirectional. Dietary patterns shape microbial diversity and
functionality, while the microbiota modifies nutrient availability
and metabolic outcomes [9]. Diets rich in dietary fiber and plant-
derived polyphenols generally promote microbial diversity and
short-chain fatty acid production, whereas Western dietary patterns
characterized by high saturated fat and refined sugars are frequently
associated with microbial dysbiosis and systemic inflammation [10].
Emerging evidence further demonstrates that genetic variation can
partly determine microbial composition and metabolic responses to
diet, thereby linking nutrigenetics with microbial ecology [11].

Several nutrient-sensitive biochemical pathways are now
recognized as central regulators of metabolic health. These include
AMP-activated protein kinase signaling, mammalian target of
rapamycin signaling, peroxisome proliferator-activated receptor
pathways, insulin receptor signaling, nuclear factor-kappa B
activation, and oxidative stress-related pathways [12]. Nutrients
and microbial metabolites can directly influence these signaling
systems, leading to metabolic adaptations or dysfunction depending
on the nutritional and microbial context [13]. For instance, butyrate
produced through microbial fermentation of dietary fiber can
regulate histone deacetylase activity and improve insulin sensitivity
through epigenetic and anti-inflammatory mechanisms [14].

Epigenetic modifications have also emerged as important
mediators of nutrient-gene interactions. Dietary compounds may
influence DNA methylation, histone modification, and non-coding
RNA expression, thereby modifying transcriptional activity without
altering nucleotide sequences [15]. Such modifications may contribute
to long-term metabolic programming and susceptibility to chronic
metabolic disease [16]. Importantly, microbial metabolites including
short-chain fatty acids and folate participate in epigenetic regulation,
further linking microbial ecology with host genomic responses [17].

The heterogeneity observed in individual metabolic responses
to identical diets has accelerated interest in personalized nutrition
strategies [18]. Interindividual variability may arise from differences
in genetic polymorphisms, microbiota composition, lifestyle factors,
age, sex, and environmental exposures [19]. Consequently, universal
dietary recommendations may be insufficient for optimal metabolic
disease prevention and management [20]. Precision nutrition seeks
to address this limitation through integration of nutrigenomics,
metabolomics, and microbiome science [21].

Recent multi-omics studies have provided deeper insight into the
integrated molecular networks connecting nutrients, microbiota, and
host metabolism [22]. Metabolomic analyses have identified microbial
metabolites inflammation,
and lipid abnormalities, while transcriptomic approaches have
clarified nutrient-induced gene regulatory networks [23]. Similarly,
metagenomic sequencing has enabled functional characterization of
microbial communities involved in metabolic regulation [24].

associated with insulin resistance,

Despite substantial progress, several challenges remain. Many
nutrigenomic studies are limited by small sample sizes, ethnic
variability, inconsistent methodologies, and difficulties in establishing
causality [25]. The complexity of diet-host-microbiome interactions
further complicates interpretation of findings. In addition,
ethical concerns surrounding genomic data privacy, accessibility
of personalized nutrition, and reproducibility of microbiome
interventions continue to attract scientific debate [26].

Given the growing burden of metabolic disorders worldwide and
the increasing recognition of nutrient-gene-microbiome interactions
in metabolic regulation, a comprehensive evaluation of current
evidence is warranted. This review examines the interplay among
nutrigenomics, microbial ecology, and biochemical pathways in
metabolic health, with emphasis on molecular mechanisms, clinical
implications, and future directions in precision nutrition research.

Methodology
Study design

This review was conducted as a narrative review aimed at
synthesizing current evidence regarding nutrient-gene interactions
in metabolic health, with emphasis on nutrigenomics, microbial
ecology, and biochemical pathways. The review integrated findings
from molecular biology, nutritional sciences, microbiome research,
metabolic medicine, and systems biology to provide a comprehensive
understanding of the mechanisms underlying diet-host interactions
in metabolic regulation.

Literature search strategy

A structured literature search was performed using major
electronic databases including PubMed, Scopus, Web of Science,
and Google Scholar. Searches were conducted for studies published
between January 2020 and May 2026. The search strategy combined
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Medical Subject Headings and free-text keywords related to nutrient-
gene interactions and metabolic health.

included

» «

The principal search terms

» «

nutrigenomics,

» «

“nutrigenetics, microbial
ecology,” “metabolic syndrome,” “obesity,” “type 2 diabetes,”
“epigenetics,” “metabolomics,” “gene-diet interaction,” “short-
chain fatty acids,” “insulin resistance,” “dietary polyphenols,” “lipid
metabolism,” and “metabolic inflammation”. Boolean operators
including AND and OR were used to refine the search process.

precision nutrition,” “gut microbiota,

» «

Eligibility criteria
Studies were included if they satisfied the following criteria:

i. Published between 2020 and 2026.

ii. Peer-reviewed original research articles, systematic reviews,
meta-analyses, or high-quality narrative reviews.

interactions, microbiome-

nutrient-mediated biochemical

iii. Focused on nutrient-gene
metabolism  relationships, or
pathways associated with metabolic health.

iv. Included human studies, translational studies, or mechanistic
experimental investigations relevant to metabolic regulation.

v. Published in the English language.

Studies were excluded if they:

i. Were conference abstracts without complete data.
ii. Included non-verifiable or duplicated findings.

iii. Focused primarily on unrelated disease conditions without
metabolic relevance.

iv. Were published in predatory or non-indexed journals lacking
scientific rigor.

Study selection and data extraction

Titles and abstracts retrieved from database searches were
screened for relevance to the objectives of the review. Full-text articles
were subsequently evaluated for methodological quality, scientific
relevance, and suitability for inclusion. Information extracted from
eligible studies included study design, population characteristics,
dietary interventions or nutrient exposures, genetic variants
examined, microbial outcomes, metabolic biomarkers, molecular
pathways involved, and major conclusions.

Particular attention was given to studies investigating molecular
signaling pathways such as AMP-activated protein kinase signaling,
insulin receptor signaling, mammalian target of rapamycin pathways,
inflammatory signaling cascades, oxidative stress responses, bile
acid metabolism, and epigenetic modifications. Studies involving
multi-omics approaches including metagenomics, transcriptomics,
proteomics, and metabolomics were also prioritized because of their
relevance to integrated metabolic regulation.

Quality assessment

Although narrative reviews do not universally require formal
risk-of-bias scoring systems, methodological quality was critically
evaluated using established indicators including study design,
sample size adequacy, reproducibility of findings, clarity of analytical
methods, statistical rigor, and biological plausibility. Greater
emphasis was placed on large-scale cohort studies, randomized
controlled trials, multi-omics analyses, and mechanistic studies with

validated methodologies.

Data synthesis

Extracted evidence was synthesized thematically according
to major areas relevant to metabolic health. These included
nutrigenomics and metabolic regulation, gut microbial ecology,
nutrient-sensitive biochemical pathways, epigenetic regulation,
precision nutrition, dietary modulation of microbial metabolites,
and translational applications in metabolic disorders. Findings were
integrated narratively to highlight converging evidence, mechanistic
relationships, and emerging concepts in the field.

Limitations of the review methodology

As a narrative review, this study may be limited by selective
interpretation and potential publication bias associated with available
literature. Variability in study populations, dietary assessment
methods, microbiome sequencing techniques, and analytical
platforms also contributed to heterogeneity among included studies.
Furthermore, differences in genetic backgrounds and environmental
exposures across populations may influence the generalizability
of findings related to nutrient-gene interactions and microbial
metabolism.

Nutrigenomicsandthe Molecular Regulation
of Metabolic Health

Nutrigenomics has transformed understanding of the relationship
between diet and metabolic disease by demonstrating that nutrients
function not only as energy substrates but also as molecular regulators
capable of influencing gene transcription, cellular signaling, and
metabolic phenotype [27]. Nutrient-derived molecules can activate
transcription factors, alter chromatin structure, regulate epigenetic
enzymes, and modify intracellular signaling cascades that collectively
determine metabolic homeostasis. These interactions are particularly
important in obesity, insulin resistance, dyslipidemia, metabolic
syndrome, and type 2 diabetes mellitus, where dysregulated nutrient
sensing contributes substantially to disease progression [28].

At the cellular level, nutrient-gene interactions are mediated
through specialized nutrient-sensing pathways that detect fluctuations
in glucose, fatty acids, amino acids, and microbial metabolites [29].
Among the most extensively studied pathways is AMP-activated
protein kinase signaling, which functions as a central energy sensor
regulating glucose uptake, fatty acid oxidation, mitochondrial
biogenesis, and insulin sensitivity [30]. Activation of AMP-activated
protein kinase by dietary polyphenols, caloric restriction, and short-
chain fatty acids has been associated with improved metabolic
outcomes and reduced inflammatory signaling. Another critical
nutrient-responsive pathway is the mammalian target of rapamycin
complex pathway, which integrates amino acid availability, insulin
signaling, and cellular growth responses [31]. Chronic activation
of mammalian target of rapamycin signaling by excessive caloric
intake and high saturated fat consumption has been linked to obesity,
impaired insulin signaling, and metabolic inflammation. Nutritional
modulation of this pathway through dietary protein balance and
bioactive phytochemicals may therefore influence metabolic disease
risk [32].

Peroxisome proliferator-activated receptors also occupy a major
position in nutrigenomic regulation because of their role in lipid
metabolism, adipogenesis, glucose utilization, and inflammatory
control. Dietary fatty acids serve as ligands for these nuclear receptors
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and influence expression of genes involved in lipid transport,
B-oxidation, and adipocyte differentiation [30, 31]. Polyunsaturated
fatty acids, especially omega-3 fatty acids, have demonstrated
favorable effects on peroxisome proliferator-activated receptor
activation and downstream metabolic regulation [33].

Insulin signaling pathways are highly sensitive to nutrient
composition and metabolic stress [27]. Diets characterized by
excessive refined carbohydrates and saturated fats promote
chronic hyperinsulinemia, oxidative stress, and activation of pro-
inflammatory mediators that impair insulin receptor substrate
signaling [29]. Conversely, diets rich in fiber, polyphenols, and
unsaturated fats may enhance insulin sensitivity through improved
mitochondrial function and reduced inflammatory activity [30].
Evidence from transcriptomic studies further suggests that dietary
interventions can alter expression of genes associated with glucose
transport, adipokine secretion, and hepatic gluconeogenesis [30].
Nuclear factor-kappa B signaling represents another important
intersection between nutrition and metabolic dysfunction [32].
Persistent activation of this inflammatory transcription factor
contributes to chronic low-grade inflammation characteristic of
obesity and metabolic syndrome [32]. Saturated fatty acids and
endotoxins derived from gut dysbiosis stimulate inflammatory
cytokine production through toll-like receptor-mediated activation
of nuclear factor-kappa B pathways. In contrast, anti-inflammatory
dietary compounds including flavonoids, carotenoids, and omega-3
fatty acids can suppress inflammatory transcriptional responses and
improve metabolic regulation.

Oxidative stress also plays a significant role in nutrient-mediated
metabolic dysfunction [23]. Excess caloric intake, mitochondrial
overload, and impaired antioxidant defenses promote generation
of reactive oxygen species capable of damaging proteins, lipids,
and DNA [8]. Nutritional antioxidants including vitamins C and
E, carotenoids, selenium, and polyphenols may mitigate oxidative
injury and influence redox-sensitive gene expression [33]. Several
nutrigenomic investigations have demonstrated associations between
antioxidant-rich diets and reduced expression of oxidative stress-
related inflammatory genes [34].

Epigenetic regulation has emerged as one of the most important
mechanisms linking diet with long-term metabolic outcomes [20,
31]. Nutrients can influence DNA methylation patterns, histone
acetylation, chromatin remodeling, and non-coding RNA expression,
thereby modifying transcriptional activity without altering DNA
sequence [35]. Folate, choline, methionine, vitamin B12, and other
methyl-donor nutrients contribute directly to one-carbon metabolism
and methylation reactions involved in epigenetic regulation [35].
Early-life nutritional exposures may therefore establish epigenetic
patterns that influence susceptibility to metabolic disease later in life.

MicroRNAs are increasingly recognized as mediators of
nutrigenomic regulation in metabolic disorders [29]. These short
non-coding RNAs regulate post-transcriptional gene expression
and are responsive to dietary composition, inflammatory status, and
microbial metabolites [36]. Altered expression of specific microRNAs
has been linked to obesity, insulin resistance, hepatic Steatosis, and
impaired lipid metabolism. Dietary polyphenols and omega-3 fatty
acids may partly exert metabolic benefits through modulation of
microRNA signaling pathways [37].

Interindividual variation in metabolic responses to diet is partly
explained by genetic polymorphisms involved in nutrient metabolism

and signaling pathways. Variants in genes such as FTO, TCF7L2,
APOE, PPARG, and MTHFR have been associated with differential
responses to dietary fat, carbohydrate intake, folate metabolism,
and energy balance. Individuals carrying specific allelic variants
may therefore demonstrate variable susceptibility to obesity or type
2 diabetes depending on dietary exposures. Such findings form the
basis for precision nutrition approaches that integrate genomic
information into dietary planning [38].

Large-scale multi-omics studies have strengthened understanding
of nutrigenomic regulation by integrating genomic, transcriptomic,
metabolomic, proteomic, and microbiome datasets [39]. These
approaches have enabled identification of metabolic signatures
associated with dietary patterns, insulin sensitivity, inflammatory
status, [40].
indicates that nutrient-induced metabolic responses involve highly
interconnected networks rather than isolated pathways.

and microbial metabolism Emerging evidence

Despite growing progress, translation of nutrigenomics into
clinical practice remains challenging. Many gene-diet associations
demonstrate modest effect sizes and are influenced by ethnicity,
environmental exposures, microbiome composition, and lifestyle
factors [41]. Furthermore, inconsistencies in study design, dietary
assessment methods, and statistical interpretation continue to limit
reproducibility across nutrigenomic investigations [42]. Nonetheless,
current evidence strongly supports the concept that nutrients can
regulate gene expression and metabolic pathways in ways that
significantly influence metabolic health and disease susceptibility
[43].

Gut Microbial
Homeostasis

Ecology and Metabolic

The human gastrointestinal tract contains a highly diverse
microbial ecosystem composed of bacteria, archaea, viruses, and
fungi that collectively influence nutrient metabolism, immune
function, endocrine signaling, and metabolic homeostasis [44]. The
gut microbiota has increasingly been recognized as a metabolic organ
because of its extensive capacity to metabolize dietary substrates into
bioactive compounds capable of regulating host physiology [45].
Alterations in microbial composition and functionality have been
strongly associated with obesity, insulin resistance, dyslipidemia,
metabolic syndrome, non-alcoholic fatty liver disease, and type 2
diabetes mellitus.

Microbial colonization begins early in life and is influenced
by delivery mode, infant feeding practices, antibiotic exposure,
environmental conditions, and dietary habits [46]. Over time, dietary
intake becomes one of the strongest determinants of microbial
composition and metabolic activity. Diets rich in dietary fiber, whole
grains, legumes, fruits, vegetables, and fermented foods generally
support microbial diversity and metabolic stability, whereas Western
dietary patterns characterized by excessive saturated fats, refined
sugars, and ultra-processed foods often promote microbial dysbiosis
and inflammatory responses [46].

Two dominant bacterial phyla, Firmicutes and Bacteroidetes,
constitute a major proportion of the intestinal microbiota and
have frequently been investigated in obesity-related metabolic
disturbances [47]. Several studies have reported altered Firmicutes-
to-Bacteroidetes ratios in obese individuals, although findings remain
inconsistent because of differences in diet, ethnicity, sequencing
techniques, and metabolic status. Beyond taxonomic composition,
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microbial functional capacity appears to play a more important role
in metabolic regulation than simple microbial abundance. One of the
most important mechanisms through which the microbiota influences
metabolic health involves microbial fermentation of dietary fibers into
short-chain fatty acids including acetate, propionate, and butyrate
[48]. These metabolites exert multiple beneficial metabolic effects by
serving as energy substrates, strengthening intestinal barrier integrity,
regulating appetite, modulating immune responses, and improving
insulin sensitivity [48]. Butyrate, in particular, functions as an energy
source for colonocytes and also acts as a histone deacetylase inhibitor
capable of influencing epigenetic regulation and inflammatory
signaling [49].

Short-chain fatty acids activate G-protein-coupled receptors
including GPR41 and GPR43, thereby influencing glucose
homeostasis, adipose tissue metabolism, and secretion of gut
hormones such as glucagon-like peptide-1 and peptide YY [50].
Enhanced secretion of these hormones contributes to improved
satiety, glucose tolerance, and insulin sensitivity [51]. Reduced
production of short-chain fatty acids secondary to low-fiber dietary
patterns may therefore contribute to metabolic dysfunction and
chronic inflammation.

The intestinal microbiota also participates extensively in bile
acid metabolism. Primary bile acids synthesized in the liver undergo
microbial transformation into secondary bile acids within the
intestine, producing metabolites that regulate farnesoid X receptor
and Takeda G-protein receptor 5 signaling pathways [52]. These
pathways influence glucose metabolism, lipid oxidation, energy
expenditure, and inflammatory responses. Dysregulated bile acid
metabolism has been implicated in obesity, insulin resistance, and
hepatic steatosis [53].

Another important microbiota-derived metabolite associated
with cardiometabolic disease is trimethylamine-N-oxide. Gut
microorganisms metabolize dietary choline, phosphatidylcholine,
and carnitine into trimethylamine, which is subsequently converted
in the liver to trimethylamine-N-oxide [54]. Elevated circulating
trimethylamine-N-oxide concentrations have been associated with
atherosclerosis, cardiovascular disease, insulin resistance, and
systemic inflammation. Diets rich in red meat and processed animal
products tend to increase trimethylamine-N-oxide production,
whereas plant-based dietary patterns generally reduce its formation
[55].

Microbial dysbiosis has also been associated with altered
branched-chain amino acid metabolism [56]. Elevated circulating
branched-chain amino acids are frequently observed in obesity and
insulin resistance and may contribute to impaired insulin signaling
through activation of mammalian target of rapamycin pathways.
Certain microbial species appear capable of modulating branched-
chain amino acid biosynthesis and degradation, thereby influencing
host metabolic responses [56].

Polyphenol-rich diets further illustrate the bidirectional
relationship between diet and microbial ecology [57]. Many dietary
polyphenols demonstrate poorabsorptionin the upper gastrointestinal
tract and therefore undergo microbial biotransformation within
the colon [57]. Resulting metabolites may exert anti-inflammatory,
antioxidant, and insulin-sensitizing Simultaneously,
polyphenols can selectively promote growth of beneficial microbial
taxa including Bifidobacterium and Lactobacillus species while
suppressing potentially pathogenic organisms [58].

effects.

Artificial sweeteners and food additives have also attracted
attention for their potential effects on microbial ecology and
metabolic health [59]. Experimental studies suggest that certain non-
nutritive sweeteners may alter microbial composition, impair glucose
tolerance, and promote inflammatory responses in susceptible
individuals [59]. Emulsifiers and preservatives commonly present
in ultra-processed foods may similarly affect microbial diversity and
intestinal barrier function [60].

Host genetics also contribute partly to microbial composition
and metabolic interactions [61]. Polymorphisms associated with
immunity, mucosal integrity, and metabolic signaling may influence
microbial colonization patterns and microbial metabolite production.
However, environmental exposures and diet appear to exert a
substantially greater effect on microbial ecology than host genetics
alone [61].

Advances in metagenomics, metabolomics, and systems biology
have improved understanding of functional microbial pathways
associated with metabolic health [62]. Functional profiling studies have
identified microbial genes involved in carbohydrate fermentation,
bile acid transformation, amino acid metabolism, and inflammatory
signaling that correlate with obesity and insulin resistance. Integration
of multi-omics technologies continues to reveal increasingly complex
interactions among nutrients, microbial metabolites, and host
cellular pathways. Therapeutic manipulation of the gut microbiota
has emerged as a promising strategy for metabolic disease prevention
and management [60]. Dietary fiber supplementation, prebiotics,
probiotics, synbiotics, polyphenol-rich diets, and fecal microbiota
transplantation have all demonstrated varying degrees of metabolic
benefit in experimental and clinical studies [61, 63]. Nonetheless,
responses remain highly individualized, highlighting the importance
of precision microbiome-based interventions [64].

Despite substantial progress, major challenges remain in
microbiome research [65]. Considerable variability exists among
sequencing platforms, analytical pipelines, dietary assessment
methods, and population characteristics [65]. Furthermore, many
observed microbial associations remain correlative rather than causal,
and long-term clinical evidence supporting microbiome-targeted
therapies is still evolving [66]. Nevertheless, current evidence strongly
supports the role of gut microbial ecology as a central mediator of
nutrient-gene interactions and metabolic homeostasis.

Biochemical Pathways Linking Nutrients,
Microbiota, and Metabolic Disease

Metabolic homeostasis is maintained through highly coordinated
pathways that integrate availability,
microbial metabolites, hormonal signaling, cellular energy status,
and inflammatory responses [67]. Disruption of these pathways
contributes substantially to obesity, insulin resistance, type 2 diabetes
mellitus, cardiovascular disease, and non-alcoholic fatty liver disease.
Nutrient-gene interactions and microbial ecology converge within
these interconnected biochemical networks, influencing metabolic
phenotype through modulation of signaling molecules, transcription
factors, mitochondrial activity, and endocrine pathways [68].

biochemical nutrient

Insulin signaling and glucose homeostasis

Insulin signaling represents one of the central biochemical systems
governing metabolic regulation [68]. Under physiological conditions,
insulin binds to insulin receptors on target tissues including skeletal
muscle, adipose tissue, and liver, triggering phosphorylation
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cascades involving insulin receptor substrates, phosphatidylinositol-
3-kinase, and protein kinase B. This signaling network promotes
glucose uptake, glycogen synthesis, lipogenesis, and suppression
of hepatic gluconeogenesis [69]. Chronic overnutrition, especially
diets rich in refined carbohydrates and saturated fats, contributes to
impaired insulin receptor signaling and reduced glucose transporter
translocation [70]. Accumulation of intracellular lipid intermediates
including ceramides and diacylglycerols activates stress kinases
such as c-Jun N-terminal kinase and inhibitor of nuclear factor-
kappa B kinase, which interfere with insulin receptor substrate
phosphorylation and promote insulin resistance [71].

Microbial metabolites further influence insulin sensitivity
through several mechanisms. Short-chain fatty acids generated
during microbial fermentation enhance insulin responsiveness
partly through activation of AMP-activated protein kinase and
increased secretion of glucagon-like peptide-1 [72]. Conversely,
lipopolysaccharide-induced inflammation associated with dysbiosis
contributes to insulin resistance through activation of toll-like
receptor signaling and inflammatory cytokine release.

AMP-activated protein kinase and cellular

regulation

energy

AMP-activated protein kinase functions as a major cellular
energy sensor activated during conditions of low intracellular ATP
availability. Once activated, AMP-activated protein kinase stimulates
catabolic pathways that generate ATP while suppressing energy-
consuming anabolic processes [73]. This includes increased fatty
acid oxidation, enhanced glucose uptake, inhibition of cholesterol
synthesis, and suppression of hepatic lipogenesis. Several dietary
bioactive compounds including resveratrol, curcumin, catechins,
quercetin, and omega-3 fatty acids have demonstrated capacity
to activate AMP-activated protein kinase signaling [74]. Caloric
restriction and exercise also strongly stimulate this pathway,
contributing to improved mitochondrial efficiency and metabolic
flexibility [75]. Microbiota-derived butyrate similarly activates AMP-
activated protein kinase and promotes mitochondrial function in
peripheral tissues.

Defective AMP-activated protein kinase activity has been linked
to obesity, hepatic steatosis, and insulin resistance. Pharmacological
agents such as metformin partly exert their antidiabetic effects through
activation of AMP-activated protein kinase pathways, illustrating the
clinical relevance of nutrient-sensitive metabolic signaling.

Microbial regulation of branched-chain amino acid metabolism
further links gut ecology with mammalian target of rapamycin
activation [76]. Altered microbial pathways associated with obesity
may increase circulating branched-chain amino acid concentrations
and thereby influence nutrient-sensitive signaling systems.

Lipid metabolism and adipose tissue signaling

Adipose tissue functions not only as an energy storage organ
but also as an active endocrine tissue involved in regulation of
appetite, inflammation, insulin sensitivity, and lipid metabolism [77].
Nutrients and microbial metabolites strongly influence adipocyte
differentiation, adipokine secretion, and fatty acid handling.
Peroxisome proliferator-activated receptors are central regulators of
lipid metabolism and adipogenesis [78]. Activation of peroxisome
proliferator-activated receptor-alpha promotes fatty acid oxidation in
hepatic and skeletal muscle tissues, whereas peroxisome proliferator-
activated receptor-gamma regulates adipocyte differentiation and

insulin sensitivity. Dietary fatty acids act as natural ligands for these
receptors and can alter expression of genes involved in lipid transport
and storage.

Adipose tissue inflammation represents a major feature of obesity-
associated metabolic dysfunction [79]. Hypertrophic adipocytes
release chemokines that recruit macrophages and other immune
cells into adipose tissue, resulting in production of inflammatory
cytokines including tumor necrosis factor-alpha and interleukin-6
[80]. These mediators impair insulin signaling and contribute to
systemic metabolic inflammation. Short-chain fatty acids may
partially counteract adipose tissue inflammation through inhibition
of histone deacetylases and modulation of regulatory immune cells
[81]. In addition, omega-3 fatty acids can reduce inflammatory
eicosanoid production and improve adipocyte function [82].

Oxidative stress and mitochondrial dysfunction

Mitochondria play a critical role in energy metabolism through
oxidative phosphorylation and ATP production. Excess nutrient
availability may overload mitochondrial respiratory systems, increase
generation of reactive oxygen species and promoting oxidative stress
[83]. Persistent oxidative stress contributes to lipid peroxidation,
DNA damage, protein oxidation, and impairment of insulin signaling
pathways. Antioxidant defense systems including superoxide
dismutase, catalase, glutathione peroxidase, and dietary antioxidants
are essential for maintaining redox balance. Polyphenols, carotenoids,
flavonoids, and vitamins may reduce oxidative injury by scavenging
reactive oxygen species and modulating antioxidant gene expression
[84].

Gut microbiota also influences oxidative stress responses [85].
Dysbiosis-associated inflammation can increase oxidative burden,
whereas beneficial microbial metabolites may support mitochondrial
function and anti-inflammatory signaling. Emerging evidence further
suggests that mitochondrial dysfunction itself may alter gut barrier
integrity and microbial composition, creating bidirectional metabolic
disturbances [86].

Inflammatory signaling pathways

Chronic low-grade inflammation is widely recognized as a
defining feature of metabolic disease. Nutrient excess, lipotoxicity,
oxidative stress, and microbial endotoxins activate inflammatory
pathways involving nuclear factor-kappa B, c-Jun N-terminal kinase,
and nucleotide-binding oligomerization domain-like receptor
protein 3 inflammasomes [82]. Activation of these pathways
stimulates production of inflammatory cytokines that interfere with
insulin receptor signaling and contribute to endothelial dysfunction
[83]. Saturated fatty acids and trans fats can directly activate toll-like
receptor-mediated inflammatory responses, whereas unsaturated
fatty acids often exert anti-inflammatory effects [84, 87].

Microbial metabolites also regulate immune signaling. Butyrate
promotes differentiation of regulatory T cells and suppresses
inflammatory cytokine production, while dysbiosis-associated
endotoxemia amplifies pro-inflammatory pathways.
inflammatory signaling contributes to progression of obesity, hepatic
steatosis, atherosclerosis, and insulin resistance [87].

Persistent

Integrated metabolic networks

Modern metabolomic and systems biology studies demonstrate
that metabolic regulation cannot be understood through isolated
pathways alone [88]. Nutrients, microbial metabolites, endocrine
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factors, immune mediators, and genetic regulators interact within
integrated metabolic networks that collectively determine metabolic
phenotype [89]. Multi-omics approaches combining transcriptomics,
metabolomics, metagenomics, and proteomics have revealed highly
interconnected relationships between diet, microbial ecology, and
cellular metabolism. Such findings support the concept that metabolic
disorders arise from disruption of complex biological systems
rather than single molecular abnormalities [90]. Understanding
these biochemical interactions provides a mechanistic foundation
for precision nutrition and microbiome-targeted interventions in
metabolic disease prevention and treatment.

Precision Nutrition and Personalized

Metabolic Health

Precision nutrition has emerged as an important translational
application of nutrigenomics and microbiome science in metabolic
disease prevention and management [91]. Traditional dietary
recommendations are generally population-based and assume
relatively uniform metabolic responses to dietary interventions.
However, substantial interindividual variability exists in postprandial
glucose lipid metabolism, appetite regulation,
inflammatory activity, and body weight regulation following similar
dietary exposures [91]. This variability is increasingly attributed to
differences in genetic architecture, microbial ecology, metabolic
phenotype, lifestyle factors, age, sex, and environmental influences.
Precision nutrition seeks to tailor dietary recommendations according
to individual biological characteristics, integrating information
from genomics, metabolomics, transcriptomics, proteomics, and
microbiome profiling [92]. The objective is to improve metabolic
outcomes by identifying dietary patterns most compatible with an
individual’s genetic and metabolic profile. Advances in computational
biology, machine learning, and multi-omics technologies have
accelerated development of predictive models capable of estimating
personalized metabolic responses to food intake [93].

responses,

Genetic polymorphisms contribute substantially to differential
nutrient responses. Variants in genes regulating lipid metabolism,
glucose transport, appetite control, inflammatory signaling, and
energy expenditure may modify susceptibility to obesity and type 2
diabetes mellitus. The fat mass and obesity-associated gene is among
the most extensively investigated nutrigenetic loci because of its
association with obesity risk and dietary responsiveness. Individuals
carrying specific fat mass and obesity-associated gene variants may
demonstrate altered appetite regulation, energy intake, and sensitivity
to dietary fat composition [94, 95].

Microbiome profiling has become another major component
of precision nutrition [96]. Individual differences in microbial
composition influence energy harvest, short-chain fatty acid
production, bile acid metabolism, inflammatory signaling, and
glycemic regulation. Certain microbial taxa have been associated
with improved insulin sensitivity and metabolic flexibility, whereas
dysbiosis-associated microbial patterns correlate with obesity and
chronic inflammation. Metabolomics has further improved precision
nutrition by enabling identification of circulating metabolites
associated with dietary intake and metabolic risk [97]. Metabolic
signatures involving branched-chain amino acids, acylcarnitines, bile
acids, and microbial metabolites have been linked to insulin resistance
and cardiometabolic disease. Such biomarkers may provide objective
tools for evaluating dietary responses and metabolic status [98].

Nutriepigenomics represents another rapidly developing

area within personalized nutrition [99]. Dietary components can
influence epigenetic modifications including DNA methylation,
histone modification, and microRNA expression, potentially altering
long-term metabolic programming. Interindividual differences in
epigenetic responsiveness may partly explain variability in dietary
outcomes and disease susceptibility [99].

Precisionnutritionapproacheshave shown promisingapplications
in obesity management. Personalized dietary interventions based on
insulin secretion patterns, glycemic responses, and genetic markers
may improve adherence and weight loss outcomes compared with
generalized dietary recommendations [100]. Individuals with insulin-
resistant phenotypes may respond more favorably to low-glycemic
or carbohydrate-restricted diets, whereas others may benefit more
from Mediterranean or plant-based dietary patterns. Cardiovascular
disease prevention also represents a major area of application for
personalized nutrition. Nutrigenetic variation influences lipid
metabolism, inflammatory responses, endothelial function, and blood
pressure regulation [101]. Personalized dietary strategies involving
omega-3 fatty acids, sodium intake modification, polyphenol-rich
foods, and fiber optimization may therefore reduce cardiovascular
risk more effectively in genetically susceptible individuals.

Artificial intelligence and machine learning models are
increasingly being incorporated into precision nutrition system.
These technologies can integrate large-scale datasets involving
dietary patterns, genomic profiles, microbiome composition, physical
activity, and metabolic biomarkers to generate individualized
dietary recommendations. Such approaches may improve predictive
accuracy and scalability of personalized nutrition interventions [102].

Despite promising advances, several limitations continue to
hinder widespread clinical implementation of precision nutrition
[98]. Many gene-diet interactions demonstrate relatively modest
effect sizes and may vary considerably across ethnic populations and
environmental contexts. Standardization of microbiome sequencing
techniques, metabolomic analyses, and dietary assessment tools also
remains a major challenge [93]. Ethical and socioeconomic concerns
are equally important [103]. Accessibility of genomic testing and
personalized dietary services remains limited in many low- and
middle-income regions 80]. Concerns regarding privacy of genetic
data, commercial exploitation of nutrigenomic information, and
clinical validity of direct-to-consumer testing services continue to
generate debate [67].

Furthermore, long-term randomized controlled  trials
evaluating clinical outcomes of precision nutrition interventions
remain relatively limited [55]. Many current findings are based on
observational studies, short-term interventions, or highly controlled
research settings that may not fully reflect real-world dietary behavior.
Greater diversity in study populations is also required because most
nutrigenomic datasets are derived predominantly from European
ancestry cohorts. Nevertheless, precision nutrition represents a
major shift in nutritional science from generalized dietary advice
toward individualized metabolic management [104]. Integration
of nutrigenomics, microbiome science, metabolomics, and systems
biology has the potential to improve prevention and treatment
strategies for obesity, diabetes mellitus, cardiovascular disease, and
other metabolic disorders. Continued advances in multi-omics
technologies and computational modeling will likely further refine
understanding of nutrient-gene interactions and their applications in

clinical nutrition [105].
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Clinical Applications
Implications

and Therapeutic

The expanding understanding of nutrient-gene interactions,
microbial ecology, and metabolic signaling pathways has generated
substantial interest in the development of clinically applicable
nutritional interventions for metabolic disorders [106]. Nutritional
therapy is increasingly recognized not merely as supportive care
but as a central component of metabolic disease prevention and
treatment [94]. Integration of nutrigenomics, microbiome science,
and systems biology has broadened opportunities for targeted dietary
interventions capable of modulating metabolic risk at molecular and
physiological levels [108].

Nutritional management of obesity

Obesity remains one of the most important global drivers of
metabolic disease and is strongly associated with insulin resistance,
cardiovascular disease, non-alcoholic fatty liver disease, and chronic
inflammation. Conventional calorie-restriction approaches often
produce variable outcomes because individuals differ considerably
in energy expenditure, appetite regulation, hormonal responses, and
nutrient metabolism [109].

Dietary patterns rich in dietary fiber, unsaturated fats, plant
polyphenols, and minimally processed foods consistently demonstrate
beneficial effects on body weight regulation and metabolic function.
Mediterranean dietary patterns have shown favorable outcomes
in reducing adiposity, improving insulin sensitivity, and lowering
inflammatory markers. Such diets also support microbial diversity
and short-chain fatty acid production, which contribute to appetite
regulation and improved metabolic signaling [110].

Time-restricted feeding and intermittent fasting strategies have
also attracted attention for their influence on circadian metabolic
regulation and insulin sensitivity [111]. These approaches may
improve mitochondrial efficiency, autophagy, and glucose metabolism
independently of total caloric reduction. Emerging evidence further
suggests that fasting-associated microbial shifts may partly mediate
metabolic benefits [81].

Type 2 diabetes mellitus

Type 2 diabetes mellitus is characterized by insulin resistance,
impaired pancreatic beta-cell function, chronic inflammation, and
altered glucose homeostasis. Nutritional therapy remains fundamental
in diabetes prevention and management because dietary composition
strongly influences glycemic control and metabolic signaling [112].

Low-glycemic-index diets have demonstrated efficacy in
improving postprandial glucose regulation and insulin sensitivity.
Increased dietary fiber intake slows glucose absorption, improves
satiety, and supports microbial production of short-chain fatty acids
that enhance glucose metabolism. Whole grains, legumes, vegetables,
and fermented foods therefore represent important components of
diabetes-focused nutritional interventions [113].

Personalized nutritional strategies based on
responsiveness and genetic susceptibility may improve diabetes
management. Variability in postprandial glycemic responses
indicates that individuals metabolize identical meals differently due
to interactions involving microbiota composition, insulin secretion

capacity, and nutrient-sensitive signaling pathways [114].

glycemic

Omega-3 fatty acids, polyphenols, and antioxidant-rich foods
may also attenuate oxidative stress and inflammation associated with

diabetes progression. Bioactive compounds including curcumin,
catechins, quercetin, and resveratrol have demonstrated modulatory
effects on AMP-activated protein kinase signaling, inflammatory
pathways, and mitochondrial function.

Microbiome-targeted interventions are increasingly being
investigated in diabetes therapy [115]. Probiotics, prebiotics,
synbiotics, and dietary fiber supplementation may improve insulin
sensitivity and reduce inflammatory markers through restoration of

microbial balance and enhancement of intestinal barrier integrity.

Cardiovascular disease

Cardiovascular disease remains a leading cause of mortality
globally and is closely linked to dyslipidemia, hypertension, chronic
inflammation, oxidative stress, and endothelial dysfunction. Dietary
factors significantly influence cardiovascular risk through modulation
of lipid metabolism, inflammatory signaling, vascular function, and
gut microbial metabolism [116].

The Mediterranean diet remains among the most extensively
studied cardioprotective dietary patterns. High intake of fruits,
vegetables, legumes, nuts, olive oil, and marine-derived omega-3 fatty
acids has consistently been associated with reduced cardiovascular
events and improved endothelial function [117]. Polyphenol-rich
foods including berries, cocoa, green tea, and extra virgin olive oil
exert antioxidant and anti-inflammatory effects that may reduce
atherosclerotic progression.

Microbial metabolism of dietary nutrients also contributes to
cardiovascular risk. Conversion of dietary choline and carnitine into
trimethylamine N-oxide by gut microbiota has been associated with
atherosclerosis and adverse cardiovascular outcomes [118]. Dietary
modulation of microbial composition may therefore represent a
therapeutic strategy for reducing cardiometabolic risk.

Sodium sensitivity demonstrates substantial interindividual
variation influenced partly by genetic and environmental factors
[119]. Personalized sodium restriction strategies may therefore
be more effective than generalized recommendations in reducing
hypertension risk among susceptible populations.

Probiotics, prebiotics, and synbiotics in clinical practice

Manipulation of the gut microbiota through probiotics,
prebiotics, and synbiotics has become an important area of metabolic
research [120]. Probiotics are live microorganisms that confer health
benefits when administered in adequate amounts, whereas prebiotics
are substrates selectively utilized by beneficial microbes. Synbiotics
combine both approaches to enhance microbial modulation [120].

Several probiotic strains including Lactobacillus and
Bifidobacterium species have demonstrated modest beneficial
effects on insulin sensitivity, inflammatory status, lipid metabolism,
and body weight regulation. Prebiotic fibers such as inulin,
fructooligosaccharides, and resistant starches promote growth of
short-chain fatty acid-producing bacteria and improve gut barrier

function [121].

Despite encouraging findings, clinical responses to microbiome-
targeted interventions remain highly variable. Baseline microbial
composition, host genetics, dietary patterns, medication use, and
environmental exposures likely influence therapeutic responsiveness.
Standardization of probiotic formulations and dosing strategies also
remains a challenge.
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Nutraceuticals and functional foods

Nutraceuticals and functional foods are increasingly incorporated
into metabolic health interventions because of their potential
to modulate oxidative stress, inflammation, insulin signaling,
and microbial ecology [121]. Polyphenols, omega-3 fatty acids,
carotenoids, phytosterols, flavonoids, and bioactive peptides have
received considerable attention for their metabolic benefits.

Curcumin has demonstrated anti-inflammatory and antioxidant
properties through modulation of nuclear factor-kappa B signaling
and AMP-activated protein kinase activation [122]. Resveratrol may
improve mitochondrial function and insulin sensitivity, while green
tea catechins have been associated with improved lipid metabolism
and reduced oxidative stress.

Fermented foods including yogurt, kefir, kimchi, and fermented
vegetables may provide metabolic benefits through delivery of
bioactive metabolites and modulation of gut microbiota composition.
Such foods may contribute to improved intestinal barrier function,
reduced inflammation, and enhanced microbial diversity.

Challenges in clinical translation

Despite substantial progress, several barriers continue to
limit widespread clinical implementation of nutrigenomics and
microbiome-guided therapies. Many identified gene-diet interactions
exhibit relatively small effect sizes and may not consistently predict
clinical outcomes across populations [123]. Heterogeneity in dietary
assessment methods, microbiome sequencing techniques, and
metabolomic analyses further complicates interpretation of findings.

Costand accessibility also remain important limitations, especially
in low-resource settings. Personalized genomic and microbiome
testing may not yet be feasible for routine clinical practice in many
regions. In addition, healthcare professionals often receive limited
formal training in nutrigenomics and precision nutrition [124].

Ethical considerations involving genetic privacy, informed
consent, and commercialization of nutrigenomic testing require
careful regulatory oversight.
services may sometimes provide recommendations lacking strong
scientific validation, raising concerns regarding misinformation and
inappropriate dietary guidance.

Direct-to-consumer nutrigenetic

Future therapeutic directions

Future therapeutic strategies will likely involve integration of
multi-omics technologies with artificial intelligence and systems
biology approaches. Machine learning models capable of integrating
genomic, metabolomic, microbiome, dietary, and clinical data may
improve prediction of individualized metabolic responses [125].

Microbiome engineering, precision probiotics, postbiotics, and
metabolite-based therapies are also emerging as promising areas of
metabolic intervention. Advances in nutriepigenomics may further
support development of targeted nutritional approaches capable
of modifying epigenetic pathways involved in metabolic disease
susceptibility. Ultimately, integration of nutritional science with
molecular medicine may facilitate more effective prevention and
management of obesity, diabetes mellitus, cardiovascular disease, and
related metabolic disorders [126].

Challenges, and Future

Perspectives

Research Gaps,

Despite remarkable advances in nutrigenomics, microbiome

science, and metabolic systems biology, major scientific and
translational challenges continue to limit full understanding of
nutrient-gene interactions in metabolic health. Human metabolism
is regulated through highly interconnected biological networks
influenced simultaneously by genetic variation, environmental
exposures, dietary habits, microbial ecology, developmental
programming, lifestyle behaviors, medication use, and socioeconomic
conditions. The complexity of these interactions complicates
interpretation of mechanistic findings and limits the reproducibility

of many nutrigenomic associations [127].

Complexity of human nutrigenomic responses

One of the major limitations in nutrigenomic research is the
substantial heterogeneity observed in metabolic responses to
dietary intake. Individuals consuming identical diets may exhibit
markedly different responses in glucose metabolism, lipid handling,
inflammatory activity, and weight regulation because of differences
in genetic architecture and environmental exposures. Many gene-
diet associations identified in observational studies demonstrate
relatively small effect sizes and may not consistently replicate across
populations. In several cases, initial associations between genetic
polymorphisms and dietary responsiveness have weakened after
adjustment for confounding variables including physical activity,
socioeconomic status, medication use, and body composition [128].

Polygenic regulation further complicates interpretation because
metabolic traits are rarely controlled by single genes. Obesity,
insulin resistance, and cardiovascular disease involve interactions
among numerous loci affecting appetite regulation, adipogenesis,
mitochondrial function, inflammatory signaling, and endocrine
regulation [129]. Consequently, isolated single-nucleotide
polymorphisms often explain only a limited proportion of disease
susceptibility.

Gene-environment interactions also vary across ethnic and
geographical populations differ substantially among populations,
limiting the generalizability of findings derived predominantly from
European cohorts [129]. Greater representation of African, Asian,
Latin American, and indigenous populations is therefore essential for
development of globally applicable precision nutrition strategies.

Challenges in microbiome research

Microbiome science has rapidly transformed understanding of
metabolic regulation, yet several methodological limitations remain
unresolved. Microbial composition is highly dynamic and influenced
by diet, antibiotics, medications, circadian rhythms, infection,
geography, age, and host immunity. As a result, microbial signatures
associated with metabolic disease may vary considerably across
studies.

Standardization of microbiome sampling,
bioinformatic processing, and analytical interpretation remains
incomplete [130]. Variability in DNA extraction methods, sequencing
platforms, and taxonomic classification pipelines can substantially
affect microbial profiling outcomes [130]. Such inconsistencies
hinder cross-study comparisons and complicate translation into
clinical practice. The majority of microbiome studies also rely
heavily on fecal sampling, which may not fully represent microbial
communities present within different regions of the gastrointestinal
tract. Functional characterization of microbial metabolites and host-

sequencing,

microbe signaling pathways therefore remains incomplete.
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Limitations of current dietary assessment methods

Accurate dietary assessment remains one of the most persistent
challenges in nutritional science. Self-reported dietary intake
methods including food frequency questionnaires, dietary recalls,
and food diaries are susceptible to recall bias, underreporting, and
measurement error. Such limitations reduce the precision of gene-
diet interaction studies and may obscure biologically significant
relationships [131].

Variability in food composition further complicates nutritional
analysis. Nutrient concentrations in foods can differ according
to agricultural practices, processing methods, storage conditions,
preparation techniques, and geographical origin. Bioavailability
of nutrients also varies substantially depending on food matrix
interactions, microbial metabolism, and individual digestive

physiology.

Emerging technologies including digital dietary monitoring,
wearable biosensors, metabolomic biomarkers,
intelligence-assisted dietary analysis may improve precision of
nutritional assessment in future studies [132]. However, widespread
implementation of these technologies remains limited by cost,
accessibility, and validation requirements.

and artificial

Multi-omics integration and systems biology

Modern metabolic research increasingly relies on integration of
genomics, transcriptomics, proteomics, metabolomics, epigenomics,
and metagenomics to understand biological complexity [133]. Multi-
omics approaches provide opportunities to identify interconnected
pathways linking nutrition, microbial ecology, and metabolic disease.

Nevertheless, integration of high-dimensional biological datasets
presents major computational and analytical challenges. Differences
in data structure, sequencing depth, normalization methods, and
analytical pipelines complicate interpretation of multi-omics finding.
Advanced bioinformatics and machine learning tools are therefore
required to manage large-scale datasets and identify biologically
meaningful interactions [133].

Interpretability of computational models also remains an
important concern. Highly complex predictive algorithms may
generate statistically accurate outputs without fully explaining
underlying biological mechanisms. Greater emphasis on mechanistic
validation will therefore be essential for translating systems biology
findings into clinically useful nutritional strategies [134].

Ethical, legal, and social considerations

Expansion of nutrigenomics and precision nutrition raises
important ethical and societal concerns [. Genetic testing generates
sensitive personal information that requires careful protection
regarding privacy, ownership, and data security. Misuse of genomic
information by commercial entities or insurance systems represents a
continuing concern in precision medicine.

Direct-to-consumer nutrigenomic testing has expanded rapidly,
although scientific validity and clinical utility of some commercial
services remain uncertain [135]. Consumers may receive dietary
recommendations lacking strong evidence or based on incomplete
interpretation of genetic findings. Inappropriate dietary modification
resulting from inaccurate testing could potentially contribute to
nutritional imbalance or unnecessary dietary restriction.

Socioeconomic disparities also influence access to precision

nutrition technologies. Genomic sequencing, metabolomic testing,
and microbiome profiling remain expensive in many regions,
potentially widening healthcare inequalities between high-income
and low-income populations [136]. Ensuring equitable access to
evidence-based nutritional care therefore represents an important
public health priority.

Artificial intelligence and digital health technologies

Artificial intelligence is increasingly being integrated into
precision nutrition and metabolic health research [137]. Machine
learning algorithms can analyze large datasets involving dietary
intake, microbiome composition, clinical
biomarkers, and behavioral patterns to generate individualized
dietary recommendations [138].

genomic variation,

Digital health technologies including continuous glucose
monitors, wearable activity trackers, smart dietary applications,
and remote monitoring systems may facilitate real-time metabolic
assessment and personalized intervention strategies [139].
Such technologies may improve dietary adherence, behavioral
modification, and long-term disease management [140].

However, reliability and interpretability of artificial intelligence
systems remain important considerations. Predictive models require
rigorous validation across diverse populations before clinical
implementation. Ethical oversight is equally necessary to prevent
algorithmic bias, data misuse, and inequitable healthcare delivery.

Future perspectives

Future progress in nutrigenomics and metabolic medicine
will likely depend on integration of systems biology, microbiome
science, computational biology, and clinical nutrition. Advances in
sequencing technologies, metabolomic profiling, and bioinformatics
are expected to improve understanding of complex nutrient-gene
interactions and microbial metabolic networks [141].

Precision nutrition may eventually transition from a largely
experimental field into routine clinical practice [141]. Personalized
dietary interventions guided by genomic, microbial, and metabolic
profiling could support more effective prevention and management
of obesity, diabetes mellitus, cardiovascular disease, and metabolic-
associated liver disease [142].

Microbiome engineering, postbiotic therapies, targeted metabolite
supplementation, and epigenetic nutritional interventions represent
promising therapeutic frontiers [143]. Improved mechanistic
understanding of host-microbe interactions may further facilitate
development of novel metabolic therapies capable of restoring
metabolic homeostasis.

Ultimately, successful translation of nutrigenomics into clinical
medicine will require rigorous scientific validation, standardized
methodologies, interdisciplinary collaboration, ethical oversight, and
equitable healthcare implementation [143]. Continued research in
this field holds substantial potential for transforming approaches to
metabolic disease prevention and nutritional therapy in the coming
decades.

Conclusion

Nutrient-gene interactions represent one of the most rapidly
evolving areas in metabolic health research, offering important
insights into the molecular basis of interindividual variability

in disease susceptibility, metabolic regulation, and dietary
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responsiveness. The integration of nutrigenomics, microbial ecology,
epigenetics, metabolomics, and systems biology has substantially
improved understanding of how dietary factors influence human
physiology through complex regulatory networks involving genes,
signaling pathways, microbial metabolites, and cellular biochemical
processes.

Current evidence demonstrates that nutrients function not only
as substrates for energy production but also as regulatory molecules
capable of modulating gene expression, inflammatory signaling,
stress responses, mitochondrial activity, endocrine
regulation, and immune function. Dietary components interact with
transcription factors, epigenetic regulators, and metabolic enzymes
to influence pathways associated with obesity, insulin resistance,
cardiovascular disease, type 2 diabetes mellitus, and metabolic-
associated fatty liver disease.

oxidative

The gut microbiota has emerged as a major mediator linking
nutrition to metabolic health. Microbial metabolites including short-
chain fatty acids, bile acid derivatives, trimethylamine N-oxide, and
indole compounds participate in host metabolic regulation through
effects on intestinal integrity, immune signaling, glucose homeostasis,
lipid metabolism, and inflammatory pathways. Alterations in
microbial composition and metabolic activity are increasingly
recognized as important contributors to metabolic dysfunction and
chronic disease progression.

Advances in high-throughput sequencing, metabolomic profiling,
computational biology, and artificial intelligence are progressively
transforming precision nutrition from a theoretical framework into a
clinically relevant discipline. Personalized dietary interventions based
on genomic variation, microbial ecology, metabolic biomarkers,
and lifestyle characteristics may eventually improve prevention and
management strategies for metabolic disorders. However, important
scientific and practical limitations remain unresolved, including
inconsistent reproducibility of gene-diet associations, methodological
heterogeneity, limited population diversity in research cohorts, and
challenges related to clinical translation.

The future of metabolic medicine will likely depend on
interdisciplinary integration of nutrition science, molecular biology,
microbiome research, bioinformatics,
Longitudinal human studies, standardized analytical approaches,
and rigorous mechanistic investigations will be essential for
validating clinically applicable nutrigenomic and microbiome-guided
interventions.

and clinical medicine.

In conclusion, nutrient-gene interactions constitute a central
component of metabolic regulation and disease pathogenesis.
Improved understanding of the interplay among dietary factors, host
genetics, microbial ecology, and biochemical pathways may facilitate
development of more precise, preventive, and individualized
approaches to metabolic health management in the coming decades.
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